when the user fits this green model onto the real torso, it is a good selection. Figure
6(R) depicts an example of good selection. The registration accuracy of this good se-
lection can be inspected in Figure 7.

The distances visualized in Figure 7 are computed using a k-d tree-based nearest
neighbor search. The search is performed among all the points without any sampling.
The reference cloud contains 17,383 points. They are all generated from a 2D depth
map with 1.5 mm precision. The comparison cloud has 14,726 points with a distribution
density of about 2-3 mm.

Fig. 6. Examples of new initial registration strategy. (L) Depicted is an example of the new User
Interface. (R) Depicted is an example of good selection.

Fig. 7. Depiction of the registration result of the selection depicted in Figure 6. (L) Depiction of
the aligned meshes. (R) Color map of the distances (computed by nearest neighbor search) be-
tween the point clouds. Red color denotes large distances while blue color small distances.

In this example, the smallest distance is 0.15 mm while the largest distance is 21.14
mm. The red color denotes the largest value, which is located in the top middle of Figure
7(R). In that region, the reference mesh was not complete, so the nearest neighbor is
still far away.

This phenomenon of incomplete mesh can be used to estimate the quality of box area
selection. If the quality is very low, such as in Figure 5, many points do not have any
corresponding reference, and their nearest neighbor will be very far away. For example,



in Figure 5(L), the average distance of two point clouds is 42.86 mm, while in a good
example such as Figure 6, the average distance is only 3.72 mm.

Therefore, we apply this average distance measure to describe the quality of box
selection in the user study. If the user’s selection does not contain enough useful infor-
mation, such as some important parts are cut out from the box (as in Figure 5), the
average distance will be very high. On the other hand, if the user has selected the correct
area, this value will be small.

It should be mentioned that this average distance can only describe the quality of
box selection. It cannot represent the authoring accuracy of the AR initial registration.
The AR registration accuracy should be measured by FRE and TRE [10].

3.2  Experimental Design

We designed a user study to compare the proposed strategy with the strategy presented
in our previous work [6]. This strategy (V2.0) is described above and depicted in Figure
6, rendering the pre-operative model before registration starts. The old strategy (V1.0)
can be used to change the box size but has no visual guidance. Table 1 summarizes the
comparison of these two strategies. The new strategy does not use the size control and
allows for model overlay.

Table 1. Capabilities available for initial registration.

Functions V1.0 V2.0
Size control v
Depth control v v
Depth preview v v
Model overlay v

After five minutes of short training and one to two times of practice, the operator is
being asked to select the target area five times with the new strategy, and then five times
with the old. Every selection starts with the same parameters, such as default box size
and depth. The devices used are the same pair of iPad mini and Structure Sensor. The
volunteer to be scanned is the same person wearing the same type T-shirt in the same
pose (lying down on the same couch). The time that the user takes from the moment
s/he starts controlling the iPad to when s/he presses the scan button is recorded. Every
scan is recorded as 3D mesh, as is the ICP registration result. The average distance
described in Section 3.1 is being computed after the experiments. Users do not receive
any measurable feedback about the quality of their selection; they just try to select the
whole torso area as they have been told in the training step.

33 Results

Eighty trials from eight different operators are evaluated in this study. The operators
are between 24-31 years old, with at least a college education. None of them have any
knowledge of iRay, nor do they have any medical experience. After the tests, there is a
survey to rate themselves and provide feedback.



Time and Quality: Figure 8 depicts the average distance and average operation time
of 80 tests (40 tests of each version). Note that comparing to the old strategy, new strat-
egy has reduced the average distance by 11.3% and the average operation time by
28.1%. That means the users are achieving a better selection quality in less time, which
indicates that our new strategy is very effective.
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Fig. 8. Depicted are the average distance and operation time of all tests.

Reduction of Error: Although the average selection quality appears good (around 5
mm in Figure 8), subjective error is inevitable. As described above, our new strategy is
designed to reduce factors of instability. For each selection in the user study, if the final
average distance is larger than 6 mm, it will be labeled as an error, and the reason will
be analyzed.

The final result indicates that there are 17.5% subjective errors among all trials in the
test of old version and only 7.5% in the new; all of these errors are caused by displace-
ment, as the factors of orientation and size are all voided after the training. This result
demonstrates that our new strategy can efficiently reduce the subjective errors by
57.1%, which also proves its effectivity.

Survey: Users indicated that they agree with the description “new version strategy is
easier to use” with an average score of 8.1, and they agree that “New version strategy
has better performance (UI design)” with an average score of 8.5.

4 Conclusion

In this paper, we propose a new initial registration strategy to be used with our iRay
system. It overlays the actual pre-operative torso surface model in the middle of a scan-
ning box to help the user avoid some factors of instability caused by the user’s subjec-
tive decision.



A user study has been performed to evaluate the new strategy. The results show that
the new strategy can help the users reduce subjective errors by 57%, improve the selec-
tion quality by 11.3% and increase the operation speed by 28.1%, which demonstrates
the efficiency of the design.

Note that the testers in this study are young in age and have no medical knowledge.
As our application is designed for physicians, we plan to conduct tests with physicians
to receive their feedback.
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