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Figure 1: Target selection method using a smartphone’s front camera for targets behind the user. a) The blue area represents the
rear camera’s field of view (FOV) and the orange area represents the front camera’s field of view. The blue sphere indicates the
target. b) The target is shown in the front camera. When the user touches the target on the touchscreen, the target is selected. c)
The user captures a smart TV behind them using the smartphone’s front cameras. The TV’s menu items are displayed around
the TV within the front camera’s view. Then the user turns off the display by selecting a menu item. d) The user captures an
AR chair behind them using the front camera. e) The user repositions the chair to face forward by switching from the front

camera to the rear camera.

Abstract

In Handheld augmented reality (AR), selecting targets behind the
user often requires considerable body or device rotation, increasing
selection time and physical effort. In this paper, we present using a
smartphone’s front camera to enable rear-target selection with min-
imal body or device movement. This approach supports interaction
even when turning around is difficult and can be easily integrated
into existing AR applications via a simple camera-switching func-
tion. The results of our two user studies show that our method
enabled faster and more accurate selection of rear targets, although
using both the rear and front cameras introduced confusion due
to differences in their operability, leading to increased operation
time. Despite this, the fact that most participants chose to use the
front camera highlights its potential for supporting 360-degree
interaction in Handheld AR.
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1 Introduction

In augmented reality (AR) using a handheld device (Handheld AR),
the AR environment is presented by overlaying virtual informa-
tion onto the real-world image captured by the rear camera of
the handheld device, such as a smartphone or a tablet computer.
While Handheld AR cannot provide the immersion achieved with
video-see-through head-mounted displays (HMDs) or AR glasses,
researchers have been exploring Handheld AR applications because
it has a notable advantage: It can run on handheld devices many
people already own [10, 56], which eliminates the need for spe-
cialized hardware. Due to this advantage, Handheld AR is used
in various contexts, including spatial design [46, 47], IoT device
control [11, 16, 28], 3D sketching [23], virtual try-ons [1], educa-
tion [36], input methods [2, 5], virtual target selection support [3],
and real-world target selection [29].

Many Handheld AR applications require the user to select tar-
gets not only in front of them but also within the full 360° space
surrounding them [1, 16, 28, 46, 47]. Examples include devices such
as fans, lights, TVs, and printers distributed in a room [16], as well
as walls or outdoor plants behind or around the user [47]. Selecting
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targets behind the user often requires considerable body or hand-
held device rotation, leading to longer target selection times and
increased physical strain. This issue becomes more pronounced
when body movement is restricted, such as when the user is seated
in a non-rotating chair.

To address this issue, we propose a target selection method that
uses the front camera of a handheld device (Figure 1a) to enable
interaction with targets behind the user in Handheld AR. While
the rear camera is typically used in Handheld AR applications, the
front camera is rarely used. By using the front camera, the user can
easily select targets behind them via the device’s screen, without
considerable body or device rotation (Figure 1b). This method is
also effective in situations in which turning around is difficult,
such as when the user is seated in a non-rotating chair. In such
scenarios, the user can utilize Handheld AR to interact with virtual
or physical objects behind them, e.g., selecting and turning off a
smart TV, without physically rotating their body (Figure 1c).

AR using the front camera can be introduced as an additional
feature without disrupting the conventional AR experience based
on the rear camera. The user can access this feature simply by
switching from the rear to the front camera, which is achieved
through a minimal extension of existing AR applications. Further-
more, combining both rear and front cameras realizes new interac-
tion techniques. For example, the user can select a virtual object
behind them using the front camera, then move the object to a
position in front of them just by switching the camera, without
physically repositioning the handheld device (Figure 1d).

This research aims to investigate (1) the performance of selecting
a target behind the user in Handheld AR using a front camera, and
(2) how the user interacts with the front camera in Handheld AR
applications that incorporate both rear and front cameras.

In Study 1, we investigated the performance of selecting targets
behind the user in Handheld AR using the front camera. In this
study, participants conducted a task for selecting targets behind
them with two methods: one that used only the front camera and
another that used only the rear camera. The results showed that
the front camera enabled significantly faster and more accurate
selection of targets behind the user. In Study 2, we investigated
when the user chose to use the front camera in situations in which
both rear and front cameras were available. In this study, partic-
ipants performed an object manipulation task involving virtual
objects located around them. The results showed that using both
the rear and front cameras resulted in longer operation times than
using only the rear camera, primarily due to confusion caused by
differences in how the two cameras operate. However, many par-
ticipants frequently used the front camera instead of rotating their
bodies backward by more than 135°, which highlights this method’s
usefulness for facilitating 360-degree interaction in Handheld AR.

Our main contributions are as follows: (a) We show the first
Handheld AR target selection method that uses the front camera to
select targets behind the user. (b) Through a comparative study, we
show that the front-camera-based method enables faster and more
accurate selection with reduced physical demand when interacting
with targets behind the user. (c) We evaluate the performance of
the front camera in a switchable camera setup for 360-degree in-
teraction and analyze practical usage patterns when both rear and
front cameras are available.
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2 Related Work

Since our study explores the performance of selecting AR targets
behind the user using a handheld device’s front camera, we review
target selection methods in Handheld AR, AR systems that utilize
the front camera, and interaction methods with occluded and out-
of-view targets in the following subsections.

2.1 Target Selection and Object Manipulation in
Handheld AR

Target selection and object manipulation are fundamental tasks in
Handheld AR [10, 39]. Goh et al. categorized interaction techniques
for such tasks as touch-based, mid-air gesture-based, or device-
based [10].

The touch-based techniques are the most common, and they
are often used as a baseline [3, 21, 38, 43, 44]. The user selects or
manipulates an object by touching the screen display of the image
captured by the rear camera’s field of view (FOV). A screen-centered
crosshair [3, 21, 33, 43] is often incorporated, and various other
enhancements have been proposed, such as freezing the view [4, 43],
expanding the target area [33], using a Bubble Cursor [3], and
using ray casting [30, 53]. To address more complex scenarios,
mid-air gesture-based techniques have utilized pen-based input for
mid-air selection (e.g., ARPen [44, 45] or bare-hand gestures for
object manipulation [22]), and device-based techniques have been
proposed for occlusion-free positioning (e.g., SLidAR [34]).

Prior studies have predominantly focused on selecting targets
in front of the user. However, a Handheld AR application inher-
ently requires interaction in a 360-degree space, forcing the user
to perform significant body or device rotations to select targets
behind them. This could lead to longer selection time and physical
strain. Therefore, our research focuses on the challenge of selecting
targets behind the user in Handheld AR.

2.2 AR Systems That Use the Front Camera

Researchers have developed a limited number of AR systems that
utilize the front camera. For example, various companies offer fitting
applications [20, 41]. There are also studies on AR systems for
trying on sunglasses using the front camera [54, 55]. Zhao et al. [55]
proposed a method that utilizes dual cameras to achieve realistic
AR rendering. These systems enable the user to examine how an
item (e.g., hats, glasses, footwear, and watches) will fit or look
while worn by providing an AR rendering. There are also selfie
applications with filtering functions [7, 9] and studies that utilize
face tracking for makeup [17, 18]. These studies show that the front
camera is useful for improving the user’s experience and increasing
their willingness to make a purchase. In the context of real-world
interactions, WorldGaze [29] explored using the front camera to
track the user’s head direction, allowing mobile voice assistants to
respond more precisely to the real-world object or region that the
user is looking at.

In contrast, our study focuses on selecting targets behind the
user, which differs from these studies regarding the purpose of
using the front camera.
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2.3 Interaction with Occluded and Out-Of-View
Targets

Interaction with occluded or out-of-view targets is a known chal-
lenge in AR/VR, and various methods have been proposed [25-
27, 40, 50]. Lee et al. [25] proposed a selection method using a
virtual mirror in VR, although target selection is limited to the area
shown on the display. Similarly, vMirror [26] is an interactive wid-
get that uses virtual mirrors to allow the user to observe and select
occluded targets in VR. In AR with HMDs, Lilija et al. [27] found
that rendering 3D models of targets through obstacles improved
task completion times. However, these HMD-based approaches still
require the user to turn around to select targets behind them. To
avoid pronounced body rotations, Stoakley et al. [40] generated a
miniature scene model, called World-In-Miniature, that allows the
user to identify and select targets from a bird’s-eye view; however,
this model can obstruct the main camera view and complicate small
target selection. Yan et al. [50] leveraged human spatial memory and
proprioception to develop an eyes-free method for selecting targets
around the user in VR. However, this approach resulted in lower
selection accuracy than conventional methods due to the lack of
visual feedback, and its implementation relied on controller-based
operations.

These studies developed methods for selecting targets outside the
user’s FOV by expanding the interaction range in VR environments.
In contrast, our method enables the selection of targets behind the
user, which are outside the FOV, by using the smartphone’s front
camera.

3 Study 1

We first conducted a user study (Study 1) to investigate the perfor-
mance of selecting targets behind the user using a front camera.

3.1 Participants and Apparatus

We recruited 12 volunteers (mean age 22.75 years, SD=1.06, two
females and ten males, ID: P1-P12) from our university. All partici-
pants were right-handed. Seven reported using the front camera
approximately once per week, four used it once per month, and
one used it once per year. Regarding AR application usage, one
participant reported using them approximately once per week, one
used them once per month, six used them about once per year, and
four had never used them.

We used an iPhone 12 (6.9 inch) as a handheld device. The AR
application running on the handheld device was developed as a
Unity project using Unity ver. 2022.3.30f1 with Apple ARKit XR
Plugin [42].

3.2 Study Design

We conducted a within-participants study with the following three
independent variables: Method (Front, Rear), Posture (Sitting, Stand-
ing), and Target Distance (Near (15°), Middle (30°), and Far (50°)).
Method represents the selection method the participants used.
In our method (Figure 1), the handheld device displays the front
camera’s video and overlays virtual information onto the video to
present the AR environment. The user can select a target behind
the user by rotating the handheld device to include the target in the
FOV of the front camera, and then directly touching the position
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Method: Front

Method: Rear

Figure 2: Combinations of Method and Posture: a) Front X
Sitting, b) Rear x Sitting, c) Front x Standing, and d) Rear x
Standing.

Figure 3: Target positions. a) 24 targets are behind the partic-
ipant. b) All targets are placed 2 m from the front camera. c)
Target positions in 2D view.

on the touchscreen. Rear is the same as Front, except it uses the rear
camera instead of the front camera [3, 24, 29-31, 45]. This method
serves as the baseline.

Posture represents the participant’s posture during the task (Fig-
ure 2), either sitting and standing. We used these two levels as they
are representative postures for performing tasks in Handheld AR.
In the Sitting condition, participants sit in a chair with a backrest,
rotating seat, and casters. In the Standing condition, participants
stand naturally. To observe natural behavior during target selection
behind them, no specific instructions were given regarding body
or device movement in either Posture condition.

Target Distance represents the visual angle between the partici-
pant’s rearward direction and the target behind them (Figure 3). In
the Near condition, the target is within the FOV of the front cam-
era, allowing participants to select the target without rotating their
body or the device in the Front method. In the Middle condition,
top/bottom targets initially appear at the top or bottom of the front
camera’s FOV, while horizontal and diagonal targets are outside
the FOV when participants hold the device vertically. In the Far
condition, all the targets are outside the FOV of the front camera. In
all Target Distance conditions, targets do not initially appear within
the FOV of the rear camera.

The order of conditions (combinations of Method and Posture)
was counterbalanced using a Latin square. Participants selected
targets in eight directions (top, upper-right, right, lower-right, bot-
tom, lower-left, left, upper-left) for each Target Distance (Figure 3c).
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Each condition involved three sessions, with 24 trials per session (3
Target Distances X 8 directions). The 24 trials were presented in ran-
dom order. In total, 3,456 (2 Methods X 2 Postures X 3 sessions X 24
trials X 12 participants) valid target-selection data were collected.

3.3 Task

The task was to select blue sphere targets behind participants (Fig-
ure 2). During the task, one target was displayed at a time. The task
began when participants selected a white square object (i.e., the
center of Figure 3c). In the Front condition, the square object was
displayed 2 m behind the participants, while in the Rear condition,
it was displayed 2m in front of them. Participants selected the
square by aligning it approximately with the center of the screen
and touching it within the handheld device’s view. Once selected,
the square disappeared, and a target object was presented 2 m be-
hind the handheld device. The target was a blue sphere with an
on-screen diameter of approximately 10 mm, which corresponds to
the minimum size reliably selectable by direct thumb touch [19, 32].
Additionally, another square object with an arrow indicating the
target’s direction appeared at the location of the initial square. We
provided this directional cue to prevent participants from being
hindered by visual search, as the goal of Study 1 was to evaluate
the fundamental performance of selecting the target behind the
user. Participants were instructed to select the target as quickly and
accurately as possible in any comfortable posture (Figure 2). Upon
correct selection, the target turned red. After each correct selection,
the initial square object reappeared at its previous location. This
sequence constituted one trial.

3.4 Procedure

Participants were briefed on the user study overview and procedure,
after which they completed a pre-study questionnaire querying
their gender, age, dominant hand, front camera usage, and AR
application usage. Next, as in previous user studies [23, 51, 52, 54,
55], participants held the handheld device vertically (i.e., in portrait
orientation) at face height using their non-dominant hand. They
were allowed to support the device with their dominant hand if
needed, and to use any finger of the dominant hand to perform
touch interactions. Participants were located either standing or
seated with their backs against a wall.

Participants completed four conditions (Method X Posture), each
consisting of four sessions: one practice session and three test
sessions. Participants took a break of at least 2 minutes between
sessions and conditions, during which they could not use their
smartphones.

After completing the task for each Method X Posture condition,
participants completed a condition-specific questionnaire asking
strategies to select targets, the System Usability Scale (SUS) [6], and
the Raw NASA Task Load Index (Raw-TLX) [12, 13]. After com-
pleting all tasks, participants were asked via a questionnaire which
Method they preferred for each Posture and Target Distance. The user
study was video-recorded for later analysis and took approximately
120 minutes per participant.
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Figure 4: Selection time of each independent variable (***:
p <.001).

3.5 Evaluation Metrics

To evaluate the performance of each Method, we used selection
time, error rate, usability, task load, and user preference as metrics.
The selection time is the duration from when participants touched
the square object on the touchscreen until the target was selected
correctly. The error is a touch outside the designated target area on
the touchscreen. The error rate is the proportion of trials in which
participants incorrectly touched the touchscreen before correctly
selecting the target. Regardless of the number of incorrect touches,
each trial with an error was counted as one error trial. Usability
was evaluated using the SUS. The task load was evaluated using
the Raw-TLX. User preference referred to participants’ preferred
Method for each Posture and Target Direction.

4 Result1

We excluded outliers from the selection time dataset, which were
defined as values more than 30 away from the mean of the dataset
for each combination of independent variables. As a result, 44 data
were excluded.

We used the non-parametric aligned ranks transformation (ART)
method [14, 37, 49] and then a three-way RM-ANOVA on Method,
Posture, and Target Distance to analyze selection time and error
rate. We used the ART method and then a two-way ANOVA on
Method and Posture to analyze usability and task load. Finally, we
used ART-C [8] with Holm correction [15] on these metrics for
multiple comparisons.

4.1 Selection Time

Figure 4 shows the selection times (lower is better) of each com-
bination of Method, Posture, and Target Distance. Those of each
Method (Front and Rear) were 1.28s and 2.46s. We found that
Method (F13389.01 =7794.67, p <.001, I]IZJ =.674), Posture (F1,3389.01

=39.13, p <.001, r]IZJ =.010), and Target Distance (F2 3389.00 = 160.00,

p <.001, 1712, =.082) had significant main effects. We also found sig-
nificant interaction effects between Method X Posture (F13389.01 =
53.03, p <.001, 1712, =.013) and Method X Target Distance (F2,3389.00 =
1349.02, p <.001, r]f, =.428). Multiple comparisons showed that the
selection time of Front was significantly shorter than that of Rear
in all conditions (p <.001).

4.2 Error Rate

Figure 5 shows the error rates (lower is better) of each combination
of Method, Posture, and Target Distance. Those of each Method (Front
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Figure 5: Error rate of each independent variable (*: p < .05,

**:p<.01, "**: p <.001). The error bars represent the standard
errors.

and Rear) were 15.9% and 26.1%. We found that Posture (F; 3433 =
19.03, p <.001, r]f, =.006), and Target Distance (F2 3433 =4.53, p <
.05, ryf, =.003) had significant main effects. We also found significant
interaction effects between Method X Posture (Fj 3433 =35.10, p <
.001, tyf, =.010), Posture X Target Distance (F2,3433=13.26, p<.001, r]f,:
.008), and Method X Posture x Target Distance (Fy 3433 =23.40, p <
.001, 1712, =.013). Multiple comparisons for Method showed that the
error rate of Front at Near (M =7.6% (SD=0.28%)) was significantly
lower than that of Rear (M =26.0% (SD=0.56%)) in both Sitting
(t3433 = —4.43, p <.001) and Standing (t3433 = —4.01, p <.01). Addi-
tionally, in Sitting, the error rate of Front (M =13.2% (SD=0.38%))
was significantly lower than that of Rear (M =29.2% (SD=0.63%))
at Middle (t3433 =—3.68, p <.05).

4.3 Usability and Task Load

The SUS scores of each condition (Front X Sitting, Rear X Sitting,
Front X Standing, Rear X Standing) were 76.67, 74.12, 75.63, and
75.63, respectively (higher is better). There was no significant main
effect on the SUS score (F1 33 =0.88, p=.35, 7712, =.0260).

The Raw-TLX mean scores of each condition were 35.07, 38.61,
40.35, and 37.57, respectively (lower is better). We found that Method
(F1,33=10.34, p<.01, 17; =.239) had significant main effects on
the physical demand. In the physical demand, the multiple com-
parisons showed Front (M =38.8 (SD=27.3)) had a significantly
lower score than Rear (M =60.4 (SD=22.2)) in the Sitting posture
(t33=-3.18, p <.05).

4.4 Participants’ Feedback

4.4.1  Preference of Method. Regarding Posture, ten out of 12 par-
ticipants preferred Front in Sitting; eight preferred it in Standing.
Regarding Target Distance, all participants preferred Front for Near,
nine preferred it for Middle, and only four preferred it for Far.

4.4.2 Feedback. In the participants’ responses to the condition-
specific questionnaire querying strategies for selecting targets, six
reported that when using Front, they focused on tilting the smart-
phone with the wrist rather than moving the body or device. From
the video observations, nine mainly used the tilt of the smartphone
rather than moving their bodies or chairs. In contrast, when using
Rear in Sitting, three (P2, P5, P12) reported that they focused on
locking their arms and rotating or twisting their entire body. There
were notable comments: “T felt slightly dizzy at times because I
quickly rotated my body using the chair” (P1) and “Spinning in the
chair made me feel dizzy during the task” (P3).
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In the Front condition, participants were confused by the need to
rotate their devices and bodies in the opposite direction compared
to the Rear condition. P4 noted, “It was difficult to capture the target
into the touchscreen because the direction of the displayed arrow
and the direction to which the smartphone should be moved were
opposite.” Several participants reported that selecting targets at
Far using Front was difficult due to unnatural wrist movements.
For example, participants commented, “It was not possible to find
the target just by rotating the wrist” (P12), and “The frustration
from the non-intuitive way the smartphone had to be moved to
select targets outside the FOV outweighed the benefits of a shorter
distance for moving the smartphone” (P2). Additionally, some par-
ticipants mentioned difficulty in viewing the smartphone screen
when Far targets were within the frame. P1 and P3 reported that
tilting the smartphone largely for selection made it difficult to see
the touchscreen, which made selection difficult.

5 Study 2

We conducted a user study (Study 2) to compare object manipulation
performance between our method, which allows switching between
the rear and front cameras, and a baseline method using only the
rear camera. The goal of this study was to investigate whether
enabling camera switching between the rear and front cameras
improves performance in object manipulation tasks, and to examine
how the user utilizes this functionality. The study was conducted
with the approval of the ethics review committee of our institute
(2024R868).

5.1 Participants and Apparatus

We recruited 16 participants (mean age 22.69 years, SD=1.21 years,
six females and ten males, ID: P13-P28) from our university. 14
participants were right-handed and two were left-handed. Three
reported using the front camera approximately every day, five used
it once per week, five used it once per month, and three used it once
per year. Regarding AR application usage, one reported using them
approximately once per month, four used them once per year, and
11 had never used them. Every participant received approximately
14 USD (2020 JPY). The apparatus used was identical to that in Study
1.

5.2 Task

The task was to select a target that appeared in one of seven sur-
rounding directions and reposition it into a goal area located either
in front of or behind a participant. The task consisted of three
phases: (1) task initiation, (2) target selection, and (3) target reposi-
tioning.

Once the study task began, a red sphere, a brown target sphere,
a semi-transparent blue goal area, and a diagram indicating the
target position and the goal area appeared (see the video figure). The
diameters of the red sphere, the target, and the goal area were all
20 mm. The red sphere was located in front of the participants, while
the target and the goal area were displayed in specific directions.
Both the target and the goal area were located at a vertical angle
of —10° from the device, as this placement allowed them to be
easily visible from both the rear and front cameras. All objects were
displayed at a distance of 2m from the device.
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First, participants were required to search for the target and the
goal area by referring to the diagram or rotating their bodies. They
then selected the red sphere with a direct tap (task initiation phase).
Once the red sphere was selected, it disappeared, and participants
proceeded to select the target using a direct tap with one of the
Methods (target selection phase).

After the target was selected, it was fixed at the center of the
device’s screen, at a distance of 2m from the device. Participants
then repositioned the target to the goal area as follows. First, when
participants made a touch-down gesture toward the target, the
target became attached to their finger. Next, they could drag the
target to the desired location and perform a touch-up gesture to
place it. This repositioning operation could be repeated multiple
times. Once participants were satisfied with the placement, they
tapped the task-stop button located in the bottom-right corner of
the touchscreen (target repositioning phase). Then, the red sphere
and the diagram reappeared, and the positions of the target and goal
area were updated to the next position. This sequence constituted
one trial. If the task was not completed within 15 seconds after the
start of the initiation phase, the current trial ended, and the system
moved on to the next task.

5.3 Study Design

We conducted a within-participants study with the following three
independent variables: Method (Rear&Front, Rear), Goal Direction
(Forward (0°), Backward (180°)), and Target Direction (—45°, —90°,
—135°, 180°, 135°, 90°, 45°).

Method represents the participant’s selection method. Rear&Front
is our method. In Rear&Front, participants can switch between rear
and front cameras by tapping a camera switch button (size: 10 mm)
located in the bottom-left corner of the screen. Camera switching
was optional; participants could decide whether or not to switch
between cameras during target selection or placement. Rear is a
selection method by which the target selection process is the same
as that of Study 1. This method served as the baseline.

Figure 6 shows the directions of Goal Direction and Target Direc-
tion. Goal Direction represents the direction of the goal area where
participants are instructed to place the target. Forward corresponds
to the participant’s front direction at the beginning of the study
task, while Backward corresponds to the backward direction at the
same. Target Direction represents the direction of the target relative
to the Goal Direction. For example, as illustrated in Figure 6b, when
Goal Direction= Backward and Target Direction=180°, the target
appears in front of the participant.

The order of Method (Rear&Front or Rear) was counterbalanced.
Each condition involved two sessions, with 28 tasks per session (2
Goal Direction X 7 Target Direction X 2 repetitions). The 28 tasks
were presented in random order. In total, 1,792 (2 Methods X 2
sessions X 28 tasks X 16 participants) valid data were collected.

5.4 Procedure

The procedure prior to the study task was identical to that of Study
1. Participants performed the task while standing in a spacious,
uncluttered environment to ensure that their movements were
not obstructed. They were instructed to select and reposition the
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Figure 6: Directions of Goal Direction and Target Direction.
(a) The Goal Direction is Forward. (b) The Goal Direction is
Backward. Target Direction consists of seven directions rela-
tive to Goal Direction.

target as quickly and accurately as possible, using any comfortable
posture.

Each participant completed two conditions of Method, each con-
sisting of one practice session and two test sessions. In the practice
session, participants used the assigned Method until they became
familiar with it. A 30-second break was provided between sessions
and conditions, during which participants could not use their smart-
phones. After completing the task for each condition, participants
filled out a condition-specific questionnaire that included questions
about the perceived benefits and drawbacks of the Method, as well
as the SUS and Raw-TLX assessments. After completing all tasks,
participants were asked in a final questionnaire which Method they
preferred. The user study lasted approximately 60 minutes per
participant.

5.5 Evaluation Metrics
An analysis was conducted on the following metrics:

o Target Selection Time: The total time elapsed from the
beginning of the target selection phase to its completion.

o Target Placement Time: The total time elapsed from the
beginning of the target repositioning phase to its completion.

e Task Completion Time: The total time elapsed from the
beginning of the target selection phase to the end of the
target repositioning phase. If the time limit was exceeded,
this value was set to 15s.

o Target Position Error: The Euclidean distance between the
center of the goal area and the center of the object at the
time of task completion.

o Usability Questionnaire: Subjective feedback was collected
using the SUS and Raw-TLX questionnaires.

6 Result2

We excluded outliers from the dataset of target selection time, target
placement time, task completion time, and target position error,
which were defined as values more than 3¢ away from the mean
for each combination of independent variables. As a result, 27, 30,
29, and 5 data of each dataset were excluded, respectively. There
were 14 data that exceeded the time limit, and these were excluded
from the analysis as outliers for task completion time.
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Regarding all metrics, we found that they did not follow a normal
distribution. Therefore, we used the ART method and then a three-
way RM-ANOVA on Method, Goal Direction, and Target Direction
to analyze target selection time, target placement time, task com-
pletion time, and target position error. Then, we used ART-C with
Holm correction on these metrics for multiple comparisons. Finally,
we used the Wilcoxon signed rank test with Holm correction to
analyze usability and task load.

6.1 Target Selection Time

Figure 7a and b show the target selection times (lower is better)
of each combination of Method, Goal Direction, and Target Direc-
tion. Those of each Method (Rear&Front and Rear) were 1.71 s and
1.37 s, respectively. We found that Method (Fi,1722.03 =420.82, p <
001, n%=.20), Goal Direction (F11722.01=104.51, p <.001, 3=
.057), and Target Direction (Fg,1722.02 =41.70, p <.001, r7p .13) had
significant main effects. We also found significant interaction ef-
fects between Method X Goal Direction (Fg1722.02 =448.36, p <
.001, r]f, =.061), Method X Target Direction (Fe 1722.01 = 18.62, p <
.001, 77?, =.061), and Method X Goal Direction X Target Direction
(F1,1722.02 =67.54, p < .05, 1712, =.19). Multiple comparisons showed
that target selection time of Rear&Front for Forward was signif-
icantly longer than that of Rear in Target Direction=—135° (M =
2.57s (§SD=0.635s) vs. M=1.63s (SD=0.455), t1722.07=8.74, p <
.001), 180° (M=2.30s

(SD=0.78s) vs. M=1.745 (SD=0.45s), t1722.04 =4.69, p <.001),and
135° (M =2.50s (SD=0.66) vs. M=1.63s (SD=0.47s), t1722.03 =
8.47, p <.001). In addition, target selection time of Rear&Front for
Backward was significantly longer than that of Rear in all Target
Directions (p < .05) excluding, 180° and 135° (p <.05).

6.2 Target Placement Time

Figure 7c and d show the target placement times (lower is better)
of each combination of Method, Goal Direction, and Target Direc-
tion. Those of each Method (Rear&Front and Rear) were 4.32 s and
3.71s, respectively. We found that Method (F1,1719.00 = 220.92, p <
001, 15 =.11), Goal Direction (F1,1719.00=62.83, p<.001, 17 =.035),
and Target Direction (Fg 1719.01 = 58.75, p <.001, 77127 =.17) had sig-
nificant main effects. We also found significant interaction effects
between Method x Goal Direction (F1,1719.00 = 38.15, p <.001, 1712, =
.022) and Method x Target Direction (F1,1719.00 = 8.57, p <.001, 1712, =
.029). Multiple comparisons showed that target placement time
of Rear&Front for Forward was significantly longer than that of
Rear in Target Direction=—-135° (M =4.83s (SD=1.37s) vs. M =
3.81s (SD=1.285s), t1719 =6.77, p <.001) and 135° (M =4.79s (SD
=1.39s) vs. M=3.95s (SD=1.38s), t1719 =5.36, p <.001). In addi-
tion, target placement time of Rear&Front for Backward was signif-
icantly longer than that of Rear in all Target Directions, excluding
180° and 45° (p <.001).

6.3 Task Completion Time

Figure 7e and f show the task completion times (lower is better)
of each combination of Method, Goal Direction, and Target Direc-
tion. Those of each Method (Rear&Front and Rear) were 6.10 s and
5.11 s, respectively. We found that Method (F1,1720.01 =377.92, p<
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Figure 7: Time-related metrics of each independent vari-
able(*: p <.05, **: p <.01, ***: p <.001). (a, b) Target selection
time, (c, d) target placement time, and (e, f) task completion
time. (a, ¢, €) Goal Direction = Forward and (b, d, f) Backward.

001, n3 =.18), Goal Direction (F1,1720.01=16.68, p<.001, n3=.0096),
and Target Direction (Fs,1720.01 = 36.58, p <.001, 7712, =.11) had sig-
nificant main effects. We also found significant interaction effects
between Method X Goal Direction (F1,1720.00 = 32.15, p <.001, r]f, =
.018), Method x Target Direction (F1,1720.00 = 10.54, p <.001, r]f, =
.035), Goal Direction x Target Direction (F1,1720.01=54.73, p<.001,
r]f,z.lﬁ) and Method X Goal Direction X Target Direction (F1,1722.01 =
12.98, p <.001, rylz, =.043). Multiple comparisons showed that task
completion time of Rear&Front for Forward was significantly longer
than that of Rear in Target Direction=—135° (M =7.43s (SD=1.62s)
vs. M=5.44s (SD=1.485s), t1720.01 =8.94, p <.001) and 135° (M =
7.29s (SD=1.665) vs. M=5.58s (SD=1.615), t1720.01=7.59, p <
.001). In addition, task completion time of Rear&Front for Backward
was significantly longer than that of Rear in all Target Directions,
excluding 180° (p <.001).

6.4 Target Position Error

Figure 8a and b show the target position errors (lower is better)
of each combination of Method, Goal Direction, and Target Direc-
tion. Those of each Method (Rear&Front and Rear) were 0.029 m and
0.022 m, respectively. We found that Method (F1,1744.00 = 102.02, p <
.001, r]f, =.055) and Goal Direction (F,1744.00 = 201.49, p <.001, rylz,
=.10) had significant main effects. We also found significant interac-
tion effects between Method X Goal Direction (F,1744.00 = 86.21, p <
.01, r712, =.047) and Method X Goal Direction X Target Direction

(F1,1744.00 = 2.39, p < .01, r]IZ, =.0081). Multiple comparisons showed
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Figure 9: The SUS and Raw-TLX Scores of each Method (**:
p<.01, ***: p <.001).

that target position error of Rear&Front for Backward was signif-
icantly higher than that of Rear in Target Direction=—45° (M =
0.038m (SD=0.031m) vs. M=0.022m (SD=0.017), t1744 =3.82,
p<.05), —135° (M=0.039m (SD=0.034m) vs. M=0.024m (SD=
0.022), t1744=4.33, p<.01), 180° (M =0.039m (SD=0.027 m) vs.
M =0.021m (SD = 0.014), t1744 = 5.38, p < .001), and 135° (M =
0.040m (SD=0.034m) vs. M=0.026 m (SD=0.024), t1744 =4.26, p <
.001).

6.5 Usability Questionnaire

Figure 9 shows the SUS and Raw-TLX scores. The SUS scores of each
Method (Rear&Front, Rear) were 60.00 (SD=19.01) and 83.75 (SD=
8.32), respectively (higher is better). We found that Rear was sig-
nificantly higher than Rear&Front (Z =-3.44, p <.001, 7=.860).
The Raw-TLX mean scores of each Method (Rear&Front, Rear)
were 52.76 (SD=10.06) and 48.28 (SD=15.15), respectively (lower
is better). We found that Rear was significantly lower than Rear&Front
for mental demand (M =33.75 (SD=17.84) vs. M=68.13 (SD=
14.82)
,Z =3.38, p <.001, 7=.84) and frustration (M =30.00 (SD=20.66)
vs. M =54.69 (SD=21.87), Z=3.00, p <.01, 7=.75). On the other
hand, the physical demand of Rear&Front was significantly lower
than that of Rear (M =37.19 (SD=22.45) vs. M =78.13 (SD=11.67),
Z =3.44, p <.001, 7=.86).

6.6 Front Camera Usage

We calculated the front camera usage rate, defined as the proportion
of trials in which the front camera was used in the Rear&Front
condition. The rates are summarized in Figure 10. Across all trials,
the rate was 53.6%. This result indicates that although participants
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Figure 10: Front camera usage rates for each Goal Direction
X Target Direction condition. (a) Goal Direction = Forward
and (b) Goal Direction = Backward. The red line indicates the
average usage rate, while the blue lines represent the usage
rates of individual participants.

were free to switch between the rear and front cameras, more than
half of them used the front camera in over half of their trials.

First, in the condition Goal Direction = Forward, the front camera
usage rate was 37.3%. The front camera was used most frequently
when the target appeared at Target Direction=180° (93.8%). The
rate was also high for the +£135° directions (78.1%). In contrast, the
front camera was rarely used for the +45° and +90° directions,
with rates of 4.7% and 6.3%, respectively. Next, in the condition
Goal Direction = Backward, the rate was 69.9%. The front camera
was used frequently, with a usage rate of 95.3% when the target
appeared at the 180° direction. The rates for the 45°, 135°, —135°,
—45°,90°, and —90° directions were also higher than those in the
Forward condition, at 81.3%, 79.7%, 76.6%, 76.6%, 40.6%, and 39.1%,
respectively.

Analysis of individual participant rates revealed considerable
variation in front camera usage. The rates of each participant are
summarized in Table 1. In the condition Goal Direction = Backward,
six participants (P13, P20-P23, and P27) had a front camera usage
rate above 89.3%, and four of them (P13, P22, P23, and P27) used
the front camera in 100% of their trials. For these participants, the
ability to switch between the rear and front cameras appeared to be
consistently valuable. On the other hand, P17 and P24 rarely used
the front camera. They only activated the switching function when
the Target Direction was 180°, and did not use the front camera at
all in the Forward condition when the target appeared at +135°.
Furthermore, in the Backward condition, P17 also avoided using
the front camera for the +45° and +135° directions.

6.7 Preference and Participants’ Feedback

We analyzed the responses to the questionnaire asking which
Method participants preferred, as well as the benefits and draw-
backs of each method. The results showed that seven participants
preferred Rear&Front, while nine preferred Rear. Among those who
chose Rear&Front, five (P13, P14, P19, P21, and P27) cited lower
physical demand as the main reason. P24 noted, “I thought a method
capable of using two cameras is simply a superior version of one
that only has a rear camera.” On the other hand, among those who
preferred Rear, four (P16, P18, P22, and P28) reported that it im-
posed less cognitive load. Two (P23 and P25) noted that the physical
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Table 1: Front camera usage rates by individual participants for each Goal Direction condition.

P13 P14 P15

P16 P17 P18 P19 P20

Forward 42.9% 39.3%  28.6%
Backward 100.0% 64.3% 71.4%

35.7% 143%  42.9% 429% 39.3%
64.3% 143% 64.3% 71.4% 89.3%

P21 P22 P23

P24 P25 P26 P27 P28

Forward 42.9%  46.4%  42.9%
Backward  92.9% 100.0% 100.0%

10.7%  42.9%  42.9% 57.1% 25.0%
17.9%  46.4% 71.4% 100.0%  50.0%

effort required to turn their bodies was less demanding than the
mental effort involved in learning how to use the front camera.

Regarding the benefits of Rear&Front, 11 reported that the method
reduced physical demand, as it allowed them to perform the task
without rotating their bodies. Three (P16, P22, and P25) specifically
noted that they could perform the task with almost no movement,
especially when placing a target from front to back or vice versa.
In contrast, the drawbacks of Rear&Front were also noted. Four
(P16, P17, P25, and P26) mentioned that it takes a little bit of time
to switch the camera. Additionally, four (P15, P17, P18, and P23)
commented that “It is confusing because the direction to move
the camera reverses when switching between the rear and front
cameras.”

Regarding the benefits of Rear, five reported that its operation
was intuitive and simple. Additionally, two (P13 and P22) noted that
it was easy to understand the target’s position, and three (P14, P18,
and P26) commented that the method required low cognitive effort.
In terms of drawbacks, five (P14, P18, P20, P24, and P26) stated that
the method often required pronounced body movements. Finally,
five (P13, P16, P19, P27, and P28) reported experiencing dizziness
during its use.

7 Discussion

We discuss the target selection performance using a front camera
for targets behind the user, the manipulation performance of us-
ing a front camera, the purpose of using a front camera, and the
limitations of this research.

7.1 Selection Performance of Using a Front
Camera for Targets Behind the User

The results of Study 1 indicated that participants were able to select
targets behind them significantly faster and more accurately using
only the front camera (Front) than when using only the rear camera
(Rear). This suggests that the front camera on a handheld device can
effectively facilitate target selection behind the user in Handheld AR.
In the Sitting posture, Rear imposed higher physical demands than
Front. Some participants reported experiencing dizziness due to
rapid chair rotations in Rear. These findings suggest that, in seated
scenarios, Front is more suitable than Rear for target selection
behind the user.

On the other hand, the range in which Front outperforms Rear
in terms of selection time is narrower than the range in which
Rear is faster. At a target angle of 50° relative to the participant’s
rearward direction (Target Distance = Far), although Front yielded
faster selection times than Rear, as shown in Figure 4, it also resulted

in a higher error rate, as shown in Figure 5, and participants showed
a relative preference for Rear. These results suggest that Front is
suitable for Target Distances between 0° and +50°, while Rear is
suitable outside this range. This discrepancy of range width may
be due to differences in the operation methods of Front and Rear.
When using Front, participants had to rotate the smartphone in the
opposite direction of the target to bring it into FOV, a movement
that was unfamiliar and likely contributed to the increased difficulty.
Thus, with continued use and increased familiarity, the user may
be able to operate Front more efficiently across a wider range of
angles.

7.2 Manipulation Performance of Using Front
Camera

Although the switching function for the rear and front cameras
significantly reduced physical demand in Study 2, manipulation per-
formance and usability were significantly impaired. In conditions in
which the switch function is used frequently (e.g., Target Direction =
+135°), Rear&Front had significantly longer target selection times,
target placement times, and task completion times than Rear. More-
over, target position errors, usability scores, and workload scores
were worse for Rear&Front than for Rear.

There are two main reasons why manipulation performance de-
clined when participants used both the rear and front cameras. First,
participants became confused because the direction in which the
device needed to be moved was reversed between the rear and front
camera views. This reversal was unfamiliar to participants and thus
likely increased the difficulty of target selection. To mitigate this
confusion, introducing a dedicated training session to help the user
become accustomed to this control scheme would be useful. Future
work should investigate whether this confusion can be overcome
with training by evaluating performance after training. Second, the
time required to switch between cameras was relatively long, which
contributed to increased task completion time. In our application,
switching between the rear and front cameras took approximately
0.7 s due to the processing limitations of the smartphone (iPhone
12). This length of time can considerably affect task performance,
especially when multiple switches are needed to complete a task. To
address this, preparing the switch in advance by predicting when
the user is about to tap the camera switch button could reduce
perceived latency, task completion time, and task load. One way to
achieve this would be leveraging gaze as a predictor [48], which
shows that a fixation typically begins 309 ms before the tap at a
distance of 35 pixels from the tapped location, and fixation lasts an
average of 119 ms.
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7.3 Purpose for Using Front Camera

The results of Study 2 indicate that participants preferred using the
front camera over considerably rotating their bodies, even though
the use of the front camera was optional. In the Goal Direction=
Forward condition, participants used the front camera when the
targets were behind them, specifically at the 180° and +135° direc-
tions. In contrast, they did not use it when the targets were located
between —90° and 90°. For targets at 180° and +135°, participants
typically switched to the front camera to select the target, and then
switched back to the rear camera to reposition the target in front
of them. This allowed them to move rear-located targets forward
without substantial body rotations. On the other hand, when targets
were located in front or on the side, body rotation was minimal or
unnecessary, and thus participants did not use the front camera.

In the Goal Direction= Backward condition, participants had a
higher front camera usage rate (69.9%) than in the Goal Direction=
Forward condition (37.3%), and the front camera was frequently
used even at Target Direction = +135° (78.1%). This is likely because,
with the goal area behind the participants, using the front camera
reduced the amount of required body rotation when Target Dis-
tance = +135°. Notably, even though the total body rotation did
not differ, participants also used the front camera for repositioning
targets located at £90° (39.9%). This suggests that the front camera
was used not only to reduce body rotation but also to avoid the
discomfort or difficulty of rotating backward.

Overall, since many participants used the front camera, the abil-
ity to switch between the rear and front cameras could be consid-
ered valuable in Handheld AR applications. Admittedly, the high
usage rate for targets behind them (e.g., 93.8% at 180° with Forward)
might have been partly due to the lack of body occlusion in our
implementation, which could make the task easier. However, they
still frequently used the front camera for diagonally-located targets
(e.g., 78.1% at +135° for Forward), where body occlusion is less of
a factor. In Study 2, only two (P17 and P24) out of 16 participants
rarely used this function; this is most likely simply because the
task could be completed without it. Importantly, the presence of
the function did not negatively affect the usability of the appli-
cation for those who chose not to use it. As a means of enabling
360-degree interaction without pronounced body rotations, this
function serves as a practical and non-intrusive enhancement to
Handheld AR systems.

7.4 Limitations and Future Work

This research presents the first attempt to evaluate the performance
and usability of using a smartphone’s front camera for selecting
virtual objects behind the user. As an initial exploration in this
area, the findings are preliminary, and further research is needed
to fully understand the practical applications and limitations of our
front-camera-based AR research.

First, the tasks used in our user studies represent simplified sce-
narios, i.e., selecting and repositioning isolated spheres in controlled
lighting. While this design is suitable for an initial investigation,
it may not reflect more realistic situations, such as selecting tar-
gets surrounded by distractors in cluttered scenes, selecting targets
with unknown locations, or interacting with real-world objects.
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Therefore, future work should evaluate our method in such realistic
situations.

Second, we exclusively employed a direct-touch selection method
in our user studies. While common, this method can suffer from
finger occlusion, potentially lowering performance and usability.
Therefore, future work should explore how alternative selection
methods might perform in this front-camera-based AR (e.g., center-
screen targeting [3, 21, 43], ray-casting [11, 53], and a head-based
method [29]). These methods could mitigate occlusion issues and
potentially improve accuracy for smaller or more distant targets.

Third, in this study, virtual objects remained visible even when
they were behind the user, which may have reduced the sense
of immersion (e.g., “I did not feel like the target was behind me”
(P10)). Ideally, virtual objects behind the user should be occluded by
the user’s body. During system development, we explored various
packages and plugins commonly used in Handheld AR applications;
however, none supported occlusion with the front camera, primar-
ily due to the lack of depth-sensing capabilities. To address this
limitation, future researchers might utilize a deep learning-based
depth estimation from a monocular image [35] to generate the nec-
essary information to estimate the region of the head and body in
the image from the front camera. Such information would enable
realistic occlusion by not rendering virtual objects that are hidden
by the head/body from the front camera’s viewpoint. Alternatively,
such information could be used to render occluded virtual objects
on the head/body with distinct visual styles, such as a single-colored
overlay or outlines of the occluded objects, similar to the visual
effects used in video games (e.g., Dark Vision of Dishonored) to let
the player see enemies through walls or obstacles. This approach
would keep virtual objects behind the user visible for pointing and
thus preserve usability while maintaining the sense of immersion.

Finally, the sample size in our study was relatively small (N =12
in Study 1 and N = 16 in Study 2), and the participant demographics
were skewed in terms of gender and age. Additionally, the large
number of conditions may have lowered the statistical power of our
analyses. To improve generalizability, future studies should recruit
a larger and more demographically balanced participant pool.

8 Conclusion

In this paper, we investigated the performance of using the front
camera in Handheld AR for selecting targets located behind or
around the user. Study 1 demonstrated that the front-camera-only
method enabled faster and more accurate selection of targets di-
rectly behind the user. Although Study 2 revealed that allowing
participants to switch between the rear and front cameras resulted
in longer task completion times, participants still used this feature
in over half of the trials to reduce body rotation. While several issues
remain—such as confusion caused by differences in the operability
of the front and rear cameras, and the delay introduced by cam-
era switching—the front camera shows its potential for supporting
360-degree interaction in Handheld AR.
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