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ABSTRACT

We propose a new feedback technique for 3D interaction
using penumbrae which the objects cast. Rather than gen-
erating a real penumbra, which is computationally expen-
sive, a fast, simpli�ed algorithm is employed, which also is
better suited for position feedback purposes. User studies
show that 1) compared to orthographic shadow projections,
3D spatial recognition and placement tasks are substantially
faster with our penumbrae, and 2) the users feel the feedback
to be more natural.
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INTRODUCTION

We are currently developing a Handheld Augmented Reality
Device (HARD), in which virtual objects are manipulated
in a real 3D space (Figure 1). There, user recognition of
positioning and manipulation of virtual objects displayed on
a small, at-panel display become quite di�cult. Users will
need to excessively move about and experiment with dif-
ferent viewing angles in order to grasp the real position of
virtual objects. Although portability of HARD will ease the
burden, a better feedback technique is highly desirable.

Object shadows have proposed as an e�ective technique
for this purpose[1, 2]. Users recognize the horizontal position
of an object by its shadow on the oor, and likewise its
height by the relative distance of the object to its shadow.
[2] indicates that shadows are e�ective for recognizing the
relative positions of multiple objects in 3D space. However,
the information conveyed by `real' shadows is limited, in that
objects at di�erent 3D positions might cast nearly identical
shadows at the same screen location.

[1] proposes projecting multiple shadows onto di�erent
orthographic projection planes for disambiguation. Instead,
we propose an alternative method of generating arti�cial

penumbrae in 3D space. As the object retracts from the
projection plane, the umbra becomes smaller and eventually
disappears, whereas the size of the penumbra grows, acting
as a feedback of object distance from the plane. Compared
to using multiple shadows and other techniques, our proposal
has the following advantages:

Virtual Object
Real Table

Virtual Shadow

Figure 1: An Example Penumbrae Feedback in AR Setting

� Only a single projection plane is necessary, such as a oor,
table surface, or a wall. One need not generate arti�cial
orthographic projection planes in the 3D space. This is
especially important in an augmented reality setting.

� Penumbra itself also does not unnecessary obstruct user's
view. Each object has exactly one shadow consisting of
umbra and penumbra. Although the shadow grows larger
as it retracts from the projection plane, most of its region
becomes a penumbra and thus translucent.

� Feedback with penumbra looks more natural. This has
been con�rmed by our initial user studies.

� Our user studies also show that, compare to orthographic
projected shadows, user recognition of object position in
3D space is considerably faster.

Generation of `real' penumbra requires computation-
ally expensive rendering techniques such as the radiocity
method. Since our proposal requires that penumbra be used
for 3D interactions, we are currently developing an algo-
rithm for generating approximated penumbrae in real time.
Currently we can display such penumbrae for simple geomet-
ric shapes. This technote outlines the current status of the
work, and focuses on results of the preliminary user studies
that validate the e�ectiveness of our approach.

APPROXIMATE PENUMBRAE FOR INTERACTION

A region in a projection plane where the light source is fully
obstructed by an object becomes the umbra, and partially
obstructed area becomes the penumbra. Furthermore, the
size of the umbra and penumbra regions change according
to the position, size, orientation, etc., of the light source.
Precise rendering of penumbra is not only computationally
expensive as stated above, but also is not entirely appropri-
ate as a 3D feedback.

Since our penumbra is intended as a feedback and only
need to `look & feel' natural, we do not perform exact ren-
dering. Rather, we use simpler rendering which is not only
faster for interactive responsiveness, but also emphasizes the
relationship between the size of a penumbra and an um-
bra, giving the user clearer indication of the object height
against the projection plane. Here we summarize the cur-
rent approach. First, we deliberately place the light source
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Figure 2: Generating a Layered Penumbra
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Figure 3: The Experiment (a)with Layered Penumbrae,
(b)with Shadows on Walls

so that penumbra just becomes almost invisible when the
virtual object touches the projection plane P (e.g., the ta-
ble surface), and the umbra just disappears when the object
reaches the farthest 3D position away from P . Furthermore,
each virtual object will have its own `unique' light source,
which only casts the shadow for itself. By extending stan-
dard shadow rendering techniques, we can identify the re-
spective umbra/penumbra regions. The umbra regions are
then shaded dark, penumbra regions are shaded lightly, and
the intermediate regions (the shadow region of light emitted
from the center of the light source) are shaded in-between
(Figure 2). We call such a shadow layered penumbra.

In our current prototype, only very simple geometric 3D
shapes such as spheres or boxes, can be handled, but the al-
gorithm itself should be straightforward for general convex
objects (user studies are still required to determine whether
simple algorithms are su�cient, or more elaborate rendering
techniques are required). The resulting umbra and penum-
bra are not `real' in that they are always cast `directly below'
its object. However, in our preliminary user studies, none
noticed this fact.

PRELIMINARY USER STUDIES

We compared layered penumbrae to orthographic projected
shadows on walls using position recognition and placement
tasks in 3D space. The tasks include (1) identifying the high-
est sphere among a group of spheres(Figure 3), and (2) posi-
tioning a sphere to coincide with target spheres in sequence.
Here, for brevity, we introduce the results of (1)|other re-
sults are upcoming in our full paper.

The task in (1) is to point and click with a mouse on what
the user perceives as the the highest sphere of the three in 3D
space, comparing the penumbra and the shadows on walls
feedback. In order to isolate the e�ects of the feedback tech-
niques, we did not employ perspective transformation on the
viewing plane, but rather used orthographic projection. 20
test samples were created, half of which were di�cult to iden-
tify with `standard' shadows because of ambiguity, whereas
the other half were easily identi�able. The same samples
were given to 24 subjects; each sample was displayed with
penumbrae and shadows on walls feedback, but in di�erent
order. Half of the subjects were given the penumbra samples
�rst, whereas the other half were given the shadows on walls
samples �rst, in order to circumvent the learning e�ect.

Layered Penumbrae Shadows on Walls
# and MT (sec) # and MT (sec)

id OK Failed OK Failed

1 7 (11.6) 17 (7.55) 8 (21.0) 16 (10.7)
2 23 (4.21) 1 (8.51) 19 (21.2) 5 (4.78)
3 24 (2.36) 0 (|) 24 (4.66) 0 (|)
4 12 (4.74) 12 (4.11) 20 (20.1) 4 (9.78)
5 11 (18.5) 13 (6.34) 21 (8.15) 3 (14.9)
6 24 (2.72) 0 (|) 23 (5.39) 1 (10.3)
7 24 (2.92) 0 (|) 24 (6.79) 0 (|)
8 20 (8.80) 4 (5.51) 22 (7.30) 2 (3.59)
9 23 (4.06) 1 (0.100) 24 (6.46) 0 (|)
10 24 (2.61) 0 (|) 24 (4.80) 0 (|)
11 24 (4.17) 0 (|) 16 (4.76) 8 (8.63)
12 19 (6.26) 5 (4.16) 24 (5.65) 0 (|)
13 18 (5.47) 6 (5.88) 20 (10.5) 4 (8.50)
14 24 (2.39) 0 (|) 23 (4.76) 1 (1.66)
15 24 (1.78) 0 (|) 24 (4.44) 0 (|)
16 22 (4.03) 2 (3.86) 19 (6.57) 5 (6.44)
17 20 (6.15) 4 (3.84) 10 (9.18) 14 (8.94)
18 24 (5.61) 0 (|) 21 (5.26) 3 (7.44)
19 13 (5.96) 11 (3.29) 15 (6.05) 9 (4.69)
20 18 (5.33) 6 (5.36) 23 (4.68) 1 (13.9)

all 398 (4.77) 82 (5.35) 404 (7.34) 76 (8.38)

MT 4.87 sec 7.51 sec

Table 1: Result of the Experiment

Table 1 is the result of the experiment. The time indi-
cates the interval from when the sample was displayed until
the subject makes a selection. The average time is signi�-
cantly shorter for penumbrae; 4.87 sec. vs. 7.51 sec. (2.64
sec. di�. (p < 0:001)). In particular, for easily identi�-
able samples (id = 3,6,7,9,10,14,15), the average is 2.69 sec.
vs. 5.33 sec. (2.64 sec. di�. (p < 0:001)), indicating that
the penumbra is e�ective irrespective of the di�culty in 3D
ambiguity. The error rate is slightly higher for penumbrae:
17.8% vs. 15.8% (statistically not a signi�cant). Here, the
failure rate is sample-dependent. Overall, our experiment
indicates that layered penumbra is an e�ective technique in
improving the recognition time without increasing the error
rate, despite its approximated rendering.

The subjects were also interviewed after the experiment.
Some expressed the `unnaturalness' of seeing multiple shad-
ows on the walls, but there were no such concerns for layered
penumbrae, despite that they were merely approximations.
However, this might have been because simple orthographic
viewing projection was being used for a primitive 3D �gure.
We need to perform further tests on our full system under
development before we can be entirely conclusive.

CONCLUSION

We have proposed a new interactive 3D feedback technique
using approximated rendering of penumbrae. We are cur-
rently developing a full system in the context of the Navi-
Cam project, and expect to be able to report the details in
our upcoming full paper. Other applications of penumbrae
are currently being studied. For example, we are investigat-
ing the e�ectiveness of Interactive Penumbrae, a technique
whereby a user grabs onto and drags & resizes the penumbra
of an object to control the position in 3D space, in the same
manners as Interactive Shadows[1].
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