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Figure 1: The 3 compared techniques classified according to their input spaces and whether they involve task decomposition

ABSTRACT
This paper contributes a first comparative study of three techniques
for selecting 3D objects anchored to the table in tabletop Augmented
Reality (AR). The impetus for this study is that touch interaction
makes more sense when the targeted objects are anchored to the
table. We experimentally compare touch and a mixed (touch+mid-
air) techniques with the common direct mid-air technique. The
touch and mixed techniques involve a decomposition of the 3D
task into a 2D task by touch on the table followed by a 1D task by
touch or mid-air interaction. Results show that: (1) The touch and
mixed techniques present completion times similar to the mid-air
technique and are more accurate than the mid-air technique; (2)
The mixed technique defines a good compromise between accuracy
of touch interaction and speed of mid-air interaction.

CCS CONCEPTS
• Human-centered computing → Human computer interac-
tion (HCI); Mixed / augmented reality.
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1 INTRODUCTION
Tabletop Augmented Reality (AR) systems combine a tangible sur-
face and virtual objects. They support a variety of applications such
as architecture, urban design/visualization systems [3], games and
3D modelling [13]. In this paper, we study interaction techniques
for selecting 3D objects linked with/anchored to the table in table-
top AR. Anchored objects are frequent in various applications as
illustrated in the following scenario: Presentation of flats for sale. A
3D virtual model of a district is placed on the table and allows buyers
to visualize the buildings and the roads. The property developer selects
flats in buildings in order to present a virtual tour of them.
Beyond 3D objects directly placed on the table as in the above
scenarios, 2D projections of floating objects (e.g., shadows) could
be displayed on the table for selection. As 3D anchored objects
are omnipresent in tabletop AR, it is important to understand the
most effective interaction for selecting them. While 3D AR selec-
tions mainly rely on mid-air input space ("air-tap" gesture with
the Microsoft HoloLens [10]), tabletop AR systems provide a physi-
cal support (i.e. the table) to the users and thus an additional 2D
input space allowing touch interaction [1, 4, 7, 15]. Touch-only
techniques use task decomposition to select 3D objects. Previous
studies compared mid-air and touch interaction [1, 9, 16] but pri-
marily focus on selecting 3D objects without a visual link with the
table. These studies found that touch interaction reduces fatigue
in comparison with mid-air interaction [1, 16], but their results
about the task decomposition are contradictory. In addition to tech-
niques involving 2D or 3D input space, mixed techniques integrate
and unify these two input spaces "to bridge this divide" [2]: these
mixed selection techniques seamlessly combine touch and mid-air
interaction [2, 20] and involve a third input space (2D + 3D space).

This paper contributes a comparative study of three techniques
(see Figure 1) that goes beyond previous work (1) by considering
objects anchored to the table and (2) by comparing 3D mid-air
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Figure 2: Selection of 3D objects anchored to the table

interaction and 2D touch interaction with mixed touch+mid-air
interaction.Moreover we provide recommendations on input spaces
that enrich existing design insights for tabletop AR as in [13].

2 3D OBJECT SELECTION TECHNIQUES
We designed 3 techniques for selecting a 3D box in a stack of 3D
boxes. Figure 1 classifies them according to their input interaction
space and whether they involve task decomposition.
1) DirectTouch - DT is a 3D direct mid-air technique considered as
a baseline (see Figure 1, left). Users directly touch the targeted box
to select it. A blue sphere follows the users’ fingertip. A selection
occurs when this sphere is inside a box.
The two following techniques decompose the 3D selection task into
a 2D task (Step 1) and a 1D task (Step 2) as shown in Figure 2a.
2) Mixed combines touch and mid-air interaction (see Figure 1,
center). Step 1, users select the base of the stack by touching the
table: the blue sphere which follows their fingertip should be totally
inside the base. The sphere can then only move along the Z-axis.
Step 2, users move their hand in mid-air, the height of the blue
sphere follows the height of their finger.
3) Balloon is a touch-only technique largely inspired by Balloon
Selection [1] which uses a metaphor of the manipulation of a helium
balloon attached to a string (see Figure 1, right). The string is held
by two control points placed on the table and the balloon moves up
or down by reducing or increasing the distance between the two
points. Step 1, users select the base of the stack, and thus place a
first control point at the center of the base. Step 2, users place the
same finger on the table (wherever they want) in order to place a
second point thus making the virtual string appear. The balloon is
the same blue sphere as in DT and Mixed. Users move their finger
on the table to move the sphere up or down.

With the 3 techniques, users move a virtual blue sphere used
as a 3D cursor, and a selection occurs when this sphere is entirely
inside a box for 1 second (dwell time mechanism) [11, 18]. When
the timer starts, a gauge is displayed as a feedback; if the sphere
moves outside the target the timer is reset. The targeted box is
red, all others are grey. All boxes are semi-transparent to make the
blue sphere visible inside them and they turn from grey to yellow
when they are selected. When the users touch the base of a stack
on the table during step 1 (Mixed, Balloon), this base turns from red
to green and the stack is highlighted in blue. When using DT, the
stack is always highlighted and the base is green (see Figure 1, left).

The 3 techniques are implemented using a HoloLens (two HD
see-through displays 𝐹𝑜𝑉 = 30𝑥17.5 degrees and frame rate = 60Hz)

to visualize the 3D virtual scene. We use Optitrack cameras and a
reflective marker to track the users’ fingertip (100 fps). An "Image
Target" that Vuforia Engine can detect and track is put on the non-
interactive table. Once the image is detected, we create and place a
world anchor (using Unity for HoloLens) near the image and stop
Vuforia. This anchor is a link between the real world (the table, the
marker) and the virtual world.

In the two following experiments, we study the effect of the
input spaces and of the task decomposition by comparing the 3
techniques for the selection of (1) visible objects (Section 3) and (2)
occluded objects in a dense environment (Section 5).

3 EXPERIMENT 1: VISIBLE OBJECTS
We compare the performance of the techniques for the selection
of visible boxes by varying their shape SHAPE and their position
HEIGHT in one stack (close to or far from the table).
Hypotheses. - H1. Task decomposition does not impact perfor-
mance of Balloon and Mixed: they perform better (time, accuracy)
than DT. - H2. DT is less accurate than the others. Interacting
in mid-air is not free from difficulties [8] due to hand tremor, fa-
tigue [1, 16] and perception issues such as the distance estimation
[6, 14, 17].
Design and Participants. The experiment is designed as a within-
subjects user study, with 3 independent variables: SHAPE (8 shapes),
HEIGHT (Height 1, 2 & 3, see Figure 2b) and the technique TECH
(Balloon, Mixed, DT ). The shapes result from the combination of
small (1.2cm) and large (3.6cm) values of depth, width and thickness.
The diameter of the blue sphere (3D cursor) is 0.8 cm. We recruited
15 unpaid volunteers (10 males, 5 females), ranging from ages 20 to
39 (𝑚 = 27.67, 𝑠𝑑 = 4.97). None of them was an expert in AR.
Task and Procedure. A stack of boxes is displayed on the table, at
the center of the "Image Target" (see Figure 2b). The task consists
of selecting the red box. Participants are asked to stand in front of
the table during the experiment. They place their finger in the blue
square (i.e. initial position) before starting each task. After a training
phase with a set of 11 trials, participants perform 72 selections per
technique: 3 repetitions (to study learning and tiredness effect) of
pseudo-random order of 24 SHAPE × HEIGHT combinations. The
order of the techniques is counterbalanced with a Latin square. At
the end of each technique, participants fill a RTLX (according to
[5], NASA-TLX and RTLX perform equally well). We conclude by
an interview. The experiment lasts approximately 1 hour.
Measures. For performance, we measure 1) the completion time to
select the base of the stack (for Balloon &Mixed), 2) the completion
time to reach the target for the first time (including the time to
select the base for Balloon & Mixed); 3) the total completion time
to select the target (time to reach the target + validation phase
with potential corrective movements when entering/ leaving the
box). We remove 1s (dwell time) from the total completion time. For
accuracy, we record the number of times the timer is reset during
the validation phase. We call this metric the number of errors.

4 RESULTS OF EXPERIMENT 1
Completion times follow a normal distribution (Shapiro-Wilk test),
so we use ANOVAs and t-tests with Bonferroni adjustment for
pairwise comparisons. For the non-parametric analysis of accuracy,
we use ART [19] with a Bonferroni correction.
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Figure 3: Total Completion Time and workload per technique. We report means and 95% confidence intervals

4.1 Objective Measures: Completion Time
In comparing users’ performance during the 3 repetitions per tech-
nique, we do not find learning or tiredness effects.
4.1.1 Selecting a box. For the total completion time (see Figure 3a),
we find a main effect for TECH (𝐹2,28 = 9.11, 𝑝 = 0.0009), SHAPE
(𝐹7,98 = 131, 𝑝 < 0.0001) and HEIGHT (𝐹2,28 = 94, 𝑝 < 0.0001).
The average total completion times are 3.84s for Mixed, 4.56s for
Balloon and 4.72s for DT. Pairwise comparisons show that it takes
statistically less time to select a box with Mixed than with DT
(𝑝 = 0.03) and with Balloon (𝑝 = 0.041). We do not find a significant
difference between DT and Balloon. The average time to select the
base is 1.1s: 25% of total time for Balloon, 30% of total time forMixed.

4.1.2 Reaching a box. For the time to reach the target for the first
time (see Figure 3a), we find a main effect for TECH (𝐹2,28 = 62.1),
SHAPE (𝐹7,98 = 46), andHEIGHT (𝐹2,28 = 101) with 𝑝 < 0.0001. This
average completion time is 1.9s with DT, 2.2s with Mixed and 3.2s
with Balloon. Post-hoc analysis shows that it takes statistically more
time to reach the target with Balloon than with Mixed (𝑝 = 0.0007)
and DT (𝑝 < 0.0001). Even if DT seems to be faster than Mixed, we
do not find a significant difference between them.

4.1.3 Interaction effect between TECH and SHAPE. For the total
completion time, we find that TECH has significant interaction
effects with SHAPE (𝐹14,196 = 26.5, 𝑝 < 0.0001, see Figure 3b). For
DT, results show large variations and a striking difference between
two groups of shapes: the 4 shapes with 0 or 1 small dimension
(𝑇𝑇𝑜𝑡𝑎𝑙 for DT is 3.4s) and the 4 shapes with 2 or 3 small dimensions
(𝑇𝑇𝑜𝑡𝑎𝑙 for DT is 5.99s).Mixed and DT are significantly slower with
shapes having at least 2 small dimensions (𝑝 < 0.008), see Figure 3c.
We do not find a significant difference for Balloon. For shapes with
at most 1 small dimension, Mixed and DT are statistically faster
than Balloon (𝑝 < 0.03). We do not find a significant difference
betweenMixed and DT. For shapes with at least 2 small dimensions,
Mixed is significantly faster (𝑝 = 0.0004) than DT. No significant
difference is found between Balloon and mid-air techniques.
Aggregating the shapes by thickness (see Figure 3d) reveals that
only the techniques using mid-air are statistically faster for shapes
with a large thickness (𝑝 < 0.0001). Aggregating the shapes by
width or by depth reveals a significant effect of these 2 dimensions
for DT only (𝑝 = 0.001 for width, 𝑝 = 0.022 for depth).

4.1.4 Interaction effect between TECH and HEIGHT. For the total
completion time, we find that TECH has significant interaction
effects with HEIGHT (𝐹4,56 = 3.26, 𝑝 = 0.018). The time to reach
any of the boxes with DT is almost the same (regardless of the
height). Although the 2 other techniques seem to be faster to reach
the box at Height 1 than other boxes, the only significant difference
is found for Balloon between Height 1 and Height 3 (𝑝 < 0.0001). For
the total completion time, pairwise comparisons show that Height 1
is selected faster than Height 2 (𝑝 < 0.05) for all techniques, and
Height 3 (𝑝 ≤ 0.003) for the techniques using decomposition. We
do not find significant differences between Height 2 and Height 3.

4.2 Objective Measures: Accuracy
4.2.1 Average number of errors. We find a main effect for TECH
(𝐹2,994 = 308.2977), SHAPE (𝐹7,994 = 149.9787) andHEIGHT (𝐹2,994 =
122.24) with 𝑝 < 0.0001. With only 0.5 error, Balloon is significantly
more accurate than Mixed (0.8 error, 𝑝 = 0.003) and than DT (2.2
errors, 𝑝 = 0.0002).
4.2.2 Interaction effect between TECH and SHAPE. We find that
TECH has significant interaction effects with SHAPE (𝐹14,994 =

31.1439) with 𝑝 < 0.0001. We observe a difference for DT between
2 groups of shapes: the 4 shapes with at most 1 small dimension (1.19
error) and the 4 other shapes (3.27 errors). The 2 other techniques
are only impacted by the thickness of the boxes: they perform less
than 0.4 error on average for all shapes having a large thickness,
and 1 error on average for all shapes having a small thickness.
4.2.3 Interaction effect between TECH and HEIGHT. We find that
TECH has significant interaction effects with HEIGHT (𝐹4,994 =

35.5997) with 𝑝 < 0.0001. We do not find a significant difference
between heights for Balloon. Pairwise comparisons show that DT
and Mixed are statistically more accurate for HEIGHT 1 than upper
heights (𝑝 < 0.03). To explain this, we observed that participants’
hand was resting on the table to select boxes close to the table
(HEIGHT1). We do not find significant difference between others.

4.3 Subjective Measures
Balloon and DT require respectively the lowest and the highest
workload (Figure 3e). Balloon is rated as the least mentally demand-
ing (8/11 participants), the least physically demanding (14/15 partic-
ipants), the most successful (13/15 participants), the most accurate
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(all participants) and the fastest technique (9/15 participants). Bal-
loon is the most preferred technique for all the participants, and DT
is the least preferred technique for 11/15 participants. A majority of
them prefers Mixed and Balloon. Even if DT is found intuitive, they
report that task decomposition significantly reduces the mental
and physical fatigue and especially frustration. Participants would
choose Balloon instead of Mixed due to its perceived accuracy pro-
viding a sentiment of control, in contrast to Mixed which is found
difficult to use for boxes with a small thickness. Although the results
show that Mixed is the fastest technique on average, a majority
of participants think that Balloon is the fastest technique by far.
Concerning distance perception, 2 participants report having issues
with all techniques and 9 participants report having issues with
DT only. To select small bases with Balloon and Mixed, most of the
participants exploit the table as they first put their finger on the
table near the base and then drag it until they reach the stack.

5 EXPERIMENT 2: OCCLUSION & DENSITY
In this experiment, we study the impact of density and occlusion
on users’ preferences and observe how they use the 3 techniques.
We hypothesize that density has a negative impact on Balloon (H3):
passing through virtual objects during step 2 might disturb users. In
contrast with the first experiment, a wall of high opaque distractors
is inserted in front of the targeted stack, occluding it. Users are
forced to lean forward to see the target. Several other distractors
are placed on the table. To reduce the number of variables, targets
are always at height 2 avoiding participants from putting their
hand on the table during the validation phase. The first experiment
uncovered that performance is impacted by the number of small
dimensions of the target. Therefore, we choose 3 shapes only: one
with 3 large dimensions, one with only a small thickness to equally
influence the 3 techniques and finally one with a small thickness
and a small depth.

We recruited 9 volunteers (5 males, 4 females), ranging from ages
24 to 37 (𝑚 = 29, 𝑠𝑑 = 3.57). All of them participated in the first
experiment, with a delay of 6 months between the experiments.
They perform 36 tasks per technique in random order. The order of
the techniques is counterbalanced with a Latin square. At the end
of each technique, participants fill a RTLX. After using the 3 tech-
niques, the participants rank them in order of preference. During a
final qualitative session, participants use the same techniques but
without occlusion of the target (i.e. the foremost distractor of the
wall is removed). Then, users are interviewed about 1) the perceived
impact of density when the target is visible, 2) their new preference
order and 3) their use of the techniques depending on visibility
conditions. The experiment lasts about 40 minutes.

As in the first experiment, results show that Balloon and DT are
the techniques requiring respectively the lowest and the highest
workload. Balloon is the most preferred technique for 7/9 partici-
pants, the 2 others chooseMixed.DT is the least preferred technique
for 7/9 participants. For the 3 techniques, participants have to lean
forward and change their view point to see the stack. No consen-
sus emerges on the technique being the least impacted and the
most impacted by occlusion. According to them, occlusion has a
small impact on the difficulty of the task (for Mixed and Balloon,
we measure that occlusion slightly increases the time to select the
base by 0.12 second). Except for the view point, they report using
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• sensitive to the 3 box dimensions
• highest perceived workload
• physical fatigue [1, 16]
• frustration

Table 1: Benefits and limitations of the techniques. We indicate
whether a result confirms or contradicts those of other studies.

all the techniques the same way as when selecting visible targets.
For instance, they directly go through obstacles to reach the boxes
instead of moving above as in [12]. With visible targets, 7/9 par-
ticipants report no or a very small impact of density on how to
use the techniques. Only one participant reported being disturbed
by distractors for touch interaction with Balloon because of the
objects hiding her/his hand (for step 2). For a large majority of
the participants, the techniques involving task decomposition are
preferred, regardless of visibility and density conditions.

6 DISCUSSION AND CONCLUSION
Table 1 summarizes the main results. Overall our studies highlight
the usefulness of a tangible support and the efficiency of task decom-
position. The 2D selection by touch on the table is easy, meaningful
and thus fast, regardless of the size of the stack base, the visibility of
the targets and the density of the environment. Our results partially
confirm H1: Mixed is on average the fastest technique and even
though Balloon is slower than DT to reach a box, its accuracy allows
users to select it with an average total time similar to DT. The low
accuracy of DT confirms H2. Also, the touch-based techniques are
still efficient and appreciated in dense environments whereas they
require users to interact through obstacles (H3 rejected). For the
second step of the decomposition, we observe a fast height adjust-
ment in mid-air for Mixed, which is slightly impacted by the height
of the boxes (in contrast to Balloon). Thus, we suggest unifying the
2D and 3D input spaces and using techniques like Mixed which
fruitfully combines the accuracy of touch-based interaction and the
speed of mid-air interaction. Moreover Mixed can be extended to
select out-of-reach objects: the first step is performed by indirect
relative touch inputs on the table to control a cursor, while the
second step, performed by mid-air interaction is unchanged. Such
an extension could be compared with a ray-casting technique.
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