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Fig. 1: Illustration of the four experimental physical/virtual configurations. Across all images, there are four tasks: Task #1 is
the shooting task, Task #2 is system monitoring, Task #3 is tank monitoring, and Task #4 is parameter entry. The configurations
evaluated included the following: (a) “Desktop” configuration where all tasks were displayed on a single desktop screen positioned
1.5 m away from the user; (b) “Overlay” configuration where the shooting task was shown on the desktop display and the other
three tasks were on an augmented reality display positioned in the same location as the desktop; (c) “Distant” configuration where
the desktop and AR displays were separated by 1.5 m to introduce depth discontinuity; and (d) “Misaligned” configuration where
the desktop display was shifted 20 degrees to the right of the user’s viewpoint, creating both depth and visual field discontinuities
between displays. The visualizations are not drawn to scale and are intended for illustrative purposes only.

Abstract— Optical see-through head-mounted displays (OST-HMDs) allow users to interact with both physical and virtual displays
overlaid in the real world within augmented reality (AR) environments. When arranging these displays in space, spatial discontinu-
ity—such as differences in viewing distance or lateral separation in the visual field—may occur. This study examined the effects of
displays’ spatial discontinuities on multitasking performance and perceived workload in AR, as well as how these effects were influ-
enced by task load. Participants completed a multitasking simulation with four tasks distributed across physical and virtual displays
under four display configurations: two configurations with spatial discontinuity, one cross-display configuration without discontinuity,
and a baseline configuration where all tasks were shown on the physical display. Each configuration was tested under two task load
levels. Results showed that OST-HMD-supported AR significantly impaired multitasking performance, regardless of whether spatial
discontinuity between virtual and physical displays was present. Introducing display discontinuities through small depth separations
or alignment offsets produced no additional significant influence on performance. The AR configurations also shown increased per-
ceived workload than the baseline, but spatial discontinuity did not significantly affect workload ratings. Task load modulated the effect
of display configurations on performance as well as physical and frustration ratings of the perceived workload.

Index Terms—Augmented reality, multitasking, context switching, display discontinuity, multi-display user interface

1 INTRODUCTION

With advances in augmented reality technology, virtual content can
now be overlaid on the real-world environment, often through OST-
HMDs [10]. This capability supports a wide range of applications
where users can simultaneously interact with both physical objects and
virtual content in domains such as data analytics [18], maintenance
[40, 3], and surgery [29]. Designers can relocate content traditionally
shown on physical displays to AR displays to enhance user experience,
as seen in applications like heads-up displays in cars [55] and the pre-
sentation of virtual photos and text for tourists [37]. When space is
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limited, replacing physical monitors with virtual displays shown on
AR headsets can also offer greater flexibility [43]. Although AR of-
fers many advantages, prior work has raised concerns about potential
negative impacts on performance [43, 2, 19], comfort [28, 52, 27],
and perceived workload [26, 21] caused by OST-HMDs. In multitask-
ing scenarios, users often need to continuously monitor events across
multiple screens. Because virtual screens in AR can be freely placed
in space, spatial discontinuities may occur because of occlusion by
physical obstacles, the presence of other displays, or design choices.
For example, displays positioned at varying distances from the user
can create depth discontinuity, and gaps between displays in the visual
field can create visual field discontinuity [47]. These discontinuities
could potentially impose additional burden on switching between dis-
plays.

In this paper, we aim to provide design insights for multitasking
contexts involving a hybrid setup of physical and OST-HMD rendered
virtual displays, focusing on spatial discontinuity between displays
under time constraints. To this end, we compared task performance
and perceived workload in an AR-based multitasking simulation with



a baseline in which no AR was used. Within the AR environment,
there were three display configurations: “overlay” with no spatial dis-
continuity, “distant” with depth discontinuity only, and “misaligned”
with combined depth and lateral visual field discontinuity, as shown
in fig. 1. Because multitasking contexts such as control rooms and
maintenance work often involve fluctuating levels of task demand, we
also examined whether these effects could amplify under higher task
load by manipulating event frequency and time pressure. Our findings
show that the hybrid setup of physical and virtual displays led to a de-
cline in performance and an increase in perceived workload compared
to multitasking with only a physical display. Introducing a small depth
separation and lateral misalignment between displays did not signifi-
cantly impact performance or workload overall. The differences in
workload and the number of errors made between configurations were
more pronounced under higher task load, whereas the differences in
response time were less pronounced. We also offered design guide-
lines derived from the insights of our results.

2 RELATED WORK

2.1 Real-World Applications of AR with OST-HMDs
OST-HMD–supported AR has been applied across a wide range of do-
mains. In medicine, AR projects anatomical or diagnostic imagery di-
rectly onto patients or surgical sites to guide planning and procedures
[17]. In architecture and construction, OST-HMDs visualize digital
building models in context to support design and facility management
[59]. In industrial settings, AR overlays assembly instructions and
technical diagrams onto machinery to aid diagnostics, maintenance,
and production [35]. Military training incorporates AR to present tac-
tical information and terrain visualizations for exercises [8], while ar-
chaeology uses AR headsets in the field to reveal excavation layers
and support documentation [14]. Beyond these domains, many appli-
cations require users to divide attention across physical and virtual
displays. For office and mobile work, AR virtual monitors extend
traditional screen space by adding floating displays alongside laptops
or desktops [42, 41, 11]. In collaborative environments, large wall
displays are paired with OST-HMDs so that shared content appears
physically while personal tools remain virtual [48]. AR overlays also
aid navigation during walking by providing real-time directional cues
[39]. Collectively, these examples show how OST-HMD–supported
AR complements physical screens, enabling hybrid display setups that
adapt flexibly across work, collaboration, and everyday activities. In
many of these examples, such as surgery and military training, task
load may shift across scenarios, which should be considered in design.

2.2 Challenges in OST-HMD–based AR
To gain a clear view of an object, our eyes converge based on depth
cues (vergence) and the lens adjusts focus accordingly to the focal
plane (accommodation). When looking at a physical display, the depth
cues align with the focal plane determined by the actual distance of
the display, thus aligning the vergence and accommodation. However,
when looking at a virtual display on common OST AR headsets (like
the one in this study), depth cues are not aligned with the actual focal
plane in most cases [30]. Although the headset can simulate differ-
ent depth cues, it has a fixed focal plane. The misalignment of depth
cue and focal plane leads to a conflict between vergence and accom-
modation. Previous research has demonstrated that this misalignment
distorts depth and size perception [31] and can result in performance
decrement and visual fatigue [23].

More importantly, even if the physical and virtual displays were
placed at the same depth in AR, our eyes still need to adjust accommo-
dation when switching gaze between them. This is because physical
displays exist at their true optical depth, while virtual displays remain
anchored to the fixed focal plane of the headset. Prior studies have
demonstrated that such focal plane switching can impair performance
and increase eye fatigue in a visual search task, with both monocular
and binocular AR displays, especially when the transition between dis-
plays leads to blurring of the content shown [19, 2]. Chiossi et al. [13]
used event-related potential (ERP) markers to show that visual dis-
comfort caused by blur could impose high neural costs. Furthermore,

even when focal distance and the simulated depth of virtual displays
are matched to those of physical displays—–thus eliminating the need
for focal plane switching—–studies have found that context switch-
ing between the physical and virtual environments can still increase
eye fatigue with both binocular and monocular OST displays [19, 2].
However, context switching generally did not impact performance on
virtual search tasks [19, 2, 16], except when the virtual content became
too distant and began to appear blurry [19].

Beyond these perceptual and visual challenges, there are also phys-
ical and ergonomic issues to consider with AR headsets. Unlike desk-
top monitors, they add weight and pressure to the head and neck, lead-
ing to greater strain and fatigue [28]. AR use also increases muscle
activity and ergonomic risks [36], with extended sessions linked to
muscular fatigue and reduced awareness in workplaces [51]. Neck
muscle contraction further adds cumulative strain [60]. Stereoscopic
content outside the ‘zone of comfort’ causes eye fatigue [50], and AR
setups often induce nausea [52], motion sickness [27], and dizziness
[51].

2.3 Spatial Arrangement of AR Displays

Prior work has examined how the spatial arrangement of displays in
AR affects user interaction. In collaborative sensemaking, surfaces
and items in the physical environment guided how virtual documents
were arranged [34]. In hybrid setups with mobile devices and OST-
HMDs, layout strategies that varied text size and spacing influenced
readability, comfort, and speed, reflecting trade-offs between view-
ing more content and maintaining legibility [4]. Body-relative place-
ments also strongly affect interaction: interfaces near eye level or
on-body were most convenient, while world-anchored views better
supported spatial understanding [24, 37]. Head-locked overlays in-
creased throughput, whereas world-locked overlays were rated more
usable [20]. During walking, head anchoring preserved locomotion
and task performance, while hand anchoring slowed walking but re-
duced missed responses [46]. On-hand reference frames showed that
pinch-offset placements improved speed and accuracy but introduced
occlusion and fatigue [25]. Direction and eccentricity also matter: task
cues were most effective in the lower visual field at small eccentric-
ities, while non-task information worked better in the left or top-left
[57]. For alerts, object-centered placements improved speed and low-
ered workload [45], while peripheral placements reduced disruption
but risked misses [44]. Adaptive strategies aligning content with en-
vironmental context enhanced efficiency and usability, whereas stable
anchoring improved precision in dynamic tasks [15, 1].

Like other systems that involve multiple physical displays, hybrid
configurations of virtual and physical displays are multi-display user
interfaces (MDUIs). In the arrangement of such MDUIs, each pair
of displays can exhibit spatial discontinuity, which may arise from oc-
clusion by obstacles in the physical environment, the presence of other
displays that block portions of space, or additional design considera-
tions. Such cases were also evident in the work discussed in the previ-
ous paragraph. Rashid et al. [47] distinguished two primary forms of
spatial discontinuity (1) depth discontinuity, where displays are posi-
tioned at different distances from the user, and (2) visual field discon-
tinuity, where displays are separated in the visual field, regardless of
whether they are on the same depth plane. Prior research has shown
that both types of discontinuity can degrade performance [58, 38, 7],
although the extent of their effects varies depending on the task and
display type [47]. The angle of visual separation also matters, as War-
den et al. [53] found that increasing the separation up to 40 degrees
between two numbers did not affect response time or accuracy in ei-
ther a digit reading task or a mental subtraction task, but larger angles
above about 32 degrees required more head movement, which could
potentially have a greater impact on more demanding AR tasks.

According to Multiple Resource Theory [54], task cues such as
salient color or motion can be detected through ambient vision, draw-
ing on a different pool of visual resources than tasks that require focal
vision, such as reading. However, when the ambient-vision task is
placed farther from the user, the cue may no longer be detectable pe-
ripherally and instead require focal vision, creating competition with



focal tasks and potentially degrading performance. In the context of
switching between physical and virtual displays in AR, increasing the
depth separation between physical and virtual displays may further
widen the gap between their respective focal planes. The resulting
longer distance of focal plane switching has been shown to continue
elevating eye fatigue and impair performance in visual search tasks
[2]. However, little research has examined the combined effect of
depth and visual field discontinuity in AR settings requiring contin-
uous monitoring of both physical and virtual displays.

3 PRESENT WORK

Building on prior work, we identified a research need: examining the
effect of spatial discontinuity on multitasking in environments that re-
quire continuous monitoring of both virtual and physical displays. We
also varied task load, as Perceptual Load Theory [32] suggests that
increasing perceptual demands reduces the capacity available for ad-
ditional tasks, and could make concurrent monitoring more difficult
under high load.

We designed a set of tasks with frequent events requiring rapid re-
sponses across displays, which we hypothesized would amplify the
impact of factors such as context and focal plane switching compared
to prior work. Fig. 2b shows the normal (no-event) appearance of
all tasks to illustrate the default UI layout, and different event states
are illustrated in Figures 3-5. Compared to earlier studies evaluating
performance on hybrid displays in AR, our study required more fre-
quent switching between displays by incorporating multiple monitor-
ing tasks with high response frequency and assigning different tasks
to each display. The simulation included four configurations shown in
fig. 1. In the desktop configuration, all tasks were on a physical mon-
itor. The overlay configuration moved tasks to a virtual display on an
OST-HMD without spatial discontinuity, isolating burdens introduced
by AR, such as context and focal plane switching. Notably, the focal
plane distance difference in this configuration (0.76 m) was smaller
than in previous studies [2, 19]. The distant configuration introduced
depth discontinuity, while the misaligned configuration further added
lateral misalignment to create visual field discontinuity. Finally, we
examined how task load—manipulated through event frequency and
time pressure— modulated the effects, and collected the NASA-TLX
[22] responses to capture perceived workload. Together, these config-
urations aimed to provide insights into whether the spatial flexibility
offered by AR justifies potential trade-offs in user performance and
workload.

Our research questions were as follows:

1. How does spatial discontinuity between displays affect task per-
formance and perceived workload in multitasking AR?

2. How does task load (low vs. high) modulate these effects?

And our expectations were:

1. Compared to the desktop baseline, the AR configurations would
decrease performance and increase workload due to the burdens
introduced by the AR use.

2. The distant and misaligned configurations, which introduced
spatial discontinuity between displays, would further decrease
performance and increase perceived workload compared to the
overlay and baseline physical-only configurations.

3. Higher task load would make differences in performance and
workload across configurations more pronounced.

4 METHODS

4.1 Apparatus
Fig. 2a shows a picture of the experiment setup in the overlay configu-
ration. The virtual display was shown on a Magic Leap 2 see-through
AR headset with a resolution of 1440 × 1760 pixels per eye and a di-
agonal FOV of 70 degrees. The focal plane of the headset is at 0.74
m. The desktop display used to present the search target was a 27-inch

Fig. 2: (a) The experimental setup in the overlay configuration with
the participant wearing the AR headset and using the three-key mini
keyboard with their left hand and mouse with their right hand. (b) A
screenshot of the simulation environment with the four tasks at normal
(no-event) states. Different event states for each task are in fig. 4, fig. 3,
and fig. 5.

monitor with a resolution of 2560 × 1440 pixels, connected to a com-
puter. The experiment used a simulator with four tasks developed with
the Unity game engine. Participants interacted with the tasks using a
three-key mini Bluetooth keyboard (held in their left hand) and a Blue-
tooth mouse (operated with their right hand), both placed on a fixed-
position table. They remained seated in a stationary chair throughout
the session. The physical desktop display was on another table, which
was repositioned accordingly depending on the experimental configu-
rations described in fig. 1.

4.2 Participants

Twenty university students (10 males, 10 females, M=21.3, SD=2.7)
were recruited for this study. All participants were right-handed and
had normal or corrected-to-normal vision and normal color vision.
The study was approved by the University of Virginia’s Institutional
Review Board. Standard IRB protocols were followed to ensure in-
formed consent, participant anonymity, and data security throughout
the experiment. The participants were compensated with gift cards for
their time.

4.3 Tasks

The tasks in the simulator were inspired by the NASA Multi-Attribute
Task Battery-II [49], a widely used tool for assessing multitasking per-
formance. We modeled a control-room–style situation in which an op-
erator must attend to multiple concurrent subtasks and occasionally
interact with each. The tasks we evaluate are independent task streams
(each generates its own events and performance measures) and were
designed to span different and distinct task types: continuous moni-
toring and responding with salient visual cues (i.e., system monitor-
ing and tank monitoring), a discrete multi-step update task requiring
focal attention and short-term retention (i.e., parameter entry), and a
time-pressured response stream that induces interruption pressure and
frequent cross-display switching when presented on a separate display



Fig. 3: (a) A screenshot of an event state of the tank monitoring task
where the dial in the top right gauge entered the red zone. (b) A screen-
shot of an event state of the parameter entry task with a prompt to,
“Update Speed to 38”. Participants would need to click on 3, 8, and
then the Speed button to fulfill this request.

Fig. 4: Screenshots of the system monitoring task: (a) An event state
with the “Keep On” button turned off (i.e., not green). (b) An event
state that had a floating bar above the yellow line (bar second to the
left). (c) An event state with the “Keep On” button turned on (i.e., red).

(i.e., shooting). Fig. 2b provides an overview of the simulation en-
vironment and experiment setup, and the details of each sub-task are
described below.

The simulation was dynamic in nature, and each task had a normal
state, as shown in fig. 2b, and at least one kind of event state requiring
responding with a mouse or keyboard. There was no designated pri-
mary task, and users were instructed to respond to all tasks as quickly
and accurately as possible. A pilot study (n = 5) was conducted to
validate the task design and calibrate event frequency for low and high
task loads, confirming that after tasks were moved from the physical
display to AR, their size and mouse speed remained consistent with
the physical setup, and that the physical screen stayed clearly visible
across repositioned display configurations.

The tank monitoring task required the user to monitor three di-
als, which updated to a random position every 0.5 seconds. The user
needed to make sure all three dials stay within the green range. If
the needle of a dial entered one of the out-of-range red zones, such as
shown in fig. 3a the user must click the gauge to reset it. Only one
dial became abnormal at a time. After making the correct selection,
the task would reset to the normal state.

The system monitoring task was similar to tank monitoring in na-
ture, but consisted more components that the user must monitor: A
“Keep On” button, a “Keep Off” button, and four floating bars. If
the “Keep On” button changed color from green to gray, as shown in
fig. 4a, or the “Keep Off” button changed color from gray to red, as
shown in fig. 4c, the user were tasked to click on it. In short, the user
should ideally keep the ‘Keep On’ button green and the ‘Keep Off’
button gray. Additionally, if any of the four floating bars moved out-
side the region between the two yellow lines, as shown in fig. 4b, the
user must click anywhere in the floating bar area to restore it to the
correct position. After making the correct click, the task would return
to the normal state.

The parameter entry task required the user to follow a command
displayed on the screen, instructing them to update one of three pa-
rameters—attitude, heading, or speed, as shown in fig. 3b. To enter
the requested value, the user clicked the corresponding numbers on
a number pad and then selected the appropriate parameter button. If
an incorrect number is entered, the user can press the “Del” button to
backspace. The number would always have two digits. After clicking
the parameter button, the task would return to the normal state regard-

Fig. 5: Screenshots of the shooting task: (a) An event state where the
target (i.e., red sphere target) appeared and needed to be eliminated.
(b) An event state where there was a false target (i.e. black cube)
appeared and did not require any action from the user.

less of the correctness.
The shooting task shown on fig. 5 required the user to shoot at

incoming targets that descended downward from the top of the display.
Unlike the other three tasks, the user responded to events from this
task using a mini keyboard that had three keys. The user could toggle
between the five different cannons along the bottom of the task by
pressing the left or right key on the keyboard, and the middle key was
used to shoot a laser from the selected cannon. The active, selected
cannon would be highlighted red while the others remain black. When
a target descended from the top and it was a red sphere, as in shown
fig. 5a, the user must align the correct cannon and shoot before the
target reached the bottom. However, if the target was not a red sphere
such as the case shown in fig. 5b, then the user did not need to take any
action. When the target was eliminated, regardless of correctness, or
when the target reached the bottom, the event would end and the task
would return to the normal state.

4.4 Experimental Design

There were four display configurations, as shown in fig. 1. Partici-
pants completed tasks under low and high task load for each config-
uration—resulting in a total of eight conditions per participant. Par-
ticipants were trained with a task load set between the high and low
conditions before the experiment. Training included both the desktop
and overlay configurations, lasting at least three minutes per configu-
ration and extended as needed until participants felt confident. After
completing each condition, the participants filled a NASA-TLX ques-
tionnaire to assess their workload. The system automatically docu-
mented the response time for each event and the errors made.

The sequence of conditions was randomized for each participant.
In the desktop configuration, all tasks were displayed on the desktop
monitor, placed 1.5 m from the user. In the overlay configuration,
the system monitoring, tank monitoring, and parameter entry tasks
were moved to the virtual display but remained in the same depths
and sizes as in the desktop configuration. Because the AR headset
had a hardware-fixed focal plane at 0.74 m, this created a 0.76 m dif-
ference between the focal planes of physical and virtual displays. In
the distant configuration, the desktop display was moved 1.5 m away
from the user, while the virtual display remained in the same loca-
tion. In the misaligned configuration, the desktop display was shifted
20 degrees to the right of the virtual display, which remained fixed
in place. The misalignment was intentionally kept small enough that
users could look back and forth between displays without requiring
head movement, as validated in the pilot test, ensuring that tasks did
not move outside the field of view and introduce an additional factor
influencing responses. And while head movement was not prohibited,
participants were encouraged to minimize it. The virtual display had a



dark gray background identical to that of the physical display to ensure
tasks were clearly visible in all configurations, and it was world-fixed
with a constant size across configurations. Participants used the same
input devices (mouse and keyboard) in the all configurations.

Each condition lasted three minutes and followed a pre-generated
input file to determine task events. Eight different input files were
used across conditions to prevent participants from memorizing the
events, but the same set of input files was used across all participants.
The number of events and the response time window for each task
varied by task load. Events from system monitoring, tank monitor-
ing, and parameter entry never occurred overlapped, but shooting task
events could coincide with one of these tasks to induce switching be-
tween displays. Therefore, the shooting task required more frequent
responses than the other three tasks and was on a separate display,
and among those three, the parameter entry task took more time to
response as it required three clicks.

Within an input file, there would be an equal number of events for
the system monitoring, tank monitoring, and parameter entry tasks,
with the order of events randomized. For these three tasks, if the par-
ticipant failed to respond within this time, the event concluded, and
the next event appeared. If the participant responded before the time
limit, the next event would not occur until the full response window
had elapsed. The specific events requiring action, such as which gauge
or button needed to be clicked or the number and parameter in the pa-
rameter entry task, were randomly generated. Entering an incorrect
number or selecting the wrong parameter type in the parameter entry
task was counted as an error. For the system and tank monitoring tasks,
misclicks were not recorded because the cues were more distinguish-
able, required only one click, and misclicks had not been observed in
the pilot test. For the shooting task, a resting gap with a fixed time
was imposed after the maximum allowed response time. Additionally,
10% of the targets did not require a response; shooting these targets
was considered an error.

In the high task load conditions, system monitoring and tank moni-
toring allowed 2 seconds per response, while parameter entry allowed
6 seconds per response since it would require two more clicks than the
previous two tasks. This resulted in 18 required responses for each of
these three tasks. Each shooting target had 2 seconds for a response,
with a new target appearing every 3 seconds, leading to 60 targets in
total, of which 54 required a response.

In the low task load conditions, system monitoring and tank moni-
toring allowed 4 seconds per response, while parameter entry allowed
12 seconds per response since it would require two more clicks than
the previous two tasks. This resulted in 9 required responses for each
of these three tasks. Each shooting target had 4 seconds for a response,
with a new target appearing every 6 seconds, leading to 30 targets in
total, of which 27 required a response.

4.5 Statistical Analysis
The analysis explored the effects of four display configurations and
two task load levels, resulting in a 4 × 2 factorial design for the lin-
ear mixed models for two performance metrics: response time, and
number of errors for each task. Response time was measured from the
onset of an event until the participant responded using the mouse or
keyboard, with only correct responses included in the analysis. Incor-
rect responses were analyzed separately as errors because they are not
directly comparable in effort or intent, and their heterogeneous causes
would inflate variance and confound interpretation of the results. The
error count represented the number of missed events or events not
completed within the allowed response time. For the parameter entry
task, errors also included cases where an incorrect parameter or num-
ber was selected. For the shooting task, errors additionally included re-
sponses to targets that did not require shooting. The linear mixed mod-
els were implemented using the lme4 package [5, 56] in R. Response
time was fitted with a Gaussian distribution model, while number of
errors, being discrete, was fitted with a Poisson distribution model.
In the case of overdispersion, a negative binomial distribution model
was used. The models were fitted using full maximum likelihood es-
timation following a stepwise forward procedure, where a model first

starts with the random intercepts for participants then fixed effects are
added one at a time for the two predictor variables and their interac-
tion. Likelihood ratio tests were then used to determine if adding each
factor significantly improved the model fit. The p-values for these tests
were adjusted using the Benjami-Hochberg procedure [6], a balanced
approach to control family-wise error rate upon performing multiple
comparisons. Significant effects were further explored using Tukey
post-hoc comparisons. Residual QQ plots were visually inspected for
assumption violations.

The NASA-TLX ratings were not separated by tasks given they
reflected overall workload across tasks. The effects of display con-
figuration and task load on each of the six dimensions of the NASA-
TLX were analyzed with a two-way repeated-measure analysis of vari-
ance (ANOVA). Greenhouse-Geisser corrected p-values were reported
where violations of sphericity were detected. Post-hoc pairwise com-
parisons were conducted using Bonferroni-adjusted p-values to exam-
ine significant main effects of display configuration and task load, as
well as simple effects of display configuration under each load level
in the presence of significant interactions. A two-tailed alpha level of
0.05 was used to determine statistical significance.

5 RESULTS

5.1 Effects of display configurations
5.1.1 Response Time
The display configurations had a significant main effect on response
time for the parameter entry and shooting tasks, but not for the system
monitoring or tank monitoring tasks. Statistical results are presented
in Tab. 1. In the parameter entry task, compared to the desktop config-
uration, the misaligned (mean difference = 1.08 s, t = 8.29, p < .001),
distant (mean difference = 0.83 s, t = 9.25, p < .001), and overlay
(mean difference = 1.21 s, t = 9.25, p < .001) configurations all re-
sulted in significantly longer response times. Moreover, the overlay
configuration led to a significantly longer response time than the dis-
tant configuration (mean difference = 0.39 s, t = 2.97, p= .018). Sim-
ilarly, in the shooting task, response times were significantly longer in
the misaligned (mean difference = 0.47 s, t = 8.24, p < .001), distant
(mean difference = 0.44 s, t = 7.73, p < .001), and overlay (mean dif-
ference = 0.34 s, t = 5.88, p < .001) configurations compared to the
desktop configuration. Notably, in the shooting task, the average re-
sponse times in the distant and misaligned configurations were longer
than in the overlay configuration, whereas in the other three tasks, they
were shorter. The results are shown in fig. 6 (blue bars).

5.1.2 Number of errors
Similar to the response time, the display configurations had a signifi-
cant main effect on number of errors in the parameter entry and shoot-
ing tasks, but not for the system monitoring or tank monitoring tasks.
Statistical results are presented in Tab. 1. In the parameter entry task,
compared to the desktop configuration, the misaligned (mean differ-
ence = 1.88, t = 3.54, p = .003), distant (mean difference = 1.58,
t = 2.97, p = .018), and overlay (mean difference = 2.68, t = 5.05,
p < .001) configurations all resulted in significantly more errors. In
the shooting task, there were significantly more errors made in the mis-
aligned (mean difference = 3.65, t = 4.78, p< .001) and distant (mean
difference = 3.13, t = 4.09, p < .001) configurations compared to the
desktop configuration. And consistent with the response time results,
the average number of errors in the distant and misaligned configu-
rations was higher than in the overlay configuration for the shooting
task, but lower in the other three tasks. The results are shown in fig. 7
(blue bars).

5.1.3 Workload
The display configurations had a significant main effect on five out of
the six workload dimensions: mental, physical, performance, effort,
and frustration. Statistical results are presented in Tab. 1. The desk-
top configuration was generally associated with lower workload than
the three AR configurations, but no significant differences were found
among the AR configurations across any of the workload dimensions.



Fig. 6: Mean response times across display configuration conditions with error bars (i.e., standard error). Blue bars show overall performance
(i.e., low and high task load), red bars show low task load performance, and green bars show high task load performance. Pairwise brackets
for the low/high task load series are shown only when the Condition × Task load interaction is statistically significant. * indicates p < .05, **
indicates p < .01, and *** indicates p < .001.

Fig. 7: Mean number of errors made across display configuration conditions with error bars (i.e., standard error). Blue bars show overall
performance (i.e., low and high task load), red bars show low task load performance, and green bars show high task load performance. Pairwise
brackets for the low/high task load series are shown only when the Condition × Task load interaction is statistically significant. * indicates p <
.05, ** indicates p < .01, and *** indicates p < .001.



Fig. 8: Mean ratings of the six NASA-TLX dimensions across display configuration conditions with error bars (i.e., standard error). Blue bars
show overall ratings (i.e., low and high task load), red bars show low task load ratings, and green bars show high task load ratings. Pairwise
brackets for the low/high task load series are shown only when the Condition × Task load interaction is statistically significant. * indicates p <
.05, ** indicates p < .01, and *** indicates p < .001.

For the mental dimension, the distant (mean difference = 1.07,
t = 3.31, p = .022) and misaligned (mean difference = 1.18, t = 3.06,
p= .039) configurations had significantly higher ratings than the desk-
top configuration. For the physical dimension, the overlay (mean dif-
ference = 0.85, t = 3.90, p = .006), distant (mean difference = 1.02,
t = 4.02, p = .004) and misaligned (mean difference = 1.23, t = 3.70,
p= .009) configurations had significantly higher ratings than the desk-
top configuration. For the performance dimension, the desktop con-
figuration had significantly higher rating than the overlay (mean dif-
ference = 1.12, t = 6.63, p < .001), distant (mean difference = 0.95,
t = 3.53, p = .013) and misaligned (mean difference = 1.25, t = 4.63,
p = .001) configurations. For the effort dimension, the overlay (mean
difference = 0.78, t = 3.36, p= .020) and misaligned (mean difference
= 1.15, t = 2.97, p = .047) configurations had significantly higher rat-
ings than the desktop configuration. And for the frustration dimension,
only the overlay (mean difference = 0.65, t = 3.21, p = .027) configu-
ration had significantly higher ratings than the desktop configuration.
The results are shown in fig. 8 (blue bars).

5.2 Task load as a moderator of display configuration ef-
fects

Compared to low task load, high task load significantly reduced re-
sponse times in the system monitoring, tank monitoring, and shooting
tasks, but had no significant effect on the parameter entry task. A
significant interaction between load and display configuration was ob-
served in both the parameter entry and shooting tasks, indicating that
the response time differences between display configurations were less
pronounced under high task load. As a result, the response time differ-
ence between the overlay and distant configurations in the parameter
entry task became insignificant under high task load. The results are
shown in fig. 6 (red and green bars), and statistical results are presented
in Tab. 1.

Compared to low task load, high task load significantly increased
the number of errors across all four tasks: system monitoring, tank
monitoring, parameter entry, and shooting. A significant interaction
between task load and display configuration was observed in the pa-
rameter entry and shooting tasks, showing that the differences in er-
ror rates between display configurations were more pronounced under
high task load. All pairwise comparisons between display configura-
tions for these two tasks became insignificant under low task load. The
results are shown in fig. 6 (red and green bars), and statistical results

are presented in Tab. 1.
Compared to low task load, high task load significantly elevated

workload in all six dimensions. Significant interactions between dis-
play configuration and task load were observed in only the physical
and frustration dimensions. The interaction effect indicated that differ-
ences in ratings of these two dimensions between the desktop and the
three AR configurations reached significance only under high work-
load. The results are shown in fig. 6 (red and green bars), and statistical
results are presented in Tab. 1.

6 DISCUSSION

Overall, multitasking performance declined and workload increased
when tasks were distributed across AR displays compared to using just
a desktop display. The most consistent effects were observed in the pa-
rameter entry and shooting tasks, which showed longer response times
and more errors under the AR conditions. Within the AR conditions,
adding spatial discontinuity between displays generally did not worsen
performance compared to the AR condition without spatial disconti-
nuity. Task load amplified the number of errors made and perceived
workload differences between display configurations. These findings
suggest that both AR use and a higher task load introduces measurable
costs to multitasking efficiency and user experience.

6.1 R.Q.1: How does spatial discontinuity between dis-
plays affect task performance and perceived workload
in multitasking AR?

When comparing the desktop baseline to the AR overlay configura-
tion, the use of AR significantly lowered performance in the parameter
entry and shooting tasks. Performance for both these tasks were also
lower with the other two AR configurations compared to the desktop
baseline. This is reflected in longer response times and higher num-
ber of errors made. Although Arefin et al. [2] found that changes
in focal plane switching can impair performance with binocular dis-
plays, they did not observe significant effects from context switching
between virtual and physical environments, either as a main effect or
in interaction. Our findings suggest that the combination of context
and focal plane switching—even with a relatively small focal distance
mismatch (0.76 m)—was sufficient to cause a measurable performance
decrement across all AR conditions, regardless of whether there was
spatial discontinuity present. This effect may be due to increased eye
fatigue (associated with both switching types [2, 19]) and the higher



Table 1: Summary of the main effects of display configuration condition and task load on response time (RT), number of errors, NASA-TLX
dimensions, and Condition x Task load interaction. Only statistically significant interactions were included. Statistically significant effects are
highlighted in red.

Metric Task / Dimension Display config main effect Task load main effect Display config × load

RT System monitoring χ2(3) = 6.90, p = .075 χ2(1) = 109.74, p < .001 —
RT Tank monitoring χ2(3) = 2.49, p = .477 χ2(1) = 9.24, p = .002 —
RT Parameter entry χ2(3) = 74.31, p < .001 χ2(1) = 0.004, p = .947 χ2(3) = 15.19, p = .002
RT Shooting χ2(3) = 132.93, p < .001 χ2(1) = 89.68, p < .001 χ2(3) = 21, p < .001

# Errors System monitoring χ2(3) = 1.11, p = .774 χ2(1) = 275.96, p < .001 —
# Errors Tank monitoring χ2(3) = 1.71, p = .635 χ2(1) = 195.51, p < .001 —
# Errors Parameter entry χ2(3) = 10.16, p = .017 χ2(1) = 112.57, p < .001 χ2(3) = 25.78, p < .001
# Errors Shooting χ2(3) = 9.80, p = .020 χ2(1) = 122.07, p < .001 χ2(3) = 22.91, p < .001

TLX Mental F(3,57) = 6.28, p < .001, η2
g = 0.25 F(1,19) = 174.15, p < .001, η2

g = 0.90 —
TLX Physical F(3,57) = 9.31, p < .001, η2

g = 0.33 F(1,19) = 26.39, p < .001, η2
g = 0.58 F(3,57) = 3.52, p = .021, η2

g = 0.16
TLX Temporal F(3,57) = 2.08, p = .112, η2

g = 0.10 F(1,19) = 266, p < .001, η2
g = 0.93 —

TLX Performance F(3,57) = 8.40, p < .001, η2
g = 0.31 F(1,19) = 206.7, p < .001, η2

g = 0.92 —
TLX Effort F(3,57) = 5.60, p = .002, η2

g = 0.23 F(1,19) = 119.69, p < .001, η2
g = 0.86 —

TLX Frustration F(3,57) = 4.42, p = .007, η2
g = 0.19 F(1,19) = 30.19, p < .001, η2

g = 0.61 F(3,57) = 4.99, p = .004, η2
g = 0.21

frequency of display switching in our multitasking setup compared
to the visual search tasks used in earlier work [2]. Furthermore, the
task itself may have affected performance as well. The present study
showed that there were significant effects of AR use on two of the four
tasks, i.e., the shooting and parameter entry tasks. This may be due
to the fact that the shooting task required more frequent responses and
thus was more aversely affected. For the parameter entry task, this
typically took longer for participants to complete. As a result, this
could have increased the likelihood that participants may have had to
continue to switch between displays in order to monitor and keep up
with the shooting tasks while completing a parameter entry.

The NASA-TLX perceived workload ratings aligned with the per-
formance results we observed. AR use increased the mental, physical,
effort, and frustration dimensions but had no effect on the temporal
dimension. The higher physical workload ratings across the three AR
conditions may reflect additional strain associated with wearing the
headset, such as possible head and neck fatigue [28] or dizziness [51],
though these factors were not directly measured in our study. Taken
together, these findings support expectation #1: compared to the desk-
top baseline, AR configurations adversely affected performance and
increased perceived workload.

When depth discontinuity was introduced in the distant configura-
tion, there were no significant performance differences compared to
the overlay configuration, with one exception: response time in the
parameter entry task was faster in the distant configuration. In con-
trast, for the shooting task, the number of errors made was not signifi-
cantly different from the desktop baseline configuration in the overlay
configuration, but became significantly higher in the distant config-
uration. One possible explanation for these diverging effects is that
the parameter entry task remained fixed in the AR display, while the
shooting task was pushed farther away on the physical screen. This
could have led participants to prioritize the tasks that were closer in
proximity to them. This interpretation is consistent with prior find-
ings on near-space advantages in tasks requiring quick detection and
response in AR [9]. Another possible factor is the availability of ambi-
ent visual resources. Without spatial separation, motion and color cues
from the shooting task may have been detectable peripherally, but as
the physical display was moved farther away, these cues likely became
less accessible. Prior work has shown that greater focal plane switch-
ing distances caused by depth separation can reduce performance in
visual search tasks [2], where performance was measured across two
displays. In contrast, our multitasking setup assigned different tasks
to different displays, allowing us to evaluate them separately. This
extends earlier findings by suggesting that depth separation may af-
fect tasks differently depending on whether they are placed closer to

or farther from the user. Finally, we suspect that increasing the depth
separation beyond the relatively small offset used here could further
exacerbate performance costs, especially for tasks that are positioned
farther away from the user.

When comparing the misaligned and distant configurations, the lat-
eral visual field discontinuity introduced in the misaligned configura-
tion did not lead to performance difference for any of the tasks. This is
consistent with prior work that showed there are no significant effects
on response time or the number of errors made when increasing the
visual separation angle on either physical or virtual displays [53]. Our
results extend these findings to a multitasking environment that com-
bined physical and virtual displays, and further examined visual field
separation on top of depth separation. In our study, participants across
all configurations could always still see the tasks on both displays at
the same time. If the lateral misalignment were increased further so
that both displays could no longer be seen simultaneously, a situa-
tion made more likely by the limited field of view of most AR head-
sets, performance could have been affected more. Perceived workload
was also not significantly affected by either type of spatial separation.
Overall, expectation #2, which predicted that spatial discontinuity be-
tween displays would impair performance and increase workload in
AR, was not supported based on the findings here.

6.2 R.Q.2: How does task load (low vs. high) modulate
these effects?

Higher task load overall adversely affected error rates and increased
perceived workload, but decreased response times. The increase in er-
rors made in AR conditions was only significant under high task load
as this likely taxed the participants’ perceptual capacity [32]. The in-
crease in frustration and physical dimensions of perceived workload
also was only significant under high task load. This suggests that chal-
lenges introduced by AR—–such as context and focal plane switching
or potential physical discomfort—–may need to be considered more
carefully in high-load contexts. For response time, however, higher
task load reduced the differences between display configurations: the
negative effects of depth discontinuity on parameter entry response
time disappeared, and the overall impact of AR was mitigated. This
may reflect humans’ ability to enhance attentional focus through im-
proved cognitive control under high time pressure [33]. Overall, ex-
pectation #3 regarding task load was only partially supported by higher
number of errors made and increased perceived workload.

7 DESIGN IMPLICATIONS

Drawing from our findings, we propose four design guidelines for de-
veloping AR interfaces that require multitasking across physical and



virtual displays.

• D1. Minimize the needs of frequent switching between phys-
ical and virtual displays. When designers believe that leverag-
ing AR’s benefits to support multitasking is truly necessary for
their situation, they should be mindful of the costs introduced by
context and focal plane switching. Our study showed that even a
relatively small focal plane difference, combined with the need to
switch contexts, could impair performance in multitasking envi-
ronments that required frequent switching between display types.
Designers should also recognize that AR use was generally asso-
ciated with higher perceived workload, including increased phys-
ical workload potentially caused by headset discomfort. Where
possible, related information should be grouped within the same
display environment to reduce unnecessary switching.

• D2. Small spatial discontinuity between physical and virtual
displays in AR is acceptable. If AR use is necessary, our find-
ings suggest that small spatial discontinuities in AR are generally
acceptable in multitasking scenarios. In particular, a 1.5 m depth
separation and a lateral visual field offset that still allowed both
displays to remain within view had minimal impact on perfor-
mance and perceived workload. This result can give designers
more confidence when using the flexibility of spatial placement
offered by AR interfaces. However, designers should still be cau-
tious with larger discontinuities.

• D3. Consider task characteristics when using physical and
virtual displays. Tasks that required more frequent switching or
rapid responses were more adversely affected by AR, indicating
that minimizing cross-display switching could be more benefi-
cial for these tasks. For cues that may be detected through am-
bient vision, such as motion and salient color used in this study,
designers should be cautious about placing them farther away,
as this may reduce their effectiveness. Placing time-sensitive or
high-priority tasks closer can also help leverage the near-space
advantage, supporting faster detection and response.

• D4. Account for task load when designing display layouts.
High task load could amplify the negative effects of AR use on
errors, frustration, and physical workload. Even when multi-
tasking performance and perceived workload appeared manage-
able under low task load, designers should anticipate situations
where event frequency and time pressure increase. In such cases,
display setups could be adapted to ease demands—for exam-
ple, by simplifying switching paths between the most demand-
ing tasks or reducing the number of simultaneous monitoring re-
quirements.

8 CONCLUSION

In this paper, we investigated the effects of spatial discontinuity be-
tween displays in AR on multitasking performance and perceived
workload. We also examined how task load modulated these effects.
By analyzing response time, number of errors made, and NASA-TLX
workload ratings from a simulation across virtual and physical dis-
plays and task load conditions, we found that multitasking in AR
was associated with increased workload and adversely affected per-
formance. However, among the AR displays, depth and lateral visual
field discontinuities produced no significant additional costs overall.
Finally, higher task load amplified error rates and perceived work-
load, while reducing response time differences across display config-
urations.

This study focused on a small range of spatial discontinuities, in-
cluding a 1.5 m depth separation and a 20° lateral offset, to evaluate
the basic effects of discontinuities in multitasking AR. Larger separa-
tions may produce stronger impacts, and future work could test more
extreme cases to better understand their influence. Eye tracking can
also be used in future work to understand users’ visual attention be-
tween displays and across tasks. We examined a single setup using
one OST-HMD (Magic Leap 2) and a single physical monitor. Future

studies could expand on this study by investigating a broader range
of display configurations and potentially incorporating more than two
displays. While our multitasking simulation captured key elements
of monitoring and response, real-world scenarios such as industrial
operations or emergency response involve additional complexity, and
therefore validating these findings in applied contexts could be helpful.
Object-anchored AR may also introduce additional factors (e.g., align-
ment/registration, occlusion between virtual content and real objects,
and body movements) that could further affect performance. Building
on recent adaptive interface approaches that dynamically place virtual
elements by considering interaction modality and environmental affor-
dances [12], future work could also explore how adaptive placement
strategies might support multitasking scenarios that require continuous
switching between displays. Finally, given previous work has shown
that the impact of context switching between physical and virtual en-
vironments may vary based on the users’ prior task-related experience
[16], future work could also examine how training modulates the per-
formance and workload differences between physical/virtual display
combination setups.

REFERENCES

[1] C. Acherki, L. Nigay, Q. Roy, and T. Salque. An Evaluation of Spatial
Anchoring to position AR Guidance in Arthroscopic Surgery. In Pro-
ceedings of the 2025 CHI Conference on Human Factors in Computing
Systems, CHI ’25, pp. 1–17. Association for Computing Machinery, New
York, NY, USA, Apr. 2025. doi: 10.1145/3706598.3713350 2

[2] M. S. Arefin, N. Phillips, A. Plopski, J. L. Gabbard, and J. E. Swan.
The effect of context switching, focal switching distance, binocular and
monocular viewing, and transient focal blur on human performance in op-
tical see-through augmented reality. IEEE Transactions on Visualization
and Computer Graphics, 28(5):2014–2025, 2022. 1, 2, 3, 7, 8

[3] D. Ariansyah, J. A. Erkoyuncu, I. Eimontaite, T. Johnson, A.-M. Oost-
veen, S. Fletcher, and S. Sharples. A head mounted augmented reality
design practice for maintenance assembly: Toward meeting perceptual
and cognitive needs of ar users. Applied Ergonomics, 98:103597, 2022.
1

[4] S. Bang, H. Lee, S. Y. Oh, and W. Woo. AReading with Smartphones:
Understanding the Trade-offs between Enhanced Legibility and Display
Switching Costs in Hybrid AR Interfaces. In Proceedings of the 2025
CHI Conference on Human Factors in Computing Systems, CHI ’25, pp.
1–20. Association for Computing Machinery, New York, NY, USA, Apr.
2025. doi: 10.1145/3706598.3713879 2
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