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(a) Baseline (Without Indication) (b) Outline Indication

(c) Cue Indication (d) Transparency Indication

Figure 1: We investigated three different visual indicators to support users in distinguishing physical and virtual objects in
Augmented Reality ((b) to (d)). Note that, even without a visual indicator (see (a)), the AR environment is stylized with a Sobel
edge detection filter to make it harder to distinguish between physical and virtual objects. Objects from left to right are: NES
controller (virtual), hair brush (physical), Rubik’s cube (virtual), playing cards (physical).

Abstract
As Augmented Reality (AR) applications and their respective virtual

components approach photorealism, users are challenged to dis-

tinguish physical objects from virtually rendered ones, which can

undermine trust in the environment and lead to interaction errors.

We address this challenge by introducing three indicators that mark

virtual content to support reliable physical-virtual discrimination.
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Since photorealistic virtual content is still hard to achieve in real-

time AR, we induce ambiguity instead by applying a matched Sobel

edge-detection stylization to both the passthrough view and the

virtual objects. We evaluated the indicators in a user study (N=20)

where participants classified objects in an AR environment as either

physical or virtual. Our results show that a salient hovering cue

significantly improved confidence-weighted classification accuracy

over the baseline and the transparency indicator, while it did not

differ significantly from an outline. However, misclassifications still

occurred for all indicators, suggesting that current designs are not

fail-safe. These results give first indications on how users of AR

applications could be informed about the physicality and virtuality

of components once indistinguishable by the human eye alone.
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1 Introduction and Background
Over recent years, AR, herein understood as a locally present expe-

rience that combines physical and virtual elements, following the

definition by Rauschnabel et al. [15], has seen substantial advances

in hardware. Together with ongoing improvements in real-time

rendering, these developments have pushed AR experiences toward

increasingly lifelike visual fidelity. Recent work showed that photo-

realistic rendering is possible, enabling switching between physical

and virtual environments without users noticing [24].

However, photorealistic AR could introduce new critical chal-

lenges. If virtual objects become visually indistinguishable from

physical ones, users may no longer be able to rely solely on their

perception to distinguish between the two. Photorealistic rendering

also lowers the barrier to perceptual manipulation attacks, which

have been identified as a distinct challenge for AR [6]. For exam-

ple, prior work showed attacks in AR that exploit users’ multi-

sensory perception (visual, auditory, and situational awareness)

to bias judgments and actions, while user responses and defenses

remain poorly understood [2]. Consequently, perceptual manipula-

tion could be used to subtly steer users’ physical movements and

cognition, therefore posing an urgent challenge for protecting users

from such attacks [22]. Slater et al. discuss the ethical implications

of such realism, warning that when people cannot reliably separate

physical from virtual, they may lose trust in their own experiences

and memories, potentially weakening “the capacity to decouple sen-

sory experience from ground truth,” [19, p. 8] with broader societal

consequences. Such concerns are also not limited to researchers,

with a recent survey showing public concerns about the effects of

AR and VR on health, social interactions, and overreliance on the

technology [8].

Marking objects visually is a long-standing HCI problem. Work

on immersion-preserving highlighting shows that subtle cues can

direct attention without breaking the experience [10], and studies

of distractors show that the surrounding scene strongly moderates

whether a highlight is noticed at all [5]. Pakanen et al. found that,

without visual indication, users of a virtual office environment were

unsure which elements were interactive, and that they preferred a

glow effect [13], a finding later confirmed for web-based 3D travel

portals [12]. Games face the same problem, and Dillman et al. de-

rived a framework of visual interaction cues from 49 video games

and showed that it transfers to AR [4]. All of this work asks which

elements of a clearly virtual scene are interactive or relevant, and it

guides users toward known targets. We instead ask which elements

of a mixed scene are virtual at all. In our setting, the scene itself is

visually ambiguous, and the user does not know in advance which

objects are marked or how many there are. Two works come closer

to this question. In AR-based telepresence, participants preferred

a see-through hologram avatar because it prevents mixing up the

avatar with a real person in the room [11], and Pouke et al. de-

liberately blended a mirror-world copy of a physical library with

fantasy layers in VR [14]. In both, the boundary between physical

and virtual is a design choice made for a single, known entity or

layer. We treat an unmarked boundary between physical and virtual

objects as a risk and, to our knowledge, are the first to compare

indicators whose sole purpose is to mark virtuality when physical

and virtual objects are hard to tell apart.

To address this gap, we explored if and how indicators can ef-

fectively signal that an entity in an AR environment is virtual

(see Figure 1). Our research was guided by the following research

question:

RQ: How do different visual indicators affect users’ ability to

distinguish physical from virtual objects in an ambiguous

AR environment?

We make two contributions. First, we contribute a method for

inducing controlled physical-virtual ambiguity with today’s hard-

ware. Because photorealistic virtual content is very hard to achieve

in real-time AR, we approach indistinguishability from the opposite

direction. Rather than raising virtual fidelity to match the physical

world, we apply a matched Sobel edge-detection stylization to both

the passthrough view and the virtual objects, lowering both to a

shared level of visual fidelity. This lets us study the consequences of

physical-virtual ambiguity now, rather than waiting for rendering

to catch up. Second, we contribute an exploratory study (N=20)

of three visual indicators under this manipulation, addressing the

research question above. We show that a salient cue significantly

improves confidence-weighted classification accuracy over the base-

line, that misclassifications persist under every indicator, and that

an indicator sharing a visual dimension with the surrounding am-

biguity may be at a disadvantage. We suggest that if photorealistic

AR becomes commonplace, future indicator designs may need to

operate robustly, potentially even at a more subconscious level, to

ensure reliable discriminability. We therefore see this work as an

initial step and call for further research in this direction.

2 Investigating Visual Indicators in an
Induced-Ambiguity AR Environment

Fully photorealistic virtual objects remain difficult to realize with

current real-time AR rendering pipelines, and waiting for photoreal-

ism before studying its consequences would leave the field reactive.

We therefore decouple the research question from the rendering

capability as our focus is not that virtual objects look photoreal-

istic, but that users cannot tell the two apart. Rather than raising

virtual fidelity to match the physical environment, we stylized the

passthrough view and applied a matching stylization to virtual

objects, creating controlled visual ambiguity while keeping all con-

ditions technically feasible. We refer to this manipulation as induced
ambiguity. We consider this a useful research instrument, though

https://doi.org/10.1145/3861188.3861196
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it might be limited in usefulness once photorealism is even easier

to reach with newly available AR devices. Induced ambiguity is not

perceptually equivalent to photorealism. It removes surface, texture,

and shading cues from physical and virtual content, whereas photo-

realism would produce confusion by making virtual content match

physical appearance. Findings obtained this way are evidence about

a state of low discriminability, not about photorealistic rendering

as such. Practically, degrading the passthrough view degrades the

user’s view of the actual room. This confines the method to station-

ary, controlled tasks such as ours, where participants were guided

to a fixed position and asked only to observe and rate. It is not

suitable for studies involving locomotion, manipulation of physi-

cal objects, or any setting where reduced visibility of the physical

environment raises safety concerns.

2.1 User Study
Having established a setting in which physical and virtual objects

are hard to tell apart, we asked whether an explicit visual mark-

ing can restore that distinction. The study was conducted using a

Meta Quest 3 head-mounted display, using Meta’s passthrough API,

which provides an option to apply an edge-detection filter to the

passthrough view. We then implemented a Sobel edge-detection

filter [20] for the virtual objects as well, tuning its parameters to

closely match the passthrough filter. The edge-detection stylization

was active in all experimental conditions. We conducted a within-

subjects study (N=20) in which participants classified objects in

an induced-ambiguity AR scene as physical or virtual, under four

levels (Baseline, Outline, Cue, and Transparency) of a single inde-

pendent variable, the indicator (see Figure 1). Because the Baseline
condition contains no marking, it also serves as a check on the

induced ambiguity introduced in Section 2.

2.1.1 Participants. We recruited 20 participants (12 identified as

female, 5 as male, and 3 as non-binary) via personal networks and

university group chats. Participants ranged from 21 to 54 years

(𝑥 = 27.5, 𝑠 = 7.8) in age. Overall, participants reported little to no

prior experience with AR. Only one participant indicated regular

AR headset use
1
. Ten participants had never used an AR headset,

and nine had only tried AR once.

2.1.2 Independent Variables. We define the Indicator as the single

independent variable of our study, with four levels: Baseline,Outline,
Cue, and Transparency. In Baseline, no visual indicator is displayed

(see Figure 1a), while the three remaining levels each mark virtual

objects in a different way. Outline draws a contour around them

(see Figure 1b), Cue places a symbol above them (see Figure 1c),

and Transparency reduces their opacity (see Figure 1d). Outlines

and glows are the most common way to mark objects in games and

3D virtual environments [4, 12, 13], and see-through rendering has

been used in AR to signal that content is not physically present [11],

while also being a low-clutter alternative that preserves scene com-

position. For the cue, we used a “The Sims”-inspired bright green

dodecahedron because it is a game-like marker that usually floats

above an entity to signal selection or special status, making it a

salient cue for marking virtual objects in AR. Objects were everyday,

immediately nameable items of comparable size (see Figure 2).

1
Approximately two to four times per month.

2.1.3 Dependent Variables. Wemeasure the Task Completion Time

(TCT), confidence-weighted accuracy, the Single Ease Question

(SEQ) [16], and the Slater–Usoh–Steed Presence Questionnaire

(SUS-P) [23]. We included presence because marking an object as

virtual may also reduce how much virtual content feels like part

of the physical room [21], which needs to be considered against

improved discrimination. We measured TCT as the elapsed time

from the AR scene’s activation to the participant’s final object

rating. To measure confidence and accuracy, participants evaluated

each object on an 11-point scale ranging from 0 (“I am certain the

object is virtual”) to 10 (“I am certain the object is physical”), with

intermediate values reflecting graded certainty. We operationalize

this confidence-weighted accuracy, where we averaged four values

per set of objects:

accuracy =


rating

10
, if the object is physical,

1 − rating

10
, if the object is virtual.

This yields a score in [0, 1] that combines correctness and confi-

dence: 1.0 requires both a correct classification and maximal cer-

tainty, and 0.5 corresponds to complete uncertainty. We combined

correctness and confidence because binary correctness alone can-

not distinguish a lucky guess from certain judgment and, with

four objects per condition, can only take five values. A weighted

score penalizes confident misclassification more than uncertain

guesses. After completing the object ratings, participants answered

the question “Overall, how easy or difficult did you find this task?”

for each condition using the Single Ease Question (SEQ) [16] con-

sisting of a single 7-point Likert item
2
. Participants completed the

Slater–Usoh–Steed Presence Questionnaire (SUS-P) [23], which

comprises 6 items rated on a 7-point Likert scale. Following Usoh et

al. [23], the SUS-P score is the number of items rated 6 or 7, ranging

from 0 to 6.

2.1.4 Procedure. At the start of each session, we explained the

study and obtained informed consent. We then collected demo-

graphic information and participants’ self-reported AR headset

usage. Next, we ensured the Meta Quest 3 was properly adjusted

for fit and visual clarity, and introduced AR by showing the Quest 3

settings menu floating in passthrough mode. Then, we explained

that the study evaluates visual indicators intended to mark virtual

objects and described the upcoming scene (i.e., objects placed on

the floor) and the rating task. Participants were informed that some

trials would include indicators that exclusively mark virtual ob-

jects, but we did not disclose which indicators would appear or

the number of physical or virtual objects. We also described the

stylized rendering as a filter applied to the environment to increase

ambiguity, clarifying that it was not itself a visual cue. After par-

ticipants confirmed their understanding, they left the room while

we prepared the scene. The experiment used four object sets and

assigned conditions using a balanced Latin square. Before each

run, we turned off the headset display so the headset acted as a

blindfold, guided participants to a position 1 meter from the objects,

and turned on the passthrough remotely. Ratings were collected

verbally to avoid requiring participants to learn to use the head-

set controller. After all ratings were provided, we turned off the

2
Ranging from 1: “Very difficult” to 7: “Very easy”
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(a) NES controller, hair brush, Rubik’s cube, playing cards. (b) Spoon, shampoo bottle, console controller,mug.

(c) Flashlight, book, soap dispenser, computer keyboard. (d) Cup, razor, laptop, tennis ball.

Figure 2: Four distinct object sets were used to evaluate the four experimental conditions, as viewed through the Meta Quest 3.
Virtual objects are shown in italics, and physical objects in bold. The experimental conditions were counterbalanced across the
object sets. Within each set, the object order was identical for all participants. Each set contained two physical and two virtual
objects.

display, removed the physical objects, and participants completed

a questionnaire including the SEQ and the SUS-P questionnaire.

This procedure was repeated for all conditions. We recorded par-

ticipants’ remarks during the task, but as our study approach was

quantitative in nature, we report these as illustrative rather than

systematic.

2.2 Results
2.2.1 Task Completion Time. Wemeasured the TCT for each condi-

tion in seconds. A Shapiro-Wilk test revealed a violation of normal-

ity for all conditions, 𝑝 < .05. A Friedman test showed that the TCT

did not differ significantly across the four conditions, 𝜒2 (3, 𝑁 =

20) = 0.30, 𝑝 = .960. The Outline condition required the lowest TCT,
𝑥 = 25.23, 𝑠 = 14.65, followed by Cue, 𝑥 = 28.88, 𝑠 = 22.23, Base-
line, 𝑥 = 30.07, 𝑠 = 17.81, and Transparency, 𝑥 = 31.39, 𝑠 = 23.73.

Figure 3a shows the distribution for each condition.

2.2.2 Confidence-Weighted Accuracy. Normality of the dependent

measure was assessed separately for each condition using Shapiro-

Wilk tests, 𝑛 = 20 per condition. The results indicated deviations

from normality for Cue,𝑊 = 0.844, 𝑝 = .004, and Outline,𝑊 =

0.898, 𝑝 = .038, while Baseline,𝑊 = 0.935, 𝑝 = .191, and Trans-
parency,𝑊 = 0.921, 𝑝 = .104, did not significantly deviate from

normality. Thus, we tested for main effects using a Friedman test.

The analysis revealed a significant effect of condition, 𝜒2 (3, 𝑁 =

20) = 11.855, 𝑝 = .008. Then, we tested for pairwise differences us-

ing two-sided Wilcoxon signed-rank tests with Holm correction for

multiple comparisons. Accuracywas significantly higher for theCue
condition compared to Transparency,𝑊 = 26.5, 𝑝Holm = .010, and

Baseline,𝑊 = 32.0, 𝑝Holm = .022. All remaining comparisons were

not significant after Holm correction: Baseline vs. Outline,𝑊 = 42.0,

𝑝Holm = .099, Outline vs. Transparency,𝑊 = 46.0, 𝑝Holm = .194,

Cue vs. Outline,𝑊 = 46.5, 𝑝Holm = 1.000, and Baseline vs. Trans-
parency,𝑊 = 70.5, 𝑝Holm = 1.000. The Baseline condition received

the lowest classification accuracy, 𝑥 = 0.61, 𝑠 = 0.22, followed by

Transparency, 𝑥 = 0.64, 𝑠 = 0.14, Outline, 𝑥 = 0.77, 𝑠 = 0.22, and

Cue, 𝑥 = 0.81, 𝑠 = 0.21. Figure 3b shows the distribution for each

condition. To check the induced ambiguity, we compared Baseline
accuracy against chance using a one-sample t-test (𝑡 (19) = 2.24,

𝑝 = .037).

2.2.3 SEQ. Participants provided the SEQ values after each con-

dition. A Friedman test did not reveal a significant effect across

the conditions, 𝜒2 (3, 𝑁 = 20) = 5.95, 𝑝 = .114. The Baseline con-
dition received the lowest rating, 𝑥 = 3.85, 𝑠 = 2.06, followed by

Transparency, 𝑥 = 4.45, 𝑠 = 1.93, Cue, 𝑥 = 5.2, 𝑠 = 1.77, and Out-
line, 𝑥 = 5.35, 𝑠 = 2.23. Figure 3c shows the distribution for each

condition.

2.2.4 SUS-P. Participants filled in a SUS-P after each condition. A

Friedman test did not reveal a significant effect across the conditions,

𝜒2 (3, 𝑁 = 20) = 5.57, 𝑝 = .134. The condition Cue, 𝑥 = 1.35,

𝑠 = 1.42, and Outline, 𝑥 = 1.35, 𝑠 = 1.27 received the lowest rating

followed by Transparency, 𝑥 = 1.85, 𝑠 = 1.63, and Baseline, 𝑥 = 2.00,

𝑠 = 1.59. Figure 3d shows the distribution for each condition.

3 Discussion and Future Work
Within the ambiguity manipulation we tested, the choice of visual

indicator affected discrimination accuracy. Post-hoc comparisons
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Figure 3: Box plots of all dependent variables measured. While our results did not show a significant effect across conditions
for TCT, SEQ, or SUS-P, we did find a significant effect on accuracy. An asterisk marks significant differences (𝑝 < .05 after
Holm correction).

suggest the biggest differences involve Cue, whereas effects involv-
ing Outline provide weaker evidence after correction. Transparency
showed limited practical benefit as several participants reported

that they did not register the reduced opacity as an indicator at all,

and its perceptual strength depended on object luminance and back-

ground. By design, it alsomade themarked object itself harder to see.

This contrasts with AR-based telepresence, where a see-through

avatar was valued because it signals virtuality [11]. A full-color

avatar seen against an unaltered room may make reduced opacity

far more noticeable than our edge-stylized objects did. Further, sub-

jective preferences were polarized between Cue and Outline. Some

participants overlooked the Outline. This however might not be a

property of outlines as such, but of outlines under edge stylization

as our filter rendered the entire scene as contours, so an added

contour competes on a dimension already saturated with visual

noise. In addition, our Outline was considerably less bright than

the green Cue, which may explain part of the difference between

the two. We therefore suggest that an indicator should not share its

visual dimension with the source of ambiguity, and that outlines,

the closest of our designs to the glow effects preferred in prior

work [12, 13], may perform better under photorealistic ambiguity.

Others foundCue visually detached and potentially cluttering. Over-
all, and most importantly, misclassifications persisted even with

salient indicators, raising concerns about reliability in everyday AR

where attention is divided and mistakes can be unsafe [17].

Prior work on the ethics of realism argues that the critical issue

is not absolute photorealism but whether users can still reliably

decouple immediate sensory experience from ground truth [19]. In

practice, virtual elements only need to be convincing enough, or

sufficiently well integrated into the surrounding environment, to

remain unnoticed in the moment, as recent work has already shown

through perceptual transitions between Virtual and Augmented

Reality environments [24]. Our study cannot quantify how much

realism is required, since we induced ambiguity from the opposite

direction. What it does show is that once discriminability is low,

indicators mitigate but do not eliminate misclassification. Conse-

quently, indicators may not be a complete solution, as any robust

marking system would require consistent implementation across

AR platforms, applications, and content types while also managing
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trade-offs around clutter, habituation, and trust. Principles for re-

sponsible innovation in AR and VR already call for suchmarkers, for

example “reality watermarks” that distinguish platform-generated,

advertiser-placed, and user-created virtual content [3]. Our results

suggest that such markers need empirical validation, as even our

most salient indicator did not prevent all misclassifications. Nev-

ertheless, the central implication is that users’ immediate visual

perception can no longer be treated as fully reliable evidence of

what is physically present when using such technologies. We there-

fore urge the research community to investigate physical-virtual

ambiguity more systematically and to iterate on the indicators

presented here toward more salient, practical, and context-aware

mechanisms for raising user awareness in everyday AR.

Yet, our results must be interpreted cautiously. Most importantly,

induced ambiguity is a proxy in that it degrades the physical scene,

so effects cannot be attributed to indicator design alone. Moreover,

the induced ambiguity reduced but did not eliminate discriminabil-

ity, as Baseline accuracy was above chance. Our findings therefore

describe a state of low, not zero, discriminability, and indicators

may matter even more when objects are truly indistinguishable.

Our indicators were also not matched in color and luminance as

the Cue was a brighter, more saturated green than the Outline, and
Transparency reduced the visibility of the very object it marked.

Differences between indicators may therefore partly reflect over-

all salience rather than the visual dimension each indicator uses.

Future comparisons should vary one visual parameter at a time

while keeping size, color, and brightness constant [11]. Further,

our participants were mostly AR novices, who may be less famil-

iar with how passthrough and virtual content usually look, which

may have increased overall uncertainty. Experienced users might

classify objects more accurately even without indicators, but might

also habituate to indicators faster. Degrading the passthrough view

also makes the physical world look more virtual, which may shift

participants’ priors toward classifying objects as virtual. Ratings

were collected verbally by a non-blinded experimenter. TCT may

be confounded by disorienting reorientation after blindfolding, and

SEQ responses may vary due to differing participant interpretations.

We found no significant effect of indicators on presence, in line with

prior work reporting limited direct impacts of visual manipulation

on presence [7, 21]. However, presence was descriptively lowest for

Cue and Outline, so a small cost of salient indicators cannot be ruled

out. Future work should evaluate indicator designs that balance

unobtrusiveness with sufficient salience under divided attention,

ideally in longer-term, realistic deployments that capture habit-

uation and learning. Promising directions include conditionally

activating cues (e.g., manual toggles or context-aware triggering

via distance [1]) to reduce clutter while maintaining safety. Finally,

research should more explicitly justify when photorealistic AR

is desirable and map use-case-specific risks to appropriate safe-

guards and ethical considerations [18]. In multisensory, distributed

mixed reality, harm can also arise from unwanted touch-like stimu-

lation [9], so future indicators may need to mark virtuality beyond

the visual channel.

4 Conclusion
In this paper, we investigated how AR environments can support

users in reliably discerning physical from virtual objects as AR

approaches photorealism. Using a controlled AR classification task

with stylized passthrough and three visualization designs for Out-
line, Cue, and Transparency, we show that one of three tested in-

dicators, a hovering cue, significantly improved the confidence-

weighted accuracy relative to no indicator (Baseline), while out-

line and transparency did not reach significance after correction.

Yet none are foolproof, and misclassifications occurred even with

salient cues. These results reveal a core design tension in AR sys-

tems in that indicators must remain noticeable and trustworthy

while avoiding excessive visual clutter, especially in everyday con-

texts.
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