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Spatial awareness is important in domains where safety hinges on human operators keeping track of the
relative locations of objects in the environment. While a variety of subjective and judgment-based
measures have been used to evaluate spatial awareness, none have probed all three of its levels: (1)
identification of environmental objects, (2) their current locations relative to the operator, and (3) their
relative positions over time. This work compares new judgment-based measures of spatial awareness
that probe all three levels of spatial awareness to conventional subjective measures. In the evaluation of
14 configurations of Synthetic Vision Systems head down displays (seven terrain textures and two
Geometric Fields of View (GFOVs)), 18 pilots made four types of judgments (relative angle, distance,
height, and abeam time) regarding the location of terrain points displayed in 112 5-s, non-interactive
simulations. They also provided subjective demand, awareness, clutter, SA-SWORD, and preferred GFOV
measures. Correlation analyses revealed that displays that received higher awareness and SA-SWORD
subjective ratings were associated with smaller errors in abeam time judgments and, for SA-SWORD,
smaller errors in relative distance judgments. Thus SA-SWORD provides insight into level 2 spatial
awareness and both SA-SWORD and awareness provide insight into level 3 spatial awareness. ANOVA
and c2 analyses revealed comparable results between display configurations that produced the minimum
error in judgments and those recommended by the awareness, SA-SWORD, and preferred GFOV
measures.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction (Vidulich et al., 1991), clutter (Bailey et al., 2002, 2006), alertness
Spatial awareness is an aspect of situation awareness (Wickens,
2002a) that encompasses the extent to which a person notices
objects in the surrounding environment (level 1), the person’s
understanding of where these objects are (level 2), and the person’s
understanding of where these objects will be in the future (level 3)
(Endsley, 1995b; Wickens, 2002b). Spatial awareness is important
in domains where safety hinges on operators keeping track of the
relative location of objects in the environment. Such domains in-
clude air traffic control, where spatial awareness helps controllers
maintain separation between aircraft; combat operations, where
spatial awareness allows soldiers to identify, locate, and predict the
location of enemies; driving, where spatial awareness helps drivers
avoid contact with other vehicles and environmental obstacles; and
aircraft piloting, where spatial awareness helps pilots avoid terrain,
other aircraft, and environmental obstacles.

1.1. Subjective measures

Subjective measures have frequently been used to evaluate
awareness (Taylor, 1990; Vidulich and Hughes, 1991), workload
All rights reserved.
(Dorrian et al., 2007), and many other dimensions of cognition.
These types of measures are popular because of the relative ease
with which they can be collected. The use of subjective measures
typically involves exposing participants to a particular design under
varying operational conditions and having them rate their experi-
ence (in the case of awareness, how aware they thought they were)
using Likert scales.

A common subjective awareness measure is the Situation
Awareness Rating Technique (SART) (Hughes and Takallu, 2002;
Stark et al., 2001; Takallu et al., 2004). SART was developed by
interviewing experienced aircrew and identifying 10 SA constructs:
instability of situation, variability of situation, complexity of situ-
ation, arousal, spare mental capacity, concentration, division of
attention, information quantity, information quality, and familiarity
(Selcon and Taylor, 1990; Taylor, 1990). These 10 constructs were
found to cluster into three broad categories: attentional demand,
attentional supply, and understanding. Attentional demand repre-
sents the amount of demand placed on attentional resources. It
encompasses the instability, variability, and complexity of the sit-
uation. Attentional supply denotes the amount of attentional re-
sources afforded by a design or situation. It includes arousal, spare
mental capacity, concentration, and division of attention. Un-
derstanding of the situation consists of information quantity, in-
formation quality, and familiarity.
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Thus, SART is often measured using these three dimensions.
Participants rate designs based on attentional demand (Demand),
attentional supply (Supply), and understanding of the situation
(Understanding) (between ‘‘low’’ and ‘‘high’’) each on 100-point
Likert scales (Selcon and Taylor, 1990; Taylor, 1990). The three
values are then combined into a single situation awareness score
(SA) using the formula SA¼Understanding� (Demand� Supply).

Subjective rating scales have also been used to measure spatial
awareness (Bailey et al., 2002; Glaab and Hughes, 2003) as well as
display clutter (Bailey et al., 2006). Like a SART dimension, these
measures use Likert scales to allow participants to rate displays.

Situation Awareness-Subjective WORkload Dominance (SA-
SWORD) is another type of subjective measure that has been used
to evaluate SA with different displays (Arthur et al., 2004; Hughes
and Takallu, 2002; Vidulich and Hughes, 1991). It has also been used
to specifically measure spatial awareness (Bailey et al., 2002). SA-
SWORD, which was adapted to measure awareness from the Sub-
jective Workload Dominance technique, is an Analytic Hierarchy
Process (AHP) based metric that allows participants to make pair-
wise comparisons between experimental conditions on a 17-point
scale concerning the relative amount of SA provided by each
(Vidulich and Hughes, 1991). For n displays, SA-SWORD requires
that

�n
2
�

comparisons be made in order to populate an n� n
comparisons matrix. The matrix is then used to calculate scores for
each of the displays by normalizing the geometric means for each
row of the matrix (Turner, 1996; Vidulich et al., 1991).

Researchers have also used discrete choice to evaluate aware-
ness. For such a metric, participants specify which display condi-
tions they prefer during display operation (through a selectable
choice) or through a post run questionnaire. Arthur et al. (2004),
Comstock et al. (2001), and Glaab and Hughes (2003) used such
methods to evaluate Geometric Fields of View (GFOVs) (the angular
boundaries of the volume of space represented in the display) in
perspective cockpit displays.

Despite their ease of collection (and thus popularity), it is not
clear what these subjective metrics measure. While SART and
similar rating techniques have been correlated with performance
measures (Selcon and Taylor, 1990), they have also been shown to
be correlated with operator confidence (Endsley et al., 1998). Thus,
SART-like awareness metrics may be measuring confidence, or
some other cognitive attribute, rather than awareness. Additionally,
studies utilizing SA-SWORD have found strong correlations be-
tween pilot display preference and SA-SWORD scores (Endsley,
1995a). It is possible that preference influences SA-SWORD rank-
ings or vice versa. Similar concerns can also be levied at discrete
choice subjective measures. Further, Pew (2000) has expressed
concern that awareness assessment found using SART and SA-
SWORD may be confounded by workload.

1.2. Judgment-based measures

Judgment-based metrics provide another approach to measur-
ing awareness. A widely utilized SA measurement technique that
uses judgments to assess awareness is the Situation Awareness
Global Assessment Technique (SAGAT) (Endsley, 1988). In SAGAT,
participants answer a battery of questions probing different cate-
gories of operator SA knowledge during pauses or breaks in ex-
perimental activity. Participants are scored based on the percentage
of the questions they answer correctly.

Judgment-based metrics have also been used to measure spatial
awareness specifically. Yeh (1992) used ordinal distance judgments
to assess spatial perception for stereoscopic and perspective dis-
plays. Several studies have utilized azimuth and elevation angle
judgments of the relative position of two objects over synthetic
terrain (Adelstein and Ellis, 2000; Barfield and Rosenberg, 1995;
McGreevy and Ellis, 1986). A variation on this procedure measured
the error in azimuth and elevation angle in gaze during simulated
flight when pilots were asked to stare in the direction of memo-
rized targets during pauses in simulated flight (Dorighi et al., 1992).
Wells et al. (1988) used the ability of participants to accurately
replicate, from memory, the position of objects presented in hel-
met-mounted displays as a metric of spatial awareness. Fracker
(1990) had participants replicate the display position of enemy
aircraft during pauses in simulated flight. In studies by Marshak
et al. (1987), participants made judgments about the location of
targets shown on map displays during pauses in simulated flight.
While each of these techniques measured different aspects of
spatial awareness, none measured all three of the levels specified
by Wickens (2002b).

1.3. Objective

Quantifiable measures of spatial awareness are necessary to
inform the development of decision support tools in many do-
mains. This research compares subjective awareness measures to
new judgment-based measures that directly probe all three levels
of spatial awareness: identification of an object in the environment
probed level 1 spatial awareness; estimates of the object’s relative
position probed level 2 spatial awareness; and a prediction of the
time it would take to reach that object probed level 3 spatial
awareness. Both directional and absolute error terms for each
judgment assess spatial awareness accuracy at each level. Since
these measures are theoretically grounded (based on the spatial
awareness literature), their comparison to subjective measures
could reveal what aspects of spatial awareness the subjective
measures assess.

Synthetic Vision Systems (SVS) were used in this study because
subjective measures have frequently been used to evaluate SVS
designs with respect to both spatial awareness and general situa-
tion awareness. Controlled Flight Into Terrain (CFIT), where a fully
functional aircraft is inadvertently flown into the ground, water, or
other terrain obstacle, has been the cause of more than 22% of all
fatal accidents in worldwide commercial aviation since 1987
(Boeing, 2007). Such accidents are often characterized by a loss of
situation awareness in low-level flight and low visibility conditions
(Khatwa and Roelen, 1998). SVS are technologies that address this
problem by using onboard terrain databases and Global Positioning
System (GPS) data to create a computerized picture of the world in
front of the aircraft, regardless of the actual visibility conditions.

Two aspects of SVS that can affect spatial awareness are terrain
texture (the imagery drawn on the synthetic terrain) and Geo-
metric Field of View (GFOV; the angular boundaries of the volume
of space represented in the display). An experiment was conducted
to investigate the new measures of spatial awareness. Bolton et al.
(2007) report the results (and corresponding insights) of using
these measures to evaluate which terrain textures and GFOVs best
facilitate spatial awareness for SVS. Bolton and Bass (2008) use
these measures to identify spatial awareness biases in SVS. The
work reported in this paper compares the results obtained with
these new measures to traditional subjective measures. Thus, this
works attempts to determine to what degree the subjective mea-
sures reflect the objective performance encompassed by the judg-
ment-based measures.

The new spatial awareness measures were evaluated with re-
spect to a terrain point indicated on the terrain of a SVS head down
display. Identifying the terrain point probed level 1 spatial aware-
ness; judgments of the relative azimuth angle, distance, and height
of the terrain point to ownship probed level 2 spatial awareness
(providing a three-dimensional perspective of the pilot’s percep-
tion of the terrain’s location); and an abeam time judgment (the
time it would take the pilot to fly to the point of closest approach to
the terrain point) probed level 3 spatial awareness. For this analysis,
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judgment performance (as measured by absolute and directional
errors) was compared with demand, awareness, clutter, SA-
SWORD, and discrete choice (preferred GFOV) subjective measures.
Since no previous studies have evaluated spatial awareness using
these new judgment-based measures, it was not clear if the sub-
jective measures would exhibit correlation with the judgment-
based measures.

2. Methods

2.1. Participants

Eighteen general aviation pilots volunteered for the study. All
participants had less than 400 h of flight experience (M¼ 157,
S¼ 75). They were familiar with the out-the-window view from
a cockpit but not with SVS displays. They were paid $100 for their
participation.

2.2. Apparatus

Experiments were run in a windowless constantly lighted lab-
oratory. Workstations displayed each simulation and collected
participant judgments. Simulations depicted SVS head down dis-
plays with the symbology shown in Fig. 1. The location of the terrain
point was indicated using a yellow inverted cone (d¼ 500 ft,
h¼ 500 ft) rendered as part of the SVS environment. The tip of the
cone intersected the terrain at the terrain point. All simulations
depicted SVS displays in straight, level flight (no pitch or roll) at 127
knots with no additional influences on motion. They were dis-
played as 5 s, 836� 728 pixel, 30 frames per second, Windows
Media Video (WMV) files. Custom software played the WMV files
and collected participant responses (Bolton et al., 2006).

2.3. Independent variables

There were five within subject independent variables. These
included texture, GFOV, and three scenario geometry variables: the
relative (azimuth) angle, distance, and height of the terrain point to
ownship.

Seven textures (Fig. 2) were used in the experiment: three base
textures (F, E, and P), and four derivatives of them (EF, PF, PE, PEF).
The three base textures were chosen because each had been used in
SVS (Glaab and Hughes, 2003; Schnell and Lemos, 2002), and each
Fig. 1. The SVS display and symbology used in the experiment (labels added). SVS
displays were presented to participants with an eye distance of approximately 30
inches and a horizontal visual angle of approximately 18� . This figure is reproduced
with permission from Human Factors. Copyright 2007 by the Human Factors and Er-
gonomics Society. All rights reserved.
facilitated different depth cues that persisted under combination
(see Bolton et al., 2007).

Two GFOVs (30� and 60�) were used in this experiment. These
were selected because they were shown to have pilot preference by
Arthur et al. (2004), Comstock et al. (2001), Glaab and Hughes
(2003).

The location of the terrain point varied based on its relative
position to ownship at the end (last frame) of a simulation by
changing the three scenario geometry parameters: the relative
angle, distance, and height of the terrain point with respect to
ownship. Each of the variables had two levels (Table 1).

2.4. Dependent measures

Eight dependent measures were calculated from the four
judgment values (relative angle (�), relative distance (nmi), relative
height (ft), and abeam time (s)) from the three judgment tasks
(Table 2). There were two dependent measures associated with
each of these judgment values: one for directional error and one for
absolute error. Each directional error term represented both the
direction and magnitude of the error in the judgment value. When
a participant overestimated a judgment, the corresponding di-
rectional error term was positive. When the participant under-
estimated a judgment, it was negative. Absolute error terms
represented the magnitude of the error judgment and were cal-
culated as the absolute value of their corresponding directional
error term. Only absolute error terms are discussed in this
manuscript.

There were six types of subjective measures in this study. For
each texture and GFOV combination, demand, awareness, and
clutter ratings were collected on a 100-point scale. Demand and
awareness represented the attentional demand and situational
understanding dimensions of SART, respectively, with the aware-
ness scale also being comparable to the spatial awareness measure
used by Bailey et al. (2002) and Glaab and Hughes (2003). The
clutter dependent variable was comparable to that used by Bailey
et al. (2006) and required participants to rate the amount of display
clutter they observed. To avoid potential confounds with workload,
the experimental task did not require aircraft piloting and therefore
the supply dimension was not collected.

Because collecting the
� 14

2
�
¼ 91 pair-wise comparisons associ-

ated with a SA-SWORD probe for each level of the texture�GFOV
interaction was considered to be too difficult for participants, SA-
SWORD pair-wise comparisons were collected for each texture
within a given GFOV. Thus, there were two SA-SWORD dependent
measures, SA-SWORD 30� and SA-SWORD 60�, based on

� 7
2
�
¼ 21

comparisons.
The sixth type of subjective measure was called preferred GFOV.

Participants specified which GFOV they thought provided better
spatial awareness for each texture (30�, 60�, or neither).

2.5. Procedure

Each experimental session lasted between 3 and 4 h. The par-
ticipants completed consent forms and were briefed about the
experiment. For each trial, participants viewed 5-s simulations of
an SVS heads down display in flight (Fig. 1) in which participants
could observe global optic flow (Gibson, 1986). At the end of the 5 s,
the simulation paused for 1 s, and the screen was cleared. Each
simulation (representing a unique combination of within subject
variable levels) depicted a unique terrain configuration.

For each trial, participants made four judgments based on the
relative position of the terrain point: relative angle, relative dis-
tance, relative height, and abeam time using the interface in Fig. 3.
For the relative distance and angle judgments, participants placed
a yellow � in the upper left section of the display corresponding to



Fig. 2. The terrain textures evaluated in the experiment. This figure is reproduced with permission from Human Factors. Copyright 2007 by the Human Factors and Ergonomics
Society. All rights reserved.

Table 2
Dependent measure formulations.
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the lateral location of the terrain point relative to the aircraft.
Values for relative angle (�) and distance (nmi) were displayed next
to the �. For the relative height judgment, the participant placed
a yellow � on a vertical scale in the upper right of the display
corresponding to the relative height of the terrain point. The rela-
tive height was displayed in feet next to the � as it was moved. For
the abeam time judgment, participants entered the time judgments
in minutes and seconds using the keyboard. To support this time
judgment, a yellow dot on the relative distance and angle judgment
collection interface indicated the location of the abeam point based
on the relative distance and angle judgment. Participants were
asked to perform these tasks as quickly and accurately as possible.
For training trials, participants were given feedback relating to the
accuracy of their judgments (see Bolton et al., 2006 for more ex-
perimental apparatus details).

Each participant experienced 112 counterbalanced experimen-
tal trials (7 textures� 2 GFOVs� 2 angles� 2 distances� 2
heights¼ 112) and 72 training trials. Participants saw all of the
trials with one GFOV before seeing any trials with the other. GFOV
presentation order was counterbalanced between participants.
Textures used to derive other textures always appeared before their
derivatives in order to avoid complications associated with pre-
senting a derivative texture before participants had seen its bases.
Each participant saw two of the base textures, the combination of
Table 1
Terrain point relative position to ownship (scenario geometry) level encoding.

Independent variable Range Distribution Level

Angle [0� , 6.5�] N(m¼ 3.75, s¼ 1.25) Small
[8.5� , 15�] N(m¼ 11.25, s¼ 1.25) Large

Distance [1, 3.25 nmi] N(m¼ 2.25, s¼ 0.417) Near
[3.75, 6 nmi] N(m¼ 4.75, s¼ 0.417) Far

Height [�1000, �100 ft] U(�1000, �100) Below
[100, 1000 ft] U(100, 1000) Above
them, the third texture, and the rest of the combinations. Three
texture orders were created so that no base texture was introduced
in more than one ordered slot: {P, E, PE, F, PF, EF, PEF}, {E, F, EF, P, PE,
PF, PEF}, and {F, P, PF, E, EF, PE, PEF}. Texture orders were counter-
balanced between participants.

For the first texture seen for the first GFOV, there were 12
training trials. For the other six textures, there were four training
trials per texture (4� 6¼ 24). This pattern was repeated for the
second GFOV. Thus, there were 12þ (4� 6)¼ 36 training trials for
each GFOV for a total of 2� 36¼ 72 training trials. Participants
received judgment accuracy feedback after each training trial (see
Fig. 3).

The order in which the eight scenario geometry levels were
presented was unique for each texture and GFOV combination.
Thus there were 14 scenario geometry presentation orders. Sce-
nario geometry variable levels were counterbalanced between
presentation orders so that each combination of variable levels
appeared in each ordered slot twice and directly followed every
other combination twice.

Immediately following the completion of all the trials for each
texture and GFOV combination, subjective demand (Taylor, 1990),
Terrain point
position measure

Actual
value

Judgment
value

Directional error
dependent measure

Absolute error
dependent
measure

Azimuth angle Aa Aj Ae ¼
Aj � Aa if Aa > 0
�Aj þ Aa otherwise

�
jAej

Distance Da Dj De¼Dj�Da jDej

Height Ha Hj He ¼
Hj � Ha if Ha > 0
�Hj þ Ha otherwise

�
jHej

Abeam time sa sj se¼ sj� sa jsej

Note: all terrain point position measures were made relative to ownship. Aa and Aj

were measured relative to the aircraft’s vector of displacement with angles in the
clockwise direction being positive and angles in the counterclockwise direction
being negative. Ha and Hj were measured relative to the aircraft’s height with pos-
itive heights above the aircraft and negative heights below.



Fig. 3. The judgment collection interface in multiple modes of operation (clockwise from the upper left): the relative distance, angle, and height judgments; the abeam time
judgment; training feedback on the judgment collection interface; numerical training feedback shown concurrently with feedback on the judgment collection interface. This figure
is reproduced with permission from Human Factors. Copyright 2007 by the Human Factors and Ergonomics Society. All rights reserved.
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awareness (Bailey et al., 2002; Glaab and Hughes, 2003), and clutter
(Bailey et al., 2006) ratings were collected (Fig. 4a). After all of the
trials for a GFOV were completed, participants made SA-SWORD
pair-wise comparisons (Vidulich and Hughes, 1991) between each
texture with that GFOV (Fig. 4c). After all of the trials were com-
pleted, participants specified which GFOV (preferred GFOV) if any
provided superior spatial awareness (Fig. 4b). For the SA-SWORD
and preferred GFOV measures, participants were instructed (during
the experiment briefing) to comparatively assess how well they
were able to determine where the aircraft was relative to the sur-
rounding terrain using the displays (this is comparable to the in-
structions presented for the awareness measure (Fig. 4a)).

Participants were given a short break at three points in the ex-
periment: the first occurred after the participant completed all of
the trials for the third texture for the first GFOV, the second oc-
curred after the participant provided the SA-SWORD pair-wise
comparisons for the textures with the first GFOV, and the third
occurred after the participant completed all of the trials for the
third texture for the second GFOV.

2.6. Experimental design and data analysis

The experiment employed a repeated measures design. Three
participants were randomly assigned to each of the six combina-
tions of the GFOV and texture orders (2 GFOV orders� 3 texture
orders¼ 6).

The demand, awareness, clutter, and SA-SWORD dependent
measures were subjected to post-processing before being evalu-
ated in the subsequent analyses. Each participant’s demand,
awareness, and clutter measures were converted into z-scores
based on the mean and standard deviation of the participant’s
ratings for the respective measure. SA-SWORD 30� and SA-SWORD
60� pair-wise comparisons were converted to numerical scores
using the aforementioned method described by Turner (1996) and
Vidulich et al. (1991).

In order to determine what dimension of spatial awareness
was being assessed by the subjective measures, a series of cor-
relation analyses between the subjective and absolute error
judgment-based measures was conducted. Correlations were also
calculated between subjective measures in order to determine
how they interrelate. This was done across the mean error for
independent variable levels of the texture�GFOV interaction.
Correlations were also evaluated across levels of the texture
main effect in order to determine to what degree texture was
responsible for associations between dependent variables. Cor-
relations could not be calculated across GFOVs because there
were only two.

In order to compare the results obtained from the subjective
measures to those found for the judgment-based measures, the
main and two-way interaction effects of the within and between
subject factors on the subjective dependent measures (with the
exception of preferred GFOV’s nominal data) were assessed using
a univariate repeated measures’ analyses of variance (ANOVA) with
a Type III sum of squares (Brace et al., 2003). A Mauchly’s Test of
Sphericity was performed in order to ensure that the assumptions
for the repeated measure analysis were not violated. When sphe-
ricity was violated (p< 0.05) a Greenhouse–Geisser 3 correction
factor was used (Brace et al., 2003). Post-hoc analyses were used
to evaluate differences between textures. When sphericity was
violated, a Bonferroni post-hoc analysis was used (Stevens, 2002).
A Tukey’s HSD was used otherwise.

A cross-tabulation c2 analysis was used to test for significant
differences between the preferred GFOV options selected (both in
general and for each texture).



Fig. 4. The subjective measures data collection interfaces: (a) demand, awareness, and clutter; (b) preferred GFOV; (c) SA-SWORD.

Table 3
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3. Results

Correlation results are shown in Tables 3 and 4 with corre-
sponding scatter plots in Figs. 5 and 6. The number of correlations
performed would necessitated a correction of a¼ 0.05/
29¼ 0.001724. Thus, trends are presented with a¼ 0.01. ANOVA
results for the subjective measures are presented using a¼ 0.05 for
significance (Table 5). ANOVA results for the judgment-based
measures appear in Bolton et al. (2007). Differences observed be-
tween levels of significant main effects appear in Fig. 7. Results for
preferred GFOV appear in Fig. 8.
Correlations between average dependent measure values for each level of
texture�GFOV.

Demand Awareness Clutter SA-SWORD

Awareness r(14)¼�0.17
p¼ 0.572

Clutter r(14)¼ 0.34 r(14)¼�0.29
p¼ 0.234 p¼ 0.309

SA-SWORD r(14)¼�0.27 r(14)¼ 0.67 r(14)¼ 0.03
p¼ 0.356 p¼ 0.009* p¼ 0.923

jDej r(14)¼�0.26 r(14)¼�0.46 r(14)¼�0.29 r(14)¼�0.73
p¼ 0.379 p¼ 0.098 p¼ 0.322 p¼ 0.003*

jAej r(14)¼ 0.31 r(14)¼�0.19 r(14)¼�0.51 r(14)¼�0.38
p¼ 0.285 p¼ 0.514 p¼ 0.065 p¼ 0.182

jHej r(14)¼ 0.09 r(14)¼�0.37 r(14)¼ 0.29 r(14)¼�0.53
p¼ 0.766 p¼ 0.195 p¼ 0.318 p¼ 0.051

jsej r(14)¼ 0.15 r(14)¼�0.68 r(14)¼�0.10 r(14)¼�0.79
p¼ 0.609 p¼ 0.007* p¼ 0.740 p¼ 0.001*

*p< 0.01.
3.1. The relationship between the subjective and judgment-based
measures

Correlation analyses results across texture�GFOV levels (Table
3 and Fig. 5) revealed negative correlation trends between SA-
SWORD and jDej as well as jsej. Awareness also exhibited a negative
trend with jsej. A positive trend was observed between SA-SWORD
and awareness. Neither jHej nor jAejwere correlated with any of the
subjective measures. Similarly, the demand and clutter subjective
measures were not correlated with any other measures.

The correlation analysis across texture (Table 4 and Fig. 6)
revealed a negative trend between SA-SWORD 30� and jsej. Nega-
tive trends were nearly indicated (p< 0.05) between SA-SWORD
60� and both jDej and jsej and between SA-SWORD 30� and jDej,
indicating that texture contributed to the associations found in the
correlations across texture�GFOV levels. Similarly, neither jHej nor
jAej correlated with any of the subjective measures and neither
demand, awareness, nor clutter, showed any correlations with any
of the other measures.
3.2. Effect of texture and GFOV on the subjective measures

Texture produced a significant main effect for the awareness
dependent measure (Table 5). While a Tukey’s post-hoc analysis
indicated that there were no significant differences between the



Table 4
Correlations between average dependent measure values for each texture.

Demand Awareness Clutter SA-SWORD 30� SA-SWORD 60�

Awareness r(7)¼�0.43
p¼ 0.334

Clutter r(7)¼ 0.57 r(7)¼ 0.02
p¼ 0.186 p¼ 0.958

SA-SWORD 30� r(7)¼�0.44 r(7)¼ 0.70 r(7)¼ 0.20
p¼ 0.323 p¼ 0.079 p¼ 0.660

SA-SWORD 60� r(7)¼�0.48 r(7)¼ 0.68 r(7)¼ 0.15
p¼ 0.273 p¼ 0.091 p¼ 0.741

jDej r(7)¼ 0.07 r(7)¼�0.49 r(7)¼�0.58 r(7)¼�0.86 r(7)¼�0.79
p¼ 0.89 p¼ 0.269 p¼ 0.176 p¼ 0.014 p¼ 0.037

jAej r(7)¼ 0.35 r(7)¼�0.64 r(7)¼�0.33 r(7)¼�0.64 r(7)¼�0.72
p¼ 0.437 p¼ 0.122 p¼ 0.473 p¼ 0.123 p¼ 0.069

jHej r(7)¼ 0.73 r(7)¼�0.24 r(7)¼ 0.19 r(7)¼�0.68 r(7)¼�0.66
p¼ 0.064 p¼ 0.599 p¼ 0.678 p¼ 0.091 p¼ 0.106

jsej r(7)¼ 0.32 r(7)¼�0.75 r(7)¼�0.39 r(7)¼�0.92 r(7)¼�0.86
p¼ 0.478 p¼ 0.053 p¼ 0.383 p¼ 0.003* p¼ 0.014

Note: because SA-SWORD 30� and SA-SWORD 60� were collected separately for each of their respective GFOVs, they were not averaged across GFOV in this analysis.
*p< 0.01.
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mean awareness ratings for each texture (Fig. 7b), differences were
found using a least significant difference post-hoc. This revealed
that E, EF, PF, and PEF were amongst the four textures in the ho-
mogeneous subset of textures that received the highest scores
(Fig. 7b).
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Fig. 5. Scatter plots showing the correlations between average dependent measure values
p< 0.01 level.
Texture was also a significant main effect for both the SA-
SWORD 30� and SA-SWORD 60� dependent measures. Bonferroni
post-hoc analyses revealed that there were five textures that were
in the homogeneous subsets of textures that received the highest
scores for SA-SWORD 30�: P, EF, PF, PE, and PEF (Fig. 7c). For
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Fig. 6. Scatter plots showing the correlations between average dependent measure values for each texture. Solid lines indicate a correlation is significant at the p< 0.01 level.

Table 5
Repeated measures ANOVA results.

Dependent measure Independent variable

Texture GFOV Texture�GFOV

Demand F(6,102)¼ 0.80 F(1,17)¼ 0.00 F(3.79,64.40)¼ 1.43a

h2
p ¼ 0:05 h2

p < 0:01 h2
p ¼ 0:08

p¼ 0.57 p¼ 0.99 p¼ 0.24

Awareness F(6,102)¼ 2.78 F(1,17)¼ 0.03 F(6,102)¼ 0.63
h2

p ¼ 0:14 h2
p < 0:01 h2

p ¼ 0:04
p¼ 0.02* p¼ 0.87 p¼ 0.71

Clutter F(6,102)¼ 0.59 F(1,17)¼ 1.13 F(6,102)¼ 1.40
h2

p ¼ 0:03 h2
p ¼ 0:06 h2

p ¼ 0:08
p¼ 0.74 p¼ 0.30 p¼ 0.22

SA-SWORD 30� F(3.10,52.66)¼ 6.86b NA NA
h2

p ¼ 0:29
p< 0.01*

SA-SWORD 60� F(3.40,57.88)¼ 12.62c NA NA
h2

p ¼ 0:43
p< 0.01*

Note: superscripts indicated that a Greenhouse–Geisser 3 correction was applied to
the degrees of freedom due to a violation of sphericity: aW¼ 0.11, c2(20)¼ 32.34,
p¼ 0.04, 3¼ 0.63; bW¼ 0.04, c2(20)¼ 49.07, p< 0.01, 3¼ 0.52; cW¼ 0.04,
c2(20)¼ 46.34, p< 0.01, 3¼ 0.57.
*p< 0.05.

M.L. Bolton, E.J. Bass / Applied Ergonomics 40 (2009) 597–607604
SA-SWORD 60�, there were four such textures EF, PF, PE, and PEF
(Fig. 7d).

GFOV was not a significant main effect for demand, awareness,
or clutter. While participants were more likely to prefer the 60�

GFOV (Fig. 8a), no significant differences were found between the
preferred GFOV option selected in general and the options selected
for each texture (Fig. 8b).

The texture�GFOV interaction was not a significant effect for
any of the subjective dependent measures.

4. Discussion

By comparing the subjective measures to the theoretically
grounded, judgment-based spatial awareness measures, this work
provides insight into what dimensions of spatial awareness the
subjective measures are evaluating. Given that this evaluation was
conducted in the context of an experimental evaluation of design
parameters, this work also provides insights into the effectiveness
of the subjective measures in distinguishing between levels of
within subject variables.

4.1. Demand, awareness, and clutter

The correlation analyses indicate that the awareness subjective
measure is capable of assessing level 3 spatial awareness given that
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it exhibited a negative trend with jsej across the levels of textur-
e�GFOV. This is interesting given that no correlations were ob-
served between awareness and any of the judgment-based
measures designed to probe level 2 spatial awareness (jDej, jAej, and
jHej), and level 3 spatial awareness can be viewed as derivative of
level 2 spatial awareness. A potential explanation can be found by
examining Figs. 5 and 6. Here, even when a linear trend is not
observed, we can see that the linear fit indicated a negative re-
lationship between awareness and the level 2 spatial awareness
judgment error terms. Thus, this general negative tendency across
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Fig. 8. (a) Aggregate preferred GFOV responses. (b) A
the three level 2 measures may have ultimately contributed to the
trend observed for the jsej.

The fact that demand and clutter were not correlated with any of
the judgment-based measures suggests that they are not measur-
ing spatial awareness.

The less robust post-hoc analysis (least significant difference)
showed that four textures were in the set that produced the highest
awareness ratings (E, EF, PF, and PEF). This is consistent with results
obtained by Glaab and Hughes (2003) who found that participants
tended to give E, PF, and EF textures higher terrain awareness rat-
ings than the F texture. Further, three of these textures (EF, PF, and
PEF; Fig. 7) were among the set of textures that produced the
minimum absolute error across all of the texture main and in-
teraction effects (see Bolton et al., 2007). Considering only these
results, when the less robust post-hoc analysis is used, awareness
does seem to be capable of serving as reasonable proxy for the
judgment-based measures.

The fact that no significant differences were observed between
the independent variable levels for the demand, awareness, and
clutter subjective dependent measures may be due to the nature of
the task. As stated previously, Pew (2000) expressed concern that
SART-like subjective measures were confounded with workload.
Thus, had participants actually been flying the aircraft, they would
have been subjected to more sources of workload. In this situation,
their attentional resources would have been in higher demand and
they might have been able to assess differences in texture’s demand
on attentional resources and their ability to convey spatial aware-
ness more acutely. Further, the displays used in this experiment
utilized a reduced set of instrumentation than is often employed in
SVS display. Had participants seen a full set of SVS instrumentation,
they may have shown greater differentiation in their clutter ratings.

While the judgment-based measures were able to produce
significant results and convey significant differences between in-
dependent variable levels with the given procedure, the subjective
measures were not. Given that subjective measures similar to those
employed in this experiment have produced significant results for
flight and simulation tests (Bailey et al., 2002; Glaab and Hughes,
2003), the demand and awareness measures may be more useful in
high fidelity task environments.
4.2. SA-SWORD

The negative correlations observed between SA-SWORD and
both jDej and jsej (an increase in judgment error corresponding to
a decrease in SA-SWORD) suggest that SA-SWORD does provide
insight into both level 2 (jDej) and level 3 (jsej) spatial awareness.
E P EF PF PE PEF

Texture

ggregate preferred GFOV responses by texture.
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Given that both awareness and SA-SWORD were negatively
correlated with jsej across texture�GFOV levels, it is not surprising
that a positive correlation was observed between them.

The ANOVA results for SA-SWORD ratings did indicate that par-
ticipants thought that some textures enhanced spatial awareness
more than others. The textures that produced the highest SA-SWORD
scores were somewhat consistent with the textures shown to produce
the least amount of judgment error. EF, PF, and PEF were amongst the
statistically similar textures that produced the highest scores for SA-
SWORD 30� and SA-SWORD 60� and were amongst statistically
similar textures that produced the minimum judgment error in both
the main and interaction effects (see Bolton et al., 2007; Fig. 7).

4.3. Preferred GFOV

The lack of significant differences between GFOV preferences is
consistent with the results from the judgment-based measures,
where no absolute error terms were significant and there was no
clearly dominating GFOV in the directional error terms. This is also
consistent with the demand, awareness, and clutter variables for
which GFOV was not a significant main effect. However, the results
provide no insight into the measurement capabilities of discrete
choice awareness metrics.

4.4. Conclusions

This work compared judgment-based measures of spatial
awareness designed to probe all three levels of spatial awareness
knowledge with subjective measures commonly used to evaluate
SVS. Similarities were found between some of the judgment-based
measures and subjective measures in both correlation analyses and
ANOVA results. Thus it does appear that some of the subjective
measures may be capable of providing insight into spatial aware-
ness. The correlations of SA-SWORD and awareness against jsej
indicate that both may provide some insight into level 3 spatial
awareness. This is good because accurate level 3 spatial awareness
can often be associated with accurate level 1 and level 2 spatial
awareness since it builds on the knowledge encompassed at these
levels. Since subjective measures do not inherently disambiguate
between awareness levels, their measurement of level 3 awareness
may imply that they are capturing some spatial awareness in-
formation from lower levels.

Since none of the subjective measures exhibited correlations
with jAej and jHej, this constitutes a serious shortcoming in the
subjective measures’ ability to evaluate spatial awareness. Future
work may want to investigate ways of measuring these dimensions
subjectively.

This effort represents the first study comparing judgment-based
measures that probed all three levels of spatial awareness with
subjective measures commonly used to evaluate display designs.
However, in order to investigate a range of display options in
a timely manner, experimental trials were short and non-in-
teractive. In addition, the terrain point was indicated using an ar-
tificial object. Given that some of the subjective measures that did
not show significant results in this experiment have produced
significant results in studies employing flight test and full-flight
simulators, future experiments should investigate the judgment-
based measures in more realistic flight and simulation tests. As
spatial awareness is critical to other domains, future studies should
also collect judgment-based and subjective measures. These stud-
ies would provide more data useful for exploring what aspects of
human awareness the subjective measures are capturing. Such
procedures would also facilitate a full SART probe to be included
and compared with the other measures.

While the focus of this research was centered on spatial
awareness with SVS displays, there are other potential applications.
Subjective measures have been used to evaluate awareness for
more than just SVS. Examples include, but are not limited to, the
approach phase of flight for general aviation pilots under IFR and
VFR (Saleem and Kleiner, 2005), weather systems (Bustamante
et al., 2005), tunnel in the sky displays (Takallu et al., 2004), air
traffic control systems (Adams et al., 2007), unmanned air vehicle
management (Denford et al., 2004), and enhanced vision systems
(Korn et al., 2004). Thus, given the subjective measures’ deficiencies
in assessing level 2 awareness in this study, awareness measures in
other domains may show similar shortcomings.

When choosing metrics for an experiment, one must consider
whether the type of metric will integrate properly into the exper-
imental procedure. For example, one of the criticisms of SAGAT has
been that the procedural pauses it, necessitates, have the potential
to disrupt operator awareness, affecting the results (Sarter and
Woods, 1991). Given that the new spatial awareness measures
would require similar pauses if utilized in a higher fidelity simu-
lations, a similar criticism could be levied. Conversely, all of the
subjective measures evaluated in this experiment could be col-
lected after a simulation run, subverting this potential confound.
Thus, because subjective metrics may be more procedurally con-
venient in some circumstances, it is critical that researchers un-
derstand exactly what they measure so that they can design
experiments to collect the data they need in a context that is ap-
propriate. This work has contributed to this understanding and will
hopefully direct further studies to advance it.
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