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1. INTRODUCTION

The desirability of low cost graphics for
many kinds of scientific and engineering
computations is reflected in the sucess of the
small Tektronix storage tube computer terminals.
Our experience with that type of terminal, the
4013 in particular, led to a project to overcome
the limitations of the storage tube technology for
low cost graphics in a convenient terminal format.
We have designed and built a computer terminal
that uses a microprocessor for control, a random
access memory for image storage, and a standard TV
monitor for display. This choice of recently
available technology results in a terminal with
high reliability, low maintenance, and expanded
capability compared to the storage tube graphics
terminal. In tests, it has been favorably
received by many users. Approximately 200
integrated circuits are used for the electronics
and the total parts cost for the terminal (in
small quantity prices, in late 1975) was
approximately $2000. Much of the cost of the
terminal is the the electronics and we foresee
substantial price reductions in the near future,
especially in large quantity purchases.
quality of the graphics is
comparable to that obtainable on small storage
tubes such as those used in the  Tektronix
4010-series terminals. Because the graphic image
is maintained in random access read/write memory,
the image can be selectively erased, a capability
not easily obtained with a storage tube. By using
the graphic image memory to store character codes
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for a character generator, we obtain a text mode
that is capable of storing 600 80-character lines
of typescript. This overcomes some of the
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traditional objections to "soft copy" terminals.
Since the typescript is managed by a programmable
processor, the text processing capabilities of the
terminal are very general. It is easy to
eliminate annoying aspects of text terminals and
to adapt the terminal to the needs of the
computers to which it is connected and to the
needs of its users. In fact, many of the
irritating aspects of the terminal interface of
computing systems can be masked by suitably
programming the terminal. For example, the
limitation to half-duplex of our IBM computing
system is especially annoying for experienced
users when response time is slow. We therefore
programmed the terminal to buffer 1lines of
keyboard input and send them to the computer at
the appropriate times. With the increasing
difficulty of modifying system software, this
local masking could be a major benefit to many
users.

The terminal  has three 128-character
character generators. One is a read-only memory
containing an extended ASCII character set, and
the other two are read/write memories for
user—-programmable character sets. All characters
are generated on either an 8 by 13 or 8 by lé
matrix, so the character quality is high. For an
inexpensive display device, we use a standard TV
monitor and generate EIA RS-170 composite videc
[1]. For an inexpensive and versatile control
device, we use a standard microprocessor {[2].
With the microprocessor and the writable character
sets we can easily program the terminal with no
hardware changes for unusual applications, such as
Arabic text where characters on differeant 1lines
must sometimes meet and the cursor must go from
right to left.



2. THE GRAPHIC IMAGE

Graphics on an American standard TV monitor
can be conveniently generated on a 640 by 480
matrix of square dots. By using a large random

access memory and a microprocessor to manage the
bit map of dots we achieve a very clean and simple
design. The bit map consists of 307,200 bits
organized as 38,400 8~bit bytes so that it can be
easily manipulated by an 8-bit microprocessor.
The memory chips used are the widely available
4096x]1 bit dynamic RAM’s, and at least 80 such
chips are required. Even with the minimum number
of RAM’s, there are 2560 bytes of storage which
are not part of the bit map and may be used by the
microprocessor for other purposes. It is
convenient to use 96 memory chips, so there are
10,752 bytes available for other purposes.

A standard TV picture has 480 visible scan
lines and a 3 to 4 ratio of height to width. With
the tube mounted in the standard position we then
have 480 addressable positions in the vertical
direction and 640 addressable positions in the
horizontal direction. Using all 480 scan lines
for different video information requires that the

alternate-frame interlace feature be correctly
implemented. Many text-only TV terminals are
simplified by generating the same information in

both the even and odd frames, and adjusting the
timing so that the scan lines are not interlaced.
The result 1is at most 24 lines of text with low
image quality and a screen refresh rate of 60
hertz instead of the normal TV standard of 30
hertz. The higher refresh rate is desirable
because the standard P4 phosphor appears to
flicker badly when high contrast images are
displayed and refreshed at 30 hertz. In contrast
to that approach, our terminal uses full interlace
to get more text and higher quality text and
graphics, and compensates for the 30 hertz refresh
rate by using a TV monitor with a green P39 long
persistence ‘phosphor. The P40 long persistence
phosphor with black images on a white background
also seems acceptable.

The 640 by 480 matrix of addressable points
of the graphic image 1is almost exactly five
eighths of the 1024 by 780 matrix of visible
points on the small Tektronix graphics terminals
(models 4006, 4010, 4012, and 4013). Thus we can
accept line drawing commands designed for those
terminals, scale the coordinates by five eighths
(two shifts and an add), and display the expected
picture. The resolution of the image is not quite
as good, but our superior image contrast seems to
more than compensate for the slight loss of
resolution. Figures 1 and 2 are photographs taken
from the TV monitor which show typical images
created from Tektronix graphic commands.

3. TEXT MODE

In text mode, the display image memory is no
longer a bit map of what is displayed on the
screen but instead is a coded representation of
the text that should be displayed. An 8 bit code
permits up to 256 different characters to be
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Figuf%s 1 and 2. Photographs of the TV Monitor

Image Produced by the VGT.

displayed at one time. The terminal allows the
user (or the computer) to select any two of the
three 128-character character sets to be active
when the terminal is in text mode. By storing a
character code instead of an image of the
character, we reduce the amount of memory
necessary for a screen image by a factor of 13.
The 1large amount of extra memory thus made
available 1is used to keep a long record of the
typescript of a terminal session, and '"local
commands" (key strokes intercepted by the
microprocessor) allow the user to scroll backward
and forward through this typescript. The
microprocessor can easily implement a variety of
scrolling modes. We currently have three such

modes. One is a “page-turning” mode where a page
is one screen (37 lines) of text and successive
pages overlap by five lines. Another is a high
speed mode that allows the user to rapidly scan

the entire 600 lines of text that can be in the
locally stored typescript. The third mode 1is a
slow, smooth scrolling that allows the text to be
read comfortably as it moves.



4. HARDWARE ORGANI ZATI ON

As in many graphics terninals, it is
convenient to think of the electronicsas tw
processors, a display processor and a control
processor. Figures 3 and 4 are bl ock di agrans of
the two processors. The control processor is an 8
bit microprocessor, the Intel 8080 [2]. The
display processor is a sinple collection of
counting registers and random | ogi ¢ whi ch we call
the video generator. The video generator has
read-only access to the 48K bytes of graphic inmage
nmenory. It receives an initial display address
from the microprocessor during the vertical
retrace of the TV nonitor. It then fetches
successive bytes beginning from the initial
di splay address and uses those bytes to generate
the video image for the current display frame.
Wien the terminal is in graphics node, the 8 bits

from the menory are used directly for the
intensity information for one eightieth of a
raster line (640/8 = 80).
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di spl ayi ng of each segment of the raster line
pipelined by the video generator because of
timng requirementsof the TV nonitor and
relatively slow speed of the menories used. One
eightieth of araster line nust be displayed in
650 nanoseconds, but the access time of the nenory
chip is 420 nanoseconds. Thus the eight bit
organi zationand the speed of the menmory fit
nicely with the speed requirenentsof the video
generator.

The menory chips used in the ternminal have a
read cycle time of 700 nanoseconds and are
dynamic. W nust therefore provide for some form
of interleaving to prevent consecutive accesses to

i ndividual chips, and menory refresh to prevent
the loss of information. The nenory is organized
into three banks of 16K bytes each and the |ow
order address bit is used to choose between two of
the three banks so that an access is possible
every 650 nanoseconds. The internal construction
of the menory chips is such that 64 bits are
simul taneously refreshed when t he chip is
addressed even if the output is not enabl ed. By

addressing two of the three banks for every sixth
or seventh raster line of 80 accesses the video
generator can refresh the entire nmenory at the
required rate (once every two nilliseconds) with

al most no extra hardware or |oss of nmenory cycles.



By not refreshing the nenories much nore often
than is required, power dissipation and therefore
heat generation is kept to a m ni num

The read-only character generator is an
8192-bit read-only nenory chip organized as 128
64-bit characters. The characters are forned on a
7 by 9 bit natrix and the remaining bit of the 64
det er m nes whet her the character is to be
descended an extra 3 raster lines ("g", for
example). Thus this character generator displays
dots on a 7 by 12 submatrix of our 8 by 13 field.
The maxinmum access tine of this chip is 500
nanoseconds so that if fits easily into the 650
nanosecond pi peline  window. The witeable
character set is constructed from eight 4096-bit
static nmenory chips, which allows 256 different
characters each on an 8 by 16 natrix. Thus when
this character generator is used with our 8 by 13
field, an 8 by 3 submatrix is discarded. These
menori es have a 400 nanosecond cycle time so that
they, too, fit in the pipeline w ndow Static
memory chips, though nore expensive than the
dynamic chips wused for the bit map, are used for
the witeable character sets because there is no
sinple way to guarantee the automatic refresh that
dynamic chips require.

Putting a character 7 bits wide into an 8 bit
field neans that characters are separated by one
bit of space. In practice we have found that one
bit of space does not give the npst visually
pleasing text so the bits for a character are
shifted into the eight bit field slightly faster
than the bits of a graph. In essence, seven bits
of a character are squeezed into a six bit field
so that two bits are left between characters. Qur
experinents indicate that this gives the best
visual effect. For the writable character
generator, either the shifting rate of the read
only character generator or the shifting rate of
graphics can be used. Shifting the bits into the
8 bit field slightly faster than the graphic rate
provides an extra bit of space for characters that

should be well separated, and shifting the bits
into the field at the graphic rate al | ows
characters that are supposed to nerge at their
boundaries to do so. The control processor can
set which of the bit clocks will be used for the
witable characters (for the entire screen).

The read-only character generator puts dots
on as nmany as twelve different raster |ines
because sonme of the 9-bit high characters are
descended 3 raster |ines. Character lines are
displayed in thirteen raster lines to insure that
there is always at least one conpletely blank

raster line between them Al though this would be
too-little separation if all text characters were
12 bits high, it is visually pleasing since the
average separation is four raster lines for pper
case and six raster lines for |lower case. The
appearance is not one of double spacing as in many
video terminals, and it allows 37 lines of text to

be on the screen. Since the witable character
generators can provide infornation on as many as
16 raster lines, the control processor can change
the nunber of raster lines per text line from 13
to 16. The result is nmore space for a text line
and fewer (30) text lines per screen. This is
desirabl e for character sets cont ai ni ng
mat hemat i cal or drawing synbols, or for normal
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characters with diacritic narks.

The character row address counter starts at
an initial value supplied by the control processor
during the wvertical retrace. Thus the first
raster line of the screen may be the nth row of a
text line where n is greater than one. This
shifts the entire screen up by n-l1 raster lines,
and allows the text to be scrolled up (or down)

one raster line at a tinme. The rate at which this
smooth scrolling is done is controlled by the
m croprocessor, and at a well chosen rate the text

can be read confortably as it noves.

Figures 5 and 6 are photographs of our
prototype video graphics termnal. A single
lightweight unit (19 Ibs) contains the keyboard,

el ectronics; the separate
is a comercially avail able

power supplies, and all
standard TV nonitor

unit. The three small printed circuit boards
contain only the 48K byte display memory, and the
|arger wire wr apped board cont ai ns t he
m croprocessor, the program and character set
memory, the serial interface, and all control
logic.

FIGURE 5.
The Video Gaphics Terminal prototype
with the top cover renoved

FIGURE 6.
The Video Gaphics Terminal with the
control electronics up and the nenory

boar ds
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FIGURE 6.


5.  SOFTWARE ORGANI ZATI ON

The overal | design
control processor

phil osophy required the
software to be responsible for
as many functions of the terninal as possible.
The display address, the di splay format, the
keyboard, and the communicationsinterface are all
controlled by the mcroprocessor. The processor
accepts a single interrupt generated by either the

conmuni cationsinterface or the video generator.
The communi cations interface generates an
interrupt when a newcharacter arrives or when a
character has conpleted transm ssion. The video
generator causes an interrupt at the bottom of a
frame, indicating that vertical retrace is
occuri ng.

For interrupts caused by the video generator,

the processor nust send a new display address and
an initial row nunber for the first line of text
to the video generator for the next video franme.

The display address or the initial
be adjusted from their

row nunber can
previous values if the
video image is to be scrolled. In addition to
sending the display address to the video
generator, the processor polls the keyboard to see
if a new key has been struckor to see if the
previous key is still depressed; polling the
keyboard at 60 hertz is fast enough for even the
fastest typists. Tining is done by counting
vertical retrace interrupts, which gives the
processor a 60 hertz line frequency clock. The
clock is wused for timing such thi ngs as the
scrolling rate, the cursor blink rate, and the
keyboard repeat delay and rate. If a key is held
down for two fifths of a second, the processor
starts repeating that key at a 20 hertz rate.
This seens to be as fast as a key can be r epeat ed
and still allow the typist to stop at a
predeternined place on the [ine. The character
repeat rate and typing rate can be faster than the
line (baud) rate of the communications jnterface
because the micr oprocessor puffers characters for
transm ssion.

Since the software of the m croprocessor
controls the display format and the communications
interface, many conbinations of local and renote
editing are possible. Business oriented features
such as protected fields and block transm ssion

could be handled in a straightforwardmanner by
the local software.

Local software is stored in 1024x8- bi t
erasable programmeble read-only nenory chi ps
(I'ntel 2708 EPROMS). These chips are so easily
progranmed that we have considered building the
programmer into the terminal. The terminal  could
then be instructed to accept coded binary text
fromthe renote conputer to rewite the PROM
plugged into the programming slot.

The software is written in assembly language.
The assenbly | anguage we use is a nore el egant and

power f ul one than that provided by the
microconmputer manufacturer, and was easily
i npl emented using Assenbler | anguage  mappi ng
macros on our large conputer. Software in the
terminal for local text editing is still under
development, but the software that handles simple

character mode transmission, scrolling, and
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graphics (@ 4013 simulator) is complete
requires only 2000 bytes of read-only memory
PROWS) . Local text editing is a
problem and we expect to use another 2000 byt es
for a line editor and nore sophisticated
typescript management. W have al | owed space for
8192 bytes of read-onlymenory. |If we inplenent
features, such as those described by Gerhart and
Parnas [3], that take advantage of the hi gh
display speeds that are possible and the
essentially randomaddressabilityof the di spl ay
screen, we could use nost of that program storage.

and
(two
nontrivi al

The display nemory is logically divided into
600 sequential lines of 80 bytes each. Qur
current system does not wuse a linked |Iist
structure. The linked list structure such as that
used by the Hewlett-Packard video terminals [4]

has advantages such as minimizing storage usage
and manipulating the typescript with sinple
changes to a fewlink fields. Wth a large ampunt
of storage, however, its economcal use is not an

overriding concern. Wth the sinple i near
st orage | ayout, the local software is very
straightforward. Sone operations can be tine
consum ng but our experience has shown that these
operations are i nfrequent o] t hat sone
inefficiency can be tolerated. Linked structures

are disadvantageous because it becones difficult

to quantify the tinme required for certain conmon
operations such as inserting a character in a
line. For our nenory organization, it would not

be a sinple matter to insure menory refresh with a
linked 1ist organization. One desirable feature
we could add if we were to use a linked |jst
structure would be an ability to display bands of
the screen in either graphics node or in character
node.

6. LOCAL PROCESSI NG SPEED

V¢ have run our graphics software at a serjal
interface speed of 2400 baud (240 characters per
second) and have had no trouble keeping up with
i nconi ng graphi ¢ commands at that rate, but it s
possible that we could not keep up with a hi gher
I'ine speed in graphics node because of a menory
accessing limtation we have placed on the
m croprocessor. W currently do not allow the
ni Croprocessor to access the graphi ¢ i mage menory
while a scan line is being generated by the video
generator. The nenory is slowenough and si npl e
enough so that if the microprocessor steals a
menory cycle during the generationof a scan |i ne,
the interferenceresults in annoying "snow' on the
screen.  Wth the linitation, the nicroprocessor
is able to access the graphic inmge menmory only
during the horizontal retrace (one or tw
accesses) and during t he vertical retrace
(hundreds of accesses). Vector drawi ng conmands
fromthe conmunicationline at a rate greater than
240 per second could require nore graphic i mage
accesses than we can deliver with the "no snow'
limtation. However, it is easy to remove this
restriction and we have made it subject to control
by the microprocessor. For exanple, in order to
erase the screen as rapidly as npossible, the
m croprocessor first enabl es accesses duri ng scan
line generation, erases all the nenory byte by
byte, and then disables such cycle stealing. Thus



the screen erase is snowy but fast.

For the storage of local variables and the
subroutine stack, the nicroprocessor has i nmediate
access to a small 128-byte random access nenory.
This small menory is not part of the bit map
menory accessed by the video generator and is thus
al ways avail able to the microprocessor.

7. COSTS

The npbst expensive conponent of the video
graphics termnal is the randomaccess menory used
for the graphic image. Buying 100 chips of the
type we use (accordingto the Septenber 1975 |ist

price) wll cost $1250. Large customer di scounts
would bring the price down to $800. Price
reductions anticipated for 1976 wll bring the
cost down further to $400. W presume that the

16K bit memory chips wll eventuallymake the
nmenory cost even lower. At that point the cost of
the menory bal ances nicely with the cost of the
other conponentsof the termnal, since keyboards
cost between $100 and $300 and TV nonitors cost
between $100 and $300. The nost expensive single
chip we use is the microprocessor, which can now
be purchased for $40. There are five other LS|
chips used that cost approxi mately $15 each. The
PROM nmenory chips for program storage are new
devices and currently sell for $96, but the cost
is expected to drop when there are nultiple
sources early in 1976. Nevert hel ess, using
current list prices, the parts cost for the
termnal is approxi mately $2000. Since nost of
the cost is in the electronics where price
reductions are expected rather than in conponents

like storage tubes where price increases are nore
likely, we expect that future |ow cost graphic
systens will use this approach.
8. ALTERNATI VE APPROACHES

Wth existing technology, the principal
alternative approach that seens feasibleis the

use of charge-coupl ed devices (CCD's) rather than
a random accessnenory to store the bit map of the
graphic imge. The CCD's seem to be ideally
suited to the needs of the video generator, which
requires only sequential access to the bit map
i mge. However, they are far fromideally suited

to the needs of the graphic image generator in the
mi croprocessor, which accepts commands from the
communi cations interface and nust draw vectors
between arbitrary points on the screen. The bit
map of the vector must be created quickly in the
graphic imge nemory so that the buffer hol ding
i ncom ng commands wi |l not overflow. Methods for
sinulating random access to sequential nenory
devices can be devised, but they seemeither
conplicated or slow Thus while CCD's are
excel l ent vi deo out put devices, their organization
is not appropriate for a video input device of
this type. Furthernore, the current and projected
cost advantage of CCD's over RAM s does not seem
to justify the effort necessaryto use themfor
this application.
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9. FUTURE EXTENSI ONS

The next obvious step in the devel opnent of a
termnal of this type is the use of a 16 bit
m croprocessor that addresses 16 bit words (not
bytes) together with a menory 16 bits wi de. Thi s
woul d double the number of bits that could be
addressed easily, it would double the effective
menory  bandwidth, and it would substantially
increase the conputational power of the |[ocal
processor. Wth such a change, we coul d perhaps
provide higher speed and hi gher resol ution
graphi cs, nul tiple graphic imges, nore text
storage, and nore sophisticated |ocal processing.
However, note that using color or gray scal e would
each mltiply the menory size and bandwidth
requirenents by at least a factor of two.

It is tenpting to nove in the direction of
the smaller mniconputersand to add a variety of
peripheral devices controlled by the local
processor. A very useful and easy addition woul d
be a mechanismfor |ocating a point on the screen,
such as a lightpen or hand-held "mouse". The
addition of a floppy disk or small tape drive
would encourage the devel opnent  of a nore
sophisticated |ocal screen-orientedtext editor,
of alocal file system and of a nore general and
flexible | ocal operating system
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