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5.4.4 Results and discussion
The majority of the participants (at least 80%) correctly
identified the object on the left as virtual and the object on
the right as real. Only 4 participants had difficulty determin-
ing whether the objects were virtual or real. Nevertheless,
these results had no impact on the shadow comparison. For
each image, the participants classified the degree of visual
coherence between the objects’ shadows in terms of shape
and color.

In terms of shape, the median scores of the proposed
method for the 1st , 2nd and 3rd moments of the day
were 8.00, 8.00 and 7.00, respectively. For the naive ren-
dering method, the median scores at the considered mo-
ments of the day were 2.50, 6.00 and 1.00, respectively.
A Wilcoxon signed-rank test showed that the differences
between the scores for each rendering method at 12pm
(Z=-3.833; p<0.001), 1:30pm (Z=-2.995; p=0.003) and 3pm
(Z=-3.954; p<0.001) were significant. The proposed method
consistently had better scores than the naive method.

In terms of color, the median scores of the proposed
method for the 1st , 2nd and 3rd moments of day were
7.00, 7.00 and 6.50, respectively. For the naive rendering
method, the median scores at the considered moments of
the day were 5.00, 8.00 and 5.00, respectively. For these
scores, we also performed a Wilcoxon signed-rank test to
assess whether the differences were significant. The pro-
posed method had better ratings than the naive method in
the 1st moment of the day (Z=-2.440; p=0.015) and in the 3rd

moment of the day (Z=-0.246; p=0.022). However, the naive
method obtained fair rates in this situation (> 5). In the 2nd

moment of the day, both methods had similarly good ratings
(Z=-2.285; p=0.806 > 0.05).

In the 4th time frame the proposed method, as ex-
pected, did not generate the object’s shadow, while the naive
method could not detect that the object is in shadow and
wrongly generated the corresponding shadow and thus did
not correct the double shadow problem (Figure 6, last row).
We did not ask the participants to compare the images of the
4th time frame because the shadows were only visible in one
of the images, which could have confused the participants
as they were asked to compare visible shadows.

In this experiment, the proposed method consistently
obtained good ratings in terms of the shape and color of the
projected shadow and performed consistently better than
the naive method. This result illustrates that generating
consistent shadows is important to improving the visual
coherence of the projected shadows.

6 LIMITATIONS

Although the results showed that our method has better
results than a naive method. The proposed method still has
limitations. Next we describe the main limitations of the
system and discuss possible solutions to overcome them.

Detection/Shading: Currently the method is not capable
of correctly represent an object that is only halfway in the
shade. It will represent the object that has been completely
in the shadow or completely in the light and the object must
be in the same conditions the mobile device is. This limita-
tion can only be solved using other approaches namely by
making use of computer vision techniques to analyze the

Fig. 6: Real-world results with a diffuse object. The images
show a real parallelepiped on the right side. The same
virtual object appears on the left rendered at three differ-
ent hours of the day (12pm, 1:30pm and 3pm) using the
proposed method (left column) and the naive method (right
column).

scene and provide the information required for the method
to work.

Given that, in this first phase, our main objective was to
experiment if with the data available just from the context,
it was possible to achieve a coherent representation of a
virtual shadow. In this first approach we only considered
one light source and one virtual object at a time. In future
work we will consider having other objects in the scene that
cast multiple shadows and coherently represent them.

Another limitation is the parameters estimates as the
device moves around. As we can see in table 2 the error
associated with the sensor is high if the angle is superior to
-75o when someone is moving around it is not easy to hold
the mobile device in the correct angle and thus the estimates
can vary significantly. This could easily be improved by
having more than one sensor in the mobile device.
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Color correction: The color correction of the objects can
be nonlinear because physical rendering of a radiometric
calibration would be required with the recovered scene
irradiance and camera settings, which greatly increases the
complexity of the system. Although the method is fully
automated, we plan to extend our system with controls that
allow the user to calibrate the color correction.

Indoor: Currently the method is only suitable for out-
door scenes. In the future, we will also extend the system for
indoor scenarios by capturing the front-side camera image
of the device in conjunction with the orientation sensor to
estimate the light intensity and direction.

7 CONCLUSION

In this paper, we presented a novel method to estimate
environmental lighting using embedded sensors available
on current mobile platforms. Our method does not rely on a
priori or recovered knowledge of the scene, or on the use
of intrusive objects, as do existing methods. This makes
our method suitable to be used on unprepared outdoor
environments. Moreover, it does not use any image pro-
cessing technique to estimate the illumination parameters,
making it a simple and efficient method that could be easily
implemented on a mobile device and used within real-time
AR applications.

Although the results, both objective and subjective, indi-
cate that our method, based on context-aware live sensors
data, generates visually coherent AR images, the algorithm
still needs to be tested in detail in real applications which
include more complex environments. In addition, a num-
ber of severe limitations still exist. Most importantly, the
system is not yet able to determine whether the mobile
device operates under the same lighting conditions as the
virtual object. Furthermore, it is not yet possible to estimate
the absolute illuminance. In this paper, the estimation of
the absolute illuminance using mobile sensors is currently
prone to errors due to how the mobile device is held. These
problems will be addressed in future work.
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