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Figure 1: (a) A picture of the experimental setup; Two users are locating a target using (b) Pointing Line (PL) cues and (c)Moving
Track (MT) cues; The view of User A who is locating a target using (f) PL and (g) MT; The view of User B who is now looking
the target that User A has selected using (d) PL and (e) MT.

ABSTRACT
Visual cues are essential in computer-mediated communication. It
is especially important when communication happens in a collabo-
ration scenario that requires focusing several users’ attention on a
specific object among other similar ones. This paper explores the
effect of visual cues on pointing tasks in co-located Augmented
Reality (AR) collaboration. A user study (N = 32, 16 pairs) was
conducted to compare two types of visual cues: Pointing Line (PL)
and Moving Track (MT). Both are head-based visual techniques.
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Through a series of collaborative pointing tasks on objects with dif-
ferent states (static and dynamic) and density levels (low, medium
and high), the results showed that PL was better on task perfor-
mance and usability, but MT was rated higher on social presence
and user preference. Based on our results, some design implications
are provided for pointing tasks in co-located AR collaboration.
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1 INTRODUCTION
Augmented Reality (AR) has been used for collaborative experi-
ences. It allows users to interact with shared virtual content while
having a view of the real world [6, 43, 58]. For these collaborative
experiences to be e�cient and positive, there needs to be �uid com-
munication between the collaborators. In addition, knowing what
the collaborator is doing or which objects are being looked at can
improve the sense of awareness and social presence [17, 32, 33, 36].
One advantage of using AR head-mounted displays (HMDs) is their
ability to capture users' head and gaze movements and use the data
to provide visual augmentation cues [15, 26, 57]. Such cues can
enhance situational awareness and social presence [3] and improve
user performance and usability in collaborative AR [45].

Previous research on AR primarily focused on remote collabo-
ration (e.g., [24� 26, 47]). It is not clear how visual cues could be
helpful in enhancing user collaboration when they are in the same
physical environment. For pointing tasks speci�cally, many appli-
cations involve such pointing tasks during co-located collaboration
(e.g., games, education, training). It is therefore important to un-
derstand the appropriate techniques for such pointing tasks with
di�erent object states and density levels. Users could be interacting
with objects that are not easily touchable (e.g., moving objects) and
clustered in dense regions with other objects with similar proper-
ties. Attempting to describe or pinpoint an object of interest using
verbal and hand gestures may not be practical and e�cient. In this
research, we explore the use of visual cues to enhance the identi�-
cation of target objects in collaborative AR where these objects can
be static or dynamic and be in various levels of density.

Pointers [15, 34, 60] and annotations [27, 38] are two main visual
cues that have been explored. The majority of prior research focused
on hand-based techniques, e.g., to carry a pointer and to draw an
annotation in a virtual environment. However, these hand-based
techniques may not be e�cient or ideal for AR systems [41, 42]. For
one, it can pose severe occlusion because the �eld-of-view of AR
HMDs is usually narrow. Also, AR systems, with the exception of
the Magic Leap, do not come with a pointing device or controllers.

Therefore, in this research, we explore two hands-free, head-
based techniques to simulate visual cues provided by pointers and
annotations. Pointing Line (PL) is used to simulate pointers. It in-
dicates a user's line of sight and focus of attention. Moving Track
(MT) simulates the use of annotations. It records a continuous mov-
ing track to help identify a target. Based on the two techniques, we
investigate the e�ect of visual cues on task performance, usabil-
ity, and social presence when interacting with virtual objects in
a co-located AR. To do this, we ran a user study with two visual
cues (PL and MT) to allow paired users to share information about
the object of interest and identify it. The experiment involved both
static and dynamic objects in three levels of density (low, medium,
and high). Figure 1 (above) shows an overview of the experiment
setup.

In short, the paper makes the following two contributions:

� We report the results of a user study comparing the two types
of visual cues based on hands-free, head-based techniques
in co-located AR scenarios for pointing and selection tasks;

� Based on the results, we propose implications on the design
and use of these visual cues for co-located AR collaboration.

2 RELATED WORK
2.1 Collaborative AR Systems and Social

Presence
Collaboration is the �mutual engagement of participants in a co-
ordinated e�ort to solve a problem together� [49]. Collaborative
AR systems allow users to interact with shared AR content as natu-
rally as with physical objects, and to complete a task or achieve a
common goal [5, 12, 40]. Researchers have shown that AR systems
can e�ectively support a group of users to perform collaborative
activities [7, 31, 53, 54].

During collaboration, it is key to be aware of where and which ob-
ject(s) the collaborator is interested in or interacting with [2, 13, 37].
Providing visual, nonverbal cues is bene�cial for improving the
awareness of users' actions and the sense of being together, namely
social presence [10, 18]. In the early days, telepointers and cursors
[19] were explored to support user awareness of others' actions on
a shared workspace in traditional platforms (e.g., desktop displays).
Recently, multimodal cues are used in collaborative environments,
typically using auditory and visual elements. For example, virtual
avatars have been explored to represent each collaborator and to
provide an increased awareness of others in the shared environ-
ment [21, 30, 46]. In AR environments, researchers explored the use
of virtual arrows to represent collaborators' head directions [11]
and miniature virtual avatars to show collaborators' gaze directions
and body gestures [46]. Although using avatars can contribute to
users' perceived social presence, it adds extra visual elements to
the limited display and �eld-of-view of current AR HMDs. Thus,
this solution may not be ideal when there are multiple objects in
the environment. Using pointer and annotation cues is an unclut-
tered alternative to support social presence and collaboration in
AR. Speci�cally, sharing gaze pointing cues has been explored in
remote collaboration with AR devices [24, 29, 39]. For example, Ishii
et al. [29] and Higuchi et al. [24] reported that when users shared
their workspace, gaze pointing cues provided better understanding
where their partner was looking at. Lee et al. [39] and Higuchi et al.
[24] found that sharing gaze pointing cues signi�cantly improved
users' awareness of each other's focus and joint attention.

In addition to gaze pointing cues, augmenting hand pointing cues
via gestures was shown to be able to facilitate users' perception of
others' actions. For example, Piumsomboon et al. [46] reported that
redirected gaze and gestures in their Mini-Me system improved
users' awareness of the partner in a collaborative AR interface.
Yang et al. [59] stated that visual head frustum and hand gestures
intuitively demonstrated the remote user's movements and target
positions. Kim et al. [33] added sketch cues in addition to gestures
and demonstrated an improved task e�ciency with the enhanced
visual cues.

Although previous research has proven the positive e�ects of
visual cues on supporting social presence in collaborative activities,
most of these studies focused on remote AR systems. The e�ect
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of visual cues in co-located AR collaboration is still largely under-
explored. It is not clear how di�erent visual cues may enable and
enhance users' perceived social presence when they are co-located
in the same physical space. Therefore, we put our focus on the
study of visual cues in co-located AR environments.

2.2 Visual Cues in Collaboration
Two noticeable visual cues were presented in previous work on
collaboration: pointer and annotation [15, 27, 34, 56]. Pointer cues
provide a pointing line, indicating a user's line of sight and focus
of attention. Annotation cues record a moving track to identify a
target, such as a track of hand or head positions. Here, we discuss
these two types of visual cues in detail.

Pointing Line Cues.Previous work showed that pointing line cues
can e�ectively support communication [14, 19, 20, 44, 50, 51]. For
example, Gupta [20] reported that presenting users' gaze directions
using a pointer signi�cantly improved the sense of co-presence
between users in remote collaboration. Piumsomboon et al. [45]
visualized three types of pointing line cues: the �eld-of-view frus-
tum, eye-gaze ray, and head-gaze ray. They reported that these cues
signi�cantly improved user performance, usability, and subjective
preferences. They also found that head-gaze ray was signi�cantly
less confusing to use than �eld-of-view.

Most of the previous research explored the e�ect of pointing line
cues with hand gestures or eye gaze [3, 51]. For hand gestures, if
users' hands are occupied, it requires users to deliberately release
the object in their hand before pointing to a target. Some research
used eye gaze to provide pointing line cues [8, 52]. They stated
that eye gaze can lead to better performance and better teamwork
than head gaze, i.e., the direction that a user is facing towards but
not necessarily looking at. However, people's eye gaze has a lot of
micro movements. Having to keep their eyes stable when pointing
at an object may lead to fatigue. Head-based techniques, on the
other hand, could mitigate this issue. By providing a gaze ray from a
user's head to a target object, this can support observers' awareness
of their collaborator's attention and allow them to view the same
object [1]. However, studies on head-based pointing line cues are
very limited, especially in co-located AR collaboration.

Moving Track Cues.Moving track is one of the mostly stud-
ied visual communication cues [48, 55]. It has been found to be
more e�ective than pointing line cues for communicating spatial
information [16, 34]. While the pointing line cues present a point
around the target object, moving track cues provide users with a
track, namely a series of points leading to the target, and can help
guide users' focus to key locations [41]. Early research has studied
the use of moving track cues on a shared video view [28, 55]. Re-
searchers have explored extensively the use of moving track cues
in remote collaborative physical tasks. For example, Billinghurst
et al. [4] presented a method to record stabilized moving tracks
in an annotation-based AR system. Teo et al. [56] reported that
local users in remote collaboration felt the task was easier and
more enjoyable with moving track cues, and the cues helped them
understand the attention and focus of the remote user. A recent
study [33] compared four combinations of visual cues provided by
hand gesture, pointer and sketch. They reported that participants

completed tasks faster and felt higher level of usability if sketch
(moving track) cues were provided.

Although there have been studies on moving track cues, such as
annotations and drawings, this research mainly used hand-based
techniques and focused on remote collaboration [26, 56]. Besides,
previous research on moving track cues also demonstrated some
limitations. Much of this research explored these cues as an anno-
tation tool. In this case, the track traces needed to be erased after
completing each step of a task [34]. Huang et al. [26] also men-
tioned that moving track cues that blocked users' view could have
a negative impact on user experience and task performance. Based
on these �ndings, we have made the moving track cues to gradually
fade away and disappear in our study. This solution neither requires
users to actively erase any virtual element, nor prevents users from
viewing the workspace with additional visual elements.

In summary, our research is framed on previous work and com-
pares two head-based visual techniques, pointing line cues and
moving track cues, to explore their e�ect on pointing tasks in co-
located AR collaboration.

3 SYSTEM SETUP
To conduct this research, we created a multi-user AR collaborative
system (see Figure 1a). The system was developed with Unity (ver-
sion 2019.2.0f1) and was run on the Windows platform. Each of
the two users used a Meta2 connected to a laptop and with each
other via a private network and Photon Unity Networking. Either
laptop could be the host server. After they have been connected,
one would assume the host role and the two laptops' timers were
synchronized to begin the experiment.

The equipment set up in this study consisted of (1) two Meta2
HMDs, an AR device with two optical see-through displays with a
2550 x 1440 pixel resolution, 90° �eld of view, and frame rate of 60
Hz. (see Figure 1a), and (2) two Windows 10 laptops each with an
Intel Core i9-8950HK at 2.9 GHz, 32 GB RAM, and NVIDIA GeForce
GTX 1080. This set up allows a pair of users to work in the same
virtual environment using the two Meta2 HMDs and jointly do any
tasks together. The system is able to collect data (e.g., completion
time and accuracy).

3.1 Visual Techniques
To determine the techniques selected for this study, we �rst con-
ducted a pilot study and explored both head-based and hand-based
approaches, each with and without a visual cue (i.e., baseline). The
results showed that head-based tended to be better in performance
and user preference for pointing tasks in co-located AR (which
was in line with other studies (e.g., [22, 59]). Given our pilot study
results and those from the literature, we did not include a baseline
technique to keep the study focused and within a reasonable time.
Therefore, our study is based on two head-based visual techniques
(i.e., Pointing Line and Moving Track) to compare their performance
and usability under di�erent scenarios.

The two head-gaze techniques receive input from the user's head
movement and is captured by the tracking function in the Meta2.
The cursor endpoint is based on a ray cast from the head's center
toward the AR interface.
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Figure 2: The two visual techniques (a) Pointing Line (PL) and (b) Moving Track (MT) with an example each.

Pointing Line (PL).PL is shown as a red ray representing the
user's viewing direction. It is emitted from the center of the user's
head toward the user interface in AR environment. When it inter-
sects with an object, this object becomes highlighted and can be
selected. As shown in Figure 2a (upper row), when a user moves
his/her head, the ray also moves in synchronicity following the
head's directional movements.

Moving Track (MT).MT uses a di�erent approach to show direc-
tional movement. Instead of showing the ray, it shows a trail that
follows the cursor. To reduce excessive visual clutter, the technique
limits the length of the trail to 10 pixels. That is, the excess part of
the tail fades out and gradually disappears. As shown in Figure 2b
(lower row), as the user moves their head, the trail is displayed,
with end part becoming lighter and fading out gradually.

4 USER STUDY
4.1 Participants
16 pairs of participants (17 males) between the ages of 18 to 23 (M
= 20.78) were recruited from a local university for this experiment.
Only 3 pairs did not know each other before participating in the
experiment. All participants had normal or corrected-to-normal
vision and had no issues distinguishing the colors we used in the AR
device. They reported an average of 3.69 for cooperative ability on
a scale from 1 (`so bad') to 5 (`good'). 13 of them (41%) had limited
prior experience with AR HMDs before.

4.2 Experiment Design
The experiment followed a 2Ö2Ö3 (2 TechniqueÖ2 Object StateÖ
3 Density) within-subjects design to study the e�ects of visual cues
on pointing tasks in co-located AR collaboration. In this experiment,
we have the following three independent variables:

(1) Technique. We tested two visual techniques:Pointing Line
(PL) andMoving Track(MT). As mentioned above, PL is based
on the ray-casting approach to show a line to the object on
the direction of the AR HMD (see Figure 3a). MT provides a
continuous trace that follows the pointer (see Figure 3b).

(2) Object State. We explored two states:Staticand Dynamic.
Static objects were immobile while the dynamic ones would
move around. As the arrows depicted in Figure 3c indicate,
dynamic objects would be randomly assigned a path with-
out any particular pattern. In dynamic scenarios, the objects
performed uniform rectilinear motion (i.e., constant veloc-
ity) with speeds between 50-120 pixels/second and random
directions. The placement and movement of the objects were
prede�ned to be same for each pair. All objects (target and
non-targets) would move and were programmed to avoid
each other. A virtual boundary of 120 degrees was set for
the objects. As this is wider than the 90-degree FOV of the
Meta2, users would need to turn their heads during the tasks.

(3) Density. The size of objects used in our study was 70 pixels
in diameter. There were three levels of object density:Low
(6 objects with no occlusion, Figure 3c),Medium(12 objects
with slight occlusion, Figure 3d) andHigh (18 objects with
severe occlusion, Figure 3e).

Figure 3: Two users completing the task with (a) Pointing
Line (PL) and (b) Moving Track (MT) technique. There were
(c) Low, (d) Medium and (e) High density for Static and Dy-
namic objects. Red indicates the target object; green indi-
cates the object selected.
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Figure 4: An example of all the steps involved in a typical trail.

As a within-subjects experiment, each participant experienced
all 12 conditions. Technique was counterbalanced according to a
balanced Latin square design to minimize learning e�ects. Object
State and Density were randomly and equally distributed. There
were 6 trails for each condition and 72 trials in total for each pair
of participants.

This experiment was classi�ed as low risk research and was
approved by the University Ethics Committee at Xi'an Jiaotong-
Liverpool University (#21-01-09).

4.3 Hypotheses
Based on our literature review and design of our experiment, we
postulated the following four hypotheses:

H1: PL and MT would both perform better with static targets
than with dynamic objects.

H2: PL and MT would have better performance in lower density
scenarios. High density situations could be crowded and have object
occlusion, making it more di�cult to identity and select a target.

H3: PL's more explicit cue showing viewing direction, it would
lead to improved task e�ciency and accuracy than MT.

H4: In terms of subjective measures, in general, MT would be
more preferred by users than PL, as MT would make it easier to track
cursors movement and the user's intention (in our case User A). As
such, it would increase collaborators' awareness and co-presence.

4.4 Task and Procedure
Task.For each trial, User A was required to choose the target

object (see Step (1) in Figure 4, highlighted in red) by moving the

cursor to the object using head motions and con�rming it via a
mouse click. The selected object would turn to green, which can
be seen by User B. Then User B would need to locate the same
object by moving the cursor and doing the con�rmation. As such,
the task consisted of the following steps (see Figure 4): (1) system
randomly highlighted in red one object in the scene. Only User A
could see the highlighted target. At this moment, the objects in User
B's view are all grey. (2) User A would choose the object using the
pre-de�ned technique. Once con�rmed, the selected object would
turn into green and both users could see this object. (3) User B was
then required to locate the green object and con�rm it. (4) One trial
was �nished and the next would begin when both users were ready
to proceed.

In our experiment, the two users in each pair would do the
selection in turns. We designed the experiment so that they could
not see both the visual cues of their partner and their own at the
same time. During selection, each user could only see one visual
cue (the cue of the user needing to do the selection). In other words,
during the selection of User A, only the cue of User A would be
visible; while during the selection of User B, only the cue of User
B would be shown. Besides, at the beginning, only User A could
see the target highlighted by system. Only after User A completed
the selection would User B be able to see the selected target, now
selected by User A (see the Table 1 for a summary of this process).
This approach was chose to minimize visual clutter and to make
it more aligned with how collaboration takes in places in more
realistic scenarios.

Table 1: Visibility states of the visual cues of User A and User B and the target to be selected according to selection stage

During the selection of User A During the selection of User B
User A's
visual cue

User B's
visual cue

Target to be Selected
User A's
visual cue

User B's
visual cue

Target to be Selected

User A Yes No Highlighted by System No Yes Visible (Already Selected by this User)
User B Yes No Visible but not highlighted No Yes Visible and Highlighted (Selected by User A)
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Figure 5: Mean completion time (Left) and accuracy rate (Right) results in all conditions: 2 Technique (PL and MT) Ö2 Object
State (Static and Dynamic) Ö3 Density (L: Low, M: Medium and H: High).

Procedure.The experiment procedure was divided into 4 phases:
(P1) Informing participants of the experiment goal and the ethics
regulations governing it, and then completing the consent form
plus a short questionnaire to collect anonymized demographic data
(� 5 minutes); (P2) Providing participants several practice trials
to let them become familiar with the AR device and the task (� 5
minutes); (P3) Participants completing the trials and in between con-
ditions each participant �lling in the Social Presence, and Usability
questionnaires (� 25 minutes); and (P4) Interviewing participants
to collect further feedback and comments (� 5 minutes). The whole
experiment took about 40 minutes to complete for each pair.

4.5 Results
For the objective data analysis (completion time and accuracy rate),
we employed three-way repeated ANOVAs with an alpha value of
0.05 to determine any di�erences across conditions and followed by
pair-wise comparisons with Bonferroni correction for the data with
a signi�cant di�erence. We used a Greenhouse-Geisser adjustment
to correct for violations of the sphericity assumption. We reported

e�ect sizes (� p
2). For data from the subjective questionnaires that

were ordinal, non-parametric data (e.g., subjective ratings or rank-
ings), we applied Wilcoxon signed-rank test to look for di�erences.
For simplicity, M and SD are used to denote mean and standard
deviation values.

4.5.1 Task Performance.Participants' task completion time and ac-
curacy rate were collected to assess their performance. We recorded
the time taken by paired participants to complete each trial. Accu-
racy rate was measured by the number of correct trials among the
total number of trials. Figure 5 shows mean time and accuracy rate
for each condition (2 TechniqueÖ2 Object StateÖ3 Density).

Completion Time.We found an interaction e�ect between Tech-
niqueÖObject State (F1;95 = 3.993, p = .049,� p

2 = .040), Technique
ÖDensity (F2;190= 7.461, p = .001,� p

2 = .073), TechniqueÖObject
StateÖDensity (F2;190 = 4.065, p = .019,� p

2 = .041) on comple-
tion time, but no signi�cance was found between Object StateÖ
Density (p = .758). For TechniqueÖObject State, pairwise com-
parisons revealed that PL_Dynamic took signi�cantly less time

Figure 6: Completion Time (a) and Accuracy Rate (b) according to Technique, Object State, and Density.
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