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ABSTRACT

Singer-Link and the Air Force Human Resources Laboratory (AFHRL), Witliams Air Force
Base, combined efforts to investigate specific visual requirements during low-level, high-

speed flight.

Visual information requirements were hypothesized, and an experiment was

designed to systematically test the effects of varicus visual cues upon flight performance.
The experiment tested the effects of visual scene elements in supporting simulator flight

tasks of experienced Alr Force fighter pilots

Specific visual
importance of surface texture, 2.) the importance of 3-0 objects and object type, and 3.) the
effect of turning and bank angle upen tlight performance.
trol flight at a mean altitude of ‘198 feet and at an airspeed of 480 knots.

factors studied were: 1.} fhe

Pilot subjects were able to con-
Test results

indicate that both 3-D objects and 2-D terrain surface texture aid controlled low-altitude

#1ight.

INTRODUCT{CN S

Effective alr defense systems require tactical
and strategic aircraft to fly at very low altitudes
and high airspeeds. These altitudes and airspeeds
enable the aircraft and crew to use terrain masking
and the element of surprise to evade hostile
threats. The crew of today's tactical and stra-
tegic aircratt must balance the probability of
destruction from hostile air defense systiems with
the probabil ity of destruction from the terrain.
segment of a combat mission route fthat has a high
air defense threat level will cause the aircrew to
fly closer to the terraln and to accept 2 greater
hazard from impact with the ground.

A

Experienced pilots have |ittle difficulty fiy-
ing at low altitudes. :Unfortunately, during 2 com-
bat mlssion the pilot must alsc navigate, manitor
the aircraft systems, manage the weapon systems,
evade the hostile threats, and perform many other
critical ¥asks. The pilot must practice continu-
ally until these tasks can be performed almost
automatical fy.

The amount of aircraft low-altitude, high-
speed fiighi fraining necessary tTo attain this per-
formance level is - difficult o obtain because of
cost, safety, noise, and pollution. Simulators
equipped with Computer image Generation (CIG)
visual systems could safely provide the needed
training at much lower cost with no environmental
impact. The potential of this type of training has
been demorsirated and the savings In alrcraft and
pilots can be predicted (3, 4). However, |ow-
altitude, high-speed combat mission. training in
simulators is not presentiy being conducted on a
large scale.

A key factor inhibiting the large-scale
development of Combat Mission Simulator (CMS)
facilities is visual scene content. Present termi-
nology Ts not adequate to describe scenes, and
there is |ittle agreement on the relevant charac-
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teristics of a scene (10). "In addition, data con-
cerning scene content reqguirements is scarce (9).

The Low-Altitude Database Development Evalua—
tion and Research (LADDER) study was initiated o
examine visual scene content for low-altitude,
high-speed flight training, .and to gather experi-
mental data that relates experienced pilot perfor-
mance to visual scene content.. To cbtain this .
data, a generic cockpit trainer equipped with a CIG
visual system was developed, and a visual database-
was produced to manipulete several scene content
variahles throughout a high-speed, low-aititude
flight route. The perfcrmance of experienced mili-
Tary pilots was recorded during simuiated flight
and subjected to statistical analysis.

APPARATUS

A speclal-purpose research simulator was
designed and assembled at the Air Force Human
Resources Laboratory (AFHRL). The simulator con-
sisted of a modified T-38 instrument trainer cock-
pit, -@ modified F-111 Computer image Generation
(CIG) visual system, a special-purpose low-al+titude
database, and the Advanced Simulator for Pilot
Training {ASPT) F-16 flight dynamics and perfor-
mance measurement systems.

Cockpit

" The cockpit was part of a surplus T-38 instru-
ment frainer. Since the LADDER study was concerned
only with pilot performance relative to visual
imagery, only the airspeed and percent-RPM insiru-
ments were functional. All other instruments .
within the cockplt were static during the experi-
ment.

The T-38 canirol stick was fixed In the center
pesition, and the pilot's control inputs were



sensed by strain gauges. This control system is a
hybrid of the F-16 force stick contraller ané the
T=38 center displacement s¥ick. The pilot subjects
controlled the simu!ated aircraft by varying the
force applied fTo the nonmoving stick. The T-38
force stick inputs were directed to the ASPT F-16
flight dynamics simulation program. The program
processed the control Tnpufs and generated the
appropriate visual system eyepoint movement to
simuiate an F-16 aircraft flight path.

Visual System

The LADDER visual system consisted of a
Singer-Link F~111 Digital Image Generator (DIG) and
Wide-Angle Collimated (WAC) displays.

The F~111 DIG is capable of generating three
channels of day-dusk-night, full~coicr scenes. A
few modifications were made to increase ifs scene
generation capacity. Each channel presented a com-
puted scene via an array of 875 by 1024 picture
elements. The imagery was updaTed at a rate of 30
Hz.

The WAC displays consist of high-resolution
color monitors matched to collimating optics. The
displays present a near—infinity virtual image of
the computed scene to the pilof. The three
displays were oriented as they exist in the F-111
simulafor: to +he laft, center, and right ef the
aircratt centerline. The total field of view is
approximately 36 by 120 degrees.

Low-Altitude Database

The visual system database was specifically
designed to evaluate the contribution of different
levels of scene content. The basic database con-
sisted of a valley corridor 3000 ft wide, which was
pordered by 900- to 1100-f% mountains. Within the

valley there were 200-fT transverse level and slop—-

ing ridges, and 500-f+ hills. The corridor parmit-
ted pllots +o fly a continuous 420-mile route. The
corridor congtruction forced pilots to continually
change their altitude and heading to avoid impact
with the terrain.

The experimental database content was chosen
for its anticipated importance o the low-level
flight task. Previous research and experience of
Singer-Link (5, 8), and HRL (1, 2, &, 7) with CIG
datebase features indicated that scme features were
expected to have a significant effect upon low-
leve| flight performance. Scene content features
were agreed upon by Singer-Link and HRL.

Visua)| database content was studied for fiight
at spproximately 100-f% AGL and a true airspeed of
480 kt. The visual factors selected were:

1.) Importance of texture and fexture size. Four
texture conditions were studied: no texture, 150~
ft+, 300-ft, and 450-ft square texture patierns.
Texture was placed only on the fleor of the fiight
corridor.

2.) Importance of 3-0 objects and their sizes and
shapes. Five object conditions were studied: no

3=D cbjects; houses, warehouses, or trees alone;

and a mixture of all three fypes of objects.

3.) 90-degree shallow-turn versus 180-degree
steep—turn corridor sectlons. Previous research at

HRL indicated that there are significant differ- -
ences between pilot pertormance in straight and
turning (over 30-degree bank angle) flight. This
exper iment was designed with two types of corridor
configuration fo attempt to determine whether there
is a difference in visual requirements between the
two flight tasks. ~The 90-degree shallow turn seg-
ment did not require a bank zngle over 30 degrees,
while the 180-degree steep~turn segment required at
least a 30-degree bank turn for the entire segment.

Al} combinaticns of the 2-D and 3-D database
teatures were placed in steep- and shallow-turning
modular sections of a corridor (Table 1}. The cor—
ridor sections were joined to form a continuous -~
470-mile flight test cerridor (Figure 1). The
placement of each section with its particular com-
bination of database features was randomliy
assigned. Several sections of the corridor were
repeated to permit checking the reliability of per-
formance data. The corridor mountains were deleted
in two sections to assess their contribution to
pilot performance.
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STEEP- afid SHALLOW-
TURNING FLIGHT

2-0 TEXTURE

3=0 NCGNE 150 f+ 300 f+ 450 i+

OBJECTS )

NONE X. . X X X

HQUSES X X X X -
WARE X X X X

HOUSES

TREES X X X - X

MIXTURE X X X X

TABLE 1 - TEST CONDITION MATRIX
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FIGURE 1 - LADDER TEST CORRIBOR
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Subjecis

Eighteen experienced fighter pilots with low-
level flight experience participated in the experi-
ment. Ten were pilots in F-16 training, and eight
were fraining to be fighter test pilots. The mean
age of the pilots was 34.6 years, their mean total
flight time was 2,513 hours, and Their mean time in
fighter/attack aircraft was 1541 hours.

Per{ormance Measurement

The performance sample and measurement capa-—
bility of the ASPT simulator were used To measure
and record fiight path parameters. Performance
parameters during flight foliowing the practice
period were sampled and recorded at a 30-Hz rate.
At a prespecified distance In each segment, record-
ing was stopped se fthat fiight performance measure-
ments would not reflect the etfect of visual infor-
mation seen by the pilot when the next corrider
segment came inio view.

When a crash occurred during flight through a
segment, that condition was terminated.:@ The
display and cockpit were initialized to the begin-
ning of the subsequent corridor segment, and flight
was resumed.

The primary flight parameters reccrded at 30
Hz included position, heading, alrspeed, altitude,
angle of attack, angle of bank, angle of pitch, and
crash. Many cther parameters were also recorded
for possible use in analysis.

Experimental Brocedure

Each pilot flew The entire corridor with the
starting condition randomly selected. Pliots were
instructed to attempt to maintain an altitude of
160 ft above the corridor floor. A few minutes of
practice flight were given to each subject, ena—
bling him to accustom himself to the contrels and
visual system. During the practice fiight, alti-
tude ‘and zirspeed were announced verbally to tThe
pilot to enable him to visually determine an alti-
tude of 100 ft in reference to the corridor.

‘Comments made by the pilots and significant
fiight events were noted by the experimenter
“throughout the experiment. Each pilot was inter-
viewed following fhe dats collection.

RESULTS

Terrrain Crashes

There were a total of 33 crashes with the fer-
rain. The distribution of crashes among the corri-
‘dor segments are provided in Tabie Z; 58% of the
crashes occurred in steep-turn sections and 42%
occurred in shallow-turn sections. Most of the
crashes (61%) occurred in sections without 2-D fex-
ture on the valley floor. The rest of the crashes
were distributed throughout the remaining sections
with 2-D texture.

A relatively large number of crashes cccurred
in two separate corridor sections thal had 2-D +dex-
ture and 3-D objects but no-mountain borders.
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STEEP-TURNING FLIGHT

TEXTURE

3-D NONE 450 300 150 SUM %
OBJECTS -
NONE 5 0 2 1 8 4z
HOUSES 3 1 0 o 4 Z7
WARE— _ - -
HOUSES 2 aQ 0 0 2 11
TREES 2 ¢ 1 1 4 z1
MIXTURE 1 ¢ 0 Q 1 5
SUM 13 1 3 2 1§ _

CPERCENT 68 5 16 11
SHALLOW-TURNING FLIGHT
TEXTURE -

3-D NONE 450 300 150 SUM %
OBJECTS ’
NONE 4 0 0 1 5 36 7
HOUSES Z 0 0 0 2 14

(3%) (7%}

WARE- e
HOUSES 0 & 1 0 1 7
TREES 0 0 1 } 2 14
MIXTURE 1 7 0 27 1 4 29
SuM 7 Q 4 3 14
4 50 0 29 21

* Section without mountain border . |

TABLE 2 - HWUMBER OF TERRAIN CRASHES
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Altitude Control

The average altitude the pilots maintained -
above the valley fioor (i.e., altitude above flat
earth only) for all conditions was 198 ft. The
average altitude maintained for -shallow-turn seg-
ments was 175 ft+, and 221 T for steep-turn seg-
ments. The average altitudes maintained for each
condition of 2-D texture and 3-D objects are listed
in Table 3. -
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2-D TEXTURE 3-b CBJECTS
- NONE 199.76 NONE 201.0%
150 ft 202.69 HOUSE- 201.57
300 f+ 193.20 W/HOUSE 197.3
450 {+ 197.06 TREE 197.93
MIXTURE 192.89
STEEP-TURNING FLIGHT = 221.49
SHALLOW-TURNING ‘FLIGHT = 175.12

TABLE 3 - MEAN ALTITUDE (feet)

B KN R30I N NN KWWK R AR EARR

The dependent variables of RMS error altitude,
maximum alfitude, and mean attitude above flat
earth were included in a multivariate analysis (the
SPSS MANCVA Procedure Release 9.0) fo inciude
univariate F-tests. An alpha level of 0.10 was
chosen for the univariate ftests. = Scheffe's S-
method was used to explicate the F-test results.
The main effects of turn and object factors were
significant on af least two of the three dependent
measures. The F-tests on the Interaction effects
of Objects X Texture was significant. In addition,
all subject effects were significant.

I+ should be noted at the cutset that the data
contain a high level of between- and within-subject
variability, and that the variance is not always
distributed heterogenousiy. The task_structure
allowed differences in individual flying technique,
particularly in. terms of [ateral flight path (i.e.,
the pilot chose his path within the 3,000-{t wide
corridor). For example, some pilots worked very
hard fo avoid geing over the porfions of elevated
terrain, whereas other pilots attempted to fly the
shortest distances regardless of terrain. in addi-
tion, many pilots atiempted different strategies
during the course. Much of this type of variabil-
ity cannot be controlled with group-oriented sta-
tistical analyses. The nature of the variability
may have concealsd some effects that may be
revealed in a more structured task. The data col-
lection procedure used in This study did not lend
itself fo idiographic analysis techniques.

The steep-turn corridor section was clearly
associated with poorer altitude control than the
shal low-turn segment, presumably because of the
difticulty of the greater bank angles required in
the steep=turn section.

The main effect of Fexture was not refiable (p
= .069). There were reliable effects of 0bject
type on both RMS error {p = .035) and maximum alti-
tude (p = .03). Post hoc tests (Scheffe's S-
method) revealed that for RMS error, the Mixed
Object condition was significantly better Than
either the No Cbject or Houses Cnly condition. On
he maximum altifude variable, the Mixed CObject
condition was reliably better than the No 0bject,
Houses, and Warehouse ccnditions. Additionally,
t+he Trees were associated with significantly lower
maximum values than Houses, Warshouses, or No
Qb ject. Warehouses were reliably better than HNo
Qb jects.

There was a significant Objects X Texture
interaction. The post hoc tests revealed that fhe
condition of 300-{t square texture and Mixed
Cbjects was associated with significantly lower
mean altitudes than no texture with Houses or Mixed
Ob jects, 150-f+ square texture wih either No
Ob jects or Houses, 300-ft square texture and No
Objects, or 450-ft square texture with Trees. -

In summary, altitude control was significantly
worse in the steep-turn sections; the Mixed b ject
condition was the best, with Trees second-best and
Ne Objects worst. There was no reliable main
effect of texture on altitude controi, but there
was a reliable interaction between objects and tex-
ture such that the combination of 300-ff sguare
pattern with Mixed Objects was the best condifion.

Pilot Reports .

The pitots' subjective commenis concerning the
effectiveness of the various combinations of scene
content indicated that most of the test conditions
were able to support low-altitude 480-kt flight.
The comments contained no consistent preference for
either +exture size or object type. Many pilofs
commented that they had no idea_of how high or low
they were in the No Cbject or No Texture condition.
The pilots' levels of comfort and contfidence with
+he scenes increased as features were added Yo The
corridor segments. The ranking from low to high
resulting from additional corridor content was 3-D
ob jects, 2-D surface texiure, and both 3-D and 2-D
features.

Experienced pilots felt they could. follow the
+errain at low altitudes in the LADDER database.
After completing the experiment, which lasted over
an hour, many piiots requested more simylator time
+o test their flight control capabilities beyond
the +ask of meintaining an altitude of 100 ft.
During these unrecorded sessions, pilofs con-
sistently flew at aliitudes es low as 30 f+ without
crashing. : -

D1SCUSSION

Considering the resulfs of the terrain crash
and altitude data along with pilot cpinien, it is
clear that a combination of 3-D objects and 2-0
terrain surface texture best supportis control led
low-aititude flight. The distribution of terrain
crashes most ¢learly reflects the importance of
both types of cues. The results of previous
research had led us fo expect a more systematic
relationship of performance with respsct to the
size of surface texture squares. The present study
did not reveal 2 reliable main effect of surface
texture. The ordinal rankings suggest that the
300-ft square condition was The most effective and
+he No Texture condition the least effective. T
is curious *hat the clear infericrity of the No
Texture condition as reported by the pilets and
reflected in the distribution of terrain crashes
was not reflected Tn at least the RMS error meas-
ure. However, note that the visual database )
included modeling the effects of sun angle so that
shading cues were almost always present to signal
variations in terrain, and that the bordering moun-
tains provided strong peripheral cues fo changes in
aititude. This suggests that even the most impo-
verished cue conditions contained sufficient infor-
mation about surface orientation for some altitude
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control .

Another somewhat surprising finding is the .
effectiveness of the Mixed Object condition. The
resulis of previous research had indicated the
potential for abstract geometric shapes {pyramids
and cones) to aid in altitude control .and terrain
avoidance. However, the Mixed 0bject conditlon did
not differ significantly from the Tree condition on
the Maximum altitude variable, and both were supe-
rior to the fTwo building fypes and to nc objects at
all. On the RMS error measure only, the Mixed
Qb ject condition was found to be reliably superior
to the Houses or No Object condition. |1 Is possi-
ble that the differences in size and/or shape of
the objects when found Together in a section pro-
vided a significant enhancement of information that
the pilet could use.

A much greater difference in performance
attributable to cobjects and texture was desired.
Even the results found to be statisticaily reliable
were not large in terms of absolute magnitude (with
the exception of the differences between steep and
shailow turn).  As noted earlier, problems with
performance variability due to the Task structure
and differences in individual techmnique may have
concealed some perceptual relationships.. However,
iT is equally plausible that since The pilets did
not have to simulfanecusly attend to navigation or
tactical tasks, the visual environment provided
sufficient information in even t+he No Object or No
Texture condition to maintain relatively good low-
level performance. The minimum scene content con-
dition of a corridor with mountains, ridges, and
hills (and sun shading} may have been nearly ade-
quate for the pilots to maintain low-altitude
flight. The relatively large number of crashes in
the two segments without the bordering mountains
suggests This might be true. The corridor without
texfure or objects in the valley is stiil more com-
plex than most tralning simulator databases avail-
able today. The perceptual problem facing the
pilots was also somewhat easy, since the valley
floor was always flat and level, except for the
cbvious ridges and hills. This allowed pilots to
make the valid perceptual assumptions that reduced
their need for additional visuazl information to
resoive ambiguities.

The pilets who participated in the experiment
demonstrated that CIG scenes can support low-
altitude, high-speed flight confrel. During the
expariment, The pilots maintalned an overal!l

average altitude of 198 ft+, which is higher than
the 100 ft+ above fhe valley floor that the pilots
were instructed +o maintain. This result should be
expected, since the 200-ft ridges within the corri-
dor coccasionally forced the pilofs fo fly bhigher
than 100 f+. |In addifion, most of +he piiots con-
trolled theic altitude to fly no lower than 100 f+
instead of maintaining an average altitude of 100
ft+. These two factors would cause the average
altitude to be greater than 100 ft.

The LADBER experiment required the pileots fo
fly the corridor at low altitude for approximately
one hour. Since pllots in the past have often
expressed a distaste for flying simulators, It was
surprising that many pilots requested more time to
exercise both man and simulator to the limits of
performance. Their requests and The extremely low
flight maneuvers they accomplished during these
periods attest to the effectivenes of the scene

content in most of The LADDER database corridor
sections.

The issue of scene content is far from being
resolved. However, the LADDER database has demon-
strated that it is pessible to produce a CIG data-
base that supports low-altitude, high-speed flight.
ta this sense, the results of the experiment are
very encouraging. Cleariy, more basic and applied
research is needed to better understand the refa-

tionship between pilet performance and visual sys- -

tem database content.
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