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Abstract

Imagery from optical see-through (OST) head-mounted dis-
plays (HMDs) is perceived as a blending of light emitted by the
display added to the light from the user’s physical environment,
which can result in color distortions and desaturation of the vir-
tual imagery. Due to these limitations, the user’s ability to dis-
tinguish between colors shown on the display may be reduced
compared to more traditional types of displays, which may im-
pact the interpretation of the symbology, and potentially reduce
performance. Further, individual variation in color perception
may also impact the utility of color symbology in OST HMDs. In
this paper, we present a user study that investigates the utility of
color-coded symbology displayed on an OST Augmented Reality
(AR) display within a flight simulator. We compare performance
between participants with normal color vision and participants
with color vision deficiencies in a dynamic flight simulator and
investigate effects of symbology contrast and symbology color set
on participant response times, accuracy, and eye behavior. Our
results suggest that for the color sets tested, increasing the size
of the set beyond a monochrome color results in reduced perfor-
mance for both color normal and color deficient subjects. It’s pos-
sible that custom color sets specific to OST displays are needed to
achieve performance benefits.

Introduction

Modern optical see-through (OST) augmented reality (AR)
displays allow the user to see virtual imagery superimposed over
their view of their physical environment [1]. The main benefit of
these displays is that the user gains access to additional context-
relevant information within their field of view, while retaining a
zero-latency view of their physical environment. For the specific
application of aviation, these displays allow pilots to keep more
information within their field of view at a time, potentially im-
proving situational awareness and flight performance [2, 3].

OST displays are additive, where light emitted by the dis-
play is added to the light from within the user’s environment and
the virtual imagery tends to appear transparent and the perceived
color shifts towards that of the user’s environment [4, 5, 6]. Accu-
rate color perception is important when interpreting color-coded
information, and color blending in the OST display may cause
users to misinterpret symbology or experience difficulty distin-
guishing between similar colors [5]. On top of this, color de-
ficient users may experience additional difficulties in the use of
these displays, limiting the accessibility of the technology.

Many of the existing OST displays employed in aviation
contexts are monochrome displays limited to a single color chan-
nel, typically green. For such displays, visual cues such as shape,
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Figure 1: A photo over a participants shoulder in the simulator.
Five out-the-window (OTW) displays form a curve in front of the
user, accompanied by a 27-inch monitor configured as a cockpit
head-down display (HDD), and the AR HMD worn by the user.

brightness, and size must be employed to keep symbology distin-
guishable and interpretable. Hue has been shown to be particu-
larly effective in information encoding, allowing users to search
in parallel for a particular color, resulting in improved search per-
formance compared to other visual cues [7, 8]. Blundell et al.
demonstrated that adding additional color channels to simulated
heads-up display (HUD) symbology can aid pilot performance in
a flight simulation [9]. However, it remains to be seen if these ben-
efits transfer when the appearance of the symbology is affected by
the additive nature of an OST display, where the color of the sym-
bology, the brightness of the user’s environment, and the particu-
lar display in use each affect the contrast of the symbology, which
limits the effectiveness of hue as an aid in visual search [10, 11, 6].

In this paper, we investigate the specific context of OST
helmet-mounted displays (HMDs) for pilot use in aviation, and
task participants to use color-coded symbology on an AR HMD
to locate and select a target aircraft in the virtual scene. We in-
vestigate performance between three color sets with increasing
number of colors in the set and across two color intensity lev-
els. Additionally, we expand upon the literature by comparing
performance between color normal users and users classified as
color deficient by their results on a Konan cone contrast threshold
(CCT) HD test (Konan Medical, Irvine, California).

Our results suggest that increasing the color set size in use on
the OST HMD has significant detrimental effects on user perfor-
mance, resulting in longer participant response times across both



participant groups. These results highlight the need for careful se-
lection of colors when conveying information on OST HMDs, and
suggest that monochrome displays should be used until a suitable
custom color set validated for use with OST HMDs is found.

Methods

We recruited a total of 16 participants (12 male, 4 female),
ages 25-64 (mean 40, standard deviation 11). All participants
completed the Konan Cone Contrast Threshold (CCT) HD color
test, and were split into two groups: color normal and color defi-
cient. The Konan CCT HD tests each cone type individually and
provides output in the form of scores, contrast thresholds, and
contrast sensitivity data for each cone type. Participants achiev-
ing contrast thresholds of less than 0.01 for the red, green, and
blue subtest sections were classified into the color normal group,
whereas participants scoring higher than a 0.01 on any of the three
subtests were classified into the color deficient group. The color
normal group consisted of 9 participants (5 male, 4 female), ages
29-49 (mean 38, standard deviation 6. The color deficient group
consisted of 7 male participants, ages 25-64 (mean = 42, standard
deviation = 16), five of which were found to be protanomolous
and two of which were deuteranomalous. Prior to participant re-
cruitment, our study design was approved by our organization’s
institutional review board (IRB). Participants provided written
consent to participate after being provided with a detailed expla-
nation of study procedures and protocols.

Aparatus

Our experiment was conducted on a research platform that
synchronized imagery between an OST AR HMD conveying
flight and targeting symbology, a 0.69 meter monitor configured
as a cockpit head-down display (HDD) conveying a tactical situ-
ation display of other aircraft in the scene, and a set of five 2.08
meter OLED displays conveying out-the-window (OTW) imagery
of the virtual environment (see figure 1).

The Vision Products SA62/S was used as the OST AR HMD
(Vision Products LLC, Campbell, California). This device fea-
tures two micro-OLED displays at a resolution of 1920x1200 per
eye, a field of view of 55x33 degrees per eye. An HTC VIVE
motion tracker was fixed to the HMD, which was used with two
VIVE lighthouse units to provide positional and rotational head
tracking during the simulation.

A Logitech x56 hands-on throttle and stick (HOTAS) con-
troller was used to gather inputs allowing the user to control their
aircraft and to select the designated target for each trial.

Study Design

Our study design consisted of a mixed factors design, with a
between-subjects factor comparing participants grouped by score
(pass/fail) on the Konan CCT HD, and 2 within-subjects factors:
color set (3 levels) and color intensity (2 levels).

The color set variable controlled the set of colors used to de-
pict symbology on the AR HMD, and to a lesser extent the sym-
bology shown on the tactical situation display of the HDD. This
variable was varied between three different sets with an increasing
number of colors in the set:

1. Monochrome: Green
2. Primary: Red, Green, and Blue.

3. Full: Red, Green, Blue, Cyan, Yellow, Magenta, and White.

During the simulation, the target plane was overlayed with
a diamond-shaped symbol in a randomly-chosen color from the
color set. Each distractor plane was depicted in a randomly cho-
sen color from the remaining colors in the color set. In the
monochrome condition, the user distinguished the symbology as-
sociated with the target aircraft by its unique diamond shape,
whereas in the “primary” and “full” color sets, the target also had
a unique color.

The color intensity variable was varied between two levels
to vary the luminance and therefore the contrast and opacity of
the symbology shown on the OST AR HMD:

1. Full: All symbology was rendered at full color intensity in
the RGB color space (e.g. Red is [1 0 0]).

2. Reduced: All symbology was rendered at 0.75 color inten-
sity in the RGB color space. (e.g. Red is [0.75 0 0]).

Operational Task

Each trial in the simulation started with the user’s aircraft at
an altitude of 1400 feet over an island. The HDD depicted a radar
screen that showed the user’s aircraft in the center surrounded by
10 distractor planes and one target plane. In each condition, the
user was tasked to check the color of their own aircraft from the
center of the screen and located the target aircraft on the HDD
with the same color (see figure 2).

Target and distractor aircraft were randomly positioned to
be within 100 meters in altitude, between 400 and 1000 meters
away, and randomly within an angle of 50 degrees of the user’s
starting orientation. An angular dead zone of five degrees was im-
plemented to prevent aircraft from spawning immediately ahead
of the starting position. Each aircraft was randomly chosen with
equal probability to be either a F35 fighter jet or a KC46 tanker
plane. Upon starting a trial each of these aircraft moved radially
outward from the starting position at a constant speed.

Upon locating the target aircraft on the HDD, participants
used the joystick to bank toward the heading of the target (as
shown in figure 3). Each distractor aircraft in the scene had ei-
ther a virtual square or rectangular symbol superimposed over its
position via the HMD in a randomly chosen color from the color
set excluding the target color. The target had a unique diamond-
shaped symbol superimposed over it via the HMD, which was
depicted in green for the “monochrome” condition and otherwise
in the target color for the “primary” and “full” conditions.

Once the target was located on the HMD using its shape
and/or color, participants used the directional buttons on the joy-
stick to position a cursor displayed on the HMD over the target
aircraft and pulled the joystick trigger to select it. Upon selection,
participants indicated the type of aircraft by pressing left/right us-
ing the hat buttons (left for F35 and right for KC46). Upon des-
ignation, a text-based label in the target color appeared above the
selected aircraft via the HMD (see figure 3). This subtask was
included to force users to switch attention between the HMD im-
agery and the OTW imagery.

Upon selection, the altitude of the target aircraft also ap-
peared below the aircraft on the HMD in the target color (see fig-
ure 3). Users compared their altitude to that of the target aircraft.
If they were within 50 units, they pressed down on the hat buttons
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Warning Subtask Area

Dynamic Tactical Situation
Display

Figure 2: A screenshot of imagery rendered on the HDD. Annotations indicate the empty region of the screen where messages associated
with the warning subtask would appear, as well as the dynamic tactical situation display. In this example, the target plane is magenta, as

indicated by the color of the plane in the center of the radar screen.

Figure 3: A screenshot of the symbology rendered to the OST
AR HMD. The user’s altitude appears to the right on the HMD,
and a compass, pitch ladder, boresight, and bank indicator appear
central on the HMD. In this example, the target plane symbol is
drawn in white toward the center of the HMD. The user has al-
ready selected the plane and has designated it as an F35 within
altitude range. Note that the black regions of the image will ap-
pear transparent to the user, such that only the green and white
imagery is visible.

to indicate so, otherwise they pressed up. A triangle icon was
shown next to the selected plane to indicate the user’s response.
This particular task was included to force users to have to read
HMD symbology rendered in the target color.

Upon completion of the labeling and altitude tasks, users
pressed the trigger to confirm their selections and moved on to
the next trial.

Randomly throughout each trial, a warning sound occurred
and a warning message appeared on the top of the HDD (see the
warning subtask area annotation on figure 2). Based on the color
of this warning message (yellow or red), the user was tasked to
respond with one of two respective inputs on the joystick. This
task was included to further increase the cognitive demand of the
simulation.
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Measures

Performance measures were recorded for each trial of the
simulation. These included: trial length and altitude task accu-
racy. Trial lengths were averaged across all trials in a block to
yield a single value for each condition of participant data. For our
analysis, trial length measures were corrected to eliminate varia-
tion caused by the random angular offset of the user’s aircraft to
the target aircraft. For each trial length measure, we subtracted
the minimum time needed to match the heading of the target air-
craft. Thus, the trial length measure considers the time needed to
identify the target on the HDD, time taken for unnecessary flight
maneuvers, time needed to identify and select the target on the
HMD, and time needed to perform the labeling and altitude sub-
tasks.

Eye gaze position, origin, and pupil size were recorded at
200 Hz using the Pupil Labs Neon eye trackers (Pupil Labs,
Berlin, Germany). The Neon’s software provided additional out-
put in the form of events for blinks, fixations, and saccades. All
eye tracking data was segmented into subsets for each trial in the
block, and the mean was taken across trials to create a set of ag-
gregate eye tracking measures that could be compared between
blocks/participants. For our analysis, we focused on fixation fre-
quency.

Results

We examined participant performance and eye behavior be-
tween groups for the three colors sets and two color intensity lev-
els. Corrected trial length and fixation frequency were analyzed
using linear mixed-effects models and can be seen in figures 4
and 6 respectively. Participant accuracy in the altitude subtask
was analyzed using a generalized linear mixed effects model with
an aggregated binomial test family and logit link function, and
can be seen in figure 5.

Corrected Trial Lengths

The estimated marginal means for corrected response times
are plotted in figure 4 in log scale. A significant effect of color
set on corrected trial length was found (F(2,26.22) = 6.444,
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Figure 5: Estimated marginal means across color sets for accuracy
in the altitude subtask. Error bars indicate &1 standard error.

p=0.005), indicating increasing trial lengths with color set size
(monochrome M=2.328, SE=0.119, primary M=2.40, SE=0.122,
full M=2.483, SE=0.126). No significant effect was observed
for color intensity on corrected trial length (F(1,22.77) = 2.708,
p=0.114). No significant effect was observed for participant
group on corrected trial length (F(1,13.99) = 0.386, p=0.544).
No significant interaction effects were observed.

Altitude Task Accuracy

The estimated marginal means for participant accuracy in the
altitude subtask can be seen in figure 5. No significant effect of
color set on accuracy was observed (¥%(2) = 1.060, p=0.589).
No significant effect of color intensity on accuracy was observed
(x*(1) = 0.011, p=0.918). No significant effect of participant
group was observed (y*(1) = 1.821, p=0.177). A significant 3-
way interaction effect between color set, color intensity, and par-
ticipant group was observed (y%(2) = 8.908, p=0.012), indicat-
ing that the effect of color set depended on color intensity and
was different between color normal and color deficient participant
groups. All other interactions were non-significant.
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Figure 6: Estimated marginal means across color sets for fixation

frequency in log scale. Error bars indicate -1 standard error.

The significant 3-way interaction effect can be seen by com-
paring the color normal to color deficient plots in figure 5. From
this, we see that color deficient subjects experienced a drop in ac-
curacy in the full color set of the low color intensity condition,
whereas this drop is not observed in the high color intensity con-
ditions.

Fixation Frequency

The estimated marginal means of fixation frequency are plot-
ted in log scale in figure 6. No significant effect of color set on
fixation frequency was observed (F(2,19.46) = 3.222, p=0.062).
No significant effect of color intensity on fixation frequency was
observed (F(1,17.72) = 1.694 p=0.210), and no significant ef-
fect of participant group on fixation frequency was observed
(F(1,14.02 = 0.023 p=0.883). No significant interaction effects
were observed.

While no significant main effects were observed in the fix-
ation frequency data, the estimated marginal means in figure 6
show an increasing trend of fixation frequency with color set
set size (monochrome M=0.532 SE=0.079, primary M=0.560
SE=0.048, full M=0.598 SE=0.051).

Discussion

The results of the study are somewhat surprising, in that
adding additional colors to the color set used to depict symbology
on the OST HMD was actually detrimental to user performance,
where subjects required more time to complete their trials in con-
ditions with larger color sets compared to the monochrome con-
trol case. The lack of significant main effects on accuracy in the
altitude subtask suggests that participants performed consistently
across conditions. However, the 3-way interaction effect indicated
that color deficient subjects had lower accuracy in the full color
set compared to the others in the low color intensity conditions,
again supporting the conclusion that more colors in the color set
tends to be detrimental to user performance. The trend in the fix-
ation data also suggests a similar conclusion, where participants
needed to perform additional eye movements to find target sym-
bology on the HMD or to perform the altitude subtask in condi-
tions with larger color sets compared to those with smaller color
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sets.

One comment that was frequently mentioned by participants
is that it was difficult to read the text for the altitude subtask de-
pending on the target color for that trial, particularly so for the
low color intensity conditions. The color sets in this study were
chosen to test across the whole color gamut of the OST HMD at
each primary color, secondary color, and the white point of the
display, as well as across two different cross sections of the color
space via modulation of the color intensity variable. Because of
this, there is variation in luminance between colors in the primary
and full color sets, where low luminance colors like blue or red
have reduced luminance contrast and thus will be more difficult to
see on the OST HMD compared to higher luminance colors like
white, yellow, or green. Additionally, color deficient participants
may perceive further deviation in luminance between colors in the
color sets due to decreased sensitivity to either the red or green
color channels of the display. In general, this could partially ex-
plain the increased trial lengths, and fixation frequency with color
set size, where participants regardless of group are experiencing
difficulty finding and interpreting symbology depicted in certain
colors due to poor luminance contrast. This could also explain
the 3-way interaction effect on accuracy, where color deficient
observers struggled to accurately interpret the numbers shown on
the OST HMD in the full color set for the low color intensity
condition. In this particular condition, it seems likely that the per-
ceived contrast of the symbology for color deficient participants
decreased closer to (or below) participants’ contrast thresholds,
resulting in poor accuracy due to guesses being made in the alti-
tude task.

In general, there were slight differences between color nor-
mal and color deficient participants in terms of trial length and ac-
curacy. The lack of significant effects here is promising in terms
of expanding the accessibility of the technology, suggesting that
color deficient users are just as capable at using OST HMDs as
color normal users, at least for the task investigated in this work.
However, additional research should be performed across a more
diverse range of tasks involving OST HMDs to better establish if
and when performance differences exist between groups.

One implication of this research is that pilots may be better
off using monochrome OST HMDs rather than color OST HMDs
if the color sets employed are similar to the ones tested here. How-
ever, it is possible that there are color sets that could improve per-
formance over the monochrome green condition if they are specif-
ically tailored for use on OST HMDs. Future investigations into
custom color sets for OST HMDs and/or color-deficient observers
should aim to establish a small, well-defined palette that main-
tains high luminance contrast while ensuring reliable perceptual
discriminability.

Conclusion

The additive nature of OST HMDs introduces variability in
user perception of virtual imagery based on the lighting character-
istics of the user’s environment. While prior work has shown that
hue can be an effective way to encode visual information, vari-
ation in hue investigated in this study was actually detrimental
to user performance, resulting in longer trial lengths and higher
fixation frequency across participant groups. Our results suggest
that monochrome symbology sets should be employed until color
sets can be designed specifically to avoid the performance limita-
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tions observed in this study. Future work should investigate color
sets designed specifically for use with OST HMDs and establish
a small set of high luminance colors that maintain perceptual dis-
criminability.
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