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SUMMARY

An experiment was performed to study the effects of update and refresh rates on
dynamic calligraphic CRT displays, particularly those used for visual displays in
flight simulators. A moving horizontal line was generated on a CRT and observed
at various velocities. Observations were made with both one and two refreshes
per update,

The data gathered from these observations are presented on plots of refresh-
update rate as a function of display velocity. The display velocity where picture
degradation occurs can be found by using these plots. These velocities are related
to actual simulated aircraft angular and linear velocities.

Results show that a visual display updated at 30 Hz and refreshed at 60 Hz
degrades at very low simulated aircraft angular and linear velocities. These veloc~
ities at which degradation occurs can be significantly increased by increasing the
update rate of the visual display. Only minor improvements are possible by refresh-
ing the display twice for each update. To display rapidly changing flight scenery
without degradation, the display update rate must be far in excess of 60 Hz, typi-
cally several hundred Hz.

INTRODUCTION

Various artifacts have been observed in several computer-generated CRT visual
displays intended for flight simulation applications. These artifacts usually.
involve multiple images and jerky motiocns when high display velocities occur. An
experiment was conducted in an attempt to learn more about the nature of these arti-
facts and the conditions under which they occur. The experiment was not designed to
measure the maximum capability of the eye to detect artifacts but rather to estimate
the point where the visual display becomes unacceptable. The goal was to determine
a relationship between display velocity and CRT refresh and update rates at thé
point where unacceptable artifacts appear. Although artifacts have been observed
on both raster and calligraphic CRT displays, this experiment was limited to the
calligraphic case. The intent of this experiment was to develop a simple crite~
rion for estimating the minimum update and refresh rate that produces a calli-
graphic visual display of a quality acceptable for flight simulators.

Other work on this subject has dealt with constant-velocity lines moving in one
direction. This steady motion can be characterized in terms of a combination of
spatial and temporal frequency responses (Watson and others, 1983). Because flight
simulation displays include unsteady motion (that is, rapid changes in image veloc-
ity), the results of this current experiment cannot be directly correlated with the
results of previous experiments in which unsteady motion was not studied. To
observe the maximum effect of unsteady motion, a display was studied that included
substantially infinite accelerations., A line moving at constant velocity in one
direction was instantaneously reversed to move at the same velocity in the oppo-
site direction,




This report describes the experiment, discusses the results, relates the data
to some actual flight simulation situations, and states some conclusions based on
the experiment.

DESCRIPTION OF EXPERIMENT

To study the artifacts observed on visual displays, a horizontal line on an
oscilloscope display was moved vertically at various speeds and viewed by several
observers. These observers were asked to comment on what they saw. From the
observer comments, a map of artifacts was generated. The experiment included lines
refreshed once per update and twice per update. A line that is refreshed once per
update is drawn on the screen once, has its position recomputed (updated), and is
redrawn. A line that is refreshed twice per update is drawn on the screen twice in
one position, has its position recomputed, .and is redrawn twice in the next posi-
tion. Lines are frequently refreshed more often than they are updated to avoid
flicker in the display.

A block diagram of the setup used in this experiment is shown in figure 1. An
oscilloscope is used as the display. A function generator producing a square wave
was used to trigger the oscilloscope. The scope was set to trigger on the trailing
edge of the pulse, This frequency, which is monitored by a frequency counter, is
the refresh rate for the display. The square wave out of the function generator is
also connected to a divide-by-two circuit. A microprocessor was used as a counter,
The input to the microprocessor is switch-selectable. If the input to the micropro-
cessor is taken directly from the function generator, a display with one refresh per
update is obtained. If the input to the microprocessor is taken from the output of
the divide-by-two circuit, a display with two refreshes per update is obtained. The
microprocessor counted each leading edge of the square wave until reaching 4096, then
it reversed and counted down to zero. This count drives a 12-bit digital to analog
converter (DAC). The ouput of the DAC drives the vertical input of the oscilloscope.
This creates on the oscilloscope screen a horizontal line that moves up and down.

The line width was visually measured, and found to be approximately 1 mm. The speed
of the line on the oscilloscope is controlled by varying the size of the increment or
decrement of the count in the microprocessor as well as by varying the frequency of
the function generator. The count is varied by loading the desired increment or
decrement into the program of the microprocessor.

The refresh rate was read directly from the frequency counter. The velocity was
calculated by taking 8 cm (the height of display), dividing by 4096 (the number of
steps per height of the display), multiplying by the increment set into the program,
then multiplying by the update frequency. This velocity was cross—-checked at various
values by using a stopwatch and counting the number of cycles per unit time of the
moving line on the display.

This experiment was conducted under office fluorescent lighting of approximately '
70 to 100 footcandles. To reduce reflections, a hood was placed around the screen
for viewing.

Several people were asked to observe the effects of the moving line, and the
data obtained represent the opinions of these observers. The viewing distance of




each individual from the screen was maintained at approximately 1 m. Othgr viewing
distances were tried, ranging from approximately 0.3 to 2 m, but the results were
not affected.

RESULTS

The results of this experiment are plotted in fiqures 2 to 5. Figures 2 and 3
are individual plots of the data gathered. Figures 4 and 5 are superimpositions of
the straight line approximations of figures 2 and 3. On figure 2, single refresh
per update, the graph shows four distinct regions. The "perfect" region of the plot
refers to the area where the line appears as intended; that is, it appears to move
smoothly without jumping, flickering, blurring, or other artifact. The "flicker"
region is where the human eye can detect the actual refresh on the screen. The line
blinks in this region. Operation in this region is considered unacceptable. The
"multiple line” region of the graph is where the single line appears to become two
or more lines. As line velocity increases, these multiple lines are first seen at
the top and bottom of the screen where the line reverses direction. The multiple
line effect continues to increase as line velocity increases until it persists over
the entire screen, The "blurring” region also occurs at the reversal points. The
line appears to widen near the top and bottom of the screen (where the line reverses)
as the velocity increases until multiple lines are seen.

on figure 3, double refresh per update, two more regions appear where visual
artifacts occur. "Flutter" is an artifact where the eye sees the line jump from one
position to the next. Flutter closely resembles flicker. "Flutter-multiple lines”
is flutter in combination with multiple lines.

The regions for preferred viewing are those marked perfect. The regions marked
blurring were judged acceptable for viewing, because this minor degradation was not
objectionable to the viewers. Blurring is noticeable only on rapid changes of
direction., As the velocity is increased in the area marked blurring, the effect
is more pronounced. When multiple lines or flutter are encountered, the display
has been degraded enough to be judged unacceptable.

The division line between acceptable and unacceptable viewing regions on both
figures 2 and 3 can be approximated with straight lines (shown on these figures).
Figure 4 is a combination of the straight line approximations of figures 2 and 3
aligned on the same refresh rate scale. Figure 5 is a combination of the straight
line approximations of figures 2 and 3 aligned on the same update rate scale.,

The line width of 1 mm used in this experiment reasonably approximates the line
width found on 19- through 21-in. display CRTs used for flight simulation visual dis-
plays. The results of this experiment can then be directly applied to visual simu-
lation problems that meet these criteria.




IMPLICATIONS

Using the data obtained from figures 2 and 3, and assuming a refresh rate of
60 Hz, the velocity at which the display degrades significantly can be found: for
a single refresh per update, the velocity is 5.5 cm/sec. For a double refresh per
update, and an update rate of only 30 Hz, the velocity decreases to 1.9 cm/sec.

These maximum acceptable display velocities can be related to simulated aircraft
angular velocities, which are seen on simulated visual flight displays. The assumed
visual display is a 20-in. CRT. The field of view of the screen is assumed to be 50°¢
horizontal and 37.5° vertical. Sample calculations are shown in appendix A. These
calculations compute aircraft angular velocities where the maximum acceptable dis-
play velocity occurs somewhere on the screen. In pitch and yaw, the display velo-
city is nearly constant over the entire screen, while in roll the maximum display
velocity occurs at the edge of the screen. Aircraft angular velocities are shown
in the following table:

Angular Velocities:

Refresh, 60 Hz, Refresh, 60 Hz,

Axis update, 30-~Hz, and update,
deg/sec deg/sec
Roll 5.4 15.5
Pitch and 2.5 7.2
Yaw

These maximum acceptable display velocities can also be related to simulated
aircraft linear velocities., At lower altitudes, "out the window" displays on the
screen result in objects in the near field moving faster than objects farther away.
For example, on landing an aircraft, the runway center line moves faster at the bot-
tom of the screen than it does at the center. A derivation and sample calculation
are shown in appendix B. These calculations compute aircraft forward velocities at
several different altitudes when the maximum acceptable display velocity occurs at
the bottom of the screen., Forward velocities at low altitudes are shown in the
following table:

Refresh, 60 Hz, Refresh, 60 Hz,

Altitude,
£t update, 30-Hz, and update,
ft/sec ft/sec
15 5.4 15.8
50 18. 53.
100 36. 105.




CONCLUSIONS

At relatively low display velocities, artifacts were most readily observed at
the reversal points, where acceleration approached infinity. This unsteady motion
required very high update rates to eliminate unacceptable artifacts, Steady motion
was observed at the center of the display. Steady motion artifacts occurred at
higher display velocities for a given update rate. Although these velocities were
not precisely measured, they were on the order of double the velocities at the
reversal points. These velocities are in general agreement with previous work
(Watson and others 1983).

The effective slope of the straight line approximation on figure 2 is approxi-
mately 0.93 mm per update. This slope is extremely close to the line width (1 mm)
on the display. This comparison strongly suggests that immediately after an abrupt
change in velocity, the human observer can see multiple lines any time the next line
does not touch the previous line, regardless of the update rate. The eye also
detected the lines partially overlapping in the blurring area as the line started
to widen. This preliminary conclusion was not verified by additional tests. Such
a verification would necessarily involve the study of solid images with different
dimensions, and was beyond the scope of this experiment.

The results of this experiment are somewhat pessimistic, because infinite accel-
erations do not occur in actual simulated out-the-window displays; however, unsteady
motion with substantial acceleration does occur, particularly in angular motions.
This experiment shows that the study of steady, constant-velocity motion is not suf-
ficient to fully predict the onset of artifacts. This experiment also defines the
upper bounds on the onset of unacceptable acceleration-induced artifacts for the
given test conditions.

The calculations show that when a simulated out-the-~window scene from a maneu-
vering aircraft is generated at typical update rates (30 and 60 Hz), picture degra-
dation occurs at low angular rates and at low ground speeds when the altitude is
low. These rates are well below those actually encountered during simulated air-
craft operation. Doubling the update rate from 30 to 60 Hz increases the acceptable
maneuvering rates by a factor of approximately three, but they are still too low.
Further increases in acceptable maneuvering rates are possible by further increasing
update rates; however, the maneuvering rates of modern, high-performance fighter
aircraft are very high. For example, roll rates in excess of 60°/sec combined with
high accelerations are fairly common. Using this roll rate and the assumptions of
appendix A, an extrapolation of the straight line approximation of figure 2 suggests
that an update rate of 225 Hz may be required to avoid unacceptable artifacts. A
pitch or yaw rate of 60°/sec could require an update rate as high as 480 Hz if sub-
stantial accelerations are present. Fortunately, pitch and yaw accelerations are
somewhat lower, thus relaxing update rate requirements. These update rates are well
beyond the current state of the art for all except the simplest visual displays.
Thus other techniques besides update rate must be considered to improve the displays.



The benefits of doubling the refresh rate over the update rate are relatively
small, The most significant benefit of a double refresh per update is to avoid
flicker when the update rate is below 50 Hz. At higher update rates, the double re-
fresh provides only a slight improvement. For example, at an 80-Hz update, accept-
able screen velocity is about 7.4 cm/sec with one refresh per update. Doubling the
refresh rate at the same update rate increases the acceptable velocity to about
8.7 cm/sec an improvement of approximately 18 percent. Therefore, higher refresh
rates are, at best, only a small part of the solution of the artifact problem.

Other investigators have suggested other techniques to reduce artifacts, such as
computed "smearing" of the picture. (Cook and others, 1984; Dippe and Wold, 1985;
Korein and Badler, 1983; and Potmesil and Chakravarty, 1983). It remains to be seen
whether it is more difficult to compute a smeared picture or simply increase the
update rate.




APPENDIX A — ANGULAR VELOCITY COMPUTATIONS

This appendix relates the velocities of moving objects on a simulated aircraft
CRT display to the actual angular rates of the simulated aircraft. The assumption
is that the display measures 20-in. diagonally and has a horizontal-to-vertical
aspect ratio of 4 to 3. This display is assumed to subtend a horizontal angle
from the pilot's viewpoint of 50°. The resulting vertical angle is 38.6°, and
the resulting viewer-to-CRT distance is 17.2 in,

The following diagram shows the assumed display:

Reference point
for pitch and
yaw rate

_i: o calculations
55

Reference point

for roll rate
ln—is—«»' calculations
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These sample calculations will compute the aircraft angular velocities that
coincide with the maximum acceptable display velocity for two update/refresh con-
ditions. The first condition is a 30-Hz update, with two refreshes per update.
According to figure 3, the maximum acceptable display velocity is 1.9 cm/sec. The
second condition is a 60-Hz update, with one refresh per update. According to
figure 2, the maximum acceptable display velocity is 5.5 cm/sec. These conditions
were chosen because they are popular update and refresh rates in current use,

The symbols used are defined as follows:

vq — display velocity for 30-Hz update, 1.9 cm/sec
vo, — display velocity for 60-Hz update, 5.5 cm/sec

r — radius from center of rotation, in.
wy — angular velocity for 30-Hz update, deg/sec
Wy — angular velocity for 60-Hz update, deg/sec

The equation used, with conversion factors for in. to cm and rad to deg, is

o= (F)(zm0) (F7) = 26 ¢

For roll rate, r = 8 in. (horizontal distance from screen center to edge)

wy = 22.6 (lég) = 5.4 deg/sec
wy = 22.6 (%—;’-) = 15.5 deg/sec



For pitch and yaw rates, r = 17.2 in. (distance from viewer to center of CRT screen)

; wp = 22.6 (T%—'-z— = 2.5 deg/sec
Wy = 22.6 (-1——3—1-2— = 7.2 deg/sec




APPENDIX B — LINEAR VELOCITY COMPUTATIONS

This appendix relates the maximum velocity of a moving object on a simulated
aircraft CRT display to the actual linear forward velocity of the simulated aircraft.
Because the maximum display velocity occurs at the bottom edge of the display, the
calculations are limited to that location. The assumptions are that the display
measures 12 in. vertically and is located 17.2 in. from the viewpoint. The result-
ing total vertical viewing angle is 38.6°.

The following diagram shows the assumed display:

Nt o emtr
I

h’
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The symbols are defined as follows:

x — distance of viewer from display screen, 17.2 in. _

x' — horizontal distance from viewer to the nearest visible point on the
simulated runway in ft

h — half the height of the display screen, 6 in.

h' — simulated altitude of the viewer over the runway in ft

t — time, seconds

To relate display velocity (dh/dt) to simulated aircraft forward velocity
(dx'/dt), the following derivation is required:

Using similar triangles,

xl
ne

=%

Taking the first derivative with respect to time,

dx'  h'x (_d_}l)
dt h2

Because only magnitudes are significant the negative sign can be ignored.

The following sample calculations will compute the aircraft forward velocities
that coincide with the maximum acceptable display velocity for two update/refresh
conditions. The first condition is a 30-Hz update, with two refreshes per update.
According to figure 3, the maximum acceptable display velocity is 1.9 cm/sec, or
0.75 in./sec. The second condition is a 60-Hz update, with one refresh per update.
According to figure 2, the maximum acceptable display velocity is 5.5 cm/sec, or
2.2 in./sec. These conditions were chosen because they are popular update and re-
fresh rates in current use.



The following sample calulations are for an assumed altitude of 15 ft, which is
typical of a pilot's viewpoint with the aircraft on the runway. Other altitudes will
result in proportional changes in maximum acceptable forward velocities.

At 30-Hz update, 60-Hz refresh,

dx' - (15 X 17.2

- = ) 0.75 = 5.4 ft/sec

At 60-Hz update and refresh,

dx* .
= (15 x 17 2) 2.2 = 15.8 ft/sec
dt 62

10
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