PART TWO.

LOW COST IMAGE PROCESSING
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Vision is the greatest gift of life. It is also the most complicated
interface between an animal and its environment, and with the
highest information bandwidth. Image processing is basically

a simulation of our vision system, opening a real window in

the computer to obtain real information from the real world.
Because of the high information bandwidth and the large amount
of data to be stored and processes in real time, image processing
has been a very expensive proposition. Ten years ago when

I first got involved in this subject, an image processing which
can handle images of 512 by 512 pixels of 8 bits data cost
almost 1 million dollars. Only big government agencies, big
companies, and big universities could afford them. The reason
was very simple. Image processor depends upon fast RAM memory
chips for storage and processing, and needs lots of them, in

the order of mega bytes. As the cost of RAM is reduced by

50% every year, the price of image processors are driven down

at roughly the same rate. Ten years later, now the cost of

a simple image processor is about one thousand dollars, very
close to the threshold of pain for personal computer enthusiasts.
As the price drops, we will see more people using them to do
innovative things unimaginable to computer scientists.

These low cost image processors come in the form of plug-in
boards which can be plugged into low cost personal computers
and give these computers eyes to see real things. The users
thus get powerful tools to manipulate image data, extract
meaningful information from the images, and to create new
images to convey new ideas and impressions. Many companies
are producing image processors for different microcomputers.
We have seen products based on DEC's Q-bus, Intel's Multibus,
Motorola's VME bus, the old 5-100 bus, and more recently, the
ubiguitous PC bus.

It is easy to confuse graphic processors with image processors.
Most personal computers nowadays has good graphics capability,
capable of displaying lines and shapes in grey levels or in
color. However, these graphic processors can only display
synthetic images generated by the computer, and they can not
import or export images very conveniently from or to standard
video equipment, like TV monitors, video recorders, and video
cameras. To be called an image processor, it must be able

to interface to one or more of these video equipment using
NSTC TV standard format. A TV frame contains about 500x500

or 250,000 pixels refreshed at a rate of 30 Hz. It translates
to 250,000 bytes of data transmitted at a rate of 10 MHz.

An image processor must be able to handle that amount of data
at that speed, which is not a trivial task. This is the reason
why image processors have to be specialized processing elements
surrounded by large amount of fast memory.

I had the good fortune to gain access to many of them. The
manufacturers generally provide some software with the image
processor boards, containing utility to let you use the boards
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quickly, and some form of library for those who incline to
program them. My tendency is to ignore these software but
concentrate on their hardware manuals. Once I learn the
internal structures and the interface protocols, I can talk
to these boards more fluently in Forth and solve my problem
more gquickly.

I presented an image processing package for the IP5500 image
processor from DeAnza, which is now part of Gould, in the first
volume of "Forth Notebook'. IP5500 was a second generation
image processing, a good state of the art system eight years
ago with a price tag of about $50,000. I used it to simulated
the GAPP parallel processor. Shortly after that it was Jjunked.
In this volume I will report my experience with three newer,
and much less expensive image processors: CAT 1600 from Digital
Graphic Systems, QVG-123 from DataCube, and PIP-1024 from
Matrox.

Programming these image processors with Forth is very pleasant.

My first step was to find the descriptions on the command register,
the status register, and the data register in them. Next,

1 defined these registers as constants and tried to exercise

the command register to do some thing which modified the displayed
image on CRT, such as writing a write dot, erasing a line,

or putting a character on CRT. These experiments taught me

how to converse with the image processor board, so that I could
write the basic interface routine. After that, I would write

a few demonstration routines to impress people around me.

Color look up tables were always fun. Splashing colors on

the CRT screen always attracts people's attention. The last

fun thing was hooking a TV camera to the image processor and

let people process their own portraits. After that, well,

get on the project which pays the bill.
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VI DATACUBE QVG-123 IMAGE PROCESSOR

%

1. QVG-123 IMAGE PROCESSOR BOARD

QVG-123 Board is manufactured by Datacube, Inc. in Peabody, MA.
Datacube has specialized in low cost imazing boards for mini-

and micro-computers for some time. Lately, it got more ambitious
and developed quite sophisticated image orocessing systems for

VME bus computers. QVG-123 was one of iuis earlier products

for DEC Q-bus microcomputers like LSI-11/04 and its family members.

QVG-123 provides a full screen of image memory for computer
generated or digitized images. Either black/white or RGB pseudo
color display is available, with intensity transformation tables
for the video input and the three output channels. A character
overlay of 24 lines of 80 characters is also included.

The image memory on the QVG-123 board itself is arranged in
the form of 768x512x4 bits. A piggy-back board AF-123 adds

4 bits to each pixel, so that the intensity resolution can

be increased to 8 bits or 256 grey levels. The image memory
can be accessed by the host computer through a pair or X,Y
address registers and a data register. The address registers
can be incremented automatically after each access, allowing
for high speed sequentially memory access.

One video input source is selected through software from four
input channels to the high speed A/D converter for image
digitization. The A/D converter runs at a rate of 14.% MHz

with 8 bit of resolution. The input is of the RS-170 format,
common to most video cameras and other sgstandard video devices.

The timing of the video circuitry can be selected from an

internal crystal oscillator, or from an external video sync
source. An enhanced phase-lock-loop circuit assures the stability
when using external sync source.

The composite video outputs are compzatible to EIA standards,
either the interlaced RS-170 or non-interlaced RS-=420. Separated
horizontal and vertical sync signals are TTL compatible.

QVG~-123 produces three channels of 4 bit video outputs. With
AF=-123, 8 bit video outputs replace the 4 bit outputs. The
character overlay signal is available as an independent output

on QVG=-123.
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2. PROGRAMMING MODEL

The QVG-123 board occupies 9 16 bit registers in the I/0 space
on the DEC Q-bus. The address is normally set at 176000 to
176020 octal, but can be changed by on board Jumpers. AF-123
adds 5 more registers immediately after the QVG-123 registers.
The location and bit or field definitions of the QVG-123
registers are shown in Figure 8, and those of AF-123% are shown
in Figure 9.

The data register is used in conjunction with the horizontal
and vertical position registers to read or write the image
memory. Image data can be accessed either by 16 bit words
or by 8 bit bytes. Using the data register at 176000, the
data transfer is 16 bits at a time. Using the data register
at 176001, the transfers are in bytes.

Pan and scroll registers allow the image to be shifted in the
horizontal or vertical directions. The character address and
character data registers are used to read or write the character
overlay memory for displaying ASCII characters on the display.

The command and status register is the most complicated register
to deal with. The individual bits in this register controls

the memory access mode, horizontal and vertical zoom, selecting
video inputs, handling and monitoring interrupts, selecting
output look-up tables, and selecting character overlay modes.
Most of the programming efforts are concentrated in this register.

QVG-123 also allows individual image memory planes to be protected
from accidental writing. Two 8 bit masks in the write enable
register can be programmed to enable or disable bit-planes

in the image memory to receive or ignore data from the A/D
converter or from the host.

The command/status register 2 on AF-123 selects the input channel,
the input look-up tables and the output look-up tables. These
look-up tables are initialized through the red, green, and

blue output LUT registers, and the input LUT register.

To program this QVG-123/AF-123 image processor is to write

bit patterns into one or more of these registers, and to monitor
the status by reading some other registers. In a Datacube

data sheet, there is a outline of several procedures to use

this imaging system. The outline is shown in Figure 10.

3. FORTH SOURCE CODE

The host computer used to control this QVG-123/AF-123 board

set was a LSI-11/23 clone, manufactured by Scientific Micro
Systems in Mountain View, CA. This system was much cheaper

than the genuine DEC product. The other advantage in the clones
was that they could format floppy disks, while the DEC drives
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did not allow this heretical practice, in favor of supporting
its users with high quality, and thus grossly overpriced,
preformatted disks. In stead of buying the equally overpriced
operating system and language tools from DEC, we installed
polyForth II on the computer as the programming environment.

The programs shown in Listing 8 were all written under
polyForth II. The source code was only recently moved to an
IBM PC clone so that shadow screens could be added. However,
polyForth II is very close to Forth-79 and Forth-83 standards
and the words used in this system were restricted to the small
set common to all the recent standards.

Since the shadow screens provide lots of comments on the functions
and behavior of the words defined in this system, I will restrict
myself only to highlight the structure of the system.

Screen 40 contains the definitions of all the registers in
QVG-123 and AF-123. They are constants leaving their register
address on the stack for fetching or storing.

Screen 41 tests my ability to write directly intoc the image
memory. It ends with a demonstration program WEDGES which
paints a linearly shaded image on the display.

Screen 42 has words which manipulate the look-up tables for
pseudo coloring and also for image enhancements. CORRECTION
computes an output byte from an input byte, according to an
S-shape intensity transformation curve using the contrast

and brightness values stored in #GAIN and #OFFSET. RAMP fills
a look-up table with values generated by CORRECTION. DARK
clears a look-up table to wipe out a channel. The utility
words BW load all three channels with the same look-up table
so that the eight bit image is displayed in black and white.
RED, GREEN, or BLUE writes a ramp function into only one channel
and darken the other two channels. The result is a grey scale
image with one color, red, green, or blue.

Since the application intended for this system would involve

lots of real time graphic display, we needed a very fast routine

to draw straight lines. Screens 43 to 47 contain an implementation
of Bresenham's line-drawing algorithm, which is fast because

it avoids multiplication and division in calculating the
cooridnates of points along the straight line between two
arbitrary points on the display. Screen 49 has a routine which
draws a rectangle from two diagonal points.

Screens 50 to 52 are programs which move data from disk or
memory to the image memory and vice versa.

WRAPPING in Screen 53 configures the color look-up tables to

display rainbow like color spectrum. The red part or green
part of the spectrum can be enhanced by the words MORERED or

MOREGREEN.

ZDEMO is Screen 54 is an interesting demonstration which draws
random boxes on the display with random colors. The word
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FILL-IN fills a box with a color by deposit a byte into all
the memory locations within a rectangle box.

Screen 55 controls the video A/D converter. BLANKING tests

the vertical blanking bit in the command/status register and
freezes on frame of image in the image memory before it

exits. VIDEO digitizes the real time image and display them

at the 30 Hz video rate. Whenever a key on the terminal keyboard
is pressed, the dzsplpyzng loop terminates and the las* frame

is retained in the image memory.

Screen 56 contains code to generate hardcopy images on a DEC
Letterwriter dot-matrix printer. GRAPHICS and TERMINATOR send
the control code sequences to Letterwriter to turn the graphic
print mode on and off. GCR forces a carriage return in the
graphic mode. SEGMENT read 6 bytes at (x,y) position in the
image memory and converts them into a byte which will cause

the Letterwriter to print 6 dots on paper. GLINE thus prints

6 rows of image, and GBLOCK prints a range of rows. GDUMP
dumps the entire image memory to the printer. In converting

a pixel to a printable dot, the variable stored in #0OFFSET

is used as a threshold value. If the pixel intensity is greater
than #OFFSET, a dot is printed; otherwise, the dot is not printed.

Figure 11 is my own portrait dumped to the printer. Since the
aspect ratio of the printer is not corrected, the image is
elongated vertically, making my face much thinner than what

it should be.
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BASE

HIGH BYTE Lowsyre ADDRESS
GV@”? 23 DATA REGISTER — word 8
read B7 R RS B4 B B2 HY RC L7 L& L5 L4 L3 LZ LY LO
write B7 RE RS B4 RB3 B2 BY RO L7 LB L5 L4 L3 12 LY LD
g
ood pixel gata 8 bits gven pixgt data. 8 bits
Mote 4-0it prxel data in 4 MEB of each byte
DATA REGISTER — byte L
read 7 D& D5 Ds 52 D2 DY D0
write 07 D8 DS D4 D3 DZ D1 DO
Note 4-bit pixel data in 4 MSE of byie
| HORIZONTAL POSITION — word H
reads XX X X X X HE HB HT HE HE M4 HI HZ M1 MO
write: X X X X X X H3 H8 H7 HE HE H4 H3 HZ HT HD
VERTICAL POSITION — word 4
read X X X X X X X ve V7 OVE V4 V4 V3 V2 Vi V0
wrte. X X X X X X X v8 V7 VB V4 V4 V3 V2 V1 VD
PAN REGISTER ~ word 8
write: X X X X X X P8 PB 7 PS5 PE P& P32 P2 P PO
SCROLL REGISTER «— word 16
writee X X X X X X X 58 57 86 55 84 83 82 §1 S0
COMMAND/STATUS HEGISTER { — word 12
reac VA VF AQ Ct1 CO T2 T1 71O 10 BF VT MZ VI M1 MO
write X X X C1 CO Tz TY TO EB EA X VT HWZ VZI M1 MO

L——L—- memory access control
00 - computer access — no address increment
01 - computer actess — pOSINCTEMEn? On 1830
10 - computer access — post-increment on write
11 - vide0 nput 3CCEss Lacawre:
vertical zoom
0 - no vertical expansion
1~ 2X vertical expansion
horizontal zoom
G - no honzontal expansion
1. 2X horizontal expansion
B e Q€0 HMING SOUICE B
0 - on-board crystal
1 - phase-lock onnput
busy tag (reag BF = 1 — acouire imtigied
I

sterrupt biis
enable interrupts (wrile}
0 - disapie clear
1 - enaple
interrupt siatus (read)
00 - cisante imterrupts Aang B
01 - enable inferrupt A
10 - enable nterrupt B
11 - gnable interrupts A ang B
cutput lookup table seedt
000 - OLUT A
001 -
010 -
031 -
100 -
101 -
410 -
111 -
character controd
00 - alphsa off
01 - ungerung grinipute
10 - reverse videg atinbule
11 - gipha on no annbutes
VA = 0 - vertical bianxing interval
YA = 1-active vigeo
VF = 0 fieid O
VF = 1. fieid 1
AQ = 0 - acauning videc
AL = 1 - not acouining video

Tommogom

WRITE ENABLE — word 14
write CT oCE (s C4 C3C2 O GO V7 OVE WS Va4 L3 V2 v WD
{ l i ! I viaes oits
CPU biis
1 = write enabled, 0 = wnite protected
CHARACTER ADDRESS — word i€
write X X X X 11 10 08 08 07 06 05 04 03 02 01 00
CHARACTER DATA — word or byte 20
read 7 CB C5 C4 C3 C2 Ct CO
write C7 C8 C5 C4 C3 C2 C1 CO

Figure 8. Control and data registers in QVG-123
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AF-123

22

CUTPUT LUT 1 (BED) — word or byte
( Do

read X X X A ¥ X X X D7 D6 05 D4 D3 D2 D1

wrile A7 A6 A5 A4 AJ AZ AT AD oy De D5 D4 D3 D2 DY DO
HEEEE : E——

address

OUTPUT LUT 2 (BLUE) 28

isame gs QUTPUT LUT 1}

CUTPUT LUT 3 (GREEWN) 28

(same as OUTPUT LUT 1)

INPUT LUT 36

(same as QUTPUT LUT 1)

COMMAND/STATUS REGISTER 2 32

read XX it o0 L3 L2 oLy Lo

write ¥ X 1t 10 L3 L2 L1 Lo
input jookup table select

reserved 00 - ILUT A

Control and data register in AF-123
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output icokup tabie select
00- OLUT A

o1 - 8
10 - c
1- >

video input channet
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PROGRAMMING NOTES

INITIALIZE ROUTINE
Initialize Registers:
1. Write zero to: H Address register;
V Address register.

Clear screen:

2. Set or clear Command/Status Register 1 bit 4 (VT)
1o select video timing source;

3. Set Command Fegister 1 bits 0 and 1 to 10 to select
post-increment on write;

4 Write zero to Data Register 383,216 (1400000 OCTAL)
consecutive times to clear screen memory.

FRAME ACOQUIRE (if video input provided):

1. Bet Command/Status Register 2 bits to select an
input channel and input and output LUT's;

2. Set Command/Status Register 1 bits 0and 110 11 to
enabie (video) acquire mode:

3. Set Command/Status Register 1 bits 0 and 1 10 0 to
cancel acquire request

4. Read Command’Status Register 1 Bit 5 for done
acquire status. (Bit 5= 0 when acquire is done )

REMOTE TRANSMISSION

{Assumes screen memory contains valid image.)

1. irtialize registers, as above:

2 Set Command/Status Register 1 bits 0 and 11001 to
seiect post-increment on read:

3. Read Data Register to obtain pixel data:

4. Write pixel data to desired remote transmission
device;

5 Repeat steps 3 and 4 for the desired number of con-
secutive display memory locations

REMOTE RECEPTION
- imitialize registers and clear screen. as above:

2 Set Command/Status Register 1bits O and 110 1010
select post-increment on write:

3. Read pixel data from desired remote reception
device;

4. Write pixel data byte to Data Register to store in
display memory (two B-bit pixels);

5 Hepeat steps 3 and 4 for the desired number of con-
secutive display memory locations.

Figure 10. QVG-123 programming procedures
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Complete videg acquire, storage and display
generation for the Digital Equipment Corp.
LSi-11™ bus. High pixe! resolution — 768H x
512V x 4 or B bits.

Black-and-white or pseudo-color images, sia-
bilized by an advanced phase-locked loop.

Compatible quad-height modules for PDP™-
11/03 and 11/23 processors on the “Q7-bus

Applications — High-resolution digitized
video for computer access, and/or computer-
driven broadcast-guality graphics display.

@ Video Memory, Display Generation and Outputon a
Single Module — B&W or R-G-B

@ AF-123 Expansion Module for Video Input,
Expanded Memory and Enhanced Video Outputs

@ High Pixel Resolution — 768H x 512V x 4 Bits;
Expand to 8 Bits with AF-123

® Generates Black & White (16 or 256-level illum.) or
Pseudo-Color (16 or 256 Color Shades)

® DEC™-Compatible Quad Q-Bus Module; AF-123 is
Piggyback with no Bus Connector

@ Fuli Computer Access to Display Memory — for
Analysis, Enhancement, Remote Transmission

@ Full EIA-Specification Video Input, Output — RS-170
(interlaced) or RS-420 (non-interlaced)

@ Video Timing Internal (crystal) or Gen-Lock —
Software-Selected

@ Enhanced Phase-Locked Loop for Stability

INPUT (Conversion) SECTION (Optional AF-123)

@ Real-Time Flash A/D Conversion — 6 or 8 Bits —
14.3 MHz Conversion Rate

@ Real-Time Computer-Controlled Frame Grab
® D.C. Restoration to Correct input Drift

@ Four Programmable Lookup Tables for Video Input
Translation — Each Channel

@ Four Video inputs — Software Selected

MEMORY SECTION

® On-Board Full-Screen Digltal Memory —
393,216 Pixels x 4 or 8 Bits

Figure 12.
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VIDEO GRAPHICS MODULE
MODEL QVG-123 |
WITH AF-123 EXPANSION

@ Interleaved Memory Access for Video Output and
Computer Read/Write

@ All CSR and Data Registers in {/0O Page — Screen
Memory Access Through Data Register

@ X-Y (Indirect) Memory Addressing with Auto-
Increment; 8 or 16-Bit Transfers

® Write Protection Software Selected for Each Bit Plane
Against Computer Access, Video Acquire

OUTPUT and BUS SECTIONS
® 3 4-Bit Outputs — Grey Scale or R-G-B Display
Generation — Real-Time D/A Converters

@ Eight Selectable ROM Translation Tables for Each
Output

@ Pan, Scroll and Independent Horizontal and Vertical
Zoom — 2X factor

@ Horizontal/Vertical and Composite Sync Outputs
® Intertaced or Non-Intertaced Output Format

@ Character Overlay Generation — 24 Lines of 80
Characters, with Cursor, Reverse Video and
Underline Attributes

® Status for Vertical Blank and Odd/Even Field
@ High-Speed Output — 14.3 MHz (4X Color Burst)

AF-123 (optional):

® 1 or 3 8-Bit D/A Converters — for Grey-Scale or
R-G-B Generation

@ Four Selectable Read-Write Memory Lookup Tables
for Each D/A Converter — for Video Translation or
Enhancement

Datacube QVG-123 brochure
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VII. MATROX PIP-1024 IMAGE PROCESSOR

1. FUNCTIONAL DESCRIPTION

Matrox Electronic Systems, Ltd., is a Canadian company specialized
in digital video technology, beginning in the 70's. I remembered
that they were the first company producing Video RAM, which

was used by microprocessors to generate text display to replace
CRT terminals, very expensive at the time.

PIP-1024 is one of Matrox's recent product which is a single
board imaging sub-system for IBM PC, XT, and AT computers.

It can be though of as a memory buffer containing a digital
representation of an image. The image has about 1 million
pixels arranged in a 1024x1024 matrix. Any portion of a
512x512 pixels subimage can be displayed on a standard video
monitor. Three interfaces exist to the memory buffer: a PC-bus
interface allowing CPU or DMA access; an analog input allowing
an image to be grabbed from a camera; and an analog output
allowing the image to be displayed on a monitor. All three
interfaces can be used at the same time without restriction,

PC accesses the buffer using X-Y coordinate addressing. Both
random and sequential access are supported, the later using

an autoincrement circuitry which increments the X-Y registers
after each access. Using this feature, the DMA unit can be
used to transfer part or all of the image to or from the PC's
memory. An optional interrupt is supplied on completion of
the DMA transfer, allowing the CPU to continue with other work
while the transfer is taking place.

PIP-1024 digitizes images in real time, 30 frames per second,
from the frame grab input port. It accepts RS-170 composite
video signals from an external video source, such as a camera,
a video recorder, or another PIP-1024. The digitizer runs

at 10 Mhz with 8 bit accuracy. A write-protect mask can be
used to selectively prevent overwriting of any of the 8 bit
memory planes. Protected planes can be used to store graphics,
characters, or cursors.

The image is displayed by converting the digital intensity
value for each pixel back into analog video signal. The 8
bit pixel intensity is passed through a color look-up table
which maps the 256 possible intensity values to 256 colors
or shades of grey. The 256 displayable colors are selectable
from a 16.7 million color palette. A keying circuit allows
the user to overlay the contents of the frame buffer with the

incoming signal.
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2. THE PROGRAMMING MODEL

PIP-1024 .alks to the PC host through a group of I/0 ports

on the PC-bus. The locations and functions of these ports
are summarized in Figure 13. The absolute port addresses can
be changed by a Jjumper on the PIP-1024 board.

Figure 13. PIP-1024 Register Addresses and Functions

Register

Offset Read Register Write Register

026C Status Control O

066C Snapshot Control 1

0A6C Clear interrupt Control 2

QE6C Control mask data
126C CRTC status CRTC address

166C CRTC data CRTC data

1A6C Video gain

1E6C Video set up

226C Input LUT data

266C Output blue LUT data
2A6C Output green LUT data
2E6C Output red LUT data
326C X pixel address

356C Y pixel address

3A6C Pixel data Pixel data

02F4(absolute) Interrupt enable

It is not appropriate to discuss the bits and fields in all

these registers in great details here. One would have to refer

to the PIP manual for detailed information. To control the
image processor board, the control registers O and 1 are used
to select functions like enabling the look-up tables (LUT),
enable DMA read or write, selecting input channel, internal

or external sync, input keying, enabling continuous frame grabbing

or snapshot, etc.

The PIP board uses a Synertek SY6845E CRT controller chip to
generate all the video timing signals and to control the image
buffer memory. This CRTC chip is a very complicated device,

having 22 internal registers for its configuration and operation.

It is accessible by the PC host through two PC I/0 ports at
126C and 166C. This is the same video chip used in IBM PC

for color and monochrome displays. Normally the PIP user does
not have to touch this chip, as it is automatically configured
by PIP board.

PIP is booted into the monochrome mode, in which the look-up
tables for the red, green, and blue channels are initialized
to a unity function. To display pseudo colors, one will have
to rewrite the look-up tables to specify the desired color
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transformation. This is done by writing into the proper LUT
through the corresponding LUT data register. The byte address
in the LUT is selected by writing to the X-pixel register.

To read or write directly from/to the image buffer, the X and
Y coordinate of the desired pixel must be written into the

X~ and Y-pixel address registers, and then the pixel data can
be read or written through the pixel data register. Part of
the Control 2 register must be used because it takes 20 bits
of address to locate a pixel in a 1024x1024 pixel array.
Consecutive bytes in the image buffer can be accessed when
the Counter-Enable bit in Control O register is set. This

is convenient to upload an image from PC to PIP or download
an image from PIP to PC. Two other bits in Control O register
control the direction and transferring of data to/from the

PC in the DMA mode.

3. PROGRAMMING PIP-1024

Matrox supplies very extensive software for PIP-1024. 1t includes
an interactive control program PIPINT, and several libraries

to be linked with FORTRAN or C programs. When PIPINT is loaded
into PC, the user can type in many image processing commands

to do many things like acquiring images, enhancing the images,
upload/down load images, etc. These interactively executable
functions are also in the libraries, readily callable from

FORTRAN or C programs. Novice users and sophisticated users

can all make this board to do useful work in a relatively short
time. Matrox did a very good Jjob in supporting the hardware.

In spite of the good software tools supplied by Matrox, I still
feel being put in a straight-jacket in using PIPINT. If what

you wanted to do is what was programmed in PIPINT, it does a

good job. But you always want to do something more sophisticated,
or just plainly different. Forth gives you the freedom of
tailoring the system to your own needs. The program in Listing 9
is my way of using PIP-1024 through Forth, which is more elegant,
I think, than PIPINT, because it can be customized to any
application.

When I started to use PIP-1024, I tried to exercise several

bits in the control registers which produced visible results

on the CRT monitor, to make sure that I had the full control over
the system. Several of these functions are shown in Screen 1 of
Listing 9. SNAP takes a snap shot and shows an image grabbed from
a video camera on the monitor. After I got an image in the

image buffer memory, I could then enhance the image by changing
the brightness and contrast of the display using the commands
GAIN and OFFSET. MASK disabled some bits in the frame grabbing
process and produced very interesting effect when two images

were superposed in different memory planes.

CTRLO, CTRL1, and CTRL2 are commands to deposit byte patterns
into the control registers. They form the basis to build other
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more powerful image processing commands. They are used to define
the functions in Screen 2.

VREAD and VWRITE in Screen 3 are basic words to copy image data
between the PIP image buffer and PC memory. They invoke the
command VRAM to set up PIP for autoincrement MEemory access, Sso
that every time PIP memory is accessed, the X,Y address registers
are incremented, making the next byte in image buffer accessible
in the next memory cycle.

In one of our applications, we wanted to transfer subimages

of 128x128 pixels between PIP and the disk on PC. It required
that a subimage anywhere in the image buffer could be accessed.
(LINE) in Screen Screen 4 initializes +the address registers

to access one line of image data at the x,y coordinates. ROWR
reads 128 bytes from image buffer to PC and ROWW writes 128
bytes from PC to image buffer. STORE-IMAGE picks a subimage

at (x,y) and stores it in the currently opened file. FETCH-IMAGE
gets the data from the current file to a subimage in PIP.

Pseudo color is always fun. Any grey scale image can be made
more interesting by coloring different parts with different
colors. The commands RED, GREEN, and BLUE write LUT look~-up
tables to the corresponding channels, assuming that the address
of a 256 byte table is on the stack. COLOR-MAP creates a triangle
function in the buffer SCRATCH. By fetching different regions
in the SCRATCH buffer into the red, green, and blue LUT's,

we can create interesting pseudo color schemes. One of such
scheme 1s realized in the command PSEUDO-COLOR in Screen T
which produces a color seguence of black-red-green-blue-black
with increasing pixel values. NORMAL displays a normal black/
white image. REVERSE turns black to white and white to black.

ENHANCE is an interesting way to enhance a black/white image.

It takes two parameters on the stack: a contrast value and

a brightness value. It produces a look-up table with an S-
shaped intensity transformation curves: the center of the sloped
portion of the curve is specified by brightness value and the
slope of this portion by the contrast value. Figure 14 shows
the intensity transformation curves produced by the commands

1 128 ENHANCE and 3 75 ENHANCE

The latter command enhances the pixel values between T5=42

and 75+42, the pixels with values from O to 42 are displayed
in black, and those between 117 and 255 are displayed in white.
ENHANCE is very effective in sharpening a poor image in which
pixel values are compressed into a narrow band, such as an
image taken by a camera with insufficient lighting.

«110~




Figure 14. Intensity Transformation Curves.
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¥rag Setup the VRAM registers for sutoincresent gesory
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PIP-512
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REALTIME IMAGE DIGITIZER FOR THE IBM PC

. f s 512 x 512 display resolution * IBM PC, AT and XT compatible

* 8 bit/pixel + CMOS design requires only 15 watts
e Optional 1024 x 1024 image buffer ¢ Occupies a single expansion slot

e 16.7 million color lookup-table ¢ B-bit flash frame grabber

* Video keyer & Write mask * Internal or gen-fock sync

+ Continuous or one-shot frame grab ¢ Low cost

The MATROX PIP-512 is a full-feature image digitization and display module for your IBM PC. AT. XT or plug-
compatible computer. This card has all the high-performance features characteristic of top-of-the-line image
processing systems such as real-time 8-bit digitization, a 512 x 512 video buffer, multiple input and output lookup

tables, a write-protect mask, and color display.

Equally important. the PIP-512 integrates easily into a PC system. It occupies only one expansion slot and con-
sumes a mere 15 Watts of power. Diagnostic support is built into the hardware. As aresult, the diagnostic pro-
gram, PIPTEST, is capable of detecting over 95% of all possible problems.

PIP-EZ, a software package conceived to help the programmer to develop an application, is supplied free of

charge. PIP-EZ consists of an installable device driver under PC-DOS and applications libraries for all major
DOS language (BASIC, PASCAL, FORTRAN, and C).

G Your Exclucive Rep [ Drsiributor :

Figure 15. Matrox PIP-512 brochure
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High Speed A/D
Converter

Sync Control

Display Resolution
Bits/pixel
Refresh Rate

image Buffer Capacity
Input Lookup Tables
Color Output
Transparent Memory
Access

Write Protect Mask

Pan & Scroll

DMA Capability

§/0 Interface

Power Consumption

Applications Software

Diagnostics

Figure 15.

e PIP-512 FEATURES®

A flash A/D converier digitizes RS-170/330 signals in real-time (1/30 sec)
to 256 discrete intensity levels.

Both an internal crystal generated sync and PLL genlock to an external sig-
nal are supported.

512 x 512 pixels
8
50Hz or B0Hz interlaced

PIP-512: 512 x 512
PiP-1024: one 1024 x 1024 frame or
four 512 x 512 frames

Eight independently-selectable lookup table maps.

Three lookup tables and three D/A converters allow for the display of 256 colors
or shades of grey from a palette of 16.7 million colors.

The Video RAM can be accessed at all times without causing interference
on the screen.

Individual planes can be protected from overwriting. Protected planes can be
used for graphics, and text.

The PIP-512 provides programrﬁabie roam capabilities (o a resolution of 8 pixels
horizontally and 16 lines vertically.

Any DMA channel can be used to copy data to and from main memory. An
interrupt on completion allows the CPU to continue with other work during the

transfer.

Sixteen 1/O registers are used to control each PIP-512. Only one location is
taken up in the 10-bit [/O map used by older controliers to ease integration.

Extensive use of CMOS technology keeps the power consumption down 1o
amere 15 Watls.

PIP-EZ, a driver package compatible with PC-DOS (versions 2.0 and above)
and all major languages (BASIC, C, PASCAL and FORTRAN) aids the user

to bring up an application quickly and painlessly.

A sophisticated diagnostic program aided by hardware support detects more
than 95% of all possible fauits without the use of either a camera or a monitor.

Matrox PIP-512 brochure (cont'd)

-116-




VIII. CAT 1600 IMAGING SYSTEM

1. INTRODUCTION

It seemed to be a long time ago that I joint this project which
had required a imaging and displaying system to show wave front
images from a optical system. The image was rather simple,
consisting of 1024 bytes arranged in an array of 32 by 32 pixels.
The data were color coded and displayed on a color CRT monitor
in a checkerboard form. At that time, MzssComp in Massachusettis
had rolled out their MC500 series workstations, and one of them
was designated to be the displaying device for this experiment.
This MassComp computer was run by three 68000 CPU's, and a

few other proprietary processors and was considered the most
sophisticated laboratory computer money could buy. Its
operating system was an undiluted Unix, supporting both C and
FORTRAN., It also had a STD based front end to interface to

real world through A/D, D/A, parallel and serial cards.

A quite extensive package of software was also developed to
perform data acquisition, displaying and analysis tasks.

With such horse power packed in & nice looking box, topped by
a high resolution color monitor, mouse, and kevboard, it was
thought that displaying such 2 simple image was a easy pilece
of cake. However, after months of work, enlisting the best

C programmers we could find, the best results obtained was
that the display could be refreshed at the rate of about

1.3 Hz and no more. The reason was that this computer was
designed principally for graphics, not for imaging. After the
1024 byte data block was received, one of the 68000 had to be
dedicated to color £il]1 the checkerboard, and their were 2
lots of pixels to fill.

About that time, a colleague showed me a fattened microcomputer
he used for some optics experiments. It was again a 68000

based computer, built by Ergonomic Research Group in Oregon.

It was again a Unix machine. However, the interesting thing
about this computer was that when it was cold booted, it displayed
the strange message "ok". There ought to be something fishy
there. Some more probing convinced me that there was a genuine
Forth underneath, whose sole function was to bring the Unix

in from the hard disk. A few pages of scattered documentation
showed that the Forth was derived from figForth model with
significant extensions, like 32 bit stacks and 32 bit addressing
capability. The CPU and 1 Megabytes of memory were housed

in a 8100 card cage, with an extra card set, CAT 1600 from
Digital Graphic Systems, Inc. in Palo Alto, CA. The CAT 1600
was a full color, real time imaging system which could digitize
and display images from a video camera.
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Promisging that I could improve the speed of data displaying,

I was given ownership of this computer to prove it. Prove

it I did. I threw away the Unix and studied the strange Forth
came in a pair of PROM's without much documentation. In about
a month, we had enough code developed to hook it to the main
experiment. With CAT 1600, the data refreshing rate was raised
to 40 Hz, which was too fast for the host minicomputer to keep
up with it. When people tried to increase the transfer rate

at the host side, the host computer crashed at about 20 Hz.

So we ran at about 15 Hz and everybody was very happy. The
CAT 1600 could be pushed to about 100 Hz, but nobody cared and
even if I did, nobody would notice any difference. So I stopped.

I never bothered to tell people why CAT 1600 outperformed the
much more sophisticated, and more expensive, MassComp workstation.
It was kind of cheating. As a system designed specifically

for imaging purposes, CAT 1600 was capable of zooming at a

wide range of zoom ratios. I expanded each pixel by a factor

of about 8, making the checkerboard large enough to be seen at

a distance. At this zoom ratio, I only had to write each

square once, unlike MassComp which had to fill every pixel

in the checkerboard.

Unfortunately, I learnt lately that this system became sick.
Apparently the 68000 CPU quit. The worst thing was that ERG
was no longer in business, and nobody knew how to fix it.

It was eventually junked. People in that project were trying
use the MassComp again. Losing a computer is like losing a
child, after you put so much of yourself into it. It is

very sad. I feel like writing an obituary now.

Here I will show you some of the Forth code used to contrel

the CAT 1600 imaging system. I cannot find the original listing.
The copy, though still legible, is not very clear. My apoclogies.
I cannot even write shadow screens with the source screens to make
them more understandable, but I will try to explain what is

not obvious.

2. CAT 1600 IMAGING SYSTEM

Digital Graphic Systems pioneered low cost imaging systems

as early as 1977. CAT 1600 was developed as board sets to

plug into the motherboard of a standard $100 host computer.

It contains a large image memory and all the circuitry necessary
to digitize B/W or color video signals in real time, to store
and process the digital image data, to make the data accessible
to the host processor, and to display the digital image on

a video screen in gray levels or in full resolution RGB color.

A dedicated 8086 image processor is supported on board with

up to 48K of fast static RAM and 64K or PROM.

The dual port image memory provides for up to three 512x512x8

bit images or one 512x512x24 bit real color image. The image
memory can be accessed at any time, either by the display processor
or by the host processor, for software image generation or
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analysis of the digitized images.

Other important features include: NSTC standard video input
and output, genlock on external video or sync, flexible color
look up tables, pixel by pixel scroll and pan, smooth zoom
from 1:1 to 1:31.68, etc., etc.

The most interesting feature is the image processing firmware
coming in on-board PROM's. About one hundred firmware routines
in this library can be called by the host processor using simple
commands. This library relieves the host processor from lower
level imaging tasks, which significantly speeds development

work and increases the overall system performance.

Communication between the host and CAT 1600 is done via two
channels: the host I/0 port address space and the host memory
address space. In the I/0 space three consecutive word addresses
are used. They are the Command Register, the Data Register,

and the Status/Reset Register. The command register is used

by the host to select one of the firmware functions. 1If the
firmware function needs parameters, they are passed through

the data register. If a function returns results, they are

read also by the host through the data register. The host
monitors the activity in CAT 1600 by reading the status register.
When the status register is written by the host, CAT 1600 will

reset.

In the host memory space, an addressing segment, called a data
'window' is assigned by CAT 1600 for direct data exchange.
Although it is possible to move all image data through the

1/0 registers, throughput and speed are greatly improved

if the data is moved through the data window.

3. FORTH SOURCE CODE

Controlling CAT 1600 with Forth is rather straightforward,

like controlling any other electronic equipment. One has to
first establish communication with CAT in monitoring its status
register, sending commands to the command register, and passing
data to and from the data register. Since the image memory

is mapped in the addressing space of the 68000 system, one
should also establish the proper protocol to access the image
memory directly.

Listing 10 has the CAT 1600 source code. Screen 101 has the
elementary code which allows the 68000 to control the CAT 1600.

The three I/0 registers are mapped to the memory locations

hex FFFFCO. , FFFFC2. , and FFFFC4. The registers are named
appropriately DATA for data register, CMD for command register,
and STAT for status register. They are all defined as 32 bit
constants to return addresses in the 68000 addressing space.
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READY is used to wait until CAT finishes its last task and

resets the busy bit in the status register. It will abort

if made waiting too long. INITCAT resets CAT 1600 by writing

to the status register. INWRD reads a word from the data register,
OUTWRD writes a data word to the data register, and OUTCMD

writes a command to the command register. STATUS returns the
contents in the status register. All other Forth commands

to CAT 1600 are constructed from these simple interface words.

COLOR was my first attempt to converse with CAT 1600. Command
10 is to fill the entire screen with a byte to produce a flat
colored screen. OA CMD sends the command followed by OUTWRD
to specify the color. DEMO? puts COLOR in a loop to test all

the colors available,

Screen 102 shows code to write directly into the image memory.
The image memory is mapped to the 68000 address space starting
at hex 600000., which is defined as IMAGE. To access image
memory directly, one has to first enable DIA (Direct Image
memory Access) by giving command 74. After the memory accessing
is completed, it is necessary to disable DIA (command 0) before
issuing other image processing command; otherwise, CAT would
abort.

ENBDIA enables DIA and DISDIA disables it. The rest of +he
screen shows some test routines to demonstrate the effects
of direct memory accessing.

The commands in Screen 103 set the serial port dedicated to
the printer to communicate at 4800 Baud, so that we can print
the listing on a slow DEC printer. FDAQOC is the control
register of that serial port.

Screen 104 to 107 are the commands to call firmware functions.
They are defined by the defining word CAT, which expects two
parameters: the command number and the number or parameters
the command requires. If more than one parameter is required,
they have to be given on the data stack in the reversed order
as specified by the document from Digital Graphic Systems,
because CAT would simple remove numbers off the stack and send
them to the data register in CAT 1600. The names of commands
are exactly those define by DGS for compatibility and ease

of my documentation effort, which is 'Please refer to original
DGS manual.'

Two test routines are shown in Screen 109 with some examples.
They call the CAT functions MOVABS and DRAWABS to draw rectangles
and triangles. MOVABS moves the drawing point to the x,y
coordinate on the CRT display, and DRAWABS draws a line from

the current drawing point to the point you specified on the
stack, which is then taken as the current drawing point for
subsequent drawing.

Screen 113 shows the code to build color look up tables. The
word LUTCMD commands CAT to take the next 768 data words to
fill the red, green, and blue color look up tables for the
page O of the color image memory. By the words /RAMP, FLAT,
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and RAMP\, we can construct quite complicated pseudo color

schemes for coloring image data. One of such scheme is implemented
in COMPOSITE, which displays data in the rainbow style.

Small data values are in red and high data values are in blue.

Data around 128 are show in green.

DIGITIZE in Screen 116 turns on the video A/D converter, and
digitized signal from a video camera is shown on the CRT in
real time, 30 frames per second. To freeze a frame, one has
to type in the command STOP.

To Display data stored on disk, it is faster if we grab the
data in a disk buffer and stuff it directly into the image
memory. The code is shown in Block 126. DIA and XDIA turns
the direct image access mechanism on and off. 1ROW copies
32 16 bit words from the disk buffer to the displayed

image. 1BLOCK moves 1025 bytes from the disk buffer to the
image memory, displayed as a 32 by 32 pixel block.
READ-BLOCKS display a number of blocks, nicely arranged on
the CRT display by calling 1WRITE to decide where to put the
blocks.

Lastly, Screen 130 shows the commands to put text on the CRT
display. CAT 1600 does not have text overlay memory like

other more expensive image processors. The characters are
actually drawn in the image memory and become part of the image.
Therefore, one has to be careful and avoid putting text at where
he has important image data.

The code shown here is a small part of the application displaying
system. However, it is enough to give you a flavor on how

CAT 1600 works, and to start programming it if you happen to

have one. Otherwise, it's just a piece of handy reference

to yet another image processor.
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