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Figure 98: Examples of the change in orientation, position and size for the three

different shapes that were presented to the participants.

The base image used for the sphere targeting tasks was used for these tasks. All the shapes
were associated with the base image in Unity3d (Fig. 19).

C)

Figure 109: The base image for all shapes. A) The image selected. B) The image and
a circle from a Unity scene. C) The same scene when run through the application on

the smartphone.

The LM setup was arranged the same, with the participants using a virtual hand to interact
with the virtual shapes. The same experimental design was used, with the base image being
placed in front of the seated participants and the LM placed on the same side as the hand
the participant selected. All of the participants again chose to use their dominate hand and
were instructed to explore the AR environment. Participants were instructed to press the
button at the bottom of the screen when they were ready to start tracing the shape (Fig. 20).

The participants could begin tracing the shape from any point and were instructed to keep
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the tip of the virtual hands as close to the outside edge of the shape as possible, while still
touching the shape. Once they had completed tracing, the participant pressed the button at
the bottom again before moving on to the next shape by pressing the buttons at the top of
the screen. They were again informed that they were being timed while completing the

tasks but they should complete the tasks as accurately as possible.

Record 1

Figure 20: The view of the first tracing task to the user. When the participant was
ready to start tracing, they pressed it and began tracing. The colour of the button
changed to indicate the position information of the index finger was being recorded.

The arrows at the top of the screen allowed the user to move between shapes.

The data for the position of the tip of the virtual index finger, the state of the record button
and the time were recorded. The timer started when the shape became visible to the

participant and stopped when the bottom button was pressed after the participant had
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finished tracing. The fingertip position was recorded during the entire length of the task.

The software to do this was written in C# and integrated with Unity3d.

3.3 Results

The results were analyzed from both parts separately using a Fitts’ Law approach.

3.3.1 Sphere Targeting

The position of the index finger was recorded for the duration of the task, so that the exact
approach the user took to place their fingertip could be observed (Fig. 21).
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Figure 211: The information recorded from Unity. The path of the index finger is
shown in yellow with the outside edge of the sphere shown in blue. The corners of

the base image are shown in red.

The radius of each sphere was 0.0516 uu. The participant was considered to be accurate if
they placed their fingertip inside the sphere. All distance calculations were performed using
the center location of each sphere and the user selected position of the fingertip. This

distance calculation is considered to be the participants’ error in completing the tasks. The
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error was first calculated in all three directions. The participants’ accuracy was calculated

using:
Accuracy = log,(1 + erior) (5)
The speed of each completed task was calculated using:
Speed = (6)

time

With time as the individual task completion time. The average task completion speed was
0.0647 Hz (SD 0.0493 Hz) and the average task accuracy was 4.0159 bits (SD 1.2860 bits)
of all participants (Fig. 22).
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Figure 22: The speed and accuracy of sphere targeting for all participants. Correct

fingertip positions are shown in blue.

For the 105 fingertip positions selected by the participants, only 54 were accurate. The
average task completion time for all participants was 25.1831 s (SD 18.5018 s). The task

completion times by user are shown in figure 23.
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Figure 23: The task completion times by user.

As these targeting tasks require spatial reasoning, the error between the sphere center and
the fingertip was calculated in each individual direction to determine if some sphere
locations were more difficult for participants. Equation (5) and (6) were once again used
to calculate the accuracy in each direction and the task completion speed. Of the three
directions, the most accurate was the x direction, the width direction, with an average
accuracy of 5.9122 bits (SD 1.6016 bits) (Fig. 24). The second most accurate was the y
direction, the height direction, with an average accuracy of 5.8156 bits (SD 2.1596 bits)
(Fig. 25). The z direction, the depth direction, was the least accurate with an average
accuracy of 4.747 bits (SD 1.8004 bits) (Fig. 26).
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Figure 24: The speed and accuracy in the x direction (width direction) for all
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Figure 25: The speed and accuracy in the y direction (height direction) for all

participants.
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Figure 26: The speed and accuracy in the z direction (depth direction) for all

participants.

Table 1 shows the average time, average distance error in three directions, and the

average distance error in each of three directions for each user. The averages were

computed using participant data from all 15 tasks.

Table 2: Average time, average combined distance and average distance in each

direction for all users based on all target tasks.

Average Time

Avg Distance

Avg X Distance

Avg Y Distance

Avg Z Distance

User (s)

> (unity units) (unity units) (unity units) (unity units)
1 12.5905 0.280038 0.044904 0.215482 0.168116
2 12.95473 0.026035 0.006718 0.008905 0.020648
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3 31.6582 0.041199 0.015622 0.017227 0.029653
4 40.06133 0.098245 0.038541 0.057432 0.056077
31.75773 0.077861 0.027337 0.024154 0.058247
31.45233 0.184395 0.021842 0.030927 0.177719
38.3646 0.135926 0.056961 0.040854 0.105796

3.3.2 Shape Tracing

The results from this study were analyzed by the task shape type. The fingertip path was
separated into two components: the first was before the participant pressed the “Record
Position” button, and the second was after the initial button press. This first section was
recorded to observe what the participants did in preparation for tracing. Overall, this initial
position data showed the users identifying the hand orientation needed to make tracing the
shape easier and then moving their hand to the starting position. Figure 27 shows this
separated fingertip positional data for the first three tasks for one participant with the
outside edge of the shape.
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Figure 27: The fingertip path split into before the record button had been pressed,
in yellow, and after the record button had been pressed, in purple. The outside edge

of the shape was shown in blue with the corners of the base image shown in red.

3.3.2.1

The tracing of the circles was analyzed by calculating the distance from the center of the

Circle Tracing

circle to the position of the index finger. Figure 28 shows the typical path of a user when

tracing and this considered this a “good” trace.



