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The Rand Corporation has been developing user-oriented software and hard—
ware for more than a decade. User-oriented software has included JOSS,* GRAIL, £
and BIOMOD; hardware has included the JOSS terminal, the Rand Tablet, and the |
Video Graphic System. While developing these systems and while observing users, !
Rand staff members have gained an understanding of users’ needs and expectations, fy
and thus of related system requirements. i

Although many users’ objectives are out of reach because of technological or
cost limitations, a number of satisfactory alphanumeric and graphic display terml-
nals are now available at acceptable cost. This report summarizes, in a general way, © :
experience gained at Rand and elsewhere about currently achievable needs and
expectations for display terminals. It also describes state-of-the-art display termlnal

Fla s DEL

technologies and provides a sampling of commercial terminals.

This material should be helpful to potential users who would like assistance in

selecting terminals, and to hardware and software developers. It is written ina’

tutorial style and at a technical level that can be understood by a broad range of
readers. In addition to describing requirements, technologies, and terminals, the .
report indicates where the reader can obtain additional current information.

SN

"% JOSS is the trademark and service mark of The Rand Corporation for 1ts computer program and
services using that program.
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SUMMARY ™

Display terminals are intended to provide convenient communication between |,

. people and computers. Thus, although a number of factors must be taken into .

' consideration when designing or selecting-a terminal, the most important is its

satisfaction of user requirements. The user of a display terminal wants to create,

; view, and manipulate objects such as text, line drawings, and natural scenes. He

. wants to perform these manipulations through natural, direct actions, and expects

the terminal to be appropriately responsive. Furthermore, a user wants his termi- .
nals to be attractive, large, mobile, legible, reliable, and accessible. Particular com-
puter applications dictate additional requirements. Text-oriented applications re-
quire specific character sets, a sufficient number of displayed characters to provide
a good working context, adequate speed to avoid flickering and to provide responsive-
ness, and text-editing features. Graphics-oriented applications require, in addition,
legible, arbitrary line drawings, convenient and fast figure-manipulation operations,

" and possibly color and the display of natural scenes.

A number of display technologies are available for satisfying these require-

' ments. The oldest technology, based on the random-access refreshed cathode-ray

' applications. : 4

tube (CRT), provides pleasing, readable images that can be quickly displayed and -

' changed; but complex images can flicker, and these terminals require a storage :
. mechanism and are expensive. Television-based terminals are inexpensive, present

flicker-free images, and can display natural scenes, gray tones, and color; but they

are slow, they require a considerable amount of storage, and their images are not |
of high quality. Storage-tube terminals display high-quality (but dim) images with-'§
out flicker and without requiring storage; however, because they create and erase
images slowly and erasure is not selective, they are not suitable for highly interac-

- tive applications. Plasma-panel terminals, which have only recently become availa- g
. ble, present bright images without requiring storage and provide for the rear projec- g
" tion of slides; they are slow, however, and their resolution is not adequate for some ;

.
A number of input devices are available for entermg text, pointing, moving i

objects on the display screen, and sketching. The most popular are the keyboard .

. (which is a component of nearly every terminal) and the light pen. Graphic tablets, |, |
which can be high-resolution, high-data-rate, versatile devices (e.g., they can be used .

thh a storage tube, whereas a light pen cannot), are now becoming more widely used ; 7
t

han previously because of reduced costs. Touch screens, which allow the user tog




- point w1th his linger, are currently in the development stage. . Other 1nput devices
are trackballs, joysticks, and the SRI mouse.

A number of alphanumeric terminals are available, at costs less than $5000,
i that display easily read characters, that prov1de an adequate textual context, and
\at have good built-in editing features. Most are video-based. Graphic terminals: aré’!i
available in a wide range of capabilities. The high-performance terminals use ran-;
'dom-access refreshed CRTs. Although such terminals cost more than $50,000 noti
F long ago, several are now available for $8000 to $15,000. The medium-performance, 3
* lower-priced (under $10,000) terminals are video-based or use storage tubes. Several
terminals and terminal systems include minicomputers and so can act as fairly
powerful, stand-alone information processing devices.
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I 1. USERS’ REQUIREMENTS AND GENERAL TERMINAL

i

k

CHARACTERISTICS

=

' The first step in selecting a specific display terminal is to determine the in-
- tended range of applications. The applications imply the users’ requirements and

thereby the desired terminal characteristics, and these, in turn, dictate a group of
possible terminals and costs that can be compared with the available funds.

This section reviews users’ requirements in several application areas and indi-
cates in a general way how existing display terminals satisfy these requirements.
The following sections examine other considerations for selecting terminals and
explore the characteristics and costs of terminals in detail.

EXPECTATIONS OF USERS

A user likes to think of a display-terminal screen as a working surface upon
which he can create objects and with which he can view and easily manipulate these
objects. He is interested in such objects as text, line drawings, data clusters, and
natural scenes. In reality, such objects may be black-and-white or in full color and
may be two-, three-, or higher-dimensional.

A user likes to take natural actions, i.e., actions that do not require much

' learning and that are appropriate for the object of interest and the function to be

performed. For example, a user might like to create text by writing or typing, to
create drawings by sketching, and to “create” a natural scene by taking a photo-

" graph or by pointing a television camera.

A user likes to take direct actions. He usually prefers pointing at an object
rather than typing its name, and he prefers to move an object directly rather than
to type a command that says “Move object A to position x,y.”

A user expects his working surface to be responsive; when he attempts to move
an object, he expects it to follow closely. In general, he likes things to happen
immediately, but he usually realizes that the time required to fulfill a request should
be roughly proportional to the complexity of the request.

A user likes his display-terminal’s working surface to be attractive in appear-

. ance, large yet mobile, legible, reliable and—perhaps most of all—as accessible as .
| a telphone, a typewriter, or a desk calculator. Finally, most users do not want to be

; |

vl



!'B thered with such exfraneous details as complicated identification procedures,}

prograrnmmg languages, computers, and terminal/computer interfaces. |
§
i
i

. DISPLAY TERMINAL CHARACTERISTICS

Satisfying these users’ expectations requires a number of system componentsf

- Well designed software, on the one hand, can hide nearly all computer-based ex-

traneous details. Terminal appearance and the option of color are, on the other

* hand, purely hardware characteristics. Although software may play a role, hard-

ware is the major determinant of legibility and reliability. The degree of naturalness

" and directness depends on the hardwarﬂthe software, and the' power 'of the support-
' ing computer. Thus, to prov1de for writing and sketching, the hardware must include

a writing device, the software must be able to track the device and interpret the

~ user’s hand motions, and the computer must be fast enough to keep up with his

actions. Other contributions to responsiveness are made by terminal hardware that
can create and change images sufficiently quickly and terminal/computer communi-
cation channels that can transmit data at adequate rates.

In this report, the focus is on terminal hardware, because hardware provides
the most fundamental limitations to satisfying users’ requirements. In particular,
the focus is on newer, low- and medium-priced hardware, because newer hardware
tends to provide improved capabilities at lower costs, and because expensive hard-
ware tends to be out of reach. A quick review of hardware characteristics will

" provide a good point of departure for the rest of this section.

A display terminal comprises a viewing screen, one or more input devices, a

~ display-generator, memory for “refreshing” the displayed image, and a communica-
. tions interface. The viewing screen determines such characteristics as brightness,
. contrast, resolution, and image persistence. Screens come in a variety of sizes, but -
- 10 inches square or 8 by 10 inches rectangular are typical; terminals, however, can

come in roughly the same range of sizes as do television sets. The display-generator,
which may include a programmable minicomputer, determines such characteristics
as the kinds of objects that can be displayed, the speed at which they are generated,

" and the size and shape of characters. Unless the screen has long persistence, the

image must be maintained by continually regenerating it on the screen from the
refresh memory.
All display terminals are designed to display text. Different terminals are capa-

* ble of displaying quantities of text from a few lines of 20 or 30 characters to about
- 50 lines of 80 characters. Terminals that can display only text range in price from
about $2000 to about $8000.

At an added cost (a total cost upwards of $4000), drawings comprising lines of
arbitrary length at arbitrary angles may also be displayed. Some terminals provide
for mixing text and line drawings with television images, for gray levels and for
color. Others provide for projecting arbitrary images on their screens. Screens are
2-dimensional, but 3-dimensional-like images can be created using stereoscopic tech-
niques and special viewers.

The most popular input device is a typewriter-like keyboard, but others include

La pen-like device (light pen) for pointing at the screen, a pen-like device used
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rtogether with a horizontal writing surface (graphic tablet), "and a variety of such’

. devices as joysticks and trackballs for moving a marker on the screen. .
Thus, except for their cost (and resulting unobtamablhty) and bulkiness, dlS-

~ play terminals are capable (with appropriate supporting software, computer, etc.) of
- satisfying most of the users’ expectations outlined above.

TEXT-ORIENTED APPLICATIONS

Alphanumeric display terminals, i.e., those that can display only characters,
are useful in a variety of text-oriented applications in which both the information
displayed and the user’s interaction vary over wide ranges. During the preparation
of documents such as reports and computer programs, the user enters a large
amount of text and, during the initial entry and afterward, manipulates it by
adding, deleting, changing, and moving individual characters and blocks of text.
Insofar as this interaction is concerned, the major difference between report genera-
tion and program generation is that reports are free-form. When characters are
inserted in a report, the following text can be automatically repositioned with
margin alignment the only constraint, but programs usually have a more rigid

_' format.

P T AT 1 o

In data-entry applications, the user, who may be prompted by computer-

. generated questions or a displayed form, enters data values which he verifies visu-

ally and which the computer may validate by applying sets of tests. In this case, as
when editing a document, the user can work most efficiently if he can move easily
in two dimensions to fill in or change items on a form. A difference in the two
applications is that, in document preparation, the user generates nearly all of the
text, but in data entry, the computer may generate much of the displayed informa-
tion.

In still other applications, such as computer-aided instruction, retrieving stored
files, and monitoring the behavior of a computer program or a real-time process, the
computer may display and quickly change natural scenes and large amounts of text
on the display screen, but the user’s actions may be limited and rather simple.

Readability

Applications and operations such as these imply a number of requirements, the
most fundamental of which is that displayed information should be readable. The

! screen should be bright enough that the characters can be seen in normal light. The

contrast between the characters and their background should be sufficiently high for
the smallest characters to be resolved at the user’s normal working distance from

. the screen.

Readability also depends on the character font. Characters are most legible if

- they are constructed from a number of line segments or curves and if the height of

b

a character is between 7 and 10 line widths. In the more usual case where a charac-

| ter is formed as a dot matrix, 3 dots wide by 5 high is barely legible, 5 by 7 (which

| is typical) is good, and as the matrix gets finer, a character’s legibility and appear- :
k,ance improve. i I




Apparently character spacing does not greatly affect readability. However, a
_horizontal character separation of about 20 percent of character height and a verti-
. cal separation of 50 to 100 percent of character height are typlcal and also pleasmg

-

¢ in appearance.

Character Sets

Just as when using a typewriter or keypunch, the required character set de-
pends on the application. Upper-case letters and numbers are usually adequate for
data entry; document preparation may require lower-case letters in addition; still
other applications may require special mathematical symbols or even italics.

In practice, a 64-character set comprising upper-case letters and numbers
together with some mathematical symbols and punctuation marks is standard; in
some cases a 96-character set which includes lower-case letters in addition to the
basic 64, is available.

The Number of Displayed Characters

The total number of characters that can be displayed on the screen is also an
important consideration. Because computer programs are conventionally punched
on 80-column cards, 80-character wide screens are most convenient for program-
ming applications. However, because the last eight columns are not usually essen-
tial, 72-character wide screens are usually adequate. Report preparation requires
screens that are 60 to 80 characters wide. Screens that are only 20 to 40 characters
wide are often adequate for data entry and other applications. ;

A number of lines of text are necessary to provide a working context, particu-
larly when preparing programs and reports, but also when entering data on a form.
Ten to 30 (with about 20 typical) lines may usually be displayed, but some terminals
provide for as many as 40.

An additional (or alternative) way to provide the required context is to “scroll”
or move the text up and down the screen in such a way that when text is deleted
at the top (or bottom) new text is displayed at the bottom (or top). Some terminals
not only provide for scrolling, but also enhance this by including memories suffi-

et R 4 T
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. result is a very annoying flickering effect.

ciently large to store more text than can be displayed on the screen without com-
municating with the computer. This feature is called paging.

Speed of Terminals

The time it takes a terminal to display a given amount of text is important in
several ways. Most, but not all, current display terminals use a CRT (cathode-ray
tube) display screen that is coated with a low persistence phosphor. An image is
changed by drawing a new one while the old one quickly fades. A consequence of this

! is that a fixed image must be “refreshed” (i.e., redrawn) 30 to 40 times a second
| simply to maintain it. This works well if the display generator is fast enough to
| redraw all displayed information at thls rate. However, if it is not fast enough,

refreshing does not occur often enough to prevent the image from fading, and the
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The terminal’s speed must also satisfy users’ requirements for responsiireness.
When a user causes a small amount of text to be displayed, he expects it to appear

instantly (i.e., in oné refresh cycle). Even when a user causes dn entire new screen’
" of information to be displayed, he will not tolerate more than a few seconds delay
. if the information is already available to the terminal. For scrolling to be acceptable,
' text should be redisplayed at a new (vertically upward or downward) position at

| one-second or shorter intervals.

Establishing a Text-Entry Position

There are several techniques for establishing a two-dimensional typing position

. on the display screen when the user creates and edits text or enters data on a form.

All of them involve moving a marker imaged on the screen, called a cursor, which
indicates the position of the next typed character. A cursor usually looks like an

. underline and, on some terminals, blinks.

A hardware-based automatic cursor-positioning technique that aids in filling

out forms is to “protect” the computer-generated text in such a way that when the
. cursor enters a protected field it is automatically repositioned to the right of the

field. Thus if the form is designed to be a sequence of protected and data-entry fields,

- the user simply enters a data value, hits the cursor spacer, and is automatically

positioned for the entry of the next value.

Another common cursor-positioning technique, which is independent of any
displayed text, uses a set of keyboard keys for moving the cursor left, right, up, down,
and home (usually the upper-left corner of the screen). When the directional keys
have a repeat (continuous operation when held down) mode, they can be used to
position the cursor quickly and easily. Other devices such as a trackball (a mounted,

" rotatable ball) and a joystick (a stick-like device which has one end held fixed) cause

a cursor to be moved when they are manipulated. Finally, pointing devices such as

"a light pen (a stylus for pointing at the screen), a tablet stylus (a stylus used in

conjunction with a horizontal electronic tablet), or a touch screen (a screen at which
one points with his finger) can be used for positioning the cursor with a single, direct

! action.

'
%
'
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Text Editing

Once the user has positioned the cursor, he may edit the text by typing a series
of special editing-control keys and character keys. The simplest editing feature
provides for typing over (and thereby changing) existing text, but some terminals
also provide for inserting, deleting, and erasing text.

When inserting, the new text is entered in place and the text to the right of the

- cursor position is shifted to the right of the new text. Some terminals limit the

insertion to one character at a time and simply make the line of interest longer
(possibly “wrapping it around” onto an automatically inserted, otherwise blank,
line); some provide only for character and line insertion. Other terminals have no
such limit, but rather, maintain the line margins by automatically moving text from
one line to another in all following lines as the user types.

Deletion is the oppomte of 1nsert10n ie., text is moved to the left and upward |




it has a starting position (the cursor position) and a specified extent, such as a single
! character, the rest of the line, or the rest of the displayed text.

¢
i

(Izgffictioﬁs as insertion. Erasure, unlike deletion, replaces characters with blanks; °

Pseudo Graphics

Alphanumeric terminals can display pseudo-graphical information in addition
to text. For example, if one wishes to plot a graph, vertical and horizontal “lines”
. can be formed from the characters “1” an R—";’—,‘gnd “curves” can be formed with
. other characters, singly or in columns. The resulting curves are rough not only
" because their points are unconnected but also because their points can be located
at only the usual character positions. Some alphanumeric terminals have a “limited
graphic capability,” which usually means that they can draw horizontal and vertical
lines or can display dots at a higher density than the normal characters or both. This
is handy for displaying graphs, tables, forms to be filled in, and a variety of other -
figures.

Arbitrary Pictures

Another technique for displaying forms and other fixed figures is to use pictures
of figures rather than computer-generated versions. Television-based and plasma
panel terminals (both of which will be described in Sec. III) provide for displaying
pictures simultaneously with computer-generated text and line drawings. The pic-
tures may be arbitrarily chosen natural scenes; hence this capability is useful in
computer-aided instruction and other applications where arbitrary visual reference
material is helpful.

GRAPHIC-ORIENTED APPLICATIONS

Graphic terminals, i.e., those that can display line drawings as well as text, have
a wide range of applications, costs, and capabilities. The simplest applications treat
(really mistreat because of the expense involved) a graphic terminal as if it were an
alphanumeric terminal.

Applications in which the terminal is used primarily to examine, but not
manipulate, computer-generated images require very little interaction on the part
of the user but may place heavy demands on the terminal. In some such applications,
a set of curves may be displayed that represents the solution to an engineering
design problem or a computer- or man-generated diagram may be displayed to give
the user a quick look before he has it drawn by a high-precision x-y plotter. Other
applications require a high density of displayed points and many gray levels or color
for studies of image-processing techniques or for the display of “solid” figures, i.e.,

~ computer-generated figures that appear to be artist’s drawings in that they are
. shaded and give an impression of solidity.

| The manipulation of diagrams is important in such applications as signal and
| data analysis (where waveforms and other data are examined in various representa-



rfﬁg{éc‘aﬂés; and dimensions), in the layout of forms, in the examination of stick-and- "
{ ball chemical molecules from any aspect, and in the exploration of such figures as
i antenna radiation patterns. This type of application requires convenient techniques
! for describing the desired manipulation as well as quick response to a manipulation
request. Other applications that require a quick change in the displayed information
are those that involve observing an event as it occurs in actual or simulated “real
time.” These include watching the behavior of a simulated mathematical model,
participating in an interactive simulation such as driving a simulated car on a
- simulated highway, using a simulated air-traffic-control or other radar-like screen,
or monitoring the performance of a real system.

The most demanding applications for graphic terminals are those that involve
' both complex diagrams and a high degree of interaction. Computer-aided design, for
example, may require the user to point, to drag figures from place to place, to sketch,
to type, and to perform various other functions on a variety of diagrams. Other
applications, such as abstracting a line drawing from a natural scene by sketching,
may involve similar user actions but with reference to a photograph of terrain or
of a human face, an x-ray, or an electronmicrograph.

Comparison of Alphanumeric and Graphic Terminals

Before describing the requirements for graphic terminals it is useful to clarify

| the difference between alphanumeric and graphic terminals. Some graphic termi-

- nals are simply alphanumeric terminals with a graphic feature added on, but usu-
ally even the alphanumeric aspects of the two types of terminals are different.

In the case of the alphanumeric terminal there is a fixed set of (say 20 by 40)
positions where characters may be displayed. Thus, the terminal need only store the
type of character (including blank) to be located at each of the (say 800) positions
and store a description (e.g., a dot matrix) for each character in its character set. The
fixed format is also compatible with a fairly simple display generator and straight
forward cursor-control and editing features.

A graphic terminal, on the other hand, has a large number (e.g., 480 by 640 or
1024 by 1024) of addressable points. Each point can be the center of one or more .
characters, the start of a line segment, or the end of a line segment. Because of this,
images (even if they are only of characters) for graphic terminals are stored as a
series of descriptors. This complexity results in larger storage requirements, more
computer-to-terminal data transmission (and transmission time), more complicated
display generation, faster display generation required to assure responsiveness and
lack of flicker, and consequently a higher cost for a graphic terminal than for an
alphanumeric terminal. Furthermore, because characters can be located at arbi-
trary positions on a graphic display screen, hardware-based cursor-control and edit-
ing features may be impractical.

: Basic Requirements

_ The alphanumeric terminal requirements described above with regard to
" brightness, contrast, character readability, possible gray tones, and color apply to
._graphic terminals as well. The lack-of-flicker and display-speed requirements also |
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" apply, but are more strmgent in the graphlcs case because here the i images can be

" both more dense and more complex.

Line Drawing

Lines, like characters, should be legible and pleasing in appearance. Some dis-
play terminals move a phosphor-excmng electron beam to produce a continuous,
uniform line; others represent a line as a sequence of dots or horizontal and vertical
line segments. Dots should be small and close together to avoid a “string of beads”
effect; horizontal and vertical segments should be small to avoid a “staircase” effect.
Line widths and the contrast ratio between a line and its background should be
chosen to provide for resolving nearby characters and lines.

Methods for calling the user’s attention to the fact that different lines have
different meanings include providing for several line types (e.g., solid, dashed, and
dotted), for colors, for several line brightness levels, or a combination of these. The
brightness levels should be chosen to be distinct, and this requires brightness ratios
of at least 2 to 1. Because more than about four levels is not particularly useful from
the user’s viewpoint, it is better to maximize the brightness ratios (given a particular °
brightness range) than to produce more levels.

In order to construct truly arbitrary line drawings, it must be possible to draw -
a line from any point on the display screen to any other point. Actually a terminal
provides only a finite number of addressable points, and this restricts the allowable
starting and ending points (and sometimes the intermediate points) of lines. Usually
a number of addressable points in the range 500 by 500 to 1000 by 1000 is adequate,
and sometimes a density as low as 250 by 250 is sufficient. In some cases, however,
where curves must appear very smooth and there is not a special hardware curve
generator, or in applications such as image processing and drawing solid figures,
considerably more addressable points may be required.

Figure Manipulation

In highly interactive graphic applications, the user may have the ability to

. *“drag” and sketch figures as well as to point and type. This requires an input device

i

' that is continuously tracked as it is moved over the display screen or associated

- surface and also requires a terminal or computer that can handle the tracking. In
* dragging, the dragged figure should follow the motion of the user’s input device, and

so it must be continually redisplayed at its new position. In order for the figure’s

' motion to appear continuous, it should be redisplayed many times a second. When
" the user is sketching, a line, composed of dots or short segments, may be displayed

i

~ as if emanating, like ink, from the moving input device. Thus, sketching also re-

' quires a responsive display terminal that can quickly update a small portion of the
. displayed image.

o g e 7 g

Some applications deal with such complex figures, or must manipulate figures
at such a high rate, that functions which could normally be performed by software
must be performed by display-terminal hardware. One such function, called clipping
or scissoring, cuts off a line at specified (or display-screen) boundaries even though

{_ its description indicates that it extends outside these boundaries. The extension
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r&ﬁfd“z-{i;f)ééfﬁiﬁ an unexpected place on the screen or could interfere with another

|
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figure if the terminal did not have this feature. Windowing, which makes use of
scissoring, provides for filling one rectangle (possibly the entire screen) with that
portion of a figure that lies within another rectangle. Zooming provides for sequen-
tial windowing with a set of consecutively smaller or larger concentric rectangles.
Finally, some terminals can rotate figures in two or three dimeqsions.

ADDITIONAL REQUIREMENTS AND CAPABILITIES

Television-Based Terminals

Television-based terminals can uniquely satisfy a number of user requirements.
As noted above, they can display arbitrary pictures and can simultaneously display
computer-generated text and line drawings. Such terminals can also provide for
gray levels, color, small monitors for crowded situations, large monitors for viewing
at a distance, and slaved monitors for many viewers.

Hardcopy

Often when one leaves a display terminal, whether to go away to think or to let
someone else use it, he likes to take away with him reminders of his working session.
A device that produces a hardcopy (i.e., paper or film) representation of what appears
on the terminal’s display screen can therefore be very handy.

A hardcopy device for use with an alphanumeric terminal can be a small
printer. One type of graphic hardcopy device recreates the display-screen image on
a small CRT and then reproduces it on paper or film using photographic or xero-

" graphic techniques.

An x-y plotter is another common, but slow-speed, graphic hardcopy device.



II. FURTHER TERMINAL-SELECTION CONSIDERATIONS

Although an examination of users’ requirements is critical to the selection of
a display terminal, other considerations are also important. These include the needs
and budgets of the institution’s entire community of those who will use the terminal,
the available computer and its ability to support terminals, the software require-
ments and the availability of software, the desired compatibility with existing termi-
nals, and the cost and accessibility of terminal servicing. This section explores some
of these considerations.

TERMINAL/COMPUTER COMMUNICATION AND LOCAL
PROCESSING

Although some terminals can be used as stand-alone devices, most are con-
nected to a computer. Consequently one must select a terminal and a communica-
tions interface that are compatible with his computer. ’

Terminals are often remote from a central computer. This can result in data-
transmission rates that are inadequate for the expected terminal performance (e.g.,

! voice-grade telephone lines are inadequate for many graphics applications). Also,
| depending on the distance and application, communications costs may far exceed -
- computing costs. :

A partial solution is to use a minicomputer or nonprogrammable small proces-
sor (either of which may actually be a component of the terminal) in conjunction
with (and at the same site as) the terminal. In such a case the large, remote computer
might be used for storing large data files, and perhaps executing complex computa-
tions, and the small, local processor might be used for editing, tracking input de-
vices, and perhaps scrolling text. Even when the terminal is not remote, a special
processor for the terminal is useful for reducing the load on the central computer.

MULTI-TERMINAL SYSTEMS

There are many situations that lead an organization to obtain several identical
L. display terminals. These include situations when (1) there is a need, because of ;
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[ required production rates or convenience, for the simultaneous use of several termi-
nals for similar applications, (2) several different applications in the organization
require somewhat different terminals, but, to simplify software development and |
maintenance, it is decided to acquire identical terminals, and (3) a single terrmnal
- can handle the job, but, because this leads to unacceptable restrictions on accessibil- ?
ity, several, perhaps lower-performance, terminals are acquired.

In such situations it may be cost-effective to acquire an integrated system of
terminals instead of individual terminals. Systems are available that share such '
hardware as a minicomputer, a display generator, and bulk storage among several
terminals, thereby minimizing the cost per terminal. Because the shared hardware
is often expensive, this approach cannot usually be justified unless at least four to !
eight terminals are required. Also, because the system is a single unit, its cost cannot *
easily be incrementally reduced when there is no longer a need for some of the
! terminals.

!
3

SOFTWARE DEVELOPMENT

Software development costs can easily exceed hardware costs. Neither manu-
facturers of display terminals nor manufacturers of the computers to which they
attach supply much in the way of software. This leaves it up to the user to obtain
software from other users of the same type of terminal or to develop his own or both.

A user may want to convert, for operation on a new terminal, application pro-
grams that are already operating on an old terminal. A user may otherwise be
interested in program compatibility of terminals because he wants to develop new
programs that can communicate with several different types of terminal.

Programming Ease

A programmer is interested in the ease of programming for a particular device
~ and also in programming for the efficient use of the device. For programming ease,
" the program instructions should bear a direct relationship to the function they
perform and should use data directly related to the function; the terminal should
take care of translating these as required for the detailed operation of the hardware.
To instruct a terminal to draw a line from one point to another, a programmer would
simply like to provide a line-drawing code and endpoint coordinates or other param-
eters that specify the line. He would not like to get involved with how the hardware
draws the line or what bit strings it uses internally.

For efficiency, the hardware (or its operating software) should automatically
derive the most efficient sequences of operations from the programmer’s instruc-
tions, or the terminal’s programming language should make it natural for the
programmer to code efficiently.

! Program Compatibility

Terminals are program-compatible with one another if computer programs will
te on both and cause the same functions to be performed. At a detailed level :
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I this requires the terminals to be activated by the same set of hardware-level instruc-
_tions. In practice, this usually restricts compatibility to terminals that are produced

by a single manufacturer and that are designed to be “upward compatible.” “Up-
ward compatible” means that if a program runs on one product of a series, it will

| also run on more powerful products of the same series, but will run on less powerful

products only to the extent that it does not depend upon features that they lack. For
example, a given program might run on either a Brand X model Plus-1 or Plus-2 but
at different speeds, and also on a Superplus (Plus-1 with a super new feature)

g terminal, but a program written for the Superplus might run on a Plus-1 only if it
t does not take advantage of the super new feature.

Interface subroutines can make terminals program-compatible if their hard-

' ware has certain common characteristics. Suppose, for example, that a Fortran .
~ program operates a terminal that has an addressability of 1024 by 1024 and displays

- 52 rows of 73 upper- and lower-case characters. This program can drive a different

. terminal with these characteristics, provided that the program performs its oper-
" ations via a set of interface subroutines and that there is a functionally identical set

~ of subroutines written using the second terminal’s instruction set.

'
L

If characters are generated by software instead of by hardware, their size and
spacing becomes adjustable. This leaves addressability as the limiting. difference

| between graphic terminals so far as program compatibility is concerned. Using

software-generated characters, a variety of terminals (e.g., those with 2048 by 1536,
1024 by 1024, and 480 by 640 addressable points) can be made compatible with lower
addressability (e.g., 256 by 256) terminals by, in effect, reducing their addressability.
Looking at it another way, low-addressability terminals can be used in place of
high-addressability terminals in situations where the full addressability is not used.

‘The above discussion considers only the physical possibility of creating such
images as a character displayed at a particular location or a curve drawn through
a prescribed set of points. However, in cases where there is a high density of dis-
played information or where dynamic operations are performed, the type of screen
and the speed of the terminal become important when program compatibility is an
objective. Whereas a terminal based on one technology and with a particular speed
can display a full screen of information without flicker, the same amount of informa-
tion may flicker on a terminal based on another technology or having a slower speed.
Also, operations, such as scrolling text or scaling, translating, and rotating dia-
grams, that are useful on one terminal may not be useful on a slower terminal that
introduces intolerable image-change delays.

THE MANUFACTURER AND DISTRIBUTOR

Finally, even though everything about a terminal and its accessories, software,
cost, etc., appear satisfactory on paper and in demonstrations and discussions, one
will ultimately become dependent on its manufacturer and distributor or third-
party lessor. Before choosing a terminal for purchase or lease, therefore, one should
raise a large number of questions about these firms. What are their general reputa-

{ tions? What is their financial situation? How well do they support their products?
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™ ware? Auxiliary hardware? Are they dedicated to this particular business? Who are

their customers? Are the customers satisfied with the product, the manufacturer; - -
and the distributor? Is there a users’ group that shares experience and software?



I DISPLAY SCREEN AND INPUT DEVICE
TECHNOLOGIES

Until five or six years ago, nearly all graphic terminals used random-access
refreshed CRTSs (cathode-ray tubes) as their display screens. Random access means
that the image is created in whatever arbitrary order it is described by a computer.
program; refreshed means that the image is continuously recreated from a stored
representation. v

The recent introduction of new technologies has resulted in increased capabili-

_ ties and lower prices (whereas graphic terminals previously cost at least $50,000,
~ many are now available for as little as $8000). New video-scan refreshed CRTs, -
" which are based on television technology, require a separate storage mechanism.

. commercially available.

However, other new screen technologies store the image in the screen itself. Storage
CRTs are currently the most widespread of these, but there is also considerable
interest in plasma panels (flat matrices of glowing gas), which are now becoming

All of these technologies are described below. Other possible display-screen
technologies, such as light-emitting diodes and liquid crystals, which so far are
limited to small alphanumeric arrays, are not discussed because their potentials for -
large display screens are too uncertain.

Several input devices, including keyboards, light pens, graphic tablets, and -

" touch screens are also described here. Touch screens, which allow the user to point »;

et i e

with his finger, are currently in the development stage.

RANDOM-ACCESS REFRESHED CRT

A spot of phosphor on the inside of a CRT’s glass faceplate glows for a short time
(usually about 50 usec but as long as one-tenth second) when momentarily excited

- by an electron beam. A focussing electrode determines the diameter of the beam, an

H

i
i

L

" electrostatic-electromagnetic deflection yoke positions the beam horizontally and
. vertically, and a control grid determines the beam energy and therefore the degree -

to which the phosphor is excited. The set of glowing spots on the CRT faceplate forms .
an image. . ;

et

\1-:1
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I The type of phosphor determines the color of the glow and the persistence, i.e.,
' the duration of the glow. Usually short persistence is desirable because this means
F that an image fades quickly and so can be changed quickly. On the other hand, such
| an image must be refreshed, i.e., the phosphor must be reexcited, frequently in order
| to be maintained; common refresh rates are 30 and 40 times a second. Refreshing,
in turn, requires that the image be stored separately from the screen (because there
must be something to refresh it from) and requires that the stored-image interpreta-

! tion and CRT-drive hardware be sufficiently fast to recreate the image at an ade-

- quate rate.

: Two beam-deflection methods are sawtooth scan and programmed scan. Saw-

" tooth scan, which can be used for alphanumeric terminals, moves the beam to each
character position and, at each position, is deflected to form the strokes or dots that

" describe the character. In some cases blank characters are skipped over. Pro-
grammed scan, which can be used for either alphanumeric or graphic terminals,
moves the beam through a series of arbitrary positions to form characters, line
segments, etc., in their stored order. Both approaches are efficient because the beam
moves only enough to describe displayed objects and to get from one to another, but
they require an expensive, high precision deflection yoke to do this accurately, to
properly join lines, etc. In both cases, the beam moves through all its positions each
refresh cycle. The sequence of beam positions, and so the actual duration of the cycle,

" depends on what is displayed.

Uncomfortable flickering occurs if the image cannot be refreshed at the normal

" rate and grows worse as the amount of displayed information, and therefore the

" refresh time, increases. The extent of flicker also depends on the phosphor, and

subjectively also on the viewer, and the lighting conditions.

! This technology has the disadvantages that the image must be separately

| stored, that it is expensive because it requires highly precise, stable components, and

that it can lead to flickering. Advantages are that it is efficient, that its images are °

(unless there is flickering) pleasing in appearance and readable, and that image !

components can be quickly displayed and changed regardless of their stored order.

One consequence of the latter point is that image components can be stored in

whatever order is convenient for programming and editing; another is that because

. there is a direct correspondence between beam position and time from the start of

- arefresh cycle, the interpretation of light pen detects (as described later) is conven-

© ient.

VIDEO-SCAN (RASTER-SCAN) CRT

The video-scan CRT is also a refreshed tube, but the scanning is regular and
over the entire tube, rather than random. The image comprises a number of horizon-
tal (or vertical) lines. A resolution of 525 lines is standard, but higher resolutions
are available. Along each line, points are bright (where the phosphor glows, called
unblanked) or dark. In raster-scan mode, the electron beam is swept (setting the
brightness of the points) through all odd-number lines, then is swept through all

: even-numbered lines to generate a complete image in one-thirtieth second.
L ~ Because a commercial television tube is designed to be flicker-free and because 4
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"In video scan the electron beam always goes through the same motions regardless’

of the image produced, the resultant image is flicker-free. In fact, some areas of the -
screen can be solid black with white overwriting and others white with black over- -
writing (or colors can produce a similar effect) with no difficulty. i

A major complication that results from the use of raster scanning is that a i
stored list of characters, lines, etc., must be converted into a list of point-by-point :
beam intensities. Another is that these intensities must be stored—a requirement
which is vast compared to the storage requirement for random-access CRTs.-

One conversion method, called scan conversion, draws the image on a small
random-access CRT (called a scan converter), then scans this image in raster-scan
mode to produce the signal required to drive the larger display-screen raster-scan
CRT. If the scan converter phosphor has a sufficiently long persistence, it can act
as the storage medium. If the scan converter phosphor has short persistence, the
video signal derived from it must be stored elsewhere, e.g., on a video disk, for
refresh purposes. If the scan converter is sufficiently fast, it can be shared among
several terminals so long as each terminal has its own refresh memory.

Digital “scan conversion” techniques compute the conversion point by point or
derive it using hardware such as digital counters and rotating buffers. These digital
techniques result in a stored representation which includes, for every point on the
screen, n bits for each 2 gray levels or colors. Also, digital scan conversion is slower
than simply creating an image in sawtooth- or programmed-scan mode and so is not
currently suitable for the most interactive applications.

A television tube is inexpensive because it is based on well-understood, mass
production technology; also, it can display images in gray tones or color. Further-
more, television allows computer-generated and natural images to be displayed
simultaneously by mixing the stored image with the output of a television camera
or video recorder. Also, video images can be processed in a number of ways; they can
be mixed, compared, and sent to a number of monitors of various sizes.

Video technology thus has the advantages of low cost, flicker-free images, and
the capability of displaying natural scenes, gray tones, and color. Furthermore,

. because the display generator (e.g., the scan-conversion tube and its driving electron-
ics or the equivalent digital hardware) is not necessarily built into the display
' terminal, it may be shared in an economical multi-terminal system. In addition to
- the disadvantages of scan conversion and point-by-point storage, standard 525-line
. video creates diagonal lines that have a noticeable staircase effect and so is not
. suitable when high-quality graphics are required.

STORAGE CRT

The storage CRT is a random-access nonrefreshed CRT designed to display flick-

. er-free stable images and also to eliminate the need for a refresh memory and its
. associated circuitry. Several techniques are available, but all involve creating and
. storing a pattern, viewing the resultant image, and erasing the image. During
. creation, an electron beam (usually of high energy) generates a pattern on the tube

i,

faceplate as with a random-access refresh CRT. In this case however, the pattern is
stored, for example in a long-persistence excited phosphor, in a charged dielectric
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mesh, in a changed conductivity in a semiconductor layer, or in a darkened cath- '
odochromic layer. Pattern creation takes upwards of 5 psec for each displayed point,
but the pattern remains for minutes or hours without refreshing. For viewing, a
flood of diffuse low-energy electrons or a high-energy electron beam is shined on the
tube’s phosphor, causing it to glow brighter where the image is stored than at other
places. In the cathodochromic case, transmitted or reflected light is used for viewing.
An entire pattern, but usually not a selected area, is erased by applying a voltage,
heat, or light. Erasure takes upwards of one-half second.

Although the storage CRT eliminates the requirement for refreshing, and ;
thereby reduces the cost of a terminal, it has several disadvantages. Creation and
erasure times are slow, so storage CRTs are not useful for highly interactive appli-
cations. Furthermore, because erasure is not selective, deletion of any part of the -
image (as when editing text) requires that the rest of the image be recreated and this,
in turn, implies that either the image must be stored somewhere (and transmitted :
to the terminal) or it must be recomputed. A feature called “write through” does, :

- however, provide for superimposing a nonstoring display on the stored display by

using a low-energy beam or by using a high-energy beam for a short time. Usually
a cursor is displayed this way so it can be moved from place to place without erasing
the screen.

Storage tubes tend to have low image brightness and contrast and so are best
used in subdued light. However, filters and brighter tubes have recently improved
this situation. If, for example, the tube glows green and a matching green filter is
placed in front of it, broad spectrum ambient light is attenuated twice (when it
strikes and when it is reflected from the tube) while the tube’s emitted light is only
slightly attenuated.

PLASMA DISPLAY PANEL

The plasma display panel is a thin (about 1/2-inch thick), flat matrix of glowing
gas cells that combines many of the advantages of the other display-screen technolo-
gies. It has inherent memory, and therefore does not need refresh memory. It is
driven by digital circuitry, and therefore does not need digital-to-analog converters.
Unlike storage CRTs, it has sufficient brightness and contrast to be easily read in
a well lighted room and selected points may be either erased or written. Further-
more, a plasma panel is nearly transparent, so slides and other visual material may
be rear-projected onto it. o - :

The physical construction ofa plasma panel is such that the gas (usually mostly
neon at low pressure) is contained between two glass plates. The early panels iso-
lated gas cells from one another with a glass centerpiece that was a matrix of small
gas-containing cells. Current panels, which are simpler and easier to manufacture,
are based on an “open cell” approach which does not physically separate the gas
cells, but controls them through a selection of proper plate spacing and gas pressure.
Usually the pressure inside the panel is so low that glass spacers must maintain the
spacing between the plates, but if the pressure is nearly atmospheric this is unneces-

_ sary. It is important that the gas be uncontaminated; in early panels impurities led

i , to dep051ts on the glass plates but this has been corrected by improved manufactur-
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‘Arrays of pé}éﬁgl—?hin gbld lines are ?rintéd (él»;él;);;;;ﬂl;out 60 lines per inch)

~ on the inside surfaces of the glass plates to form electrodes; these electrodes are
- covered with a transparent dielectric to prevent discharge current (described later)
. from flowing externally. The electrode arrays are placed orthogonally (i.e., horizon-
* tally on one plate and vertically on the other) to form a grid of, e.g., 512 by 512,

electrodes in an 8.5-inch square panel. When excited, the gas glows at, and only at,
the electrode intersections. :

The panel addressability (which is the same as its resolution) is limited by the
electrode spacing and panel size. Although it appears difficult to place electrodes
closer than about 1/60 inch, it seems practical to construct larger panels.

In normal operation, an AC (usually 50 kHz) “sustaining” voltage is applied to
all electrodes. This voltage is not adequate to turn on gas cells that are not already
glowing or to turn off glowing cells, but sustains the apparently-continuous, red-
orange glowing of cells that are already on.

To turn on a cell, pulses of the proper amplitude and duration are superimposed
on the sustaining voltages of its intersecting electrodes. The resultant voltage (which
occurs at only a single intersection) exceeds the breakdown voltage of the gas,
thereby causing it to ionize and emit visible light. The discharge ions and electrons
move to the dielectric surfaces near the electrode intersection to build up charges
that oppose the applied voltage and extinguish the glow. The charges remain, how-
ever, so that when the sustaining voltage reverses direction, the charge-produced

? electric field and the applied-voltage-produced field add to again cause breakdown.

This repeats itself every half cycle so that once breakdown occurs it is maintained

by the sustaining voltage.

A cell can similarly be turned off by applying a pair of pulses that cause the

stored charge to return to zero. Each cell therefore “stores” its own state and the
. panel acts as its own “refresh” memory. Single cells can be quickly turned on or off
" in a random-access manner. Although the sustaining voltage is required, it is nonse- .
~ lective and does not provide refreshing in the sense required by other technologies.

A plasma panel can be used to display a combination of characters and line ‘

v drawings composed of bright, crisp dots. The characters are pleasing but (with 60

lines/inch addressability) the lines have a noticeable staircase effect. If the back of
the panel is frosted with a surface suitable for projection, projected color slides,

- microfiche, maps, and movies can be displayed together with computer-generated
~ images. The University of Illinois, which is using plasma panels in its PLATO IV

computer-based-education system, has developed a random-access slide projector for
rear projection. It can access one of 256 slides in 0.2 second; the registration accuracy

© is 1 part in 100 (about 1/10 inch). When produced in quantity, the PLATO IV

terminal, which includes a plasma panel, a 180 character/sec character generator,
a 60 line/sec line generator, a keyboard, a random-access slide projector, and other
components, is expected to cost less than $2500.

Although the plasma panel, in principle, has no major disadvantage, the cur-
rent amount of plasma-panel research and development indicates that a number of
improvements are expected. The University of Illinois (the originator of the plasma
panel), Owens-Illinois (the only commercial plasma panel manufacturer), Fujitsu
Laboratories (in Japan), IBM, Sperry Rand, Burroughs, Bell Telephone Laborato-
ries, and Zenith Radio are all conducting research in plasma panels. .

Approaches to developing gray-scale panels include using variable-voltage ,
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¥ waveforms to ‘produce variable numbers of light pulses, using multiple layers of gas,
“and comblmng adjacent spots into a single gray-scale plcture element. Research in

i coating the inside glass surfaces w1th photo-lumlnescent phosphors.

‘/ Other work is aimed at developing light pens, improving the visibility of the gas
spots by reconfiguring the electrodes, reducing driving circuit costs, lowering the
sustaining voltage, and improving the panel lifetime. Fujitsu has conducted experi-
ments that, under controlled conditions, resulted in panel lifetimes in excess of ten
thousand hours.

KEYBOARD

The keyboard, which is similar to the set of keys on a typewriter, is included as
an input device for nearly every terminal; it is used for entering text and for
indicating commands. The basic part of a keyboard is a set of alphanumeric keys,
which are usually arrayed ason a t pewrlter A keyboard often has a set of control
keys for indicating such commands as, “Enter insert-character mode,” “Move the
cursor continuously to the right,” or “Erase the rest of the line.” Some control keys
may be programmable, i.e., their functions can be made to vary with the particular
application.

A keyboard should have the appropriate keys for the area of application and
should not require its user to learn an entirely new device. Thus, if it is to be used
by a secretary for text entry, it should be laid out like a typewriter; if it is to be used
for data entry or programming, it should be laid out like a keypunch; if it is to be
used for bookkeeping, it should have a set of adding-machine keys, etc.

Mechanical keyboard parts are especially subject to breakdowns, so there
should be as few of these as possible. Some keyboards have mechanical keys but
solid-state switches; others have no moving parts.

A keyboard that is separable from the rest of the terminal is more convenient
than one that is an integral part, because it makes the terminal less bulky, it can
be positioned and oriented for ease of operation, and it can be detached for mainte-
nance.

. LIGHT PEN

This is a popular, inexpensive ($1500 or less), light-sensitive pointing device
that is shaped like a pen. A user holds it up to the screen to select an item, position
a cursor, “drag” an object, or sketch.

The light pen is triggered by a lighted point on the display screen only at the -
instant that point is being refreshed by the electron beam, i.e., a particular point
can be detected only once each refresh cycle. The triggering time relative to the start
of the refresh cycle is used to determine the detected object or position. In the case
of a random-access refresh CRT, the beam is driven by a list of objects, so the object

is determined directly and the x,y position can be derived (perhaps only within the
Lzrea&cov,er_ed by a character or line). A video-scan refresh CRT beam sweeps throughy
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ra sequence of horizontal (or vertical) lines, so the x,y position is determined directly, "

and the identity of the object is derived. A light pen cannot be used w1th a storage

. CRT terminal because a storage tube is fiot refreshed.

Light pens for use with plasma panels are currently being investlgated. Because
ion discharge occurs in all spots simultaneously, special provision must be made for

~ the use of a light pen. One approach is to apply a special discharge-causing read
- pulse sequentially to the spots and to disable the light pen during the normal

sustaining cycles so that it can be triggered only by the read pulse. This may result
in reducing the frequency of the sustaining voltage, thereby reducing the brightness
of the panel while the light pen is operating.

Because a light pen can be triggered only by a source of light, a tracking target,
which uses feedback to follow the pen motion, is required even when sketching. This
is not only frustrating because the target may be rather large, but it is expensive
in computing time or hardware in cases where the light-pen coordinates are not
directly derived. The area “viewed” by a light pen is usually only a little smaller
than a character; as a result, sketches cannot be very intricate and sometimes the
wrong character in a string is detected. Another disadvantage is that holding one’s
hand up to the display screen not only blocks a portion of the screen but also becomes
tiring.

GRAPHIC TABLET

The graphic tablet consists of a (10-inch square or so) horizontal writing-tablet-

' like surface and a pen-like stylus that one moves on and above the surface. It was
" developed, in part, to overcome the difficulties inherent in light pens. One of the

major differences between the graphic tablet and the light pen is that, although the
tablet is used in conjunction with the display screen, it operates independently in
that stylus coordinates are computed easily and directly regardless of what (if any-
thing) is on the screen. A tablet can therefore be used with a storage CRT or any
other type of display screen. In fact, tablets have grown more popular with the
advent of the storage CRT.

As a user moves the stylus on the horizontal tablet, he watches a dot of light

" on the screen (called a direct-feedback point) that corresponds to his stylus position.

Although this may appear strange at first, a new user usually accommodates within

~ afew minutes. To take meaningful actions such as pointing or sketching, one usually
_ presses down (with about the pressure applied when writing with a ball-point pen)

to close a switch in the stylus. One may then lift the stylus, which completes a

~ pointing action, or may move it. Depending on the purpose and associated computer

program, when one moves the stylus with its switch closed, a displayed object on the
screen may follow or an “ink track” (a sequence of dots or short lines which indicates
recent stylus motion) may appear for sketching or writing.

Some tablets report the stylus position sufficiently frequently (e.g., every few
milliseconds) and with sufficient resolution (e.g., 1024 by 1024 on a 10-inch square
surface) to follow its motion even if it is moved very quickly and to enable the
interpretation of small (1/4-inch or S0 hlgr ‘characters handprinted at normal

) §peeds. Su_ch taskgzkllgyever, are demanding on a localrﬂqu_ggpgilﬁcomputer. A tablet
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"“may also be used for tracing curves and maps that are placed or rear-projected onto |

its writing surface. :.
The Rand Tablet, which was the first graphic tablet, is a dlgltal 1024 by 1024 :

resolution, 10.24-inch square device. A grid of insulated, fine wires (100 per inch),

~ which is embedded in the writing surface, is pulsed in such a way that each intersec-

- tion has a unique pulse train associated with it. As the capacitively coupled stylus

. moves on or near the surface, it detects pulses and decodes them into x,y coordinates, ,
which are used to position the direct-feedback point. A special interrupt or code is
transmitted when the stylus switch is opened or closed. The major disadvantage of
the Rand Tablet is that the fabrication of its writing surface is difficult and is
therefore expensive.

Two newer, less expensive graphic tablets are the Science Associates Graf Pen
and the Computek Tablet. Both can be purchased with 1024 by 1024 resolution for
about $3000; a Computek Tablet that has 256 by 256 resolution costs under $2000.
The Graf Pen stylus generates a low-energy spark which produces a sound pulse.
Strip sensors along two sides of the writing surface receive the stylus signal and a
control unit derives the stylus position. Because this device makes use of the velocity
of sound, which depends on air temperature and velocity, to compute stylus coordi-
nates, it is sensitive to temperature changes and slight gusts of air. The Computek
Tablet, which is an all-digital device, has a proprietary etched pattern in its writing
surface and uses an electromagnetic detection technique.

The graphic tablet does eliminate many of the light pen’s deﬁc1enc1es Its major
disadvantages are its higher purchase price and the high demands it places on a
(central or local) computer (or alternatively, application-dependent hardware) when
used to capacity in high-resolution, highly interactive applications.

TRACKBALL, JOYSTICK, SRI MOUSE

In function, the trackball, the joystick, and the SRI mouse are similar, but each
has its own operational characteristics. The trackball is a rotatable ball mounted in
" a fixed hemisphere; a user rotates it with his fingers or with the palm of his hand.
As the ball rotates, a cursor moves on the screen. The user initiates commands by
- pushing buttons. Thus a trackball can be used like a tablet to move a cursor, to point,
to construct lines, etc., regardless of what appears on the display screen.
A joystick is like a trackball with a handle attached to the ball. A mouse is like
a trackball on wheels. One holds it under his hand and moves it on a table (or other
~ horizontal surface) near the terminal to cause the cursor to make the corresponding
. motions on the display screen. These devices generally cost less than $2000.

. TOUCH SCREEN

i All of the input devices described so far involve learning operational mechanics '
‘ and so leave something to be desired in terms of naturalness and directness. The
i developers of touch screens have apparently accepted this premise and have re-
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[ sponded by saying that if one wants to point at a display screen he should be able
- to point with his finger. ;
: The early techniques for implementing touch screens made the dlsplay-screen
. surface touch sensitive. One involved a grid of fine touch wires; another used a series ;
~ of translucent touch-sensitive strips. Another electrical technique sandwiches a bias .
~ network, which establishes uniform linear potential gradients in the x and y direc-
. tions, between a conducting glass and a conducting diaphragm. When the dia-
. phragm is pressed, it assumes the potential of the corresponding point in the bias |
. network, thereby providing for the derivation of the touch-point position. An acous- .
~ tic technique is based on echo ranging of elastic surface waves; when the display
~ screen surface is touched, the surface waves are disturbed, thereby causing the
. reflection of energy. )
: The most recent approach, which has been used in various research-oriented
facilities in conjunction with all types of display screens, is an optical technique: An )
: x-y array of infrared light-emitting diodes (LEDs) and solid-state light-sensing de-
* vices is placed (with the detectors opposite the sources) in a frame around the display -
" screen. The array is placed nearly coincident with the display screen surface so that,
as one touches the surface, a pair of orthogonal light beams is broken and the
- touched position can be located. The apparatus causes no visual impairment of the
screen because infrared light is invisible to the human eye. Touch-screen resolution -
is limited by the physical size of the light sources and detectors; 16 by 16 arrays have -
been built for 8.5-inch square plasma panels and 37 by 29 arrays have been built for -
7.5-inch storage CRTs. In order to ensure that light from a particular source arrives -
only at its associated detector, the sources and detector are electronically cycled in .
such a way that only one pair is activated at a time. '
Although the touch screen is convenient to use, its low resolution limits its
applicability to pointing at large, or at least widely separated, obJects The author
is not aware of any commermally avallable optlcal touch screen. '



IV. A DISPLAY TERMINAL SAMPLER

Generalizing about display terminals is a little like generalizing about apples,
oranges, peas, potatoes, grapes, and artichokes. One can indicate what they have in..
common, cite the differences, and show where the distinctions are blurred. But in
order that the descriptions of the foods—or the display terminals—be useful, specific
examples must be detailed.

This section suggests how well users’ requirements are met by present display

' terminals, what capabilities are provided by various technologies, how much the

e i e

terminals cost, etc. The several alphanumeric terminals and the several graphic
terminals described are merely a sampling aimed at establishing impressions; there
is no pretense that this is an exhaustive survey. Some of the terminals are selected
because they have been available for several years and are widely available now;
others were selected because they have been announced just recently; many were
selected because they represent one of the newer technologies; still others, because
one or more of their characteristics approaches an extreme. It is important that the
reader understand that the selection of a terminal for this sampling does not repre-
sent an endorsement and the lack of selection does not imply that a terminal is
inferior in any way. :

The major interests here are in examining user-related characteristics, tech-
nologies, possibilities for program compatibility, and costs. Therefore, several char-

' acteristics such as the physical size of a terminal, or the available interfaces, are

ignored. Other characteristics, such as screen size, brightness, or contrast ratio, are
omitted because they are nearly the same for all terminals, because they are implied
by some other characteristic such as the number of characters displayed or the type

-~ of display screen, or because they are too subjective or too difficult to describe.

The next few pages summarize the characteristics of a few specific alphanu-
meric terminals, then describe the terminals; after that the procedure is repeated
for graphic terminals. The author gathered the information for some terminals only -
by reading technical descriptions, but gathered, or verified, information about oth-
ers through personal use. Information-gathering activities between these extremes -
included discussions with technical salesmen, programmers, and users, and the |
observation of demonstrations of operating terminals by people in the same catego-
ries. Even at that, many of the numerical characteristics, particularly when appear-
ing in summary form in a table, should not be given undue weight. This is because

terminals may comprise various components, they are aimed at different markets, ;

, h
w2a
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["and their technologies are at different stages of development, so characteristics have
different significance for different terminals. For example, it is difficult to compare

| costs when some terminals use minicomputers but others do not, and some that
. require minicomputers do not include them as a component. Also, there are many
hidden costs such as the cost of attaching a terminal to a computer, and prices are

! subject to change. Furthermore, it is difficult to compare such characteristics as
character- and line-drawing rates because of such factors as the variation in drawing
techniques, options, and restrictions. Finally, the author apologizes in advance for
any explicit or implicit misrepresentations that may appear here.

" ALPHANUMERIC TERMINALS

; Table 1 lists several characteristics of the alphanumeric terminals described in
. the following pages. The costs of most of the terminals are commensurate with their
- characteristics. The terminals display easily read characters and most provide an
adequate amount of textual context. The provision for lower-case characters often
justifies some extra cost. It is interesting to note the impact of television-based
technology here; this has come about because of the inherent low cost of mass-
produced television screens and the simplicity of alphanumeric-only scan conver-
sion.

In the following descriptions, “k” indicates a multiple of 1024, and a “byte” is
. an 8bit storage unit. Thus “4k bytes” refers to 4096 8-bit storage units.

- The Computek 200

i The Series 200 Programmable Terminal, by Computek, Inc., is a television-
" based terminal that includes a microprogrammable minicomputer. Twenty-five
~ lines of 80 characters (including lower-case letters) can be displayed. The keyboard -
- may be separate or integral; in addition to the usual keys it includes a set of
. cursor-control keys and a set of numeric keys laid out like an adding-machine .
~ keyboard.
A terminal may stand alone or may control a number of peripherals like tape
* cassettes and printers or may operate in conjunction with a number of other Series
200 terminals. Thus, for example, a “master terminal” may share its processor and

memory with as many as three (processorless, memoryless) “slave” terminals. A
terminal can perform the type of editing operations (e.g., insert and delete charac-
ters, scroll, or move the cursor) described earlier in this report, but it can also be
. microprogrammed for other applications. It is intended that, once a user specifies
his problem, Computek, Inc., will produce an MOS program board which satisfies his
requirements and which will be plugged into the terminal. The MOS program
memory is limited to 4k 16-bit words. A user can also develop his own programs
using an assembler and read/write plug-in memory; once debugged and read onto
. tape or cards, Computek, Inc., will produce a “hard” program board. :
; A basic 2000-character terminal costs about $4500; read-write program memory °
costs another $1500. A touch screen is available for $950. i
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rComputer Terminal Datapoint 2200
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The Datapoint 2200 by Computer Terminal Corporation is a random-access !
refresh CRT terminal that includes a built-in programmable minicomputer, soit can |
be used as an emulator of other terminals, for local text editing, and for local -
computing. It also includes two read-write cassette tape decks for loading and un-
loading the terminal’s MOS memory. Twelve lines of 80 characters (including lower-
case letters) can be displayed. An integral keyboard provides the usual alphanu-
meric keys and also a separate adding-machine-like group of numeric keys. ‘

Two versions of the processor are available. Version II is considerably faster (3.2 -
or 4.8 psec memory access) than Version I and also has more instructions (31) and
registers (14), and can have a larger memory (16k bytes). Version II also provides
for handling hardware interrupts. Software includes tape and disk operating sys- -
tems, an assembler, a “mini-COBOL” compiler, a terminal emulator (e.g., for the
IBM 2741 and 2260), and data-entry, text-editing, and calculating programs.

A basic 2k-byte Version I Datapoint 2200 terminal costs about $6000, but is not
particularly useful for local processing. An 8k-byte Version II terminal, which is :
useful for local processing, costs about $9000.

Delta Data TelTerm Terminals

The TelTerm Video Display Terminals of the Delta Data Systems Corporation
can display up to 27 lines of 80 characters which are formed by matrices of 7 by 9
dots. Upper-case alphanumerics are standard, but a 96-character set, which includes
lower-case characters, is optionally available. An option which provides for drawing

vertical and horizontal lines is also available but not together with the lower-case

option.

Lines of text and characters can be inserted or deleted. Underlines distinguish -
user-entry fields from computer-generated data; only the user-generated data are :
transmitted to the computer. The cursor normally moves to the next data entry
point but can also be moved to user-set tab positions. Characters and groups of
characters can be blinked two times a second.

As many as 3072 characters may be stored in a local memory as text is moved 4

- vertically (and possibly off) the display screen. This storage means that without

interaction with the central computer text can be brought back into the field of view;
thus, in effect, increasing the size of the display screen and the context in which the
text can be examined. ' :

The TelTerm 1 is teletype-compatible; data transmission is a character at a -
time. The TelTerm 2 can also be teletype-compatible, but, in addition, data can be .
transmitted in blocks. The TelTerm 3 provides compatibility with the IBM 2260, -
2265, and 3270 display terminals.

The costs of the basic terminals with 1024 characters of memory are: TelTerm-
1, $3000; TelTerm 2, $3500; and TelTerm 3, $5000. Additional memory costs $200
for 1024 characters and $600 for 2048 characters. The lower-case option costs $600;
the line-drawing option costs $800. A light pen, which can be used for cursor posi-
tioning, costs $1000.



* Hazeltine 2000

On the Hazeltine Corporation’s 2000 Video Display Terminal, up to 27 lines of
74 characters formed by matrices of 5 by 7 dots can be displayed. Presently 64
alphanumerics and symbols are standard. (It is reported that a lower-case option is
under development.)

Lines of text and single characters can be inserted or deleted. Protected comput-
er-generated data are displayed in low intensity; user-generated data are displayed
brighter. Only the user-generated data are transmitted to the computer. The cursor
is automatically positioned at the next data entry point. Lines may be scrolled under
program control. Core storage is provided for the 1998 characters that can be simul- -
taneously displayed; scrolling requires the transmission of additional characters
from the computer.

The cost is approximately $3000.

IBM 2260

The IBM 2260 Display Station is an old, but widely-used, video-scan refresh-
CRT terminal. Several other terminals are designed to be, or can be used as, 2260
emulators. There are two 2260 models, several available keyboards, and a variety
of optional features. Terminals are attached to a 2848 Display Control, which is a
control and buffer-storage unit.

A 2260 model 1 displays 12 lines of 80 characters; model 2 displays either 6 or
12 lines of 40 characters, depending on the 2848 model. A Display Control unit can
handle as many as eight model 1s, or 24 model 2s, depending on the number of
character lines. The standard destructive cursor erases characters as it moves over
them; an optional nondestructive cursor can be moved anywhere on the screen

without affecting the displayed characters. The extended-cursor-control feature pro- '

g e

vides for setting typewriter-like tab stops. The standard keyboard is typewriter-like;
an alphanumeric/numeric insert keyboard is keypunch-like; a numeric keyboard is
arranged like an adding machine keyboard.

The cost of a 2260 terminal system depends on the number of displayed charac-
ters and on the number of terminals (because a 2848 Display Control is always
required). A set of 16 2260s that display 12 lines of 40 characters, that have the
nondestructive cursor feature, and that include standard alphameric keyboards
costs about $3000 for each terminal including the 2848. A similar set of eight 2260s
for 12 lines of 80 characters costs about $4000 a terminal.

IBM 3270

The IBM 3270 Information Display System is functionally similar to an IBM
2260 terminal but it can display more characters. It can either stand alone (with its
own control unit) or in a cluster of up to 32 units. A 3270 system can include a
480-character (12 lines of 40 characters) display terminal or a 1920-character (24
lines of 80 characters) display terminal, or both.

Characters are displayed as 7 by 9 dot matrices. The 66-character keyboard ,
~ provides 45 alphanumerics and 21 control keys; the 72-character keyboard includes }
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ri2 programmable-function keys. Character strings may be inserted and deleted.?}

|
f

i

Users are prevented from entering data in protected fields. Selected items can be :
displayed in brighter intensity than other data. o - ' :

A 40 or 66 character/second printer-like copying unit can be attached. Light :
pens and movable typewriter-style, data-entry, and operator-console keyboards are
available. Data-security enhancement features, such as a key lock, an operator-
identification card reader, and the means to enter data without it being displayed,
are also available. «

A stand-alone 1920-character display terminal (without keyboard) costs $6500;
a terminal that is part of a cluster which includes a shared-control unit is somewhat
less expensive. A 66-character keyboard costs $600, bringing the cost of a complete
terminal to $7100. A light pen costs an additional $1000.

GRAPHIC TERMINALS

Table 2 lists several characteristics of the graphic terminals described in the
following pages. Character and line-segment display rates are indications of the time
it takes to create an image. The numbers of characters and one-inch line segments
that can be drawn in a millisecond are only approximate because what actually
happens when an image is created depends on the technology, the particular type
of terminal, the mode of operation, and the computer program that describes the
image. Also, in some cases lines of arbitrary length can be drawn at the indicated
rate. The other table items are self-explanatory.

The combination of large numbers of displayable characters and the ability to
display many different types of characters (including lower-case letters) makes
many of the graphic terminals useful in certain text-oriented applications where the
alphanumeric terminals are inadequate. They are, however, somewhat more expen-
sive than the alphanumeric terminals. Several terminals are potentially program
compatible. The inclusion of a local processor not only makes a terminal more
flexible, but also relieves the load on a central processor and can result in lower
computing and communications costs. A wide variety of optional, or included, input .
devices promotes good user interaction.

Table 3 lists the graphic terminals according to their “line-drawing rates.” .
Terminals with the same line-drawing rate are ordered according to their “charac-
ter-display rate.” These rates are mentioned in quotes because the computation of
the tabulated numbers was by necessity somewhat arbitrary, and, as described
above, the rates provide only a rough indication of the time required to draw an

~ image. It is somewhat surprising that the correlation between line-drawing rates

and character-display rates is rather low. This is partly a consequence of the arbi-
trariness of the numbers, but is also a consequence of the stage of development of
the various technologies and the interests of the particular manufacturers. Thus, for
example, Ramtek has concentrated on displaying text and barchart-like diagrams
for process-control applications and so has developed a good character-drawing scan
converter, but, because it has not gxgp}{gisized highly interactive applications, its
line-drawing scan converter is still unsophisticated. Another interesting example is

i the IDIgraf terminal which appears to be remarkably fast for its cost. It is fast, but,
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Fasis explained later, its line-drawing rate of 70 one-inch segments/ msec applies only’
i‘ to segments at certain angles and so, in some situations, can be considerably slower:

than is indicated.

It is clear from Table 3 that there are now a number of good-performance
graphic terminals available at costs that are reasonable and that are also competi- :
tive (given a need for flexibility) with the alphanumeric terminals. The newer tech-

| nologies can make an impact in the application areas that require only a low or
medium level of interaction. The highly interactive applications still require ran- .
dom-access refresh CRTs. However, some of the newer terminals that use this tech- |
nology not only satisfy a broad range of user requirements, but do so at an acceptable |
cost.
In the following descriptions, “k” indicates a multiple of 1024, and a byte is an ,
8-bit storage unit. Thus, “4k bytes” refers to 4096 8-bit storage units.

Computek 300

The Computek, Inc., 300 Graphics Terminal is a TV-compatible terminal that
contains both a character generator and a line generator. Text may be displayed as
- 25lines of 42 characters; characters are displayed as 5 by 7 dot matrices. The display
addressability is 256 by 256, and, because lines are constructed of horizontal seg-
ments between addressable points, this results in a very noticeable staircase effect :
- in diagonal lines. The line-generation rate is 60 lines/sec, which is too slow for user
* interaction with complex pictures. (It is reported that Computek is planning to
develop a line generator 10 times faster than its present one.) A Fortran-based
subroutine package provides for such operations as “move beam,” “draw line,”
~ “display text,” and “translate,” “rotate,” or “zoom.”
The cost of a basic terminal is $3900. Automatic windowing is an additional
- feature available; a light pen ($600), a low-resolution (256 by 256) Computek Tablet
" ($1000), and a hardcopy device ($2000 to $2500) are also available.

" Computek 400

' The Computek Model 400 storage-CRT display terminal includes curve, line,
character, and special-symbol generators. Its addressability is 1024 by 800. Text may
be displayed as 40 lines of 85 characters at a rate of 3500 characters/sec. The
keyboard and display screen provide for upper- and lower-case letters, numbers, and
~ special symbols. The keyboard also includes six program-controllable function keys
" and five single-step/repeat cursor-control keys. Drawn lines may be displayed at a
" rate of 1000 inches/sec. The curve generator can draw a smooth curve (with specified
" initial and final slopes) through any points on the screen (whether or not they are
addressable) and between any addressable points; it can be efficiently used to con-
struct attractive circles and other contours. However, erasing the screen takes a full
1/2 second and is accompanied by a very disconcerting flash.
' The Model 400/20 terminal, which includes a curve generator, costs $8400. A
graphic tablet with an addressability of 256 by 256 costs $500. A tablet with an
addressability of 1024 by 1024 and a joystick are also available. ,
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Table 2

GRAPHICS TERMINALS

Viewable

Address-

ability®

(width & Character

Terminal Cost ($1000)a Screen Typeb height) Pattern

Computek 300 4 TV 256 x 256 5 x 7 dot
Computek 400/20 8 Storage CRT 1024 x 800 |10 x 14 line
Conograph-10 9 Storage CRT 2048 x 1536 |24 x 40 curve
Conograph-12 11 TV 2048 x 1536 |24 x 40 curve
Conograph-14 15 CRT 1792 x 1792 |24 x 40 curve
Data Disc Anagraph | 70 for 4; 86 for 8; 125 for 16 | TV 640 x 480 7 x 9 dot
DEC GT40 13‘ CRT 1024 x 768 |6 x 8 dot
Hazeltine 4000G 10 TV 512 x 480 5 x 7 dot
IBM 2250 Model 1 70 CRT 1024 x 1024 (10 x 14 line
IDIgraf 8 CRT 1024 x 1024 (10 x 14 line
IDIIOM/II 67 CRT 1024 = 1024 |10 = 14 line
IMLAC PDS-1 10 CRT 1024 x 1024 |7 = 9 line
Owens-I1llinois DS-1| 10 Plasma Panel 512 x 512 5 x 7 dot
Princeton 801 7 TV/storage CRT | 1024 x 1024 |7 ~ 11 dot
Ramtek GX-100 28 for 4; 50 for 8 TV 512 = 512 5 x 7 dot
Vector Genmeral DD3 | >32 CRT 4096 = 4096 |48 x 72 curve

8Cost is that of a minimum useful terminal; includes keyboard in every case.

b
CRT = random-access refresh CRT; TV = video-scan refresh CRT; storage CRT = random-access
storage CRT; and TV/storage CRT = video-scan refresh CRT with storage-CRT scan converter.

c
Number of points on the screen that can be referred to by a computer program.

d . .
The standard character size is indicated; in some other sizes are available.
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Line
Segment
Character | Display
Display Rate®

Number Rate® (1-inch Local
of Characters/ (charac~- lines/ Lower | Processor

Lines Lined ters/msec) | msec) Case? | Included? Optional Input Devices
25 42 0.1 0.06f No No Tablet
40 85 3 1 Yes No Tablet; joystick
39 85 >1 >1 Yes Yes Light pen; tablet; joystick’
39 85 1 1 Yes Yes Light pen; tablet; joystick
45 75 90 22 Yes Yes Light pen; tablet; joystick
40 80 96 Sf’g Yes Yes Trackball; tablet is possible
31 72 40 43 max | Yes Yes Light pen incl.
53 74 10 7 Yes Yes None
52 74 84 60 No No Light pen; tablet
51 73 83 70 Yes No Light pen; trackball; joystick; tablet
52 73 125 165 Yes Yes Light pen incl.; trackball, tablet
52 73 44 22 Yes Yes Light pen; tablet; joystick
64 85 10 0.8 Yes Yes None
43 86 4 13f Yes No Joystick
64 85 125 lf Yes No Trackball; tablet is possible
40 80 100 240 Yes No Light pen; tablet; joystick; dials

€For a random-access refresh CRT the number of flicker-free characters and line segments is
limited to those that can be displayed during its 25 to 33 msec refresh cycle.

fLines of arbitrary length can be drawn at this rate.

BAssumes the availability of one 256 line/refresh cycle hardware line generator--see text.
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Table 3

TERMINALS RANKED ACCORDING TO LINE-DRAWING RATE
(Note the caveats in the text and in the Table 2 footnotes)

Line Drawing | Character-
Rate Display Rate
(1-inch lines| (characters Cost
Terminal per msec) per msec) Screen Type ($1000)

Computek 300 0.06 0.1 TV 4
Owens-I1linois DS-1 0.8 10 Plasma panel 10
Conograph-12 1 1 TV 11
Conograph-10 >128 >1@ Storage CRT 9
Computek 400 1 3 Storage CRT 8b
Ramtek GX-100 1 125 TV 7
Hazeltine 4000G 7 10 TV lOb
Data Disc Anagraph 8 96 TV 11
Princeton 801 13 4 TV/storage CRT 7
IMLAC PDS-1 22 44 CRT 10
Conograph-14 22 90 CRT 15
DEC GT40 43 40 CRT 13
IBM 2250 60 84 CRT 371
IDIgraf 70 83 CRT 8
IDIIOM/II 165 125 CRT 67
Vector General DD3 240 100 ’ CRT >32

8Value assumed to'be 1 for ranking purposes.

bIn groups of 8.

- Conograph Display Systems

i

The Conograph Display Systems, of the Conographic Corporation, are a family
of terminals that use several types of display screens. The Conograph-10 terminal :
uses a storage-CRT display screen, the Conograph-12 display screen is a 525-line !
television monitor, and the Conograph-14, -21, and -23 use 14-inch, 21-inch, and
23-inch random-access refresh CRTs as their display screens. The Conograph-10 and ;
.12 are slow devices that have line-segment drawing times of about 1 inch/msec and -
| character-generation times of about 1 character/msec. The other terminals are fast, -
and can draw a long line (1/4 inch to 16 inches long) in 45psec. The terminals in
! the family are otherwise similar except that they have different numbers of address-

' able points, and features that are standard for some terminals and optional for

- others.

The distinctive feature of the Conograph systems is that conic sections (de-

- scribed by endpoints and slopes) are used together with straight lines to display
general curves, figures, alphanumerics, and other symbols. This results in high-
quality images, the economical use of memory, and an effective resolution that is
higher than the actual (1/256 inch) resolution. Other features are the generation of ;

' symbols from a template, 16 intensities, programmable display offsets, picture scal-
ing (by a factor of 1/8 to 8 in steps of 1/8), two- and three-dimensional rotation, and ;

Lt_llg ability to simultaneously display a number of reduced and clipped full-screen ;
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ﬁﬁctures The standard character size allows for 39 lines of 85 characters on the
- Conograph-12, but there are 16 available character sizes that can result in from 9
lines of 21 characters to 158 lines of 341 characters. These features, together with

" convenient software, and the high speed of the random-access refresh-CRT termi-
nals, makes them well-suited for drafting and design work where picture quality and
_graphic manipulation are important. An emulator for the IBM 2250 is planned.

F

}

The basic Conograph-10 system, which includes the graphic generators, a sim-

'~ ple display processor, and a 128-character (96 visible) keyboard costs $8950. The

Conograph-12 television-based system, which has similar features, costs $10,900.
The Conograph-14 system with a programmable processor with a 4096 16-bit word |
memory that provides for graphic subroutining and stand-alone display operation

 including text editing costs $14,950. The Conograph-21, which includes, in addition,

scaling, rotation, intensity variation, and some other features, costs $21,500.

| Data Disc Anagraph

The Data Disc, Inc., Anagraph multi-terminal display system consists of a Data !

- Disc 6600 Television Display System, a minicomputer, a memory disc, and software .

written by the MIT Draper Laboratories. The 6600 system is designed to prov1dei;
graphics at low cost. It achieves this by sharing video generation and distribution ; i
electronics, a large-capacity refresh disc, and a computer interface among as many !
as 16 standard, 525-line, black-and-white or color television monitors. Thus, each .
individual terminal is inexpensive, and the system cost per terminal decreases as |
more terminals are added.

The 6600 system displays points, upper- and lower-case characters, graphlci

i

- symbols, and line segments in a rectangular area that has 640 by 480 (width by i

height) addressable points. There are four character sizes. The smallest characters !
are displayed as arrays of 7 by 9 dots; others may be 14 by 9, 7 by 18, or 14 by 18 ;
dots. This resolution, combined with a bright display screen, makes even the small, ° i
lower-case characters easy to read at a distance. A small (7 by 9 dot) character
normally occupies an envelope of only 8 by 12 units, and so up to 40 lines of 80 .
characters may be displayed. A complete page of 3200 characters can be changed in 3

. one 33-msec refresh cycle. i

Software presently converts an arbitrary line description into the format re-
quired for raster scanning. This is very slow; for example, it takes approximately one |

~ second to compute, store, and display all the values for a full screen when given a -

description in terms of line segments. (It is reported that Data Disc is developing a

1 hardware line generator that can generate 256 line segments each 33-msec refresh

cycle. Furthermore, more than one such generator can be used in a multi-terminal
system. If one such line generator is available to a terminal, eight arbitrary-length

~ line segments can be displayed in one msec.)

- during rapid motions. Some Data Disc demonstration displays simultaneously show

The Data Disc television-monitor display screens use a green (P-39) phosphor,
which provides good detail and flicker-free images, but which is somewhat discon-
certing for real-life images. The slow decay of the phosphor tends to blur the picture

" dark blocked-out areas with light-green overwriting and light-green blocked-out

areas with dark overwriting; the result is a very pleasing, legible presentation. Color

ugglso used very effectively in some demonstrations. d




F" A DataDisc Torminal includes a 128-character solid-state detached keyboarm
} 9-bit trackball is optionally available for about $2500. Although it is not pr_esently
 available, it should not be difficult to provide a graphic tablet as well. Another option
is an electrostatic-printer hardcopy device that costs about $15,000. In total, a
. 16-terminal 6600 system costs about $6000 per terminal. 3
The Anagraph system includes, in addition to the 6600 system, a programmable |
display generator/controller (an Interdata 70 minicomputer) with a 32k-byte core ]
memory and a 256k-byte fixed-head memory disc. It also includes a considerable !
amount of (Interdata 70) software for operating the system, editing text, emulating |
| other terminals, etc. The Graphics Operating System schedules users’ jobs, handles ‘
keyboard inputs, manages core and disc storage, and processes users’ display re- |

" quests. Several text editors have been developed. One, which is particularly fast ;
(without support from a central computer) and is operated by a set of control keys |

" on an extended keyboard, is used to insert and delete character strings as with an
alphanumeric display terminal. Other text editors perform more complicated func-

* tions. Software also provides for emulation of IBM 2741 and 2260 terminals in such '
a way that the Anagraph system is an exact replacement for these terminals and

* no hardware or software changes are required in the central computer. CalComp
plotter emulation is provided in a way that allows a user’s program either to operate -
a plotter or to generate the same line drawing on an Anagraph display screen.
The cost of a complete (with such exceptions as options and computer interfaces) |
Anagraph system is approximately $70,000 for a 4-terminal system (about $17,000 ;
per terminal) and approximately $125,000 for a 16-terminal system (about $8000 a
terminal). Anagraph systems have been delivered to several customers including the :
New York Times (for prepublication text editing), a large bank in Chicago, an oil }

company, and a textile manufacturer. 1

DEC GT40

The Digital Equipment Corporation’s GT40 Graphic Display System was an-
nounced just recently; only a few have been delivered to customers. It consists of a
random-access refresh-CRT display screen, a keyboard, a solid-state light pen, a
processor with 8k 16-bit words of memory and a 256-word read-only bootstrap loader,
a display generator, and a communications | interface. Its cost is $12,600.

f The addressability is 1024 by 1024, but the viewable area is only 1024 by 768
. (wide by high). This means that an area “above the screen” can be addressed by
programs but not displayed. The display generator draws points, characters, and
" lines. A point can be displayed in 20 psec. Characters are displayed as 6 by 8 dot
i matrices in a 31-line, 72-character/line format. The displayable characters include
the 96-character ASCII set (upper- and lower-case, letters, numbers, etc.) and 31
special characters (Greek letters, math symbols, etc.). Any character can, under
program control, be displayed in italics. The character drawing time is 25 psec
which permits the display of as many as 1200 flicker-free characters. Lines are
displayed as short (6-bit changes in x and y) vectors or long (10-bit changes in x and
y) vectors; they may appear as short dashes, long dashes, dots and dashes, or as solid
lines. The maximum line-drawing speed is approximately 23 psec/inch; this can
provide for as many as 1300 flicker-free inches of lines. Characters and lines can,
under program control, be displayed at eight intensity leyelvs“andqcapbg'ma‘dq‘ to;
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blink. The separable keyboard includes programmable function keys as well as keys'
for typing displayable and control characters.

One of the most interesting features of this terminal is that its processor is a"
PDP-11 minicomputer, one of the most widely used minis. Any software written for
a PDP-11/10 can run on the GT40 (provided it has sufficient memory). Furthermore,
the display terminal’s processor can be easily expanded with any PDP-11 peripheral
equipment or memory to make it more powerful.

Hazeltine 4000G

The 4000G Graphic Terminal is the 2000 Video Display Terminal of the Hazel-
tine Corporation (see above) with an add-on module that provides increased address- .
ability, increased numbers of characters, and line generation. The terminal can be
operated in either alphanumeric (2000) or graphic (4000G) mode; lines and charac-

. ters generated with the graphics module can be superimposed on characters gener-

3

ated in the alphanumeric mode. Thus, the description of the 2000 terminal applies
to this one as well. The following describes the graphic features.

The graphics module provides for displaying lines, upper- and lower-case al-
phanumerics, and up to 34 additional symbols. The addressability may be either 256
by 240 or 512 by 480; up to 53 lines of 74 characters may be displayed. The terminal’s
storage capacity is 4000 elements where a character occupies one element and a line
segment occupies six. A dot is displayed in 3 psec. Assuming that a 5 by 7 dot
character takes as long to generate as 35 dots and that a one-inch line segment takes
as long as 50 (the 9.5-inch wide terminal is 512 dots across), it takes 100 psec to
generate a character and 150 psec to generate a one-inch line. This line-generation
rate is probably highly optimistic because it ignores scan-conversion times. :

The terminal costs about $10,000. The only input device is a keyboard. A hard- -
copy unit and an auxiliary magnetic tape cassette are available. ?

IBM 2250

The major advantages of the IBM 2250 Display Unit Model 1 are that it is fast
and, because it is an IBM product and widely used, a great deal of software has been

_developed for it. The major disadvantage is its great expense. The basic cost is :

$51,215, but adding the necessary keyboard and 4k-byte refresh memory brings the

total cost of a single terminal to more than $70,000. Adding to this a character
generator, an absolute vector and control feature, a graphic-design feature (includ-
ing light pen), a function keyboard, and another 4k bytes of refresh memory brings |

, the cost to more than $130,000.

The display addressability is 1024 by 1024. The character generator draws 63

i alphanumeric and special symbols using line segments. Two character sizes are
! available. The normal-size characters are 10 by 14 to allow for 52 lines of 74 charac-

ters; the large-size characters are 15 by 21 to allow for 35 lines of 49. The average

" character-generation time is 14 psec, but up to 2100 flicker-free characters can be

generated during a 25-msec refresh cycle. Lines up to 1-1/3 inch long can be gener-
ated in 16.8 psec to provide over 1400 flicker-free inches of lines.
Models 2 and 3, as well as Model 1, can be used with System 360/370 computers, .
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[ and all three models are programmed in essentially the same way. Programs written

for the 2250 Model 1 equipped with the graphic-design feature can be operated in
their entirety by a 2840 Model 2/2250 Model 3.

IDIgraf Display Terminal

The IDIgraf Display Terminal, by Information Displays, Inc., is a new random-
. access refresh-CRT terminal that is inexpensive but has good capabilities. Its major
' deficiency is that lines must be constructed of segments, each of which can be
displayed at only one of 24 angles. Each segment is defined by an x-change of 0, 1,
- 2, or 4 units (1 unit is 1/1024 of the 10-inch screen width) and by an independently
- chosen y-change of 0, 1, 2, or 4 units. Each change is multiplied by a common factor
- chosen to make the segment the desired length. This is satisfactory if the line to be
constructed lies at one of the allowable angles, but, in general, the derivation of the
sequence of segments is inefficient i in computatlon time and the resultant line is
‘ inefficient in display time and storage For example, a line from one point to another
[ 13 units to the right and up 26 units can be described as a multiple of 13 times an
x-change of 1 and 13 times a y-change of 2 (let’s call this 13 X (1, 2)), but a line 12
units to the right and up 27 units requires, because of the constraints, a more
complicated description (e.g., 4 X (1, 2) then 1 X (0, 1) repeated three times).
The display screen’s addressability is 1024 by 1024. Characters are drawn as
line segments; two sizes are available. Text can be displayed as 51 lines of 73 small
characters or 34 lines of 48 characters. The character writing times are 12 psec for
' the smaller and 17.5 psec for the larger characters. Upper- and lower-case letters
as well as numbers and symbols can be displayed. The writing time for a drawn line
is approximately proportional to its length, i.e., to the multiplier described above.
| If the multiplier is 1, the writing time is 2 psec; if it is 25 (which can result in a line
longer than 100 units), the writing time is 14 psec. Lines and characters can be
displayed at two intensities and can be blinked. A separable keyboard includes
control keys for editing (replace, delete, insert character) and for controlling the
cursor; function keys are optional.
t The cost of a terminal (including refresh memory for 1000 characters and a
F keyboard with function keys) is about $8000. Options include: light pen ($1400),
trackball/joystick ($4000), graphic tablet ($10,000), color ($4000 for a 17-inch CRT),
. and additional memory ($125 for each 200 bytes up to 8000 bytes).

IDIIOM/II

The IDIIOM/II, manufactured by Information Displays, Inc., is a highly interac-
tive, expensive, “intelligent” terminal. It includes a 21-inch random-access refresh- ’
CRT display screen, a light pen, a 32-key function keyboard, and an alphanumeric
keyboard. The display screen addressability is 1024 by 1024. Four character sizes are
available; about 6600 of the smallest characters may be displayed.

The terminal generates a full set of ASCII characters (96 alphanumeric and
punctuation characters plus 32 graphic symbols and control codes), lines, dots, and
circles (of specified radii). It is very fast; a 0.2-inch high character can be generated
| in 8 psec, and a l-inch line can be generated in 6 psec, thus making motion of .
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r,rgraphic objects practical. Hardware provides for choice of line structure (solid,“»‘

. dotted, dashed, or dot-dashed), four intensity levels, four character sizes, two charac-

t

. “ter orientations; and steady or blinking iméges. Although this is a random-access
. refresh-CRT terminal, its display generator is designed to provide nonflickering
displays by overlapping memory-access, processing, and picture-writing operations.
It is claimed that 6600 characters, or 5500 short-line segments, or 15,000 inches of
long-line segments can be displayed flicker-free.
The terminal’s built-in processor is a high-speed (750 nanosecond), 16-bit word
' minicomputer. Its core memory is expandable to 32,768 words in 4096-word incre-
' ments. Some display tasks, e.g., light-pen tracking, are accomplished by a hard-
* ware/software combination; other functions, e.g., picture scaling and rotation, are
- accomplished by software. A complete package of operational software, including an
. operating system, a symbolic assembler, a Fortran compiler, a library of mathemati-
cal subroutines, a debugging package, a modular maintenance diagnostic package,
and a variety of graphic routines, is supplied with the terminal. An IBM 2250
" emulator and a package of three-dimensional rotation and perspective subroutines :
are also available. :
A 4096-word memory terminal as described above costs $66,700. A 32,768-word
memory terminal costs $89,100. An interface for an IBM 360, together with IBM
2250-compatible software, costs an additional $17,350. A trackball is available for
$4100; a graphic tablet costs $10,250; a microfilm hardcopy device costs $20,500.

 IMLAC PDS-1

The PDS-1 Programmable Display System is a popular (approximately 150 in-
stalled), random-access refresh CRT terminal made by the IMLAC Corporation that
~ incorporates a minicomputer. The terminal comprises a display processor, which
. generates the image from a stored display list, a separate minicomputer data proces-
sor, which provides for text editing and other programmed interactions, a D/A
converter, and a display screen with 1024 by 1024 addressable points. The two
processors share a core memory (4096 to 32,768 16-bit words).
A line is constructed of increments where an increment may be plus or minus
. 0,1, 2, or 3 units in the x and y directions, and a unit may be 1/2, 1, 2, or 3 times
. 0.011 inch in length. An increment can be drawn in 1.8 psec, so, if the 0.011-inch
' unit size is used and, otherwise, lines are constructed of the longest possible incre- :
ments, then approximately 550 inches of lines can be drawn in the terminal’s
25-msec refresh time. In addition, IMLAC’s optional “suppressed grid” feature pro- :
vides for drawing any horizontal or vertical line in 1.8 usec. Characters, constructed .
of a series of vector increments, are generated by display subroutines. The standard |
subroutine package generates 7 by 9 characters; this allows for 40 lines of 80 charac-
ters. The average subroutine in this package requires 5.8 words of storage and takes
23.2 psec for the generation of a character; this provides for the generation of about
1100 characters in the 25-msec refresh time.

A considerable amount of software, some of which runs on the IMLAC data
processor and some of which provides for using the display system from a host
computer, is available from IMLAC and its customers. IMLAC provides a text- and
graphics-editing program (which resides in the minicomputer) designed to facilitate

wsource-code_generation and the editing of display files composed of predefined,
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"graphic and alphanumeric symbols. This program’s features include character and’
line-editing capabilities such as insert, delete, tab, and repeat. The editing program
_is also useful for data-plotting problems such as contour maps, electrical eircuit -
" schematics, process-control flow diagrams, and other graphic mapping applications
- where displays can be constructed from prestored graphic symbols. Other IMLAC
software includes a set of Fortran-callable graphic subroutines, a program for gener-
alized graphic construction, transmission, and manipulation, assemblers for the
IMLAC data processor, a debugger, a program for creating new alphanumeric and
graphic symbols, and a variety of utility and demonstration programs. Emulators
for teletypes, IBM 2741s, and IBM 2260s are also available. Finally, UCLA is devel-
oping software for the IMLAC display to allow existing Fortran programs that use
| GRAF (GRaphic Additions to Fortran) to run on either the IBM 2250 or the IMLAC

PDS-1.

The basic terminal with a 4096-word memory costs $9970. Extending the mem-
ory to 8128 words and improving the graphic features brings its cost to approxi-
mately $20,000. A light pen with interface costs an additional $1195; a graphic tablet
with interface costs $4650.

Arerarpet e

Owens-Illinois Digivue Unit and DS-1 Display System

The Digivue 512-60 Display/Memory Unit made by Owens-Illinois, Inc., consists

. of an 8.5-inch square 60-line/inch plasma panel together with accompanying ac-

~ tivating circuits. The addressability is 512 by 512; characters are displayed as 5 by

' 7,7 by 9, 10 by 14, or 20 by 24 dot matrices. A dot can be written or erased in 20

i psec; the entire screen can also be erased in this time. The serial address mode

. provides for writing characters at a rate of 1400 small characters per second and for

" drawing vectors at a rate of 830 inches per second. The parallel address mode, which
addresses 16 lines simultaneously, can write 10,000 characters per second.

: Owens-Illinois produces plasma panels, but not terminals; however, it plans to
supply DS-1 Modular Display Systems on order. Such a system consists of a Digivue
512-60 Display/Memory Unit, a keyboard, a Data General NOVA 1200 minicom-

~ puter with 8k 16-bit words of memory, and software. The software includes variable-

size character and vector generators, a text editor, and a data-management and

communications package. This system is designed to be used (1) as an “intelligent”

terminal to perform such operations as text editing and picture processing on data
received from a central computer, (2) as a terminal that emulates other display
devices, and (3) as an off-line system for operation independent of a central com-
puter. A DS-1 system costs $10,000.

" Princeton 801

The Princeton 801 Graphic Computer Terminal, produced by Princeton Elec-
tronic Products, Inc., is a very unusual terminal; it uses a high-resolution (1029-line)
television monitor as a display screen and uses a small LITHOCON silicon storage
tube as refresh memory and as a scan converter. Display information is written on

- the random-access storage tube and remains there until erased. The information is
| read in a 1029-line raster-scan mode for presentation to the television monitor. An
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" unusual feature of the storage tube is that characters, vectors, and points may bé’;

selectively erased in the same amount of time that it takes to draw them. Erasure :
of a character, a line of characters, and the entire screen are-all provided as-pro-

- grammable functions; screen erasure takes about 400 msec. The cursor is developed

as a video signal and so does not appear on the storage tube. Another interesting

" feature, the hardware zoom option, permits display of a magnified portion of the .

computer-generated image. The zoom control consists of a joystick for manual x-yé
positioning of the image center, and a size-control switch that selects a magnification
factor of 4, 9, or 16. Other options are single-television-frame storage, live video :
input, auxiliary video monitors (with various resolutions possible), and gray-scale -
images. It takes approximately 6 seconds to draw a complete gray-scale picture.

The addressable and viewable area is 1024 by 1024 units; a 4096 by 4096 area

- is addressable (i.e., can be treated by a computer program) but cannot be viewed. ;

Three character sizes are available; the normal size can result in 43 lines of 86
characters. In the usual mode of operation, it takes 250 psec to draw a character
and move to the next position. Several types of lines can be drawn; in the fastest case, |
it takes 77 psec to draw a line of arbitrary length. A complete set of 128 (96
displayable) ASCII characters is standard; this can be extended to 256 characters.
The cost of a complete Princeton 801 terminal is $7200. A control box for zoom
and cursor control costs another $800.

Ramtek GX-100/200

The GX-100/200 Graphic Display Systems, produced by Ramtek Corp., consist
of a number of standard 525-line television monitors used as terminals, MOS refresh
memory for each terminal, and shared hardware ‘that includes a minicomputer and °
a line generator. Because the television monitors are inexpensive and because much
of the expensive hardware is shared, the cost of each terminal is low. The GX-100 !
uses black-and-white monitors, the GX-200 uses color (e.g., Sony Trinitron) monitors. :
Ramtek is a young company and so has developed little in the way of system software
and has delivered only a few systems. It has concentrated its efforts on color dlsplay
systems for process-control and medical applications.

Display screens are available with a variety of addressabilities, and with either '
horizontal (256 by 256, 512 by 512, and 256 by 512 addressabilities) or vertical (512"
by 256) raster scans. Characters are formatted as 5 by 7 dot matrices. In a vertical -
scan system a new character is written every 256 psec; in a horizontal scan system
85 characters are written every 680 usec (125,000 characters/sec).

The MOS shift registers, which store the point-by-point digital representatlon
of the image for a particular terminal, complete a “cycle” every 16 msec; a particular '
point can be addressed in 2 msec. A line is written by first addressing its uppermost -
endpoint, then turning on bits in the registers to complete its description. A line that
extends from the upper-left corner of the screen to the lower-right corner therefore -
takes the full 16 msec to write; for a 16-inch monitor this corresponds to a line-
drawing speed of 1000 inches/sec. The line-writing sequence must be repeated for .
each line on the screen, and so this terminal is very slow for arbitrary line-drawing

i
i

" applications. However, characters and blocked-out areas are displayed more ;
' economically.

_One bit of memory is required for each addressable point; therefore, a 512 by
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F 512 display screen requiféé a 262,144-bit rhemory. The GX-100 and GX-200 systems

provide for 16 gray levels or 8 colors; if these capabilities are used, the memory
requirements are multiplied by 4 and 3, respectively. Although MOS memory is still—

more expensive than disc memory, it can be addressed faster, it is more reliable, and

it provides for purchasing an amount of memory proportional to the number of .
terminals required.

GX-100 system costs are expected to be the following. The cost for the shared
hardware (not including the minicomputer or the interface to a central computer) -
is $5500 regardless of addressability or the number of terminals. (The 32k-byte -
Interdata 70 minicomputer currently used costs approximately $18,000.) The MOS |

| memory costs are $1000 for a 256 by 256 addressability terminal and $4000 for a 512

by 512 terminal. A 14-inch television monitor with keyboard costs $1500. Thus, the :
total cost (not including computer interface or minicomputer) for a 4-terminal sys-° %
tem is about $4000/terminal for 256 by 256 addressability and about $7000/terminal §
for 512 by 512 addressability. A 256 by 256 system may have as many as 16 terml-g
nals; a 512 by 512 system may have only eight. The use of gray levels or colors |
reduces the maximum number of terminals. For example, an 8-color, 256 by 256
system can have only eight terminals. Trackballs are planned to be available at
$3500 each; tablets can also be interfaced to the system. !
i
i

Vector General Graphics Display System

The Vector General Graphics Display System is a family of random-access re- :
fresh-CRT medium- and high-speed terminals intended for use with minicomputers. ‘
The display screen addressability is 4096 by 4096. A character generator generates :
192 characters, including an extended ASCII set and 32 optional characters; they |
are generated from curved segments (rather than from dots or line segments) and
so have a good appearance. Four character sizes are available, thereby providing for
16 lines of 32 characters to 60 lines of 120 characters. A character is generated in °
10 psec; over 3000 can be displayed with no flicker. The line-generation rate depends °
on the particular model and on the line’s length. A short line (shorter than 0.625 -
inch) is generated in 5 psec on a medium-speed terminal and in 3 psec on a high-
speed terminal; the comparable times for a 1-inch line are 6.9 psec and 4.1 psec.
Over 12,000 inches of long lines or over 6600 short lines may be displayed without -
flicker. Lines can be generated in four modes (dot, dash, point, and normal) and in

: 16 intensities.

Three optional coordinate transformation generators are available. One (2D) :
scales and translates two-dimensional images and displays them. (A 4-inch line can
be “moved” in 5.65 psec on a high-speed terminal.) Another (2DR), in addition, .
rotates images in a single plane. The third (3D) generates three-dimensional images .
and displays them with scaling, translation, and rotation about any axis. .

A basic system costs $20,400 for a DD2 medium-speed terminal and $26,700 for .
a DD3 high-speed terminal. In addition, a keyboard costs $1200 and a character
generator $4000. The 2D, 2DR, and 3D transformation generators cost $2500, $6800,
and $10,300, respectively. Several input devices are available in addition to a key-
board: light pen ($2000), tablet ($7100), a joystick ($5100), and control dials ($5600). \3
These costs do not include a minicomputer, but Vector General can supply several

i

Lm;ggf_‘a.cg,s, As an example, a DEC PDP-11 interface costs $4000 and a PDP-11 cost§}
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Nilpwal-:cﬂlwswgf: $BOOO dependlﬁgéﬂzﬁemodel, procéésbi: §i5é€a; and memory. Thus, a’
basic high-speed stand-alone Vector General terminal costs $31,900 (DD3, keyboard, :
- and character generator) plus approximately $9000 for a minimal minicomputer.



[ V. SOURCES OF FURTHER INFORMATION

F™" " There is a considerable amount of published material on graphics hardware}
software, programming techniques, and applications, and there are also good:
sources of up-to-date information. Many recent books, articles, and films are listed
in i

. Anderson, R. H., A Selective Bibliography of Computer Graphics, P-4629, The Rand
Corporation, Santa Monica, California, April 1971. :

- Two particularly interesting compilations of conference papers are

b Secrest, D., and J. Nievergelt (ed.), Emerging Concepts in Computer Graphzcs W. A
' Benjamin, Inc.,, New York, N. Y., 1968.

; and

Fairman, M., and J. Nievergelt (ed.), Pertinent Concepts in Computer Graphzcs
: University of Illinois Press, Urbana, Ill., 1969. ;

{ Another useful set of papers appears in
' IBM Systems Journal, Vol. 7, Nos. 3 & 4, IBM Corporation, Armonk, N. Y., 1968.‘;

Technical conferences and journals are good sources of information about cur-;
| rent developments. Many of the early papers on the various display-screen and,
- input-device technologies as well as papers on applications and software have been
- presented at the AFIPS-sponsored Spring and Fall Joint Computer Conferences. |
Starting in 1973 these conferences will be replaced by the National Computer Con-!
ference and Exposition. Many papers describing the ongoing research and develop-
f ment of display hardware are presented each year at the Society of Information
- Display International Symposium. The Journal of the ACM and the Communica-!
tions of the ACM publish articles on programming techniques, software packages,
" and graphics applications. The IEEE Transactions on Computers also publishes a’
variety of articles on all aspects of graphics hardware and software.
Computer-industry trade magazines (e.g., Computer Decisions, Computer De
sign, Datamation, and Modern Data) supply up-to-date information in advertise-;
f ments, current-product sections, and survey articles. Recent surveys include
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Murphy, J. A., “Interactive CRT Terminals, Part I - Full Graphic
and Systems,” Modern Data, Vol. 4, No. 6, June 1971, pp. 44-55. ;
- O’Hare, R.A., “Interactive CRT Terminals, Part II - Alphanumeric CRT Termlnals
and Systems,” Modern Data, Vol. 4, No. 7, July 1971, pp. 62-69. ;

', and the accompanying

' Murphy, J. A., “Terminal Turmoil,” Modern Data, Vol. 4, No. 7, July 1971, PP
70-75. ;J

and also

' Bryden, J. E., “Visual Displays for Computers” and accompanying table, Computer;
Deszgn, Vol 10 No 10 October 1971 pp 55-77 o
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