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ABSTRACT
Computer oraphics have been called the most exciting

development in computer technology. At the University of Michiaan,
three kinds of graphics output equipment are now being used: symbolic
printers, line plotters or drafting devices, and cathode-ray tubes
(CRT). Six examples are given that demonstrate the range of graphics
use at the University. (1) Computer-animated movies can be made
inexpensively by any faculty member in as little as two hours, using
a camera, a bi-stable storaoe tube of the Computek Model 400/20, and
a subroutine package called Polygraphics. (2) A system of
architectural graphics, called ARCH:GRAPHIC, allows the user to
manipulate a set of elementary objects such as cubes, quarter
circles, ochtahedrons, stick figures, and any other unit he creates.
(?) A graphic presentation of fibrillation of the heart is provided
by computer printouts and on the CRT. (4) Of interest to industrial
designers, systems have been worked out that present free-form
surfaces and time-cost schedules. (s) Geographers use computers as
automatic draftsmen and pictures processors. (6) Two application
systems give engineering students opportunities to experiment at the
CRT instead of at the drafting board. (ME)
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Collage at right illustrates the range of computer graphics
at the University of Michigan. Included arc a computer-
drawn skull representing data from the Center for Iluntan
Growth and Development; a population map of the United
States; a 15-sided geometric figure; a graphical presentation
of stientific data; and frames from a computer-made movie
representing the seismicity of the worldthe brighter the
flash, the bigger the volconic eruption.
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ALTHOUGH computer graphics puzzles some and frus-
trates all of its users at one time or another, special-
ists have called it the most exciting development in

computer technology, and the most promising. When dis-
plays and programs click, they unite the computer's speed,
memory, and reliability with man's experience, imagination,
and tolerance for ambiguity. Sophisticated techniques allow
users to simulate the impact of a space ship's landing on the
moon; chart a patient's blood pressure, temperature, EKG,
and CO, level on an operating room screen; sketch a picture
of how a city will change if a road goes through or a shop-
ping center goes up; communicate with severely emotionally
disturbed patients; and flash movies of heat wave experi-
ments on a classroom screen. At its best, computer graphics
contradicts many of the caveats in Huxley's Brave New
World. Instead of dehumanizing, it encourages creativity.
Instead of sterilizing information, it stimulates insight. In-
stead of edging out human beings, it provides a congenial
link between man and machine.

For nearly a decade before Ivan Sutherland developed the
first graphical man-machine communication system in 1963,
researchers in industry and universities hinted that graphics
would offer computer users undreamed of opportunities.
After Sutherland produced Sketchpad I at MIT's Lincoln
Laboratories, however, some of the excitement faded: equip-
ment remained extremely expensive, programming tech-
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niques and operating systems developed slowly, and research
suffered from funding cutbacks. Still, an increasing number
of users were becoming familiar with graphics equipment
and were enticed to try the new technique in their fields.
Today, computer graphics serves numerous functions in in-
dustrial, government, and university research.

As the word implies, graphics is a way of getting infor-
mation into or out of the computer in pictorial form, gener-
ally through lines and points rather than through printed
cards or punched tapes. Since men think and grasp infor-
mation more naturally in pictures than in binary notation,
graphics draws users closer to their material and offers un-
accustomed manipulability. Graphics operations can be
highly interactive, as when an automotive engineer feeds
fender designs into the computer by drawing on a cathode-
ray tube and requests immediate pictures of how the newly
designed part fits into a car assembly. Or they can be large-
ly passive, as when a geographer programs population
growth of the United States to be printed out in two-
dimensional maps. Since it is much easier to get graphic
information out of the computer than into it, and since most
users are still more familiar with graphical output than
input techniques, over three-quarters of the graphics users
at the University employ the passive mode. They prepare a
program to reach into a mass of complex computerized data
and mold it into pictures.

The CRT system at the Ouimet
Building terminal consists of a
teletype, a small disk, a PDP-8
computer, a 338 display console,
and, in the corner, a Calcomp
plotter. The console itself includes
the cathode-ray tube on which
pictures ore "drawn" with a light
pen, the Grafacon, and a push-
button box.



THREE kinds of graphics output equipment are now
being used at the University: symbolic printers, line
plotters or drafting devices, and cathode-ray tubes.

Although tables of numbers and text produced by teletype,
typewriter, or other computer-driven devices are sometimes
classified as graphics because they display relationships, they
lack the pictorial compression of more sophisticated tech-
niques. Typewriter characters or arrays of arbitrary symbols,
on the other hand, are used effectively to plot curves or
make pictures. These sometimes suffer from the limitations
and distractive qualities of the characters employed, but
they offer possibilities for representing shadow and depth
that other methods do not.

The second class of passive graphics and probably the
most widely used includes pen-and-ink line plotters and
drafting devices. Their clarity, accuracy, and complexity
vary with price. Perhaps the simplest version of a plotter is
a child's drafting toy called Etchasketch that costs under
$2.00, but a realistic lower limit for computerized models
is $5000. More complex plotters, such as the Calcomp used
at the University, cost about $20,000, while fine machine-
tooled versions run to a quarter of a million dollars. Models
most commonly used at the University employ a computer-
driven pen which describes information on a moving roll of
paper to produce accurate maps, pictures, and graphs,
with or without captions. Drafting devices can be pro-
grammed to record various stages in or views of a design or
different aspects of a given body of information. Since a

Voice-Grade line to the Computing Center
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Interconnections at a remote graphics terminal plus Me
voice-grade transmission line connecting the terminal to the
central computer are represented in the configuration. In
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typical plotter can draw at three to ten inches per second,
a user can view the product of his program within minutes
instead of collecting a three-inch stack of paper six to
twenty-four hours later. Among the advantages of such
plotters are speed, data reduction, smoothing, reproducibil-
ity, and accuracy.

Still faster, more direct, and more dynamic is the produc-
tion of pictures on the face of a cathode-ray tube (CRT)
or a bi-stable storage tube. In the passive mode, these de-
vices permit the flow and manipulation of large amounts of
computer-stored information. The equipment accepts mag-
netic tape, punched tape, or other material prepared by a
computer in digital form, then converts it into graphic
images that flash on the tube like pictures on a TV screen.
These images can be turned into permanent copies by still
or movie cameras, video tapes, or Xerographic copiers. To
cite one example, Henry Pollack, Professor of Geology, and
Michael Levy, graduate student in Geology, wished to corn
press a mass of data on seismicity of the world into a form
that would convey patterns of earthquake frequency and
intensity. Data on all known earthquakes from 1961 to
1967 were recorded on magnetic tape. Pollack and Levy
programmed the seismic information to flash on tape-stored
maps that were continuously refreshed on the face of the
CRT. They programmed information according to month,
and indicated intensities of the quakes by the brightness of
the electronic flashes. (The resulting time-compressed
16-mm movie, "Seismicity of the Earth 1961-1967," has

the photograph, James Jackson of the Electrical Engineer-
ing Department works with the SELMA graphics system
on the CRT in the Systems Engineering Laboratory,
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become so popular that prints are being sold at cost by the
University's Seismological Observatory.) Although the
complicated programming for this film was developed at the
University, the film itself was produced by computer-output-
to-microfilm (COM) equipment located at the General
Motors Technical Center. Because the COM device, which
allows CRT pictures to be imaged onto film by a lens array,
is an extremely costly machine and because the seismicity
film impressed many as an extremely effective teaching tool,
researchers at the University have developed a similarly
effective but inexpensive film-making technique based on
the storage tube display. The system, which will be de-
scribed more fully below, enables faculty members to com-
press masses of information and computation on film for
classroom viewing.

The CRT and storage tube are also used for direct obser-
vation of data. Designers, engineers, architects, and others
concerned with visual relationships can view designs from
different angles and test aesthetic, mechanical, or perform-
ance characteristics rapidly. Physicists, chemists, and other
scientists can process experimental data, describe physical
systems mathematically, and observe their results on the
CRT. In effect, a user can postulate a model, then ask the
computer to generate several hundred frames on the tube for
checking, changing, or choosing. In copy production and
direct otservation, passive graphics thus takes advantage
of the computer's speed, memory, and ability to follow
directions and produce pictures; but it does not take full
advantage of man's imagination.

Interactive graphics, on the other hand, invites users to
converse directly, immediately, and creatively with the com-
puter. Using the computer in this mode differs from the
familiar batch mode as a phone call differs from a letter.
The user is not forced to think out a problem step-by-step
from start to finish, then send the information on a batch
of punched cards to the computer and await an answer. In-
stead, he can begin a program, watch what's happening on
the CRT, decide what he wants to do next, and direct the
computer either by light pen, teletype, or function keys,
thus allowing a progressive investigation of a problem.

CONSIDER Dr. Michael Andrews, a fictitious his-
tory professor who comes to the graphics terminal
on main campus to work with computerized data on

population growth, wars, war durations, and war casualties.
Dr. Andrews has had some experience with the Michigan
Terminal System (the operating system for the central
computing facility) and has learned to use a basic command
language and to program his data by Quikplot for rapid
manipulation. He phones the Computing Center and signs
on with his user number and ID password. He then tele-
types a command that gives his program name, thus initiat-
ing the retrieval of information for display on the CRT.
As the Computing Center sends information, yellow lights

flash indicating that impulses are being received on the
small computer attached to the CRT. Now text, points, and
lines begin to light the face of the tube. The text contains
such options as PLOT, PRINT, DISPLAY, CORRE-
LATE, MOVE, ROTATE, START, ESCAPE. Andrews
moves the light pen to START, then indicates a starting
point on the screen and pushes a key that calls up world
population growth data. On the screen flashes the request,
PRESENT TIME RANGE. Andrews calls for the last
century. He wishes to explore the relationships between
population growth and the frequency, duration, and magni-
tude of wars between 1870 and 1970. He has recently used
the computer to calculate and print tables of numbers on
these data by decade, but finds that while the figures are
probably more accurate in decimal places than what the
CRT will produce, they give him no insight into the prob-
lem and describe no relationships. A white line climbs
across the screen, indicating an undulating pattern of popu-
lation growth by decade. Andrews gestures with the light
pen to raise the population curve and display below it a
curve of war frequency. He continues to operate with a com-
bination of light pen, function keys, and teletype, display-
ing the information for one decade at a time, then by
country, then by region. When he produces a picture that
has meaning to him, or gives him an idea for future research,
he directs the computer to store it in binary form in the
memory. When he wishes to change the kind of questions he
is asking and follow a new tack, he moves the light pen to
ESCAPE.

During this session at the terminal, Dr. Andrews has been
"on line" to the central computer and has been receiving
information, manipulating it, and occasionally sending in-
formation to the memory for storage. To do this, he has
made extensive use of computer hardware (machinery re-
lated to memory, input-output, and control) and software
(machine programs and data). He made contact with the
central computer through a combination of phone line,
light pen, functions keys, teletype, and cathode-ray tube
attached to a small local computer.

The cathode-ray tube displays a grid, a system of coordi-
nate points, 1024 rows by 1024 columns (or up to four
times that number in some models). To specify a point on
this 1024 x 1024 array, each x and y value transmitted by
the computer contains ten binary digits or "bits" (2'° =
1024). Thus when Dr. Andrews called up a curve of popu-
lation growth between 1870 and 1970, the computer re-
trieved information that had been stored in digital form on
cards and tape and presented it to analog circuits that
traced lines and characters on the screen, presenting the
stored data in light-picture form. He manipulated these
data with a variety of gadgets, the most intriguing of which
was the light pen. Although the pen gives the illusion of
drawing, or depositing lines on a surface, it is actually
detecting points already present on the tube. The light pen,

6



of course, is not really a pen at all but a fiber optics bundle,
open at the end pointing at the scope and wired from the
other end to a photomultiplier tube. The information con-
ducted through the pen tells the computer which object
should be changed or which course of action followed. Thus
Andrews had only to point at the text on the screen, the
word ILOT, for instance, to communicate with the com-
puter. Other tools Andrews used included the function
keys, which allowed him to call up the subroutines he
wished for ordering the material filed in the computer, and
the teletype, which he used to send the storage addresses
or memory locations of his data to the central computer for
retrieval and presentation on the CRT. One important piece
of input equipment Andrews did not use was the drawing

Computer
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tablet or Grafacon. This is actually a plastic-covered, back-
lighted grid with the same 1024 x 1024 system as the tube.
Each line or wire carries a separate code, and the intersec-
tion of these wires is a point with a specific coordinate value
and corresponding impulse. To communicate with the com-
puter through the tablet, a user employs a stylus that is
connected with the system as the light pen is. Information
a user draws on the tablet, such as a tracing of jawbone
X-rays for anthropological studies, may either be stored in
the memory on tapes or cards, printed out on the teletype
or plotter, or flashed on the CRT for correcting, smoothing,
or analysis.

There are two systems for presenting material on the face
of the CRT: calligraphic displays and raster displays. The

10-Bit Binary X-Coordinate
X Value Voltoge

To Deflection
Plates or Coils

Digital to Analog Converters Amplifiers

10 -Bit Binary Y-Coordinote
Y Value Voltage

Synchronizing
Signal

p
Timing
Circuits

CathodeRoy Tube

Intensification Pulse

Equipment for computer displays consists of a digital com-
puter, which specifies the point-by-point coordinates of the
desired display, together with circuits that convert the digi-
tal output into analog form for deflecting the electron beam
in a cathode-ray tube. If the values of x and y are each
specified by 10 binary digits (0's and l's), the electron
beam can be directed to any point in an array consisting of

1024 lines (the y axis) and 1024 points per line (the x
axis). With only the circuits shown here, the image on the
screen would have to be built up from discrete points.
Some modern displays include analog function generators
to sweep the electron beam in a continuous fashion to
generate smooth lines, numbers, letters of the alphabet,
and special symbols.
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calligraphic display that Andrews used painted pictures on
the CRT in the sequence specified by the computer. The
electron beam simply traced the individual lines or charac-
ters to make up the picture. Although calligraphic machin-
ery is relatively simple and efficient, calligraphy remains a
costly way to draw pictures since machine parts are not
mass-produced. Raster displays, on the other hand, make
pictures the same way TV sets do: the image is painted as
the electron beam moves across the screen in a fixed se-
quence, usually left to right, top to bottom. Thus informa-
tion for a raster display must be sorted left to right, top to
bottom. Although this requires an extra programming step,
the equipment needed to produce raster displays is the
same as that used in home television sets, making rasters
relatively economical.

In both type:: of display, analog circuits connect the
computer to the display tube by means of a data processor,
programmed to convert binary information to elementary
driving signals. The display processor, which accounts for
more than half the cost of a system, interprets different
forms of information from the memory in terms of the
desired pictorial presentation. Like other computers, display
processors require a great deal of programming or software
to make them useful.

Three kinds of software made Andrew's use of the CRT
possible: (1) a generalized monitoring program that sched-
ules, presents, and files information for the entire computer
time-sharing system; (2) Andrew's data base representing
selected facts about population and wars; (3) a computer
graphics program that generates impulses in response to re-
quests from Andrew's light pen, keyboard, and teletype.
Since the format of information in the data base is not
usually suitable for direct use by the display processor,
another program that allows the display processor to ex-
tract the "picture" from the data is generally required. The
data in this form are called the display file program. If, for
example, Andrews points to an object of interest on the
screen, the light pen produces a brief impulse telling the
computer which object in the display file is to be changed.
The data processor then interprets the signal and makes
the changes in the data base that will instantly be reflected
in the picture at the graphics display terminal.

OF the hundred-plus remote terminals currently lo-
cated around the Ann Arbor, Dearborn, and Flint
campuses, terminals with CRT facilities are the

newest and least common. One of the most widely used
CRT terminals was installed on the second floor of the
Ouimet Building, 611 Church Street, in conjunction with the
Con Comp Project described below. In addition to the
CRT, with its direct telephone connection to the Computing
Center, this terminal contains a small computer, a Ca ?comp
plotter, and a Grafacon. The terminal may be used by
anyone with an account number, a valid Computing Center

user number, and some training in its use. When the Com-
puting Center moves to its new facility on North Campus
early in 1971, this terminal will he transferred to the
building at 1000 N. University that presently houses the
central computer. Another impressive graphics terminal ac-
quired under Con Comp is located on the second floor of
the East Engineering Building. Although it has been used
largely for work in electronic circuits and queueing systems,
it also is now available for general use. The third Con-
Comp-related display terminal on main campus is being used
by the Logic of Computers Group in its analysis of self-or-
ganizing systems. The display terminal at the Gas Dynamics
Laboratory on North Campus differs from those on main
campus because it employs a relatively inexpensive bi-stable
sto "age tube as the medium of display. Unlike the ordinary
CRT, on which the display is refreshed at least thirty times
per second, causing a perceptible flicker when many lines
are drawn, the storage tube has a special type of phosphor
that retains a high resolution and bright, flicker-free dis-
play without refreshing for up to half an hour. Thus it is
extremely useful for the production of computer-animated
films. There are nine storage tube terminals at the Univer-
sity at present, and a projected engineering graphics labora-
tory calls for four more. Many other terminals with only
computer-driven printers and plotters bring graphic infor-
mation to laboratories and classrooms throughout the
University.

Operating from CRT terminals is not always an unmiti-
gated pleasure, and sometimes it can be as nerve-racking
as driving on the Detroit expressway at 4:30 p.m. This is
partly due to changes being incorporated into the system
and partly due to difficulties associated with processing
display information within the Center's time-sharing sys-
tem. Delays that stem from translating computer informa-
tion into voice-grade transmission for subsequent pictorial
presentation also add a touch of frustration. In general,
however, such difficulties have challenged the staff at the
Computing Center to make consistent improvements. Ter-
minal connections are now much smoother than they were
two or three years ago, and users and staff members antici-
pate continued refinement.

Of a more general nature are problems associated with
the medium of the CRT itself. These include the limits
placed on the number of lines the CRT can display without
flicker; the windowing problem in which symbols that
overlap an edge of the screen reappear at the opposite edge
(positions at the right of the screen appear at the left edge;
those just above the top edge roll on at the bottom); the
problems associated with manipulating the data base fast
enough to take full advantage of high-speed displays; and
the solution of the hidden line problem, that is, permitting
the computer to compute what parts of an object are visible
from a certain angle and what parts are not, and thus show
or turn objects to replicate reality. Solutions to technical



problems of this kind are being worked out by experts at
laboratories and universities throughout the world.

T T the University of Michigan, researchers in com-
puter graphics are developing equipment and pro-
grams to make the computer more accessible and

useful. Franklin H. Westervelt, Professor of Mechanical
Engineering and Associate Director of the Computing
Center, points out that just as most people drive cars effec-
tively without knowing the mechanics of an internal com-
bustion engine, most people should be able to take advan-
tage of Computing Center facilitl.'s with a minimal back-
ground in the technicalities of computing. The three-year
ConComp Project, directed by Westervelt and sponsored by
the Department of Defense, was devoted to research in the

Input From Keyboards, Controls, Drawing Tablets, Etc.

Computation
Prog rims

Data Bose

Generator
Programs

Output
Programs
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conversational use of computers. This project furnished
much of the CRT graphics equipment at the University and
enhanced the interactive aspects of the Michigan Terminal
System through innovations like the Data Concentrator.
The Con Comp staff built Data Concentrator hardware
around a DEC PDP-8 computer, and attached this small
computer to the central computer to expedite communica-
tions with remote keyboard and graphics terminals. For
the display user, Dr. Alfred B. Cocanower of the Con-
Comp project devised a package of display file routines that
minimizes the user's need to know tte intricacies of
graphics display hardware.

Another research project aimed at making the com-
puter more useful to more people is the Data Acquisition-
Grarhics (DAG) system, developed by Donald E. Geister

Display
File

Program structure for computer displays typically takes
the form shown here. Information about objects is stored
in the data base. Information about the appearance of
objects is stored in the display file. The actual appearance
of the objects is specified by programs in the display file
generator. These programs perform geometric operations

To Other Output Devices

(Printers, Plotters, Magnetic Tape, Etc.)

9

and expand the definitions of objects. Advanced display
processors eliminate the display file and display file genera-
tor by providing more powerful computation and selection
functions. This simplifies programming by eliminating ela-
borate cross-references between the data base and the
display file.
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and Richard L. Phillips of the Aerospace Engineering De-
partment, and sponsored by the National Science Foun-
dation. DAG provides on-line low-cost graphical data re-
duction for undergraduate engineering laboratories. Its aim
is to increase interest in experiments and improve un-
derstanding of basic phenomena by avoiding time lapses
that often result from complicated data gathering and re-
duction procedures. Geister and Phillips designed and built
the data-acquisition system, used a bi-stable storage tube
as the display device in a computer terminal, along with the
necessary control and display electronics, and linked the
terminal by telephone to the central computer. Transducers
in the laboratory measure pressures, temperature, force,
and other data during the experiment, and instantly relay
these data to the computer for calculating. The results are
then displayed on the tube in graphical form. Students may
Xerox output and incorporate the data in laboratory re-
ports. Thus the ConComp and DAG projects, plus others
such as film-making programs described below, are attempts
to develcp equipment and systems that will allow any
professor or student to use graphics effectively.

About fifteen percent of Computing Center users, or over
a thousand people at the University, now use graphics.
Some simply plot output material graphically, while others
use the CRT interactively to solve complicated design

Hidden lines are the edges of an object obstructed from
view because they arc behind the object, and hidden line re-
moval has I een a persistent problem in CRT computer gra-
phics. To illustrate real-time partial hidden line removal,
James Jackson and lames Blinn, graduate students in Elec-
trical Eng'n-,:ring, prepared an Apollo docking simulation
program. Ile program considers the user to be inside the
lunar module (1.F.11) and to be able to control in limited
fashion both his own spacecraft and Ike common service
module (CSM). Here, two views of the CSM are shown as
they would appear through a window in the 1.1'3f. Each
view is shown both with all lines drawn and with hidden
lines partially removed.

10



problems. Among the first users were the engineers, physi-
cists, and applied mathematicians who adapted the facilities
for use at the University. Since then, users have "discov-
ered" graphics in a variety of outlandish ways. A doctor in
the Medical School who had never used the Computing
Center went on a camping trip with a friend who worked
at the Center. They discussed ways of exploring a basic
problem in heart research through graphic displays; the
doctor has used graphics ever since, and now teaches two
courses related to the medical uses of computers. Most
faculty and students, however, come to graphics by seeing
a presentation and mulling over how they might apply the
techniques to their work. Although a few users have only a
rudimentary knowledge of computer operations, most have
at least an acquaintance with basic technical details.

How would a faculty member or student who thought
computer graphics appropriate to his work begin? He would
probably take one of the non-credit evening lecture series
offered by the Computing Center and then discuss his in-
terest with someone at the Center. Together, they would
decide whether one of the prepared programs could handle
the professor's material appropriately, or whether he would
have to learn a computer language such as FORTRAN or
PL/I to write a program for his material. When Dr. Pollack
made his seismology film, for example, he was able to use a

RESEARCH NEWS

map program originally developed by Dr. Waldo Tobler of
the Geography Department. But when Harold Borkin and
Dale Bryant of the Architectural Research Laborato y
wanted a program that would allow them to walk through
an imaginary city, they started from scratch: they learned
FORTRAN IV and wrote their own statements. A profes-
sor or student usually finds it practical to know one of
the relatively simple program languages and to take the
regularly scheduled course, IE 478 Computer Graphics,
which includes instruction in the use of CRT graphics
equipment. In addition, many prefer to know the command
language of MTS, which allows the users to communicate
with the central computer. As he tries the command lan-
guage, a user sitting at the CRT rapidly learns how the
computer responds. Direct use of the terminal facilities
thus enables him to learn from his own errors, to reformu-
late questions with precision, and to get more comprehen-
sible, useful answers. "Once he has reached the point of
sitting at the tube," said Franklin Westervelt, "the computer
is no longer an object of fear but part of his kit of tools."

The following pages illustrate graphics projects con-
nected with architecture, engineering, geography, geology,
and medicine. These six examples demonstrate the range of
graphics uses at the University and show how graphics
offers a congenial link between computers and people.

WITH $40 AND A LITTLE FORTRAN Computer-Animated Movies

Any faculty member may now program, preview, and
prxluce inexpensive computer-animated films in as little
as two hours. He may use these one-to-three-minute (1000-
to-3000 frame) films to supplement his lectures, present ela-
borate data in a compact way, or animate concepts that are
hard to get across by talk or text. Although computer-aided
film-making was first discussed some seven years ago by K.
C. Knowlton of Bell Laboratories, and some costly com-
puter-output-to-microfilm dr.ices are now in use, only re-
cently has film-making become inexpensive enough for
classroom use. Under an initial seed grant from the Univer-
sity's Office of Research Administration and a subsequent
grant from the National Science Foundation, Richard L.
Phillips, Associate Professor of Aerospace Engineering, de-
veloped a system for the production of computer-animated
movies from a remote storage tube terminal.

To make the films, a camera phc:ographs static displays
one frame at a time. The displays appear on a bi-stable
storage tube of the Computek Model 400/20, located on

11

North Campus. The tube has excellent resolution and can
retain complex flicker-free frames up to half an hour. What
appears on the screen are data programmed by the instruc-
tor, and calculated and relayed through the Computing
Center to the terminal. When a complete frame is drawn on
the tube, the last character transmitted triggers the camera
to record the frame. After exposure, the frame is advanced,
a screen -erase signal is sent to the display, and another frame
begins. Although the storage tube does not employ a light
pen as a mode of control, films can be added to or edited
interactively through control buttons at the terminal, joy-
stick operations, or a Grafacon.

A subroutine package called Polygraphics, developed at
the Polytechnic Institute of Brooklyn in 1968 and adapted
to Cornputek by Phillips, allows users to employ cinematic
techniques such as zooming, panning, scaling, and merging
of scenes. A user may also view a single frame to check
for composition and errors, r.wiew a few frames, retrieve and
display past frames, and preview the whole film.

(continued on next page)



Computek Model 400/20 display terminal with a bi-stable
storage tube produces clear, flicker-free pictures and has
been used for laboratory data reduction and for making
computer-animated films. Left: This film strip was pro-
duced by Dr. Henry Pollack and Michael Levy of the
Geology Department to illustrate the general process of
the erosion of the Grand Canyon. Built into the models
were technical data on soil structure and rate of erosion in
relation to layering of substrata. Pollack extrapolated a
one-stream and a twostream model for a few million years
to see which result most nearly approximated the present
Canyon. The upper frames, based on the one-stream theory,
do n.it represent the way the Canyon developed; the lower
frames, based on the two - stream theory, illustrate the
phenomenon of stream capture and show a resemblance to
the actual appearance of the Canyon. Right: Graphical
representation of laboratory data is shown on a Computek
storage tube. As the program of supersonic flow with heat
addition progresses, points are computed and plotted, added
to, and finally drawn on the screen to indicate Mach num-
ber variations throughout a De Laval nozzle. 1,1 something is
obviously wrong with the data, it will show up mare quickly
on the screen than it would in tabulated printout form. Far
right: Computer-animated films allow faculty to demon-
strate theoretical phenomena in class. The frames shown
here are from a film prepared by Dr. Richard Phillips to
show the erect of a thermal pulse on a column of gas. The
temperature adjustment causes waves of temperature to
propagate inward as the temperature of the wall is raised.
Shown in two speeds, the heat looks like a gently pulsating
line that moves from the edge upward to the center.



Computer-Animated Movies cont.nuedi

The 16-mm film can be developed in the usual way and
then shown through a 16-mm projector. One of Phillips's
aims, however, is to encourage regular use of films in
courses, and to do this he now produces films to be used
in Technicolor Super-8 endless loop cartridges. This final
step required that the film he sent away for optical printing
from 16-mm to Super-8, then loaded in special lubricated
cartridges. Approximately 60 feet of Super-8 can be accom-
modated in these cartridges, giving a viewing time of up to
four minutes. The films are finally shown on a rear screen
projector which has a bright 16 x 20 inch screen and looks
like a classroom TV.

Costs are difficult to pin down, but assuming that the
programming is not counted in the cost (students provide
excellent programming service at little or no cost), expenses
begin at the first terminal sign-on. Terminal hookup charges
are $2.50, and Phillips has produced a 2000-frame film
using less than $20 of computer time. On-site developing
is $2.00 at most, so the finished 16-mm film costs about $25.
Conversion to Super-8 brings the cost of a two-minute film
to about $40.

Among the fascinating possibilities this process offers are
color filming and Xerox copying. While it is impossible to
make a color film directly from the storage tube, Phillips
can transfer the screen image through a color program to a
monitor screen that looks like a color TV set. Users can
make a black and white copy of any frame for laboratory
reports or other uses. At this time, Phillips and his associates
are continuing to simplify the operation so that anyone can
use the system with ease.
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PERSPECTIVES IN ARCHITECTURE AND DESIGN

Harold Borkin, Associate Professor of Architecture, and
Dale Bryant, Instructor and graduate student, developed a
system of architectural graphics under grants from the
University's Rackham School of Graduate Studies and the
Department of Architecture, The system, called ARCH:
GRAPHIC, is used in research and instruction.

ARCH:GRAPHIC allows a user at any University ter-
minal to manipulate a set of elementary objects such as
cubes, quarter circles, octahedrons, stick figures, and any
other unit he creates. The user can pile up these shapes to
form larger objects, draw buildings, or design whole cities
on the face of the CRT or with a pen and paper plotter.
Because the program permits display of an object in rela-
tion to latitude, season, day, and hour, the architect can
see his designs in time as well as space. The graphic display
can show where shadows fall, and how appearances change
with the months. It would be possible, for example, to
call up a solar view of a building as it would look from
above at noon on New Year's Day. In addition, the CRT
allows architectural researchers to show hidden spaces and
interior views of a building to plan electrical, water, and
temperature-control systems; to organize buildings in rela-
tion to their surroundings; and to present buildings as they
will look to people walking through or between them. It is
much faster to see a dozen computer-produced views of
what a building or object would look like from all sides

than to draw them by hand, and I mch less liable to error.
Dale Bryant recently used this program to design the couch
that is now in his living room. Although ARCH:GRAPHIC
required a good deal of formulation and is fairly elaborate,
it allows maximum freedom of manipulation and requires
relatively little computer sophistication of the user.

One of Borkin's and Bryant's main purposes, in fact, was
to write a program that would be easy for students to learn
from and use. ARCH:GRAPHIC allows undergraduates
and graduate students enrolled in the two architectural
computing courses, plus students in landscape architecture,
urban design, and those connected with the Environmental
Simulation Center, to do classwork, experiments, and even
write site proposals, In one project, a group of students
was asked to place two hundred building units of certain
dimensions on a piece of property. They fed this problem
into the computer, along with rules they devised to govern
the plan, i.e., that no building rise over ten stories, and
that no two buildings be less than 20' apart. The computer
produced a variety of layouts, and the students chose,
adapted, and submitted the one they found most pleasing.
Students also experiment with house design and art work
through this program. A recent Master of Fine Arts student,
for example, showed a variety of computer drawings and
forms at a recent exhibit. According to Frank Westervelt,
Associate Director of the Computing Center, students,
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artists, and architects are encouraged to make creative use
of the computer by rotating, shrinking, overlaying, stretch-
ing, and repeating parts of drawings. This allows artists to
add their discrimination, judgment, and creativity to the
thing the computer does best," said Westervelt, "follow
rules." Although relatively few artists and architects in
the country use computers professionally as yet, programs
like ARCH:GRAPHIC make the computer a more ap-
proachable tool for those who will.

Elements for ARCH:GRAPHIC sequence at left include
an octahedron, a stick figure, and a stretched cube, as
shown in frame I. In frame 2, Prof. Borkin uses these ele-
ments to produce a top view of an assembly of sixteen octa-
hedrons and one stretched cube to form a module. Frame 3
shows an assembly of four modules also seen from above.
The following sequence of frames shows how the structure,
or octet truss, would look to an observer as he approaches,
walks around, and enters. Above: Gerald Rolfsen, Instruc-
tor and graduate student, computerized a spatial study of a
custom home he was asked to design. Computer-generated
drawings made it possible to visualize three-dimensional
aspects of the design without building a real model. Right:
Perspective drawings of a sofa designed and built by Dale
Bryant represent views computer-drawn sequentially from
a path around the sofa during the design stage. The finished
sofa is shown in the photograph.
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FROM HEART TO MODEL CIRCUS

TO GRAPHICS

An individual cell in the heart can be in any one of five
states: quiescent, receiving a stimulus, firing, absolute re-
fractory, and relative refractory. In a normally functioning
heart, all cells are in unison as they pass from one state to
another. Fibrillation is a condition of heart muscle in which
this unison is lost. During fibrillation, cellular activity is
disorganized, and the tissue loses its ability to contract.
Ventricular fibrillation, for example, which keeps the thick-
walled pumping chambers from functioning, is the immedi-
ate cause of about half the world's deaths: those following
poisoning, electrocution, freshwater drowning, and heart
attacks. Medical scientists are attempting to learn what
characteristics of an individual cell they can change with
drugs to control fibrillation.

:

t

Electronic model of heart circuits, demonstrated by Dr.
Yanagita, includes power supply and five excitable boxes.
Unit two has been turned to display internal construction.
When Dr. Swain and Dr. Flanigan prepared a program to
simulate this model graphically, the type-character print-
outs looked like the adjacent frames. Right: To better
visualize the firing, Swain and Flanigan then prepared the
Cardiac Network Simulation Series, which shows a sequence
of slates after cells have been stimulated in their relative
refractory period as photographed from the terminal tube.
Characters are translated in the accompany chart.
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Dr. Henry H. Swain, Prof,:ssor of Pharmacology, has
conducted research sponsored by the National Institutes
of Health on the development of drip to control abnormal
rhythm of the heart. Beginning with the analysis of
hearts of experimental animals, Dz. Swain and Dr. Tomoji
Yanagita constructed a functioning electronic model to repli-
cate Beth normal heart rhythm and fibrillation. They built
the classical rules of fibrillation into what they called a circus-
rhythm model, a model that consisted of a power supply
and five boxes with excitable colored lights. Cells in a quiet
state showed no light; stimulated cell; flashed yellow; firing
cells, white; absolute refractory, red; and relative refrac-
tory, green. In the process, however, Swain and Yanagita
found that some of the presumed rules did not, in fact, cause
the model to work as the heart worked. They reexamined
the functioning of the heart, took apart the original model,
changed the wiring, and resoldered the boxes. By making
these changes, the doctors did, indeed, constrict a model
that behaved like heart cells. The fibrillating cells flashed
like the lights in a pinball machine.

Next came the preparation of a computer program that
behaved like the electronic model. Dr. Swain and Dr. Larry
K. Flanigan, Associate Director of the Computing Center,
prepared a computer simulation of the behavior of a net-
work of cells which obeyed the rules and relationships speci-
fied by the model. In the computer printout, initial letters
represented the five heart cell states. The activity grew
scrambled and random during fibrillation. Once irregular
patterns were set up, they continued. Although he printout
sheets made fibrillation patterns explicit, Swain and his
associates believed they could gain more insight into the
fibrillation process by seeing it on the CRT.

On the face of the tube, the states are represented by
Ikedot coding (see chart). Frames change enty fifteen
seconds. While the regular movement or rhythm does not
seem dramatic, the self-perpetuating whirlpool activity
produced when a regular pattern is speeded t p or inter-
rupted seems to duplicate swirling heart-cell activity. "It is
an intelligible way to handle a great deal of it formation,"
says Swain, "and as an experimental tool, it sends us back
to the animal laboratory and tells us where t ) look, and
which questions, of the million or so possible are worth
asking." Although Swain plans to make a graphics film
of cardiac network simulation for instructional use, he be-
lieves that graphic presentations of fibrillation ,:an provide
researchers with unparalleled insight into what r. drug must
do to stop fibrillation.
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CODING: 5 STATES OF FEART MUSCLE CELLS

State of Heart Cell

1. Quiescent

2. Stimulated

3. Firing
(responded to
stimulation)

Boxes Blink Typeprint CRT Symbol

no light at all Q blank

yellow light S I vertical line

white light F x times sign

4. Absolute Refractory red light
Period
(period following
firing when cell
cannot fire again;
about 1/10 second
in real heart)

5. Relative Refractory
Period

A horizontal
line

green light R dot
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FREE-FORM SURFACES

AND TIME-COST SCHEDULES

2 3

10 11

Although General Motors and other companies began ex-
ploring computerized design in the early 1950's, industry
did not begin to take advantage of the design potential of
the computer until the middle 1960's. In 1965, a book en-
titled A Revolution in Design by R. A. Siders and his Har-
vard research team demonstrated the potential impact of
graphics on industry. Some of the most exciting advances in
graphics have come from companies such as Boeing and
Lockheed-Georgia, which use graphics to design and test
aircraft parts and controls, and simulate pilot behavior.
There remains, however, the challenge of reducing the com-
plicated mathematical restrictions placed on a designer or
engineer, and making graphics a more convenient tool for
industrial design.

One aspect of this problem has interested industrial engi-
neers at the University: the rapid manipulation of free-form
surfaces. Car builders, naval architects, airplane designers,
and others would benefit if shapes could be designed numer-
ically to start with, permitting computation of their prop-

Interactive graphics is demonstrated in this sequence of
Dr. Bertram Herzog's patch manipulation photographed
from the CRT at the Ouimet Building terminal. Frame 1
shows a standard square patch with axes indicated at top
right. In frame 2, the label from the telety),e asks for the
next step and allows numeric specification of points for
move precision. The following frames describe modifications
made at the terminal with the light pen and keyboard. Notice
the options available at the lower edge of each frame. By
frame 8, the modified patch is displayed in orthographic
view. Frame 16 shows that the patch obtained from the
oil square has been modified, rotated, and displayed.
Right: Graphs photographed from the CRT show (1) non-
demand for power for a public electric utility with one
component tentatively placed; (2) the symbol menu show-
ing seven components of a public electric utility with sched-
ule ready to be selected for placing on non-demand graph

erties a.nd eventual carving of the shape or shape-producing
dies by numerically controlled machines. For researchers
into the nature of surface mathematics, the graphics ter-
minal seemed an excellent tool for displaying, manipulat-
ing, and testing the shapes quickly. The surfaces, in turn,
seemed useful for investigating the nature of man-machine
interaction. With problems of this type in mind and sup-
port from the Department of Defense, Bertram Herzog,
Professor of Industrial Engineering, and Giorgio Valle,
visiting Research Engineer, began their work on the inter-
active control of surface patches.

Herzog and Valle chose mathematical formulations that
would allow the designer maximum freedom of choice in
working with surfaces. Using the high-speed digital display
terminal connected by a voice-grade telephone service to
the computer, they attempted to work out a display system
that would allow a user to "try and see," backtrack if re-
sults were not satisfactory, and eventually produce a nu-
merically described shape or part. The systetn consists of a

maintenance time; (3) the completed maintenance sched-
ule of Public electric utilities.
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library of reference patches that the designer can call to the
screen as starting points in any design sequence. Currently
these include the square, hemisphere, a section of a torus,
and other user-defined surfaces in the user's library. The
user can operate on a patch in a variety of ways. Since
the system consists of a collection of essentially independ-
ent subroutines, each one implementing a basic action, a
user need only point at a list of commands to select the
operation he wishes. Some of the available commands refer
to means of modifying the patch by twisting, changing end
points, or rotating the view to allow a three-dimensional look
at the surface. The user may draw with the stylus on the
Grafacon and see the drawing flashed on the CRT; he may
move points on the face of the tube with a light pen; he
may request storage of certain pictures for future retrieval.

Another application of graphics to industry was worked
out by George Miller, a graduate student in industrial engi-
neering. He investigated a problem that the industrial engi-
neer faces when he schedules various components of a util-

2

8
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ity network for repair and maintenance. Miller describes a
graph of the non-demand (or lack of demand) for power
from a public electric utility on the CRT. On the vertical
axis, the graph shows the power contribution in megawatts
of power; on the horizontal axis it shows the number of
weeks duration of the power contribution. The rectangle just
below the graph represents one of the components. Its height
indicates the power contribution of that component, and its
width is the number of weeks of downtime required for the
component's repair and maintenance. By using the symbol
menu of various components, a user sitting before the CRT
can try out various combinations of components for sched-
ulingthis one for the third week in July, that for the
fourth week in Augustand learn the dollar penalty in-
volved for each of the arrangements. The flexibility of
manipulation plus the instantaneous time and cost calcula-
tions produced by the central computer suggest a wide
range of uses of interactive graphics in industry, business,
and management.
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Traditionally, geographers have made maps as a way of
presenting and storing three-dimensional information in two-
dimensional form; depth dimensions were often represented
by coding, and time was conveyed only by a series of maps.
In the past decade, however, cartography has undergone a
variety of changes, improving depth and time representation
and stimulating a new range of cartographic activities,
among them picture processing and urban analysis. Each of
these changes is related to computer graphics.

As an automatic draftsman, the computer can take a
large quantity of data, produce a picture on a printer, on
a mechanical drafting machine, or on a cathode-ray tube,
and perform operations on that picture. It can be pro-
grammed to smooth the data presented in the map for
clarity, to present maps in stereopairs that give depth dimen-
sion when viewed with glasses, or to draw a series of maps
on the CRT that can be filmed and shown as a time-map.

Cartographers in the Geography Department have used
the computer as a labor-saving, accurate tool for presenting
geographic information in half a dozen different ways. The
most recent innovation has been a computer movie simu-
lating population growth in the Detroit region, with par-
ticular emphasis on the geographic distribution of this
growth. Using a fairly complex mathematical model for
processing population input into map form, Waldo Tobler,
Professor of Geography, produced an experimental film
covering the period from 1910 through 2000. The com-
puter mapped the population distribution for every 0.05
year on the CRT using Richard Phillips's movie-making pro-
gram. As an instructional tool, the film provides insight into
the dynamics of urban growth; it also displays the predic-
tive possibilities of computer-generated maps. Geographers
as well as urban planners, for example, hope to extrapolate
what effects a highway or shopping center may have on an
area in five or fifty years by reducing enormous amounts of

Right: Cal Comp plotter draws three maps representing
population density of Ann Arbor. Top figure is a block
diagram with peaks representing population density. Mid-
dle diagram is a stereo-pair of computer-generated contour
curves meant to be put in locus with stereo glasses. At the
bottom is a three-dimensional histogram plot. These dia-
grams were developed by Frank Rens, formerly of the
Geography Department, and Dr. Waldo Tob ler, and are
reproduced here through the courtesy of Photogrammetric
Engineering magazine.
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computerized data to easily readable maps. Geographers are
also beginning to analyze the geographical diffusion of ideas
with computer-drawn maps.

Tobler and others are now directing their attention to
computerized picture processing. How does one feed a pic-
ture into a computer and come out with data, or put an
aerial photograph of Ann Arbor into the computer and
produce a map of dwelling units? Although processing pic-
torial information by computer has received a good deal of
attention over the past fifteen years as a branch of com-
puter technology, use by geographers and urban planners
has been more recent.

As Tobler wrote recently, "One of the most important
implications of automated methods in cartography is that
they disrupt the traditional attitudes and force a reexami-
nation of many of the conventional cartographic procedures.
This should lead to many changes. The computer era is just
beginning, and one wonders what maps of the twenty-second
century will look like."

(continued on next page)
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Mapping by Computer (c.ti.ued)
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In the map pair on the left, Dr. Tobler illustrates two ways of presenting the population of some Michigan cities. In
the grid map, each square equals two miles per side, and height is proportionate to population; circles represent the
same information in the map below. Largest cities presented, left to right, are (lower row) Kalamazoo, Battle
Creek, and Jackson; (upper row) Grand Rapids, Lansing, and East Lansing. The maps at the right, developed by
Donald Deskins, Lecturer in Geography, show Ike concentration of the Detroit Negro population. In upper mob,
density is imposed on a hard - drawn base map with dot clusters. The totally computer-drawn lower map shows lay-
ers of density.



COMPUTER-AIDED DESIGN WITH SELCIR AND SELMA

To analyze systems for a family toaster or an Apollo
spaceship, engineers draw pictures and calculate the inter-
actions of network components. They want to analyze net-
works to learn how the components interact and make
changes that will streamline operations. For many years,
electrical engineers have used computers to calculate and
produce numerical results, but only recently has it become
possible for them to avoid the time-consuming punchcard
preparation and draw their network diagrams on the CRT
screen for experimentation and instant solution. Now they
can erase errors by a stroke of the light pen, turn a com-
ponent 90° with a simple gesture, and see graphical results
on the CRT within seconds.

Research for probing electrical circuits and queueing net-
works was initiated at the University by Keki B. Irani,
Professor of Computer Information and Control Engineer-
ing, Electrical Engineering, and a group of his colleagues
and graduate students. Irani's group wrote a basic program
for the DEC 339 computer located in the Systems Engi-
neering Laboratory and called it the SEL Executive System.
SEL Executive System is to the DEC 339 what the NITS
is to the central computer at the Computing Center. This
system provides common services to the application pro-
grams. Two main applicatior programs written by Irani's
group are SELMA, written by James Jackson for the queue-
ing networks, and SELCIR, written by James Blinn for
the circuit networks.

James Jackson, Research Assistant in Electrical Engi-
neering, completed the SEL Executive System in 1968 and a
conversational system for graphical specification of Marko-
vian queueing networks in 1969 under a Department of
Defense contract. SELNIA (the Systems Engineering
Laboratory Markovian Analyzer) is actually a set of pro-
grams designed to provide graphic manipulation for the
Queue Analyzer System (QAS) program in the central
computer. Terminal equipment at the Systems Engineering
Laboratory can handle all SELMA operations except mis-
take-finding and final solution. Mistakes and solutions are
managed at the Computing Center under QAS, then pre-

(continued on next page)

SELCIR is a circuit-drawing system that enables users to
build circuits front basic components. The first frame in
this series shows a circuit being drawn; the second shows a
completed circuit; and the third shows a graph produced by
the central computer showing the results of the analysis of
this circuit.
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Computer Design with SELCIR and SELMA (continued)

sented on the terminal display tube. SELMA allows a user
to build a queueing network from basic elements with input
and output ports. The program responds to the motion
of the light pen. To draw, the user simply aims the light
pen at the desired object, positions it, and makes gestures
for connections, branches, or deletions. To assign parameter
values, the user pushes buttons, thus placing numbers into
the computer where they are needed for computation. To get
results, the user may aim the light pen at the command
word PLOT printed on the screen. If, at that point, an
error is present in the drawing, e.g., a required connection is
not made or a numerical value is incorrect, the computer
displays information on the CRT indicating the position of
the mistake. After the corrected diagram has been analyzed
and the solution has been plotted, the user may indicate
which section of a graph he wants expanded for closer anal-
ysis. The user may then recall the network diagram to the
tube and modify it to obtain another solution, or he may
store the diagram in the memory for future recall, modifi-
cation, or recomputation. In this way, SELMA allows a
user to analyze the behavior of many types of queueing net-
works, whether they are grocery store lines or a computer
time-sharing system.

SELCIR (Systems Engineering Laboratory Circuit Ana-
lyzer) was developed by James Blinn, Research Assistant.
SELCIR is a circuit-drawing system that enables the user
to build circuits from basic components such as the resis-
tor, capacitor, inductor, current generator, and voltage gen-
erator, and to assign values to network elements. All opera-
tions of SELCIR are handled at the Systems Engineering
Laboratory except computation and analysis, which are con-
ducted at the central computer. Results appear on the CRT
in graph form.

Both of these systems have experimental and instruction-
al uses, giving engineering students opportunities to experi-
ment at the CRT instead of at the drafting board. in addi-
tion, the DEC 339 terminal is used instructionally for com-
puter-aided animation of physical phenomena. In the ex-
perimental stage is a program that displays physical simu-
lation of the solar system showing how initial velocity, mass,
and distance relationships of the planets affect their mo-
tions. This program can also illustrate such phenomena as
scattering of alpha particles off of atomic nuclei. Another
program provides a dynamic picture of a proton moving
back and forth in the nucleus of an atom.

Programs to allow users to control the DEC 339 from a
FORTRAN program at the Computing Center are also be-
ing perfected. This activity is particularly appropriate
since the display terminal at the Systems Engineering
Laboratory in East Engineering can now be used by any-
one with a valid Computing Center user number.

Simplified SELMA Structure

Keyboard
Interpreter

Push Button
Interpreter

OAS

I IBM
DEC 339 I 360/67

411.- I -4II.

2 I

PLOT

DIAGRAM

Photo Transitions
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SELMA allows the user to operate with a vocabulary of
symbols, experiment with specifications, and plot complex
circuit operations in graph form. These pictures were
photographed directly from the CRT. Operations in frames
I through 5 were all conducted at the Systems Engineering
Laboratory. Result plots for the models include the prepar-
atory frame 6, i.e., before the graph is returned from the
Queue Analyzer System program at the Computing Center,
and frame 7, after the graph is returned. The user may also
assign values to the graph or call for the expansion of any
section.

4

6

7
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