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Objective: Thiswork introduced judgment-based measures of spatial awarenessand
used themto evaluateterraintexturesand fields of view (FOV's) in syntheticvison sys-
tem (SVS) displays Background: SVSsare cockpit technologies that depict computer-
generated views of terrain surrounding an aircraft. In the assessment of textures and
FOVsfor SVSs, no studies have directly measured the three levels of spatial aware-
nesswith respect to terrain: identification of terrain, itsrelative spatia location, and its
relative temporal location. M ethods: Eighteen pilots made four judgments (relative
azimuth angle, distance, height, and abeamtime) regarding thelocation of terrain points
displayed in 112 noninteractive 5-s simulations of an SVS head-down display. There
were two between-subject variables (texture order and FOV order) and five within-
subject variables (texture, FOV, and theterrain point’srel ative azimuth angle, distance,
and height). Results: Texture produced significant main and interaction effectsfor the
magnitude of error intherelative angle, distance, height, and abeam time judgments.
FOV interaction effects were significant for the directional magnitude of error in the
relative distance, height, and abeam time judgments. Conclusion: Spatial awareness
was best facilitated by the elevation fishnet (EF), photo fishnet (PF), and photo eleva-
tionfishnet (PEF) textures. Application: Thisstudy supportstherecommendation that
the EF, PF, and PEF textures be further evaluated in future SV S experiments. Addi-
tionally, thejudgment-based spatial awareness measuresused i n thisexperiment could

be used to evaluate other display parameters and depth cuesin SV Ss.

INTRODUCTION

Controlled flight into terrain (CFIT), inwhich
afully functiona aircraft is inadvertently flown
into the ground, water, or other terrain obstacle, is
the largest source of fatalitiesin commercia avi-
ation (Boeing Commercial Airplanes, 2006). CFIT
accidents are characterized by aloss of situation
awareness (SA) in low-level flight and low visi-
bility conditions (Khatwa & Roelen, 1999). By
using onboard terrain and obstacl e databases and
Global Positioning System data, synthetic vision
system (SVS) displaysgive pilotstheinformation
necessary to proactively avoid CFIT by creating
a synthetic, clear-day view of the world in front
of ownship regardlessof theactual visibility con-
ditions.

Measuring Spatial Awareness

Spatid avareness (SpA), an aspect of SA (Wick-
ens, 2002a), encompasses the extent to which pi-
lots notice objectsin the surrounding environment
(Level 1), their understanding of where these ob-
jects arerelative to ownship (Level 2), and their
prediction of these objects futureposition (Leve 3;
Wickens, 2002b). SpA isintegral to CH T preven-
tion because it encompasses a pilot’'s knowledge
about therelative spatial and temporal |ocation of
terrain. SVScan help prevent CHI T by enhancing
pilot SpA.

Evauationsof SV Shaveemployed avariety of
metrics. Performance measuresinclude crosstrack
error (Alexander, Wickens, & Hardy, 2005; Arthur,
Prinzel, Kramer, Parrish, & Bailey, 2004; Schnell
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& Lemos, 2002), the number of correct identifica-
tions made when matching video of actud terrain
to SV Sdisplays(Schnell & Lemos, 2002), there-
production of highlighted terrain points from a
blanked SV S display on an out-the-window dis-
play (Alexander et al., 2005), and the detection
and anticipation of CFIT incidents (Arthur et al.,
2004; Uhlarik, Peterson, & Herold, 1998). Sub-
jective awareness measures have a so been used
in SVS research: Situation Awareness Rating
Technique (SART; Hughes & Takallu, 2002), Sit-
uation Awareness Subjective Workload Domi-
nance (SA-SWORD; Arthur et al., 2004; Hughes
& Takallu, 2002), and terrain awareness (Bailey,
Parrish, Arthur, & Norman, 2002; Glaab & Hughes
2003).

Other research domains have used SpA mea-
sures. Yeh (1992) used ordinal distancejudgments
to assess spatia perception for stereoscopic and
perspectivedisplays. Several studieshave utilized
azimuth and elevation angle measures of the
relative position of objects (Alm, Lif, & Oberg,
2003; Barfield & Rosenberg, 1995; Dorighi, Grun-
wad, & Ellis 1992, McGreevy & Ellis 1986). Wells
Venturino, and Osgood (1988) asked participants
toreplicate, from memory, the position of objects
presented in helmet-mounted displays. Barfield,
Rosenberg, and Furness (1995) had participants
replicate, on maps, the positions of targets shown
out thewindow during flight. Fracker (1990) had
participants replicate the display position of ene-
my aircraft during pausesin simulated flight. Mar-
shak, Kuperman, Ramsey, and Wilson (1987) had
participants makejudgments about thel ocation of
targets shown on map displays during pausesin
simulated flight.

Noneof these studiesdirectly measured al three
levelsof SpA. In addition, studiesthat employed
general SA measures did not explicitly measure
the SpA component, potentially biasing therating
(Carmody, 1994). Additionally, subjectiveaware-
ness measures, such as SART, SA-SWORD, and
terrain awareness may assess confidencein perfor-
mance rather than awareness. Third, performance
measures, such ascrosstrack error, requirearela
tionship between awareness and performancethat
cannot always be assumed.

Influences on SpA

Avariety of SV Sdisplay featuresimpact SpA.
Thetwo investigated in thiswork areterrain tex-
ture and field of view (FOV).

Terraintexture. Terraintexture (Figure 1) refers
to the imagery drawn on the synthetic terrain of
SVSdisplays. SVSdisplayshave used the follow-
ing base texture concepts:

e fishnet (F): agrid of interlinked 500- x 500-foot
squares drawn on a solidly colored terrain;

¢ ¢evation (E): distinct bands of color drawn on the
terrain representing regularly spaced intervalsof ter-
rain elevationscorresponding to color schemesused
by visud flight rule sectional charts; and

¢ photo (P): satellite photos of theactual terrain super-
imposed on the synthetic terrain.

Terrain texture isimportant to SpA because it
facilitates different depth and motion cues. Be-
cause SV S displays are two-dimensional (2-D)
representationsof a3-D space, only pictorial depth
cues(cuesthat can berepresentedin a2-D picture)
are relevant. Texture supports the following pic-
torial depth cues (Goldstein, 2002).

e Familiar size: When an object’s size is known by
the observer, he or she can determineitsrelativedis-
tance by observing how bigitisinthe 2-D display.

¢ Relative size: An object that is the same size as
another, but isfarther away from the observer, will
be smaller in the 2-D display.

e Texture gradient: As objects and patterns that are
equally spaced get farther away from the observer,
they get closer together in the 2-D display.

e Linear perspective: Parallel lines will converge in
the 2-D display astheir distance from the observer
increases.

Thethree base texture concepts (fishnet, eleva-
tion, and photo) convey different information. The
fishnet texture's pattern contributes to familiar
size, relativesize, texturegradient, and linear per-
spective: Thepilot will know how big each square
actualy is, contributing to familiar size; the size
of the squares will decrease as they get farther
away, contributing torelative size; squareswill get
closer together asthey get farther away, contribut-
ing to texture gradient; and the parallel lines that
result fromthe grid will converge asthey get far-
ther away, contributing to linear perspective.

Elevation texturing facilitates the texture gra-
dient depth cue by applying prerendered terrain
shadingin additiontoitselevation color intervals.
Thisprovidesatexturegradient that isdenser than
that of fishnet texture. Additionally, the coded ele-
vation information may facilitate pilot compre-
hension of terrain height.

The photo texture providesamore natural view
of surrounding terrain and contributesto thefamil-
iar size, relative size, and texture gradient depth
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cues. Thefamiliar sizeand relative size depth cues
are both achieved through the presentation of famil-
iar terrain featuresthat get smaller asthey get far-
ther away. The photo texture has adenser texture
gradient than do thefishnet and el evation textures.

All textures contribute to the global optic flow
motion cue by texturing theinvariant structuresin
the optical ambient array (Gibson, 1986).

In a comparison of six textures, Schnell and
Lemos (2002) found that elevation, photo, and
fishnet-like grid textures (acheckerboard pattern)
produced the highest percentagesof correct iden-
tificationsfor video terrain matching and theleast
crosstrack error inflight smulator studies. Takal-
lu, Wong, Bartolone, Hughes, and Glaab (2004)
found that photo and el evation texturing produced
significantly higher SART scoresthan did no tex-
turing and fishnet texturing. Hughes and Takallu
(2002) found that there were significantly larger
SA-SWORD scoresassociated with elevation and
photo textures than with no texture.

Field of view. FOV refersto theangular bound-
ariesof thevolume of spacerepresentedinthedis-
play. FOV isimportant to SpA because larger
FOVsresultinalarger geographical region being
presented on the display. On displayswith larger
FOV's, objects of the same physical sizeand rela
tive position will appear smaller than on displays
with smaller FOVs.

SV Ssimulation tests conducted by Comstock,
Glaab, Prinzel, and Elliott (2002) allowed trans-
port pilots to change among FOV's of 30°, 60°,
and 90°. Pilots preferred the 30° FOV for large
(9.25- x by 8-inch; 23.5- x 20.3-cm) displays.
Glaab and Hughes (2003) found that general avi-
ation pilots who were allowed to select among
22.5°,30°, 60°, and 90° FOVsduring flight tests
preferred the 60° FOV. Arthur et a. (2004) found
that pilots preferred a 30° FOV during approach
and a 60° FOV during departure.

Objectives and Hypotheses

This research investigated how SpA was af -
fected by the three leading texture types in al
combinations (F, E, P, EF, PF, PE, and PEF;
Figure 1) and thetwoleading FOV's(30° and 60°),
using judgmentswith respect to aterrain point that
probed al threelevelsof SpA. Identifying theter-
rain point probed Level 1 SpA. Judgments of the
relative azimuth angle, distance, and height of
the terrain point to ownship probed Level 2 SpA
(providing a3-D perspectiveof theterrain’sloca

tion). An abeam timejudgment (thetimeit would
takethe pilot to fly to the point of closest approach
to theterrain point) probed Level 3 SpA.

Because each of the base textures conveysdif-
ferent spatia information, it washypothesized that
SpA would be best facilitated by the combination
of al three texture types. This was because each
base concept contained unique information that
would be preserved as a result of combination.
Whereas the fishnet texture facilitates the linear
perspective depth cue and has a coarse texture
gradient (assisting in course distance and angle
estimates), the addition of the elevation or photo
textures would provide gradient information be-
tween thefishnet'sgridlines (hel ping refineangle
and distance estimates). Additionally, the eleva-
tiontexture contains coded €l evation information,
not present in the other two, which may facilitate
terrain height judgments. Finally, the photo tex-
ture presents amore natural and familiar view of
theterrain.

Because combining textures has the potential
to clutter the displays and thus negate the effec-
tiveness of different depth cues, experimentation
was necessary to determine what benefit to SpA,
if any, composite textures would have.

METHODS

Participants

Eighteen general aviation pilotsparticipatedin
the study. All had fewer than 400 hr of flight ex-
perience (M = 157, D =75). They werefamiliar
with the out-the-window view from acockpit but
not with SVSdisplays.

Apparatus

Experiments were run in a windowless, con-
stantly lighted |aboratory. Workstations displayed
each simulation and collected participant judg-
ments. Simulations depicted SV S head-down
displayswith the symbology in Figure 2. In sim-
ulations, terrain point location wasindicated using
ayellow inverted cone (d = 500 feet, h= 500 feet)
rendered as part of the SV S environment. Thetip
of the cone intersected the terrain at the terrain
point. All simulations showed SV S displaysin
straight, level flight at 127 knots. They were dis-
played as 5-s, 836 x 728 pixel, 30 frames/s, Win-
dowsMediaVideo (WMV) files. Custom software
played theWMYV filesand collected participant re-
sponses (Bolton, Bass, & Comstock, 2006).
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Figure 2. The SVS display and symbology used in the experiment (labels added). SV S displays were presented to
participants at an eye distance of approximately 30 inches (76.2 cm) and a horizontal visua angle of approximately
18° (display dimensions of 9.25 x 8 inches = 23.5 x 20.3 cm).

Independent Variables

Within-subject variables Thefivewithin-subject
variables were texture, FOV, and three scenario
geometry variables: therelative azimuth angle (Ry),
relative distance (Ry), and relative height (R,) of
theterrain point to ownship. Seven textureswere
used in the experiment: three base textures (F, P,
and E) and four derivativetextures (EF, PF, PE, and
PEF). Two FOVs(30° and 60°) were used inthe
SVSdisplays. Theterrain point location varied

based on its relative position at the end of a sce-
nario by changing thethree scenario geometry vari-
ables, each with two levels (Table 1).

Between-subject variables. There were two
between-subject variables: FOV order and texture
order. A participant either saw all of the 30° FOV
trialsfirst or all of the 60° FOV trialsfirst. Thus,
FOV order had two levels: 30° FOV first or 60°
FOV first.

Textures used to derive other textures always
appeared beforetheir derivativesin order to avoid

TABLE 1: Terrain Point Relative Position (Scenario Geometry) Levels

Independent Variable Range Distribution Level

R, (relative azimuth angle) [0°, 6.5°] (w=3.75,06=1.25  Small

[8.5°, 15°] (w=11.25,0=1.25) Large

Ry (relative distance) (w=2.25 06=0.417) Near
(

[3.75 nmi, 6 nmi]

[-1000 ft, =100 ft]
[100 ft, 1000 ft]

Ry, (relative height)

N
N
[1 nmi, 3.25nmi] N
N
U
U

w=4.75 0=0.417) Far

Below
Above

(-1000, -100)
(100, 1000)

Note. nmi = nautical mile, ft = feet.
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complications associated with presenting deriv-
ative textures before participants had seen their
bases Each participant saw two of the basetextures
the combination of them, thethird texture, and the
rest of thecombinations. Threetexture orderswere
created so that no base texture was introduced in
more than one ordered position: { P, E, PE, F, PF,
EF, PEF}, {E, F, EF, P, PE, PF, PEF}, and {F, P,
PF, E, EF, PE, PEF}.

Dependent Measures

Eight dependent measureswere cal culated from
thefour judgment values (relativeanglein degrees
relative distancein nautical miles, relative height
infeet, and abeam timein seconds) using thethree
judgment tasks (Table 2). Two dependent measures
(onefor directional error and onefor absolute er-
ror) resulted from each judgment value. Each di-
rectional error term represented both the direction
and magnitude of thejudgment error. When apar-
ticipant overestimated ajudgment, the correspond-
ing directional error term was positive. When the
participant underestimated ajudgment, it wasneg-
aive. Absolute error terms represented the mag-
nitude of the judgment error and were calculated
asthe absolutevalue of their corresponding direc-
tional error term.

Procedure

Each experimental session lasted fewer than
4 hr. The participants completed consent forms
and were briefed about the experiment. For each
trial, participants viewed a 5-s ssimulation of an
SVS head-down display in flight (Figure 2). At
the end of the 5 s, the simulation paused for 1 s,
and the screen was cleared.

TABLE 2: Dependent Measure Formulations

For each trial, using the interface in Figure 3,
participants madefour judgmentsbased ontherel-
ative position of the terrain point: relative (azi-
muth) angle, relative distance, relative height, and
abeam time. For the relative distance and angle
judgments, participants placed ayellow X inthe
upper |eft section of the display corresponding to
the lateral location of the terrain point relative
to the aircraft. Values for relative angle (in de-
grees) and distance (in nautical miles) were dis-
played next to the X.

For therelative height judgment, the partici pant
placed ayellow X on avertica scale in the upper
right of the display corresponding to the relative
height of theterrain point. Thereative height was
displayed in feet next to the X asit was moved.
For the abeam timejudgment, partici pantsentered
the time judgmentsin minutes and secondsusing
thekeyboard. To support thistimejudgment, ayel-
low dot ontherel ative distance and anglejudgment
collection interface indicated the abeam point
(point of closest approach) based on the relative
distance and angle judgment.

Participantswere asked to perform these tasks
asquickly and accurately aspossible. For training
trias, participantsweregiven feedback relaing to
theaccuracy of their judgments. (SeeBoltonet d.,
2006, for more information about the experimen-
tal apparatus.)

Each participant experienced 112 experimen-
tal trials (7 texturesx 2 FOVsx 2 R, levelsx 2 Ry
levelsx 2 R, levels=112) and 72 training tridls,
each with aunique terrain configuration. For the
first texture experienced for each FOV, there
were 12 training trials. For the other textures, for
each FOV, therewere4 trainingtrials. Thus, each

Terrain Point Actual Judgment Directional Error Absolute Error
Position Measure  Value Value Dependent Measure Dependent Measure
. _JA-A, ifA,>0
Azimuth angle A, A A, = {—Aj + A, otherwise Al
Distance D, D De=D;- D, Dl
: _[H-H, ifH,>0
Height Ha Hi He = {—Hj + H, otherwise IHel
Abeam time T, T Te=T—T, [Tl

Note. All terrain point position measures were made relative to ownship. A; and A; were measured relative to the aircraft's vector of dis-
placement with angles in the clockwise direction being positive and angles in the counterclockwise direction being negative. H, and H;
were measured relative to the aircraft’s height with positive heights above the aircraft and negative heights below.
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participant saw atotal of 72trainingtrials, result-
inginatotal of 184 trials. The order in which the
eight scenario geometry level swere presented was
unique for each texture and FOV combination.
Thustherewere 14 scenario geometry presentation
orders. Scenario geometry variable levels were
counterbal anced between presentation orders so
that each combination of variablelevelsappeared
in each ordered dot twice and directly followed
every other combination twice.

On completion of al of thetrialsfor each tex-
ture for each FOV, subjective demand (Taylor,
1990), awareness (Glaab & Hughes, 2003), and
clutter (Bailey, Kramer, & Prinzel, 2006) ratings
werecollected. After al of thetria sfor aFOV were
completed, participants made SA-SWORD pair-
wise comparisons (Vidulich & Hughes, 1991) for
al of the textures seen with that FOV (for more
detail see Bolton & Bass, 2007).

Experimental Design and Data Analysis

The experiment employed arepeated measures
design with 18 participants. Three participants
were randomly assigned to each of the six combi-
nations of the between-subject variables (2 FOV
orders x 3 texture orders = 6).

Thisstudy was concerned with the effect of tex-
tureand FOV on spatial awareness. However, be-
cause spatial biases had the potential to impact
spatial awareness between levels of the scenario
geometry variables(Bolton & Bass, in press Wick-
ens, 2002b), this study was concerned not only
with thetextureand FOV main effect and their in-
teraction but also with their two-way interactions
with scenario geometry variables. The effect of
these within-subject factors and the between-
subject factors on the dependent measures were
assessed using repeated measures MANOVAS
(onefor directional error and onefor absolute er-
ror) with Wilks'slambda (Brace, Kemp, & Snel-
gar, 2003).

Effectsfoundto besignificantintheMANOVA
were evaluated against each of the dependent
measures using a univariate repeated measures
ANOVA. WhenaMauchly’stest of sphericity was
violated (p < .05) a Greenhouse-Geisser epsilon
correction factor wasapplied (Braceet a., 2003).
For variableswith morethan two levels, post hoc
analyses were used to identify significant differ-
ences between levels. When sphericity was vio-
lated, a Bonferroni multiple comparison method

was used (Stevens, 2002). A Tukey's HSD was
used otherwise (Stevens, 2002).

RESULTS

This section presents resultsin which apriori
significance levelswere o = .01. The MANOVA
results for the main effect and two-way interac-
tion model for both absolute and directional error
revealed that FOV order, A =.55, F(4, 9) = 1.86,
p=.201, A=.47,F(4,9) =251, p=.116, texture
order, A = .47, F(8, 18) =1.02, p= .457, A = .46,
F(8,18) =1.08, p=.418, and their interaction, A =
17, F(8,18) =3.18, p=.020; A = .35, F(8, 18) =
1.53, p=.215, were not significant for absolute or
directional error, respectively. Thus, al threewere
eliminated from all subsequent models.

Theresulting MANOVA analysesreveal ed that
for absolute error, all of thefollowing weresignif-
icant: Texture, A = .63, F(24, 346.58) = 2.07,p=
.003, Texture x R,, A =.51, F(24, 346.58) = 3.03,
p=.001, Texturex Ry, A = 63, F(24, 346.58) =202,
p =.004, Texture x R,, A =.63, F(24, 346.58) =
2.07, p=.003.

For the directional error MANOVA, all of the
following weresignificant: Texture x R, A =.49,
F(24, 346.58) = 3.31, p=.001, Texturex Ry, A =
.62, F(24, 346.58) = 2.12, p=.002, Texture x R,
A =.49,F(24, 346.58) = 3.29, p=.001, and FOV x
R., A =.25, F(4, 14) = 10.44, p = .001.

ANOVA results for these variables appear in
Tables 3 and 4.

Texture

There was a significant main effect of texture
for |D¢| (Table 3). A Tukey’sHSD (Figure 4a) re-
vealed that significantly less distance error was
committed with PEF than with F.

A Tukey’sHSD was performed for each of the
Texture x Scenario Geometry interactions that
were significant for an absolute error dependent
measure (Table 3). This revealed significant dif-
ferences between texturesfor al of thefollowing:
|A] when R, was large (Figure 4b); |H¢| for both
R.levels(Figures4c and 4d); and fte| when Rywas
far (Figure4e). No significant differenceswere ob-
served in mean |H| between texturesfor the Tex-
ture x R, interaction.

Examining the main and interaction effect re-
sults together reveal ed that there were three tex-
tures (EF, PF, and PEF) among the homogeneous

Downloaded from hfs.sagepub.com at Univ of lllinois at Chicago Library on August 21, 2012


http://hfs.sagepub.com/

SPATIAL AWARENESS IN SVS DISPLAYS

969

TABLE 3: Results of the Repeated Measures ANOVA for Absolute Error Dependent Measures

Independent

Variable IAl Dl [Hel el

Texture F(3.74, 65.87) = 3.21*  F(6,102) = 3.43  F(6, 102) = 1.39 F(2.15, 65.87) = 2.95°
p =.021 p = .004* p=.225 p =.061

Texture x R, F(6, 102) = 3.25 F(6,102) =1.45  F(6,102) = 6.45 F(6, 102) =2.87
p = .006* p =.205 p <.001* p=.013

Texture x Ry F(6, 102) = 2.07 F(6,102) =2.62  F(3.4,74.36)=1.73° F(6,102) = 3.23
p = .064 p =.021 p=.166 p = .006*

Texture x R, F(2.82, 61.6)=1.16¢ F(6,102) =2.48  F(6, 102) =3.88 F(6, 102) = 2.25
p=.335 p=.028 p = .002* p = .045

Note. Superscripts indicate that a Greenhouse-Geisser ¢ correction was applied to the degrees of freedom because of a violation of
sphericity: W = .1, x%(20) = 33.48, p = .033, ¢ = .62; "W = .01, ¥%20) = 62.54, p < .001, € = .36; “W = .07, %(20) = 39.25, p = .007, ¢ =

57, 9W = .04, x%(20) = 49.43, p < .01, & = .47.
*p < .01,

subsetsthat produced theleast average absol ute er-
ror across the five error categories (Figure 4).

There were also significant differences found
between textures for directiona error (Table 4).
Post hoc analyses revealed that for the Texture x
R, interaction, participants significantly underes-
timated distancesmorefor PEF ascompared with
EF, PF, and PE when R, was small (Figure 5a);
underestimated heightsmore for PEF than for PE
when R, was small (Figure 5b); underestimated
heightsmorefor E and Pcompared with F, EF, and
PEF, and for PE compared with EF and PEF when
R.waslarge (Figure 5¢); and underestimated times
significantly more for PEF than for F, E, EF, PF,
and EF when R,wassmall (Figure 5€). For the Tex-
ture x Ry interaction, participants underestimated
heightsmorefor E and Pthan for EF when Rywas
far (Figure 5d). There were no significant differ-
ences in mean H, between textures for the Tex-
ture x R, interaction.

FOV

FOV was not asignificant main effect for any
of the error terms. However, the FOV x R, inter-
actionwassignificant for De, He, andte (Table 4).
A Tukey’s HSD revealed that for both levels of
R., participants underestimated distances for the
30° FOV and overestimated them for the 60° FOV
(Figures 6aand 6b). When R, waslarge, they un-
derestimated relative heights for both FOV's, but
moresofor the60° FOV (Figure 6¢). When R,was
small, participants underestimated abeam times
for the 30° FOV and overestimated them for the
60° FOV (Figure 6d).

DISCUSSION

The primary objective of this experiment was
to apply anew judgment-based means of measur-
ing SpA to determine how different textures and
FOVsfacilitate SpA in SV Sdisplays. Thisisdis-
cussed for both texture and FOV.

Texture

We hypothesized that because the three base
textures conveyed different spatial information,
their combinationswould result inincreased SpA.
For the absolute error termsfor which texture or a
Texture x Scenario Geometry parameter was Sig-
nificant, the data do suggest that combinations of
the basetexture conceptsenhance SpA. Inall cases
the EF, PF, and PEF textureswere in the homoge-
neous subset of textures that produced the small-
est magnitudesin error (Figure 4).

Whereas the main effects analysis (Figure 4a)
differentiated between texturesat only the second
level of SpA (significant differencesin |Dg), the
EF, PF, and PEF textureswere shown tofacilitate
theleast error for Level 2 (JAg and [H¢|) and Level
3 (fte]) SpA judgments in the interaction effects
(Figures 4b—4e). This suggests that SpA is best
facilitated by one of thesetextures. Asthe PEF tex-
ture was aways the last texture seen by partici-
pants, thereisapotential confound associated with
itslow error values. Future work should investi-
gate whether thelow mean errorsobserved for the
PEF texture were aresult of observation order.

A common featureinthe E, P, and PE textures
is the terrain form they convey via shading. In
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Figure 4. Post hoc analysesresultsfor the texture main effect and Texture x Scenario Geometry interactionsthat were
significant for absolute error dependent measures for which significant differences were observed between textures.
Filled circlesindicate means (sorted in ascending order by error magnitude). Barsaround meansindicate Tukey’sinter-
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TABLE 4: Results of the Repeated Measures ANOVA for Directional Error Dependent Measures

Independent

Variable A D, H. Te

Texture x R, F(6,102) = 1.33 F6,102) =3.77  F(6,102) = 9.25 F(6,102) = 3.49
p =.249 p = .002* p < .001* p = .004*

Texture x Ry F(6,102) = 1.42 F(6,102) =2.36  F(6,102)=3.18 F(6, 102) = 2.85
p=.212 p=.035 p = .007* p=.013

Texture x Ry, F(2.99,74.77) = 1.57* K6, 102) =2.05 F(3.71,74.77) = 10.47°  F(6, 102) = 2.13
p =.207 p = .065 p < 0.001* p =.056

FOV x R, F(1,17)=4.8 F(1,17) = 8.43 F(1,17) = 20.38 F1,17) =17.39
p =.043 p =.010* p < .001* p < .001*

Note. Superscripts indicate that a Greenhouse-Geisser ¢ correction was applied to the degrees of freedom because of a violation of
sphericity: 2w = .05, %%4(20) = 45.35, p = .001, ¢ = .5; by = 11, x4(20) = 32.43, p < .044, £ = .62.

*p<.01.

order to convey terrain form without dynamic
shading (see Schnell & Lemos, 2002), E, P, and
PE had terrain shading represented on thetexture
itself. The F texture did not. Thus, results compa:
rable to those observed for EF, PF, and PEF may
be achievable with a texture that uses a fishnet
pattern over a shaded, solidly colored terrain.

If only thethree basetextures (F, E, and P) are
considered, the datasuggest that SpA isbest facil-
itated by P as it was among the texturesthat pro-
duced the least absolute error for more main and
interaction effects as compared with the Fand E
textures (Figure4). Thisisinteresting becausethe
textures that resulted in the least judgment error
(EF, PF, and PEF) weredll derivativesof F, not P
Thus, benefits afforded by the Ptexture are dom-
inated by the benefits achieved through the combi-
nation of E and F or Pand F.

Thedirectiona error termswith significant in-
teraction effects to which texture contributed, con-
vey insight into how the choice of texture biases
spatial perceptionin SVSdisplays. Itisclear that
any overestimation is potentially hazardous as it
constitutes an underestimation of the terrain’s
threat. However, it isnot clear to what extent under-
estimationisundesirable. Thus, aheuristic would
need to be developed in order to address what
magnitude of underestimation is detrimental and
what the relative importance of error is between
judgments.

FOV

FOV did not contribute to main or interaction
effectsfor the absol ute error dependent measures.
Thus, it isnot clear which FOV provided superi-

or SpA. For the significant differencesseenin di-
rectional error between FOV's (Figure 6), varying
degrees of over- and underestimations were ob-
served. Thissuggestsaneed toinvestigate FOV's
between 30° and 60°. However, no va uejudgment
can be made without a heuristic for assessing the
relative importance of directional error.

Conclusions

Because SV Sdisplaysare designed to address
CFIT, they must ensurethat they support accurate
pilot SpA. Thiswork introduced new measures of
SpA that allowed the accuracy of pilot SpA to be
evaluated for texturesand FOVsin SV Sdisplays.
Ingeneral, SpA was best supported by the EF, PF,
and PEF textures. Either a30° or 60° FOV could
be used. A 30° FOV would promote underestima-
tion of relative distances and abeam times. A 60°
FOV would promote overestimation of relative
distancesand abeam times and underestimation of
relative heights. However, giventheartificiaity of
thisstudy’s procedure, theseresults should berepli-
cated in higher fidelity simulations before being
used to make any design decisions.

Although the procedure used 5-s videos, this
time period should be investigated. Even though
the experiment produced significant results, future
work should gointo investigating how long videos
should be displayed in order to best inform pilot
instrumentation design.

Themethod used for ng Level 3SpA (the
abeam timejudgment) is partially confounded by
the Level 2 SpA judgments. Thus, future experi-
ments may want to investigate alternative ways of
assessing Level 3 SpA.
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A variety of other display parameters and pic-
torial depth cues could also impact pilot SpA in
SV'S. Such display parametersinclude additional
FOV s, textures (see Schnell & Lemos, 2002), dis-
play sizes(see Comstock et al., 2002), and instru-
mentation. Depth cues could aso be evaluated.
Atmospheric perspectiveisacuewherein an object
that isfarther away appearslesssharp thanaclos
er onebecause of particulatesintheair (Goldstein,
2002). Thisdepth cue could be added to SVS so that
itsimpact on SpA could be evaluated. Familiar ob-
jectssuch ashuildings, trees, towers, and runways
could be added to the SV'S display to facilitate
relative size and familiar size depth cues.

Thereare also parametersin thetexturesthem-
selvesthat may affect SpA. Asthethree best tex-
tures from this experiment (EF, PF, and PEF)
contained grid patterns, research could investigate
what grid sizesresult in the most accurate spatial
judgments. Other parameters of interest are the
thickness of the fishnet gridlines, the colors used
torepresent elevation intervals, and texture reso-
[ution.

Although the focus of this research was cen-
tered on SpA with SV S displays, there are other
potential applications. Although the results col-
lected will likely prove useful for perspective avi-
ation displays, given that the relevance of depth
cuesisoften dependent on the rel ative distance of
the objects (Goldstein, 2002), the methodol ogy
used for measuring SpA could beuseful inany do-
main in which accurate SpA is important. Such
domainsincludedriving, robot control systems,
air traffic control, virtual environments, and un-
manned air vehicles.
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