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Figure 1: The Storm Conditions present within our study. The coloring of the figure was modified to highlight important visual
details of each condition. (A) is the no storm condition. (B) is the incoming storm condition where there are weather effects
in front of the helicopter with rain audio. The clouds and weather effects are visible through the brown/grey mist outside the
cockpit window. (C) is the in storm condition in which the lighting is changed, there is rain and lightning audio, and to simulate
areal UH-60 Black Hawk helicopter, the instrumentation illuminates green.

ABSTRACT

Prior research on augmented reality (AR) and virtual reality (VR)
task guidance has largely focused on environments and experiences
that are typically free of external distractions or conditions that im-
pact user performance and cognitive load. However, this presents
a gap in the literature with regard to understanding how simulating
adverse conditions (e.g., poor lighting, rain, loud noises) from the
real world affect user perception and performance. Therefore, in
our work, we present one of the few studies to investigate the usage
of interaction cues in task guidance contexts that involve these ad-
verse, distracting conditions. We conducted a 3 x 3 within-subjects

*e-mail: jacob.belga@ucf.edu
fe-mail: ryan.mckendrick @ngc.com
fe-mail: molly.kluck @ngc.com
$e-mail: rpm@vt.edu

e-mail: jlaviola@ucf.edu

2473-0726/26/$31.00 ©2026 IEEE
DOI 10.1109/ISMAR70079.2026.00070

585

experiment in which 22 participants performed procedural button-
pressing tasks in a simulated UH-60 helicopter while also com-
pleting a 2-back cognitive task. Our study systematically varied
interaction cue jitter and environmental conditions as to simulate
potential situations co-pilots may find themselves in while piloting
a helicopter. The results of our work indicate the jitter has a sig-
nificant, adverse effect on task completion time and performance.
Furthermore, the storm conditions led to significant increases in
mental effort, physical effort, and user discomfort despite not be-
ing directly related to the primary task. In our paper, we further
detail our findings and discuss how our results highlight the impor-
tance of accounting for potential adverse conditions that occur in
real-world experiences. We also provide avenues of future work to
further explore this nuanced area of research.

Index Terms: Virtual Reality, Modeling, Simulation, Perception,
Cognition
1 INTRODUCTION

Augmented reality (AR) and virtual reality (VR) applications im-
plement features that inform users to perform specific actions



within their immediate environment. These features often come
in the form of virtual objects that have an aim to guide users to
perform certain actions, such as looking at points of interest [22].
These virtual instructions have been identified as “interaction cues”
[8]. Interaction cues have been around for nearly the same time
frame as both AR and VR. One of the prime use cases for interac-
tion cues is aiding users in procedural tasking. In a given proce-
dure, interaction cues guide users step-by-step in how they should
go about completing a series of tasks. Laviola et al. [16] utilized in-
teraction cues to aid users in a maintenance procedure task. Stover
et al. [25] applied interaction cues to guiding users to interact with
various items in an office space environment. Schwerdtfeger et al.
[23] utilized interaction cues to guide users to distinguish between
different storage compartments in their environment.

The aforementioned studies are a few examples of the progress
made in interaction cue research. However, in previous work, we
often witness task-guidance environments under “ideal” conditions.
These ideal conditions often reduce environmental factors such as
lighting, weather, and other potential sensory distractions that could
affect the user experience. In contrast, when deploying similar
systems in real-world contexts, users are often met with adverse,
“non-ideal” conditions that can lead to very dynamic, noisy, and
sometimes very complex environments (e.g., operating machinery
in a low visibility environment or navigating spaces under adverse
weather conditions). These non-ideal environmental factors can in-
troduce additional cognitive or physical demands. Therefore, we
believe conducting research investigating these environmental dis-
tractors can improve our understanding of how these established
task guidance systems are affected by non-ideal conditions.

In light of previous work, we ask the research question: How
does environmental degradation and interaction cue instability, in
the form of AR cues, affect task performance, attention allocation,
and participants’ interaction behavior during complex multitasking
scenarios?. To address this gap, we investigate how adverse en-
vironmental conditions and interaction cue consistency affect user
performance and cognitive workload in a simulated AR environ-
ment. Our user study focuses on two variables: interaction cue
jitter, to represent instability in AR tracking, and external visual-
auditory stimuli, to represent environmental distractions and con-
flicts. In real-world settings, AR systems may experience jitter
due to poor lighting, sensor or hardware limitations, or inadequate
tracking registration [11]. Investigating these types of shortcom-
ings of AR systems, especially in performance dependent tasks, is
crucial if researchers are designing experiences to be employed in
real-world settings or ecologically valid contexts. For our study, we
contextualized the experience in a UH-60 Black Hawk helicopter
wherein users utilize interaction cues to complete button-pressing
tasks and weather conditions systematically change outside of the
helicopter.

The UH-60 Black Hawk helicopter cockpit serves as our testbed
due in part to its internal complexity. With multiple buttons to in-
teract with, interaction cues play a crucial role in guiding a user
through the tasks. Because we do not have access to a physical
UH-60 cockpit, we conducted our user study in a VR environment.
Within our VR environment, we address the applicability by simu-
lating the FOV of optical-see-through AR Head-mounted displays
(HMDs) such as the HoloLens2, Magic Leap 2, and XREAL Air
2, which have similar FOVs to optical-see-through displays used in
UH-60 Black Hawk Helicopters, such as the ANVIS/HUD 24T [9]

In this paper, we present a 3 x 3 within-subjects VR study (n =
22) investigating the aforementioned variables. Participants in our
study complete a series of button-pressing procedures while also
performing a cognitive 2-back task. Across our study, we systemat-
ically varied the levels of both jitter and environmental conditions
to evaluate task completion time, task performance, cognitive work-
load, mental effort, physical effort, and user discomfort. Based on
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the results of our study, the following are the outcomes and contri-
butions of our work:

1. The presence of visual-auditory stimuli and jitter adversely
impact participants’ ability to complete core procedure task
efficiently

2. The presence of visual-auditory stimuli and jitter led to more
errors being incurred during the completion of core procedure
task.

3. Higher levels of visual-auditory stimuli led to participants pri-
oritizing cognitive demanding task over core task.

4. Higher levels of visual auditory stimuli and jitter led to in-
creased perception of mental effort, physical effort, and dis-
comfort.

5. We present future avenues of research at the intersection of
interaction cues and real-world experiences and contexts.

2 RELATED WORK

Our work encapsulates a broad range of research topics. However,
one of the key goals with our work is to better understand how the
design decisions in interaction cues and distracting stimuli affect
performance in both a procedural task and cognitive load task. We
focus on reviewing previous work that involves AR systems, inter-
action cues, simulating AR in VR contexts, and how we can assess
cognitive load in VR tasks. By taking cues from previous work, we
designed a study that aims to address a gap in current literature per-
taining to simulating real-world situations in virtual environments.
Therefore, in this section, we provide an overview and analysis of
previous work in the aforementioned topic areas.

2.1 Augmented Reality Errors and Simulating the Errors

One of the key benefits AR affords users is the ability to annotate
and superimpose virtual components onto the real world. However,
with this beneficial feature comes the need to continuously estimate
and track spatial information between the user and the real world
object(s), which leads to numerous types of errors. These types
of errors and their causes are a well-documented and researched
topic within the AR research community [26, 30, 29, 3]. Given
that there are numerous reasons why tracking errors occur, we be-
lieve these tracking errors can be meaningfully categorized. In their
work Gottsacker et al. [11], define two categories of error when it
comes to AR tracking: Accuracy and Precision. Accuracy errors
refer to tracking errors that are biased to a point of location that is
not exactly the intended target. Precision errors, on the other hand,
refers to the potential of increased variance of point locations. In
Livingston et al.’s [18] work, they conducted a user study in which
participants were tasked to track certain vehicles with distractor ve-
hicles present. One of the key results from their work is both pre-
cision and accuracy errors in AR tracking led to adverse effects
on performance when tracking these distant cars. In another study,
Robertson et al. [21] led a study in which participants were tasked
to use an AR system in a block stacking task. Similarly to Liv-
ingston, their results highlighted that both accuracy and precision
errors in tracking led to reduced performance as well as increased
errors and overall task time. An interesting adjacent result is also
that their participants reported that the introduced errors led to a
decrease in their confidence to perform well in the task. Lastly,
Gottsacker et al. [11] conducted a study also assessing accuracy
and precision errors in a search-and-selection task. One of the key
results of their work is that with each increase in both accuracy and
precision error, there was an increase in performative errors across
their participants.



Based on these previous studies, we applied similar faults in AR
systems to the context of co-piloting a UH-60 Black Hawk heli-
copter, specifically applying both precision and accuracy errors to
interaction cues [11, 18]. Given that these helicopters are not read-
ily available, we opted to simulate the AR experience through VR.
In previous research, the idea of simulating AR in VR environments
has become more commonplace to examine potential design deci-
sions for future AR HMDs. For example, Lacoche et al. [15], con-
ducted a user study in which they developed a VR simulation of an
AR smart-home application in which they can interact with devices
in the environment. In another example, Lee et al. [17], conducted
a study in which they simulated the AR experience with the added
caveat of them being able to control the latencies present in the AR
simulation. Participants were tasked with following a yellow pipe
snake that went in/out of the walls in the environment while orange
pipe snake distractors were also present. Lastly, Ragan et al. [20]
simulated an AR system to investigate the effects of registration er-
rors on performance. Specifically, they investigated the impact jitter
noise and latency had on the performance of participants.

Based on the aforementioned errors and study designs, we ap-
plied the lessons learned and design decisions to our study. We
leveraged interaction cues in the form of 3D arrows that had the
purpose of guiding users through procedural button-pressing tasks.
In Belga et al.’s [1] work, we take inspiration by also implementing
the look cue and pick cue system. We define look cues as interac-
tion cues with the aim of directing your attention to a specific area
of interest. Pick cues are interaction cues with the goal of help-
ing distinguish which target needs attention out of the host of target
candidates. Similar to other works [15, 17, 20, 11], we wanted to
investigate the performative impacts of jitter in a real-world situa-
tion that one may find themselves in. Therefore, we conducted our
study in a UH-60 helicopter where participants served the role as a
co-pilot with the responsibility of completing button-pressing pro-
cedures while also needing to scan the environment outside of the
cockpit.

2.2

In both AR and VR contexts, interaction cues provide users visual-
izations to better understand the virtual components present within
their environment. However, in review of the literature, many of the
prominent interaction cues that we have researched have not been
applied in real-world situations, or in our case, simulated real-world
simulations.

Gruenfeld et al. [12] proposed an interaction cue, specifically
a look cue system, called EyeSee360. In their work, they eval-
uated the performance of EyeSee360 through guiding users in a
task of identifying out-of-view targets. In Wallgrun et al.’s [28]
work, they utilized conventional 3D Arrows, a butterfly, and a radar
mechanism to guide users in a virtual tour experience. Biocca et
al. [2] propose an interaction cue identified as the attention funnel
in which a series of cascading boxes starting from in front of the
user’s face and ending to the target of interest are present in the
user’s field of view. In their work, they evaluated this interaction
cue through presenting users in front of a table with six primitive
objects for them to view and direct their attention towards based on
the attention funnel. Bork et al. [4] conducted an AR user study
in which participants utilized a variety of interaction cues, (e.g., 3D
arrows, EyeSee360, AroundPlot), to collect eight virtual objects in
the space around them. Harada et al. [13] also conducted a VR user
study in which participants had to leverage a series of interaction
cues (moving window, 3D arrow, radiation, spherical gradiation,
and 3D radar), to be directed towards a virtual target.

Based on previous work in the interaction cue space, we aimed
to apply interaction cues to a real-world situation in which interac-
tion cues would benefit the user. As highlighted in section 2.1, we
utilized conventional 3D arrows for our interaction cues. Addition-
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ally, our rationale for choosing the UH-60 Black Hawk helicopter
as our task context is that pilots conventionally utilize electronic
checklists known as “kneeboards” due to pilots placing them on
their knees [5]. Often times, these checklists contain procedures
that consist of hundreds of steps involving interacting with multi-
ple components within the cockpit while confirming settings and
information presented on their multi-function displays (MFDs) and
control display units (CDUs).

3 STUuDY METHODS

We conducted a 3 x 3 within-subjects VR user study. All study
conditions were counter-balanced through applying a Latin square
design. For each of the nine conditions, participants were immersed
into a UH-60 Black Hawk helicopter cockpit with the primary task
of completing a 20-step button-pressing procedure per trial. Partic-
ipants also had a secondary task of keeping track of a 2-back task
via shapes that would appear outside of the helicopter cockpit.

3.1

In our study, we examine two independent variables: storm level
and interaction cue jitter. For each independent variable, we have
implemented three variations for each. For storm level, we imple-
mented no storm, incoming storm, and in-storm conditions. Re-
garding interaction cue jitter, we implemented no jitter, medium
jitter, and large jitter conditions.

Independent Variables

3.1.1

For our jitter conditions, we adopted a similar implementation as
Gottsacker et al.’s [11] angular jitter conditions. For no jitter con-
ditions, both the look cue and pick cue would remain consistently
placed and would maintain both precise and accurate location with
respect to the target button. For medium jitter conditions, we ap-
plied a 1°of angular jitter based on a unit sphere around the target.
Both the look cue and pick cue would random jitter to simulate loss
of tracking. For large jitter conditions, we applied a 2°of angular
jitter with the same random jitter frequency as the medium jitter
condition.

Jitter levels

3.1.2 Weather conditions

For our weather conditions, we leveraged both visual and audio
effects to achieve our 3 levels. For the no storm condition, as shown
in Figure 1A, there would be no weather effects or noise during the
trial. For the incoming storm condition, as shown in Figure 1B,
there would be some cloud effects around the cockpit with light rain
present paired with rain audio. For the in storm condition, as shown
in Figure 1C, the lighting effects would be darkened, there are much
stronger cloud and rain effects, both rain and thunder audio would
be present, and the UH-60 Black Hawk helicopter’s instrumentation
would illuminate green as to simulate the real helicopter.

3.2 Dependent Variables

In our study, we evaluate six dependent variables: Total Time, pro-
cedure error, N-back task error, Mental Effort through the Paas et al.
questionnaire [19], Physical Effort, and Discomfort. Total time is
the time calculated to complete a single 20-button press procedure.
Procedure error is the running count of incorrect button presses dur-
ing a 20-button press trial. N-back task error is the running count
and instances in which participants evaluated an item in the N-back
sequence incorrectly or does not evaluate the item when it is shown.
Mental effort, physical effort and discomfort are measured between
each 20-button press trial via three, single-item questionnaires.

3.3 User Study Procedure

Recruited participants were asked to review and complete a pre-
screening Qualtrics survey. In this survey, participants reviewed an



informed consent document, eligibility document, and provide ad-
ditional demographic information such as age, gender, video game
experience, first-person shooter experience, and VR experience.
After completing the online form, participants were prompted to
schedule a day and time in which they would be able to participate
in the VR study.

On their scheduled study session day, participants were greeted
and introduced to the Meta Quest Pro, the VR system utilized to
administer our user study. In this introduction, participants were
shown how to adjust the headset’s straps and lenses such that it
rested on the participants’ head comfortably. We also provided an
explanation of the controls and actions needed to perform the pri-
mary button-pressing task and the 2-back task during the trials of
the study. After familiarizing themselves with the VR system, we
explained to the participants that the study is comprised of 9 trials of
completing button-pressing procedures in a UH-60 Black Hawk he-
licopter cockpit. We also explained that during the button-pressing
procedures, they would be guided by a 3D arrow look cue and a
3D arrow pick cue to know which button in the cockpit they would
need to press. In addition to the button-pressing procedures, par-
ticipants were also informed of how the 2-back task would work.
Shapes would intermittently appear outside of the cockpit, and the
participants were responsible for keeping track of these shapes and
either accepting, if they saw the shape 2 sequence items ago, or
rejecting as they saw the shapes appear. For the entire study, partic-
ipants sat in a chair to ensure both comfort and similarity to sitting
in the cockpit.

After explaining the instructions and tasks, we verified that par-
ticipants both understood the task, controls, and if they were ready
to begin. Once verified, participants were immersed into the nine
trials. In each trial, participants were allowed to complete the
button-pressing procedure at their own pace and a trial would end
once the participant pressed the 20th button in the procedure. At the
end of each trial, participants would respond to three single-item
questionnaires on their mental effort, physical effort, and discom-
fort. Given that there were nine conditions in our user study, we
opted to administer three single-item questionnaires to reduce the
potential of survey fatigue. After four trials, participants were of-
fered an opportunity to take a break from the study if needed. In
addition to the constant half-way point break, participants were in-
formed they could take a break at any time if needed after they com-
pleted a trial. After the half-way point break, participants would fin-
ish the remaining five trials. All conditions were counter-balanced
between participants through applying a Latin square design for our
user study.

Overall, the time required to complete the pre-screening survey
and in-person VR study with questionnaires was 45 minutes. Partic-
ipants who completed the aforementioned study components were
compensated $20 USD via an Amazon e-gift card.

3.4 Participants

Prior to our user study, we conducted a power analysis using
G*power for an F-test ANOVA analysis with a Cohen’s F of 0.25,
a = 0.05, and a power of 0.95. Given our study design is within-
subjects with nine conditions, our power analysis revealed that an
adequate sample size is at least 22 participants, which we achieved
in our participant pool.

In our user study, we recruited a total of 22 participants (14 male,
7 female, 1 Non-binary) from our local university. Participants were
required to be 18 years of age or older, have normal or corrected-
to-normal vision, be able to hear, be able to walk and extend both
arms, and be able to speak and understand English. Participants
who reported any visual, auditory, neurological, or physical dis-
abilities were excluded from participation. Our participants’ ages
ranged from 18 to 32, with a mean age of 22.
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Figure 2: The interaction cues we employed in our user study. The
3D Arrow look cue (Top) directs users to where the target is located
with respect to where they are looking. The 3D Arrow pick cue
(bottom) distinguishes, out of the target candidates, which target is
the one requiring attention.

3.5 Apparatus

In our study, there are several moving parts that allowed us to con-
duct our user study. We further detail the design details of the UH-
60 Black Hawk Helicopter Cockpit, interaction cues utilized, the
N-back task, and jitter conditions used in our user study. To inter-
face with our user study environment, we utilized the Meta Quest
Pro and controllers as our VR system to administer our user study.

3.5.1 Interaction Cues

In our study, we have two types of interaction cues: a look cue and
a pick cue. Both are represented as a conventional 3D arrow with
the caveat that each cue serves different functions. The look cue
provides the user with context of where they should look in order
to see the target button or interaction. The look cue will always be
within the user’s FOV. However, once the user looks at the point
of interest, the look cue will disappear. Given that our cockpit has
a broad range of target candidates, the pick cue helps distinguish
which target needs to be selected of the similar options within the
area of interest. The pick cue is not always in the user’s FOV, and
will remain on the point of interest until the user interacts with the
intended target. Figure 2 showcases both the look and pick cues we
employed in our user study.

3.5.2 Jitter of Interaction Cues

In our user study, we applied both an accuracy and precision jitter to
both our look and pick cues. For the jitter conditions, we employed
three levels as highlighted in Section 3.1.1. To achieve the jitter, we
applied a transformation of position of the look and pick cue during
the condition. This transformation is based on both a unit sphere
and a multiplier to control for distance for both the medium and
large jitter conditions. The jitter would be applied randomly every
0.4 seconds.



Figure 3: Potential locations for stimuli in our 2-back task

Figure 4: Example of a 2-back stimuli from the cockpitk

3.5.3 N-back Task

For our 2-back task, to simulate observing potential points of in-
terest outside of the cockpit. Given the high visibility around the
UH-60 Black Hawk cockpit, there were four potential locations a
stimuli would appear for the 2-back task, as shown in Figure 3.
Stimuli would appear one at a time, as shown in Figure 4, and par-
ticipants would need to respond to the stimuli by pressing "A’ for
accept or "B’ for reject on the Meta Quest Pro controller. The stim-
uli could be one of four shapes: sphere, cube, rectangle, or cylinder.

3.5.4 UH-60 Black Hawk Helicopter Cockpit

Our UH-60 Black Hawk cockpit is adapted from Belga et al.’s work
on interaction cues [1]. The cockpit virtual environment was devel-
oped to be fully interactive and complete with pressable buttons,
turnable knobs, and various displays to view. Given our study de-
sign focused primarily on completing button pressing procedures,
every button in the cockpit can be pressed and when pressed, each
button provides both audio and haptic feedback to the user to in-
form when a button has been pressed. The model of our UH-60
Black Hawk Helicopter Cockpit was designed to match the exact
layout and positioning of the instrumentation (e.g., Control Display
Unit (CDU) and Multi-Function Displays (MFDs)), which adds to
the ecological validity of our context.

Additionally, the environment was developed using Unity
2018.3.18f1 and the SteamVR plugin to interface with most con-
sumer VR systems. For the button pressing interaction, users would
not be required to push any buttons on the controller, but rather,
reach out towards the button and their virtual hand would automat-
ically repose itself to a pointing gesture. Once the user’s virtual in-
dex finger collides with a button, the button would register a press
and provide the aforementioned auditory and haptic feedback to the
user. This interaction was fulfilled using the Meta Quest Pro con-
trollers.

4 RESULTS

In our results, we calculated and analyzed total time, button error
count, 2-back error percentage, mental effort, physical effort, and
discomfort for each trial each participant completed. In our study,
we found our data to be in violation of normality, therefore we per-
formed an Aligned Rank Transform (ART) to conduct an ANOVA
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Figure 5: The mean times based on jitter conditions.

on the non-parametric data [31]. Given our within-subjects study
design, we administered a repeated measures ANOVA. In addition
to our partial-eta square effect size reporting, we also report our
effect sizes using Cohen’s F [6]. For our pairwise t-tests for each
result, we also applied a Bonferroni correction.

41

With regard to total trial completion times, our results revealed a
significant main effect for jitter level, Fi 141,23.957 = 24.774,p <

0.001, n2 = 0.541, with a Cohen’s F of 1.086. Our results also re-
vealed a significant interaction effect between jitter level and storm
level, F2.217746'554 = 3.12017]7 = 0.017 T]2 =0.129, with a Cohen’s
F of 0.385. We did not find significance for a storm level main ef-
fect, F1'507731'655 =2.109,p =0.124, 112 =0.091, with a Cohen’s F
of 0.3164.

For our significant jitter level main effect, pairwise t-tests re-
vealed that conditions with large jitter effects led to significantly
longer trial completion times than conditions with medium jitter
effects, ) = —4.307,p < 0.001. Furthermore, larger jitter effect
conditions, f; = 2.667,p = 0.02, and medium jitter effect condi-
tions, ty; = 6.975, p < 0.001, both led to significantly longer trial
completion times than conditions with no jitter effects. The mean
total times across the jitter conditions are summarized in Figure 5.
Our pairwise comparisons for our interaction effect between jitter
and storm level are also summarized in Table 1.

Total Time

4.2 Procedure Error

For procedure errors, instances in which participants pressed the
wrong button, we had significant main effects for both jitter
level, F1.047,21.990 = 66.999, p = 0.04, 712 =10.761, and storm level,
F1'093'22'955 = 16.157,]) = 0.04,1’]2 = 0.435, with a Cohen’s F
value of 1.784 and 0.877 respectively. Our results also indicated
that there is a significant interaction effect between jitter level and
storm level, F] 22325679 = 6.219,p = 0.01, n2 =0.229, with a Co-
hen’s F value of 0.545.

With regard to jitter level, conditions with large jitter led to sig-
nificantly more procedure errors than medium jitter conditions fpy =
—3.801, p < 0.001. Furthermore, both conditions with large jitter,
tyy =7.568, p < 0.001, and medium jitter, 15, = 11.369, p < 0.001,
led to significantly more procedure errors than no jitter conditions.



Table 1: Significant pairwise comparisons for the jitter and storm level interaction effect on Total Time. In each row, the bolded condition

had significantly lower Total Time than its paired condition.

Comparison t-statistic p-value

Medium Jitter, In Storm — No Jitter, No Storm ty =3.33 p=0.03

Medium Jitter, Incoming Storm — Large Jitter, In Storm th=-3.60 p=0.01

Medium Jitter, Incoming Storm — Large Jitter, No Storm  #; = —4.61 p < 0.001
Large Jitter, In Storm — No Jitter, In Storm ) =470  p<0.001
Large Jitter, In Storm — No Jitter, No Storm y=5.13 p<0.001
Large Jitter, Incoming Storm — No Jitter, In Storm ty =3.44 p=0.02
Large Jitter, Incoming Storm — No Jitter, No Storm t)p =3.87 p=0.005
Large Jitter, No Storm — No Jitter, In Storm tr =5.70 p < 0.001
Large Jitter, No Storm — No Jitter, Incoming Storm ) =392 p=0.004
Large Jitter, No Storm — No Jitter, No Storm 1y =6.13 p < 0.001

Table 2: Significant pairwise comparisons for the jitter and storm level interaction effect on Errors. In each row, the bolded condition had

significantly lower Errors than its paired condition.

Comparison t-statistic p-value

Large Jitter, In Storm — Medium Jitter, No Storm tp =359 p=0.016
Large Jitter, In Storm — No Jitter, In Storm ) =828 p<0.001
Large Jitter, In Storm — No Jitter, Incoming Storm t) =7.64 p<0.001
Large Jitter, In Storm — No Jitter, No Storm ) =8.70 p<0.001
Large Jitter, Incoming Storm — No Jitter, In Storm typ =773 p<0.001
Large Jitter, Incoming Storm — No Jitter, Incoming Storm =709 p<0.001
Large Jitter, Incoming Storm — No Jitter, No Storm typ =8.16 p<0.001
Large Jitter, No Storm — Medium Jitter, No Storm =358 p=0.016
Large Jitter, No Storm — No Jitter, In Storm t) =827 p<0.001
Large Jitter, No Storm — No Jitter, Incoming Storm ) =7.64 p<0.001
Large Jitter, No Storm — No Jitter, No Storm 1)y =8.70 p < 0.001
Medium Jitter, In Storm — No Jitter, In Storm tr =638 p<0.001
Medium lJitter, In Storm — No Jitter, Incoming Storm =574 p<0.001
Medium Jitter, In Storm — No Jitter, No Storm =681 p<0.001
Medium lJitter, Incoming Storm — No Jitter, In Storm t) =510 p<0.001
Medium Jitter, Incoming Storm — No Jitter, Incoming Storm 7, =4.46 p < 0.001
Medium lJitter, Incoming Storm — No Jitter, No Storm t) =553 p<0.001
Medium Jitter, No Storm — No Jitter, In Storm trp =4.69 p<0.001
Medium lJitter, No Storm — No Jitter, Incoming Storm typy =4.05 p=20.003
Medium Jitter, No Storm — No Jitter, No Storm ) =512 p<0.001

The mean procedure errors across all jitter conditions of our study
can be summarized in Figure 7.

For Storm level, conditions with no storms led to significantly
less procedure errors than in storm conditions fy; = —3.801,p <
0.001. Similarly, incoming storm conditions also led to sig-
nificantly less procedure errors than in storm conditions fp; =
—5.538,p < 0.001. The mean procedure errors across all storm
conditions of our study are summarized in Figure ??.

4.3 N-back Task Error

For our 2-back task error, we identify an error as an n-back stim-
ulus that the participant incorrectly categorizes, accept or reject,
or does not respond to a stimulus. For our 2-back task, our re-
sults indicate significance for a storm level main effect, > 4o =
3.6317,p = 0.04.,1]2 = 0.147, with a Cohen’s F value of 0.415.
Our pairwise t-test for storm level revealed that in-storm conditions
yielded significantly higher 2-back scores than no storm conditions
t)o = —2.487, p = 0.04. The main effects results of our 2-back task
are summarized in Figure 6.

4.4 Mental Effort

Throughout our study, our participants responded to a mental ef-
fort single-item questionnaire adapted from Paas et al. [19]. In
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our results, we find significance for jitter level main effect, F 4o =
3.059, p = 0.04,n7% = 0.127, with a Cohen’s F of 0.3814. Sim-
ilarly, we found a significant main effect for weather conditions,
F>4p =6.773,p = 0.001, n?% = 0.244, with a Cohen’s F of 0.5681.
However, we did not find a significant interaction effect between
jitter and weather, F; 575 53,004 = 0.422,p = 0.01, 112 = 0.02, with
a Cohen’s F of 0.1429. Figure 8b summarizes our mean mental
effort scores across storm conditions, and Figure 8a summarizes
mean mental effort scores across jitter conditions.

Delving into our pairwise analysis, we find that conditions with
the large jitter effect led to significantly higher mental effort scores
than conditions with no jitter effect r,, = 2.461,p = 0.04. With
regard to the weather conditions, conditions that were in the storm
led to significantly higher mental effort scores than conditions with
no storm conditions #y = 3.663, p = 0.01.

4.5 Physical Effort

In our user study, we applied a modified version of the Paas et al.
[19] single-item questionnaire, but applied it to physical effort as
opposed to mental effort. Our results revealed a significant main
effect for jitter level, F; 4o = 7.566,p < 0.001,n% = 0.265, with
a Cohen’s F of 0.6005. We also had a significant main effect for
weather conditions, Fi 426 29.956 = 8.337,p < 0.001, n? = 0.284,
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Figure 6: The mean accuracy of the 2-back task across the storm
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Figure 7: The mean procedure errors across jitter and storm condi-
tions from our user study.
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Figure 8: The mean mental effort scores across jitter and storm
conditions from our user study.

with a Cohen’s F of 0.6298. As with mental effort, we also did
not find a significant interaction effect between jitter and weather
conditions, F2.525,53_024 = 1.560,]) = 0.187, T]2 =0.069, with a Co-

591

Physical Effort by Jitter Level Physical Effort by Storm Level

©
©

.

-

Mean Physical Effort

Mean Physical Effort

o

No Jitter Medium Jitter

Jitter Level

Large Jitter NoStorm  Incoming Storm ~ In Storm

Storm Level

(a) Jitter conditions (b) Storm conditions

Figure 9: The mean physical effort scores across jitter and storm
conditions from our user study.
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Figure 10: The mean discomfort scores across jitter and storm con-
ditions from our user study.

hen’s F of 0.2722. Figure 9a summarizes our mean physical effort
scores across our jitter conditions, and Figure 9b summarizes our
mean physical effort scores across our storm conditions.

For our pairwise analysis, conditions with a medium jitter ef-
fect led to significantly higher physical effort scores than conditions
with no jitter effect, fpp = 2.585,p = 0.03. Similarly, conditions
with a large jitter effect led to significantly higher physical effort
scores than conditions with no jitter effect, 1, = 3.809, p < 0.001.
With regard to the storm conditions, in storm conditions led to sig-
nificantly higher physical effort scores than conditions of the in-
coming storm, #yp = 2.817, p = 0.01. Furthermore, in storm con-
ditions also led to significantly higher physical effort scores than
conditions without a storm, 2, = 3.968, p < 0.001.

4.6 Discomfort

In our user study, participants also responded to the Fernandes
et al. [10] single-item discomfort questionnaire on a 0 to 10-
point scale. For our jitter level main effect, we found significance,
F> 4 =11.248,p < 0.001, n? =0.349, with a Cohen’s F of 0.7322.
Additionally, we had a significant main effect for storm level,
F>4 =3.248,p = 0.04,1% = 0.134, with a Cohen’s F of 0.3934.
We did not witness a significant interaction effect between our two
independent variables, F3 g4g 59.814 = 0.066, p = 0.991, n2 =0.003,
with a Cohen’s F of 0.0549. Figure 10a summarizes our mean dis-
comfort scores across our jitter conditions, and Figure 10b summa-
rizes our mean discomfort scores across our storm conditions.

For jitter conditions, large jitter conditions led to significantly
higher discomfort scores than medium jitter conditions, fy; =
—2.428,p = 0.04. Similarly, large conditions led to significantly



higher discomfort scores than no jitter conditions, tpp =4.742,p <
0.01. For weather conditions, conditions in the storm led to sig-
nificantly higher discomfort scores than no storm conditions, t, =
2.546,p =0.03.

5 DIsScuUSSION

In our paper, we have highlighted the impact both jitter and exter-
nal visual-audio stimuli has on both the performative and cognitive
load of our participants. Similarly to previous work, our study has
demonstrated the adverse performative effects of jitter and distrac-
tions on task performance. However, a nuanced result is the cogni-
tive load component through our 2-back task. From our results of
our within-subjects study, we also present the implications of our
results as well as propose future research directions based on our
work.

5.1 Performative Impacts of Jitter and External Stimuli

In our study, the design implementation of the jitter of our interac-
tion cues took inspiration from works like [11]. From a performa-
tive standpoint, the introduction of jitter led to significant, adverse
effects on our participants’ ability to perform well in completing the
procedural button-pressing tasks. This result aligns with previous
work in this space [11, 18, 21]. Our results also highlight the nega-
tive effects our weather conditions had on participant performance
in the button-pressing task. Across our conditions, each degree of
storm led to more procedure errors as well as an increase in total
time spent in a given trial. However, given that our user study is
contextualized in a real world experience, we believe an important
avenue of research is to better understand the ways in which we can
mitigate these adverse effects should a real AR system impose these
on a user.

5.2 Cognitive Load Impacts of Distractions

One of the more unexpected outcomes from our study was our par-
ticipants’ performance in the 2-back task. Across our conditions,
we found a significant main effect for storm level with regard to
N-back accuracy, indicating that conditions in the in storm condi-
tions yielded better 2-back scores than no storm conditions. Dur-
ing our explanation of the user study experience to participants, we
did not indicate that they would be under any time pressure or any
other kind of pressure outside of the VR environment. Despite be-
ing told their main goal is to complete each of the button-pressing
procedures, we find it interesting that in the in-storm conditions,
participants opted to prioritize the 2-back task when compared to
the no-storm conditions. It may be the case that in the storm condi-
tions, our participants organically aimed to be more cognizant and
aware of the events occurring outside the cockpit (e.g, rain storm, 2-
back shapes). In contrast, the no storm conditions “do not require”
as much external attention as there is no perceived stress. This is
further supported by both our mental effort and physical effort self-
reports in which participants had significantly higher scores after
experiencing in storm conditions.

5.3 Limitations and Future Work

One of the limitations of our work is that our implementation of
AR is simulated as opposed to real-life. Given our context of a UH-
60 Black Hawk helicopter, access to such equipment is not readily
available. However, we believe the simulated UH-60 Black Hawk
helicopter afforded us a unique study context in which within the
cockpit, there are hundreds of potential target candidates co-located
in the same space. This opens up an avenue of future research that
leverages the look and pick cue implementations we presented in
our paper to AR system contexts.

In our study’s sample size (n = 22), we witness a skewed gen-
der representation towards male participants (14 male, 7 female, 1
Non-binary) which limits the generalizability of our work. While
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we did not have motivation to investigate the degree to which gen-
der impacts user performance in this task, we do note that there
is previous work that highlights gender differences appearing in a
variety of spatial cognition contexts [11, 7].

Another limitation of our work is that our participant pool is
comprised of individuals who were not familiar with the UH-60
Black Hawk helicopter (i.e., pilots and co-pilots). Given our lim-
ited access to a demographic, it is possible to conjecture that having
pilots and co-pilots as participants would impact the results of our
study. A future avenue of research would be to evaluate a system
like ours with pilots and co-pilots since they would be more famil-
iar with the instrumentation. An additional avenue of future work
would apply similar techniques we employed in our work in simi-
lar, but different contexts. One example is investigating cueing and
distractions on a control panel in an industrial setting.

Another limitation of our study design is the type of look cues
and pick cues we chose. While 3D arrows are very standard across
both AR and VR applications, there are a broad range of other in-
teraction cues that have the potential to perform better under the
adverse conditions we present in our work. For example, “ghost
hands” or semi-transparent hands to guide users in how to interact
with objects is a well documented pick cue [14]. Another poten-
tial cue to investigate are highlighting cues, such as those found in
Volmer et al.’s [27] and Schwerdtfeger et al.’s [24] works.

In our work, we conducted the 2-back task to simulate a multi-
tasking scenario. However, we acknowledge that our observed ef-
fects may or may not persist in a real helicopter scenario, especially
with real pilots and co-pilots. However, we consider the possibility
that pilots that prioritize navigation and observation outside the he-
licopter could exemplify our found results with regard to the storm
conditions. We believe this may present an avenue of future work
that further investigates the potential effects of prioritizing naviga-
tion and observation over procedure completion or vice versa.

Given our works’ concern on adverse conditions, we believe that
future work and development of these types of guidance systems
should consider potential adversities in system or environment. We
encourage future researchers to take into account these considera-
tions and employ techniques or methods to overcome such adver-
sities. In our work, we highlight one specific context through the
UH-60 Black Hawk helicopter. Future work would investigate other
types of procedural guidance systems in different contexts.

6 CONCLUSION

In this paper, we presented a multi-factor, within-subjects study in-
vestigating the impact external sensory stimuli affects task perfor-
mance and mental cognitive workload. Our study design aimed to
immerse users into a task that was grounded in a real-world task and
engaging to participants regardless of familiarity to UH-60 Black
Hawk helicopters. In our user study (n = 22), we evaluated the
impact of interaction cue jitter and weather effects on participant
performance. Our results highlight significant issues with regard
to core task performance and mental workload performance. How-
ever, given the context of our study, we have also provided addi-
tional avenues for future work and research.
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