


The simulation in Ref. 13 was flown in poor visibility
conditions, at nominally 20 foot altitude AGL, and 15-25
knots speed. Although there were not enough pilots in the
simulation to gather statistically significant results, there
was a trend, when using the RP symbol, of improved
altitude control, and improved workload scores. There was
also an observation during the experiment of poor airspeed
control.

Under the US Army Small Business Innovative
Research (SBIR) program, two other symbology concepts
were implemented by Anacapa Sciences Inc. in a helicopter
simulation. These concepts were intended to aid the pilot
during low-level flight, day and night (clear visibility),
without a predetermined path (Ref. 14). One concept,
shown in Fig. 4, was drawing multiple copies of the QFPM
at prediction times of 1, 2, 3, 4, and 5 seconds in the future.
The second concept tested was the display of two lines,
drawn 25 feet on either side of the predicted ground track,
also shown in Fig. 4. The multiple QFPMs and predicted
ground track were always drawn together in one display
condition. That display condition was then compared to the
same symbology set without the QFPMs and predicted
ground track. Eight pilots flew a slalom course at varying
speeds and to altitudes up to 60 feet. The combination of
multiple QFPMs and predicted ground track in the Anacapa
study significantly improved performance in the measures
of the number of ground strikes, and mean roll direction
changes. Workload ratings were reduced by a mean of 40%
when the QFPMs and predicted ground track were present.
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Fig. 4. Symbology developed by Anacapa Sciences Inc.
(Ref. 14) showing multiple QFPMs and predicted
ground track.

For the research detailed in this paper, the desired goal
was to develop a display for flying a constant, low-AGL
altitude, in poor visibility conditions including poor
weather. One element of the design is to draw a "synthetic"
image of the terrain from either radar data or a stored
terrain database. The other portion of the design is drawing
guidance symbols to aid the pilot in predicting the altitude

and ground track given the current state of the aircraft and
control inputs. If a predetermined 3D course is available,
then the leader aircraft and/or pathway-in-the-sky concepts
previously demonstrated should be adequate. However, if a
predetermined 3D course is not available (as is the usual
case), then guidance information similar to Refs. 13 and 14
should be used. This experiment examines a symbol that is
similar to the RP symbol, but combines the QFPM and RP
symbols into one symbol. This experiment also examines
whether multiple copies of the combined QFPM/RP symbol
improve performance or reduce workload.

Method

A cab was constructed that had a three-axis, side-arm,
cyclic control stick and a conventional collective (Fig. 5).
The helicopter model was the NASA-Ames developed
Enhanced Stability Derivative model with a rate-command,
attitude hold control type for pitch and roll (Ref. 15). In the
yaw axis, the control system had automatic turn
coordination so yaw inputs were unnecessary. Winds were
not simulated. A 10-inch diagonal, liquid-crystal display
was used for this experiment for the synthetic vision,
primary flight display. A 50 degree (horizontal) field-of-
view, color, photo-texture image of the terrain was drawn.
The worst-case visibility condition was simulated; no out
the window view was provided, and only a synthetic image
of the terrain was available on the primary flight display.

Fig. 5. Synthetic vision simulation cab.

A basic MIL-STD-1295 symbol set was implemented
across all display conditions as shown in Fig. 6 (Ref. 16).
These symbols were not tested, but are necessary for basic
control of the aircraft. This MIL-STD-1295 symbol set is
essentially the same as implemented on the AH-64A
aircraft with two changes. The first change was that the
horizon line was uncompressed and earth referenced (unlike
the AH-64A symbol which is compressed in the pitch axis
and therefore non-conformal with the terrain image). The
second change was that the radar altimeter digits
incremented in 1-foot increments for the entire range.
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Fig. 6. Symbology common to all conditions.

This experiment tested variations of an altitude-
predicting FPM shown in Fig. 7. The circle shows the
predicted 3D position of the aircraft, 3 seconds in the
future. This portion of the symbol is a QFPM discussed
earlier, with the wing and tail icons removed to have less
clutter. The intersection of the two convergent lines below
the QFPM shows the location of the point on the terrain that
the aircraft is expected to fly over in 3 seconds. That
location is the projection of the QFPM onto the terrain. The
diamond is the target altitude, drawn 50 feet above the
projection point. To maintain a nearly constant altitude
above the terrain, the pilot puts in enough collective stick
input to place the QFPM (circle) over the target altitude
symbol (diamond). In the lateral direction, the three parts
of the altitude-predicting FPM symbol move together. The
control strategy for the pilot is to put in enough lateral
cyclic control stick input to place the projection point over
the desired ground track seen on the terrain image.
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Fig. 7. Altitude Predicting Flight Path Marker.

The main conditions of the experiment were variations
of the QFPM, set to form a 2x2 matrix as shown in Fig. 8.
One factor was the presence or absence of predictive
altitude information on the QFPM. The other factor was
whether single or multiple QFPMs were presented to the
pilot. The time of prediction for the single QFPM was set
to 3 seconds. In the case of multiple QFPMs, the times
were set to 3, 4, and 5 seconds. The drive equations for the
predicted location of the aircraft (the circle) were identical
for the four main conditions and are provided in appendix
A. Pilots first flew the course at least three times for
practice for each main condition. This practice session was
then followed by a sequence of two more practice runs and
a data run for each condition. The order of the four main
conditions was counterbalanced using a Latin-square order.

‘ Quantity of QFPMs ‘
Multiple Single
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Fig. 8. Main experiment matrix.

Additionally, a baseline symbol set was flown by all
pilots which had an Instantaneous Flight Path Marker
(IFPM) as part of the symbol set (Fig. 9). This IFPM
displays the current direction of motion of the aircraft with
respect to the terrain image, and is the same as flown on the
AH-64D and V-22. The IFPM symbol set was practiced
five times and then flown for data collection only after data
collection was completed for all the QFPMs.
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Fig. 9. Instantaneous FPM baseline condition.



During preliminary trials, experimenters and pilots
noticed that when pitch inputs were put into the cyclic, a
slow and steady airspeed change would occur over a long
period of time. Often the pilot was not aware of the slowly
increasing or decreasing airspeed until the airspeed was off
by a factor of two. This problem was probably worse in the
simulator, since the pilot was denied motion, sound,
vibration, and out-the-window views. Since constant
airspeed was desirable in this experiment in order to keep
the course difficulty the same, pilots were trained to not put
in cyclic pitch input, which kept airspeed constant
throughout the maneuver. Only collective was used to
control altitude; there was plenty of torque margin to
complete the course with collective altitude control. Cyclic
roll was used to control ground track.

Each pilot flew the same course for every display
condition. The course was approximately 6 kilometers
long, had sinusoidal turns of increasing sharpness, and had
a number of hills as shown in Figs. 10 and 11. The pilots
started at 50 knots airspeed and 50 foot altitude AGL.
Pilots were tasked to maintain airspeed and altitude for the
duration of the run, while flying a ground track over the
marked course. Pilots were informed of all measures that
were taken before data collection started.

Seven of the eight pilot participants were military-
trained rotorcraft pilots with 3000+ hours rotorcraft
experience. One pilot had 500+ hours of rotorcraft
experience in addition to 10,000+ hours fixed wing
experience. Five of the eight pilots were test pilots.
Meeting FAA or military requirements for being current in
an airframe was not required for this experiment.
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Fig. 10. Plan view of course and typical ground track
(note the x-axis scale has been expanded.)
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Fig. 11. Elevation of terrain and aircraft path for a
typical flight (note height scale has been expanded.)

One measure of performance was altitude AGL. Root
Mean Square (RMS), maximum high, and maximum low
deviations from the 50 ft. target were analyzed. Another
measure of performance was RMS and maximum
horizontal deviations from the course.

As a measure of workload, NASA-TLX ratings were
taken (Ref. 17). The ratings were weighted equally for all
categories. A preference score was also taken as the final
measure at the end of all data runs. Here, the pilots were
asked to rate the most desired symbol set as a "1", through
the least desired symbol set as a "5".

For the entire experiment, only one crash occurred
during a data run. That single crash occurred for the
condition of a single QFPM with no altitude information on
the QFPM. The data from that run are not part of any data
analysis in this report.

Results

Data are first analyzed as a 2x2 factorial design. Factor
"A" is the presence or absence of predictive altitude
information on the QFPM. Factor "B" is the number of
QFPMs (single vs. multiple). Figs. 12 and 13 show the
RMS and maximum horizontal deviation from the course,
respectively. In both measures, there is a large
improvement in performance when predictive altitude
information is present on the QFPM as compared to absent
(factor A). A criterial of p<0.05 is used in the Analysis of
Variance (ANOVA). As the ANOVA shows in Table 1 and
2, the difference in mean performance for factor A is
significant for the RMS error and significant for the
maximum error. The difference in mean performance for
single vs. multiple QFPMs (factor B) however, is not
significant. The ANOVA result for an interaction between
factor A and factor B is also not significant. As far as
horizontal ground track deviation from the course, no
advantage or disadvantage could be measured for multiple
QFPMs as compared to a single QFPM (factor B).
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Fig. 12. RMS horizontal distance error from course.

Table 1. RMS horizontal distance error from course

2 x2 ANOVA

Mean Std. Dev.
Single-With Alt 11.40 2.40
Single-No Alt 26.75 6.82
Multiple-With Alt | 13.42 3.54
Multiple-No Alt 28.49 8.16

F Ratio p
Factor A F(1,7)=45.80 | Signif, p<0.01
Factor B F(1,7)=2.63 | Not significant
Interaction AxB | F(1,7)=0.04 | Not significant

Factor A is presence or absence of alt. info. on QFPM.
Factor B is single vs. multiple QFPMs.
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Fig. 13. Max. horizontal distance error from course.

Table 2. Max. horizontal distance error from course

2x2 ANOVA

Mean Std. Dev.
Single-With Alt 34.41 7.69
Single-No Alt 80.05 19.56
Multiple-With Alt | 42.90 13.57
Mult-No Alt 84.87 20.96

F Ratio p
Factor A F(1,7)=38.81 | Signif. p<0.01
Factor B F(1,7)=1.64 | Not significant
Interaction AxB | F(1,7)=0.26 | Not significant
Factor A is presence or absence of alt. info. on QFPM.
Factor B is single vs. multiple QFPMs.

In the case of multiple QFPMs, the drive equations used
for determining the lateral displacement of the QFPMs
differed in the time of prediction (3, 4, or 5 seconds). For
the vertical displacement the QFPMs, the same drive
equations were used, which gave the predicted steady state
climb angle, and did not include a term for time. The
steady state climb angle is desirable because the pilot can
see immediately how much collective or cyclic-pitch input
to make, without waiting for the slower aircraft response.
However, this implementation of the drive equations caused
the three QFPMs to move vertically the same amount in
response to a collective or cyclic-pitch input. Rather than
use a less desirable (and less standard) set of equations in
the vertical direction that would provide a time dependent
estimated position, the 2x2 ANOVA of performance data
were restricted to the horizontal ground track. Altitude data
are therefore not analyzed with a 2x2 ANOVA.

Figure 14 and Table 3 show the TLX ratings, which are
used as a measure of workload. The TLX ratings are
consistent with the horizontal ground track data: There was
significant improvement in ratings (lower ratings) when
predicative altitude information was added to the QFPM
(factor A). There was no significant difference in TLX
ratings for factor B or an interaction between factor A and
factor B.
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mean of 8 pilots
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Fig. 14. TLX rating.



Table 3. TLX rating

2x2 ANOVA

Mean Std. Dev.
Single-With Alt 18.73 5.95
Single-No Alt 39.49 6.52
Multiple-With Alt | 20.80 5.19
Mult-No Alt 38.45 6.28

F Ratio p
Factor A F(1,7)=36.40 | Signif., p<0.01
Factor B F(1,7)=0.36 | Not significant
Interaction AxB | F(1,7)=1.94 | Not significant
Factor A is presence or absence of alt. info. on QFPM.
Factor B is single vs. multiple QFPMs.

Figure 15 and Table 4 show the preference ratings. Data
show a very strong pilot preference (lower score) for having
predictive altitude information on the QFPM. As with
previous 2x2 results, there is a significant difference in
means for factor A, no significant difference for factor B,
and no significant interaction between factors A and B.
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Fig. 15. Mean preference score.

Table 4. Mean preference score

2 x 2 ANOVA

Mean Std. Dev.
Single-With Alt 1.25 0.46
Single-No Alt 3.63 0.52
Multiple-With Alt | 1.75 0.46
Mult-No Alt 4.00 0.93

F Ratio p
Factor A F(1, 7)=203.89 | Signif,, p <0.01
Factor B F(1,7)=1.60 | Not significant
Interaction AxB | F(1,7)=0.18 | Not significant
Factor A is presence or absence of alt. info. on QFPM.
Factor B is single vs. multiple QFPMs.

At this point, factor B (single vs. multiple QFPMs) is
dropped from further analysis. The remaining analysis
examines only the single FPMs. In particular, the cases
examined are the single QFPM with predictive altitude
information (condition #1), the single QFPM without
predictive altitude information (condition #2), and the
baseline IFPM, also without predictive altitude information
(condition #3). Pair-wise comparisons are made on the
three combinations of these conditions, and the Bonferroni
criteria is applied to the ANOVA results to insure that
performing multiple ANOVA tests, as opposed to a single
test, does not aid in finding statistically significant results.

For all measures (Figs. 16-22 and Tables 5-11) the
results are the same:

1) Significant improvement was recorded in the mean
performance or rating for condition 1 compared to
condition 2 or condition 3.

2) A reduction was recorded in the value of the standard
deviation for condition 1 compared to condition 2 or
condition 3 in the objective measures. In the subjective
measures there are only small differences in the standard
deviations. The standard deviation is a measure of the
pilot-to-pilot variability in performance or rating.

3) No significant differences in the mean performance or
ratings were seen between conditions 2 and 3. Both these
conditions do not have predicted altitude information on the
FPM. Condition 2 is quickened, and shows the predicted
location in 3D space. Condition 3 is not quickened, and
shows the instantaneous direction of travel.

Figure 16 shows a factor of four improvement in the
mean performance for RMS altitude error from the 50 foot
target altitude for condition 1 as compared to conditions 2
and 3.

RMS Altitude Error from 50 ft. Target
mean of 8 pilots, +/- 1 Std. Dev.
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Fig. 16. RMS altitude error.



Table 5. RMS altitude error

(3) 1x2 ANOVA

Mean Std. Dev.
#1 3.33 0.86
#2 14.63 4.44
#3 15.70 5.22

F Ratio p
1vs.2 F(1,7)=57.69 Signif., p <0.01*
1vs.3 F(1,7)=47.70 Signif., p <0.01*
2vs. 3 F(1,7)=1.36 Not significant
Condition #1 is single QFPM with altitude information.
Condition #2 is single QFPM without altitude info.
Condition #3 is single IFPM without altitude info.
* meets Bonferroni criteria

Figure 17 shows an improvement by almost a factor of
three in the mean performance for maximum altitude error
above the 50 foot target altitude for condition 1 as
compared to conditions 2 and 3. Reduction of altitude is
important for an Army mission to prevent detection by
radar.

Max. Altitude Error Above 50 ft. Target
mean of 8 pilots, +/- 1 Std. Dev.
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Figure 18 shows a factor of two improvement in
maximum altitude error below the 50 foot target altitude for
condition 1 as compared to conditions 2 and 3.

Max. Altitude Error Below 50 ft. Target
mean of 8 pilots, +/- 1 Std. Dev.
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Fig. 18. Max. altitude error below the 50 ft. target.

Table 7. Max. altitude error below the 50 ft. target
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Fig. 17. Max. altitude error above the 50 ft. target.

Table 6. Max. altitude error above the 50 ft. target

(3) 1 x 2 ANOVA

Mean Std. Dev.
#1 15.29 5.35
#2 47.12 13.81
#3 43.97 9.79

F Ratio p
1vs.2 F(1,7)=39.66 Signif., p <0.01*
1vs.3 F(1,7)=38.67 Signif., p <0.01*
2vs. 3 F(1,7)=0.53 Not significant

Condition #1 is single QFPM with altitude information.
Condition #2 is single QFPM without altitude info.
Condition #3 is single IFPM without altitude info.

* meets Bonferroni criteria

(3)1x2 ANOVA

Mean Std Dev.
#1 -9.05 4.78
#2 -23.84 7.14
#3 -22.98 8.02

F Ratio p
1vs.2 F(1,7)=91.00 Signif., p<0.01*
1vs.3 F(,7)=41.50 Signif., p<0.01*
2vs. 3 F(1,7)=0.09 Not significant
Condition #1 is single QFPM with altitude information.
Condition #2 is single QFPM without altitude info.
Condition #3 is single IFPM without altitude info.
* meets Bonferroni criteria

Figure 19 shows a factor of two improvement in RMS
horizontal deviation from the course for condition 1 as
compared to conditions 2 and 3.

RMS Horizontal Distance Error
mean of 8 pilots, +/- 1 Std. Dev.
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Fig. 19. RMS horizontal distance error.



Table 8. RMS horizontal distance error Figure 21 and Table 10 show a significant improvement

(3)1x2 ANOVA in the TLX ratings for condition 1 as compared to condition
Mean Std. Dev. 2 and 3. A lower score indicates lower workload. Again,
#1 11.40 2.40 the criteria on the ANOVA tests is that p<0.05.
#2 26.75 6.82
#3 29.63 9.72 TLX Rating (0-60)
mean of 8 pilots, +/- 1 Std. Dev.
F Ratio p 50
1vs.2 F(1,7)=45.75 Signif., p<0.01%* [
1vs.3 F(1,7)=30.47 Signif,, p <0.01* 40
2vs.3 F(1,7)=0.49 Not significant @ 30 l |
Condition #1 is single QFPM with altitude information. 2
Condition #2 is single QFPM without altitude info. E 20 | [
Condition #3 is single IFPM without altitude info. l
* meets Bonferroni criteria 10
Figure 20 shows a factor of two improvement for the 0 ; ;

maximum horizontal deviation from the course for
condition 1 as compared to conditions 2 and 3.

Single QFPM  Single QFPM  Single IFPM
with Alt No Alt No Alt

Fig. 21. TLX rating.
Max. Horizontal Distance from Course

mean of 8 pilots, +/- 1 Std. Dev. Table 10. TLX rating

(3)1x2 ANOVA
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_ 120 #1 18.73 5.95
&, 100 #2 39.49 6.52
g 80 - #3 35.49 11.99
% 60 -
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* meets Bonferroni criteria

Fig. 20. Max. horizontal distance error from course.

Figure 22 shows a large and significant pilot preference

Table 9. Max. horizontal distance error from course (lower score) for condition 1 as compared to conditions 2

(3) 1 x2 ANOVA and 3.
Mean Std. Dev.
#1 34.41 7.69
Preference Score (1-5
#2 80.05 19.56 mean of 8 pilots, +/-1 étd.)Dev.
#3 88.80 29.05 6 -

F Ratio p °7 [
1vs.2 F(1,7) =35.90 Signif.,, p < 0.01* 4 - I |
1vs.3 F(1,7)=22.19 Signif., p <0.01* % 3 |
2vs. 3 F(1,7)=0.34 Not significant n
Condition #1 is single QFPM with altitude information. 2 T
Condition #2 is single QFPM without altitude info. 14 [

Condition #3 is single IFPM without altitude info. 0
* meets Bonferroni criteria ‘ ‘ ‘
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Fig. 22. Preference score.



Table 11. Preference score
(3)1x2 ANOVA

Mean Std. Dev.
#1 1.25 0.46
#2 3.63 0.52
#3 438 0.92

F Ratio p
1vs.2 F(,7)=168.47 Signif., p <0.01*
1vs.3 F(1,7)=112.18 Signif., p <0.01*
2vs.3 F(1,7)=3.32 Not significant

Condition #1 is single QFPM with altitude information.
Condition #2 is single QFPM without altitude info.
Condition #3 is single IFPM without altitude info.

* meets Bonferroni criteria

Discussion of Results

For the particular implementation in this study, adding
predictive altitude information, and an altitude target
symbol on the display significantly improved pilot altitude
control, ground track control, and perceived workload (as
measured with the TLX rating). Pilots showed a clear and
significant preference for having the predictive altitude
information on the QFPM as measured by the preference
score.

The other concept evaluated in this experiment is
whether multiple QFPMs provide an advantage over a
single QFPM. Only evaluated in the horizontal axis,
multiple QFPMs showed no advantage to a single QFPM,
but added clutter to the display.

Based on the results of this experiment, the
recommended symbol is shown in Fig. 23: the single,
QFPM with predictive altitude information and an altitude
target. This symbol is called an Altitude-Predicting Flight
Path Marker (AP-FPM) in this paper. Note that the wings
of a traditional FPM were removed for this experiment to
de-clutter the multiple QFPM case, but should be included
in future designs to be consistent with standard FPMs.

Fig. 23. Recommended Altitude-Predicting Flight Path
Marker (AP-FPM).

Future Research Areas Identified

Although the AP-FPM worked well, a number of
shortcomings were noted. These shortcomings were in the
areas of 1) missing graphic information, 2) drive equation
issues, and 3) shortcoming in the rendering of the terrain
image.

la) During setup, pilots had difficulty controlling
airspeed after a cyclic-pitch input was made. Since the AH-
64A symbol set was used as a baseline, only the airspeed
digits provided direct airspeed information. This
shortcoming of the symbology was bypassed in this
experiment by training pilots to keep airspeed constant
during the data runs. Constant airspeed was achieved by
using collective stick inputs only for altitude control, with
no cyclic pitch inputs. For this experiment, constant
airspeed was desirable to keep the difficulty of the course
the same for all data collection runs. The current synthetic
vision simulation at Ames Research Center is investigating
the benefit of adding airspeed trend information to the AP-
FPM.

1b) Another shortcoming noted during the setup was that
there was no indication on the flight path marker as to the
maximum climb angle at 100% collective. For this
experiment, all hills could be flown over with less than
100% collective at the target airspeed and altitude AGL.

Ic) Automatic turn coordination was turned on in this
experiment. If automatic turn coordination is not available,
then the pilot would have to monitor the sideslip
information on the bottom on the screen, visually distant
from the AP-FPM symbol.

Figure 24 shows concepts for addressing these three new
issues (la, 1b, and 1c) that were identified in this
experiment. The maximum climb angle is depicted as a
semi-circle, above the QFPM, drawn at the predicted climb
angle at 100% collective. The airspeed control symbol is
depicted as a pitch flight director on the right wing, but may
also be drawn as a speed error tape and/or longitudinal
acceleration caret as is currently implemented on many
heads-up displays. The side-slip symbol is depicted as an
error tape on the tail.

~

Fig. 24. Future improvement concepts for the AP-FPM.



2a) The first drive equation issue is that the AP-FPM
symbol decreases in size at higher speeds (because the 3
second predicted location is farther from the pilot) and
increases in size at lower speeds (because the 3 second
predicted location is closer to the pilot). This size issue
was not a factor in this experiment because airspeed was
nearly constant during the data runs. The length of the
convergent lines from the QFPM shows the predicted
altitude AGL. Therefore, the size of the symbol cannot
simply be held constant. The possible solution, currently
being tested and not included in this paper, is to make the
prediction a fixed distance instead of a fixed time in the
future. The distance of prediction may need to be switched
to different values for different flight regimes.

2b) The second drive equation issue is what to do when
the predicted position is off-screen. This off-screen issue
was not a factor in this test because the course and speeds
were such that the predicted position was rarely off-screen.
However the predicted position is expected to be off-screen
in a real operational environment, particularly at low
speeds. Therefore, some mechanism should be
implemented to limit the movement of the QFPM to the
edge of the screen. However, at that point, the predicted
altitude information does not conform to the terrain image.
An investigation should be done as to whether or not the
predicted altitude information should be turned off in this
situation.

2¢) The third drive equation issue is how to handle steep,
ascending, approaching terrain.  The terrain in the
simulation had terrain with slope within the maximum
climb angle of the aircraft at the target airspeed. However,
in other geographic locations there may be very steep
terrain. A poor design would allow the altitude target
diamond on the AP-FPM to suddenly jump in height when
the predicted aircraft position encounters the steep slope.
Instead, a better design would prematurely drive the target
altitude symbol upward to prevent excessive rotor torque.

2d) The fourth drive equation issue is to correct for the
target altitude diamond descending prematurely on a new
downhill slope, before the aircraft has actually reached the
downbhill slope. One possible solution, to be investigated, is
to have the target altitude symbol show desired altitude
above the highest point on the terrain, along the predicted
ground track from the current position to the predicted
position. In this solution, the display would cause the pilots
to error on the high side, instead of the low side when the
terrain starts to slope downbhill.

3a) The shortcoming in the rendering of the synthetic
terrain image was that the photo-textured terrain used (Fig.
25) would interfere with any 2D sensor image of the terrain,
such as an infrared camera. A more advanced synthetic
vision system would draw the 3D synthetic terrain in a way
that does not mask a 2D sensor image of the real terrain.
Figure 26 shows one method, in which a wire-frame
synthetic terrain overlays the 2D (color) sensor image.
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Fig. 25. Photo-textured terrain used in the current
experiment.

Fig. 26. Wire-frame synthetic terrain over a (simulated)
2D sensor image.

Conclusions

This simulation experiment looked at two potential
improvements to the FPM in the context of a panel
mounted, synthetic vision display used for flying rotorcraft
low level in degraded visual environments.

1) Predictive altitude information was added to the
QFPM(s). This concept takes advantage of the fact that a
synthetic vision system would know the terrain elevations
ahead of the aircraft, from either a sensor or a stored terrain
database. Adding predictive altitude information to the
QFPM enabled significantly better pilot performance and
ratings on all measures taken as compared to that altitude
information absent on the QFPM.

2) Multiple copies of the QFPM at different prediction
times were displayed as opposed to a single copy at one
prediction time. This concept was evaluated only in the
horizontal axis in the performance measures.  The
subjective measures made no axis distinction. All measures
showed no statistical difference between the single and
multiple QFPM conditions.



Appendix A
Determination of the QFPM prediction point

Variables

ar turn angle [deg]

dgpn horizontal distance north to prediction point [m]

dgpe horizontal distance east to prediction point [m]

dgp horiz. resultant distance to prediction point [m]

dgph vertical distance (altitude) change to prediction
point [m], positive up.

f collective stick input [percent collective]

Fip( ) high pass filter [no units]

g gravitational constant [m/sec?]

K )  gain term for the effect of collective input

on the aircraft climb angle
[degree climb angle / percent collective]

Ko()  gain term for the effect of aircraft pitch
on the aircraft climb angle
[degree climb angle / degree pitch]
m mass [kg]
Rr turn radius [m]
] Laplace operator
T, time of prediction [sec]
T, sampling period filter [sec]
Uae current airspeed [m/sec]
Veer current horizontal ground speed [m/sec]
Vech current vertical speed [m/sec], positive up.
Xeurr the value of the filter's current input sample
Xprev the value of the filter's previous input sample
Yprev the value of the filter's previous output sample
0 pitch [deg]
) roll [deg]
Wee current ground track, measured -180° to +180°

AY,, horizontal angle between no-turn ground track
and ground track with turn [deg]

Yee current climb angle, inertially measured [deg]

Yep predicted climb angle [deg]

Ayg  difference between current and predicted climb
angle [deg]

Aygr  difference between current and predicted climb
angle due to collective input [deg]

Ayge  difference between current and predicted climb
angle due to aircraft pitch change [deg]

Th heave time constant of the aircraft [sec]

T time constant of the filter [sec]

This appendix provides the mathematical equations for
determining the predicted aircraft location. That location is
necessary to draw the Quickened Flight Path Marker
(QFPM) symbol. Figure Al defines the notation used. A
"Quickened" FPM in the literature refers to a FPM that is an
estimation of the future direction of travel of the aircraft, or
future position of the aircraft, based on current aircraft state
and flight control inputs. The term "quickening" is used in
the literature for symbols that have either a prediction in a
single axis or in multiple axes. In this paper, "quickening"
refers to a prediction of future position in all axes.

V
acx
A

|

<[component

¢ = current state
p = predicted state

a = aircraft referenced coordinates
g = ground referenced coordinates

Fig. Al. Definition of subscripts.

There are many ways to estimate future position, with a
trade-off existing between complexity and accuracy of the
estimation. Experience from this and previous simulations
at Ames Research Center have shown that the prediction
does not need to be very accurate for pilot performance to
improve and pilot workload to decrease. The equations
used in this simulation gave a rough prediction of aircraft
position, but still enabled substantial improvement in pilot
performance by factors of 2-3 in altitude and ground track
control. The equations used rely on the measurement of
aircraft attitude, ground-referenced linear velocities, and
collective stick position.

Figure A2 shows the current and predicted aircraft state
in the horizontal plane. The current ground track "V," is
measured 180 degrees from north, with positive values
measured clockwise. Equations (Al) and (A2) determine
the distance the aircraft is expected to travel in north and
east direction components for all quadrants.

N
‘ Current Ground Track
Vgcr
gc /AW, Prefdlctlon
W Point
£
d gp d gpn
d B
gpe

Fig. A2. North-East Quadrant Ground Track.
dgpn = dgp cOS(Woe + AYy,) (A1)
dgpe = dgp SIN(Wye + AW,p) (A2)

The distance the aircraft is expected to travel along the
predicted ground track is approximated by Eq. (A3).



dgp = Veor T (A3)
Equation (A4) determines the difference between the
predicted and current ground track angle. This term is the
quickening term in the horizontal plane. Equation. (A4)
assumes a coordinated turn, in which the lateral
acceleration (aircraft coordinates) is zero. The derivation of
Eq. (A4) is provided at the end of this appendix.
AV, =(g tan(P) Tp) / (2 Veer) (A4)
The vertical angles are shown in Fig. A3, where the
predicted position vector is rotated around the vertical axis
"H" to be in the same plane as the current ground track (as
measured along "v,,"). The expected aircraft altitude
change is determined in Eq. (A5).

H Predicted
Voeh Climb
‘ & Angle
Q %;rt_:diclion
P omt Current

| — @ \AY,, g Climb
Ay ) 'rfij Angle

e i | ‘e [—

a
’ng North-East Horizontal Plane

Fig. A3. Vertical profile.

dgph = dgp tan( ye + Aygp) (AS5)
The current climb angle is defined in Eq. (A6).
Yoo = arctan (Veen / Vger ) (A6)

The predicted change in the climb angle, which is the
quickening term in the vertical direction, is determined in
Eq. (A7).

AYgp = AYgpr TAYgp0 (A7)

"Aygps' , determined in Eq. (A8), is an approximation of
the change to the steady-state aircraft climb angle, due to
collective input. When properly tuned, the parameter
"Aygyf' decays at the same rate that the angle "y"
converges on its steady state value after a collective stick
input has been made. The decay time is determined by the
time constant "t" of the high pass filter "Fy,".

AYgpr = Ki(Uae) Frp(, Tn)cos(P ) (A8)

The value of the gain "K;" is a table of the magnitude of
changes to the aircraft climb angle vs. changes in collective
input, for different airspeeds. "t," is the heave time
constant of the aircraft. For better fidelity, "t," may be a
table of the heave time constant vs. airspeed, instead of a
single value.

"Aygpe", determined in Eq. (A9), is an approximation of
the change in the steady-state aircraft climb angle, due to
aircraft pitch changes. When properly tuned, the parameter
"Aygpe" decays at the same rate that the angle "yq"
converges on its steady state value after a pitch change has
been made. The decay time is again controlled by the time
constant "t" of the high pass filter "Fp,".

Avepo = Ko(Ua)Fin(0, 1) cos(® ) (A9)

"Kg" is a look-up table of the magnitude of changes to
the aircraft climb angle changes vs. changes in aircraft
pitch, at various airspeeds. "t," is the same heave time-
constant, previously discussed.

See Refs. 4, 5, 8 for a more complete discussion of the
vertical quickening.

Digital High Pass Filter

An analog high pass filter is modeled with the Bilinear
(Tustin) digital approximation. The analog filter is given in
Eq. (A10), and the associated digital approximations are
given in Egs. (A11-A13).

Fip(s, 1) =ts/(ts+1) (A10)

Fig. A4. Digital High Pass Filter.

Fip(X, ) = gainl (Yprey) + gaIN2 (Xeurr = Xprev) (A1)

gainl =21 -Ty)/ (2t + Ty (A12)

gain2 =2t/ (2t + Ty) (A13)
Derivation of the horizontal angle to the predicted
aircraft location

For a steady, coordinated turn (Fig. AS5), the aircraft-
lateral component of the centrifugal force equals the
aircraft-lateral component of the force of gravity, as shown
in Eq. (A14).



Fig. AS. Horizontal angle to predicted aircraft location.

m (Vg / Ry) cos(®) = m g sin(®) (A14)
Ry = Vg / g tan(®) (A15)
aT = Vgr TP / RT (A16)

Equation (A17) is derived by substituting Eq. (A15) into
Eq. (A16).
ar = Tp g tan(D) / Ver (A17)
The angle ar can be shown to be twice the angle AWy,
Making this substitution, the derivation of Eq. (A4) is
complete.

A\ngz(g tan(CD) Tp) / (2 Vgcr) (A4)
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