




Figure 9: Our camera with the 3M �lter in the �lm
back.

have experimented with two di�erent masks. First,
we take a picture of a poster displaying computer
generated grid, and then use the negative as a mask
in front of the �lm. �e computer generated grid
is is 2D cosine mask with 3 harmonics in both spa-
tial dimensions. �e spacing of 0.5 mm is achieved
by placing the developed negative between two thin
glasses. �e�lm that is being exposed slides directly
on the surface of the glass.
As the second mask we used a 3M computer

screen �lter. �is �lter contains about 14 black
lines/mm, and those lines are sandwiched between
transparent plastic material 0.2mm thick. As a re-
sult the F/number of the mask is about 3. �is way
we can capture a very high resolution light-�eld of
14 samples/mm, where each sample contains com-
plete angular information. In this section we only
show results obtained with this second mask, since
the results from the �rst mask are similar.
Figure 9 shows a picture of the Contax camera

and the �lmbackwith the 3M�lter glued to thewin-
dow just in front of the �lm.
A sequence of parallaxmovies accompanying the

electronic version of this paper, which are generated
from pictures at di�erent apertures, show that the
best F/number is 5.6. �is value is slightly higher
than the expected 3 or 4. Possible reasons are the
refractive index of the plastic material, which in-
creases optical path, and possiblemicro-spacing be-
tween the �lm and the 3M �lter due to mechanical
imperfection/dust.
Figure 10 shows two stereo views from the light-

�eld generated from the image taken with the mask
at F/5.6. �e reader is encouraged to see the elec-

Figure 10: Two stereo views of �owers. Selected ar-
eas show detail in which it is easy to spot parallax.
Le� and right images are switched.

tronic version of this paper for the original high res-
olution images. �e supplementary videos present
sequences of synthetic view sweeps through a range
of angles that show clear parallax and create the feel-
ing of depth in the images.

4.4 Mosquito-net camera
In order to demonstrate our method of frequency
domain multiplexing based on external mesh or
mask, we take pictures through a mosquito net.
We used our Contax camerawith 80mm lens and

a digital back without any modi�cations. �e net is
placed approximately 2m from the camera, and the
camera is focused on a plane about 10cm behind the
net. With this setting we overcome the cover glass
problem.
By di�erentiating the lens equation

1
a
�
1
b
�
1
f

we obtain

da
a2

� �
db
b2
,

so moving the focus by da � 10cm away from the
net produces a movement of �da b

2

a2 � 0.25mm
away from the sensor surface. At the same time the
image of our 2mm grid of the net has been reduced
linearly to 0.08mm, which gives us F/number of
about 3, and high resolution.
Figure 11 shows an image taken through the net at

F/number 4, and Figure 12 shows two stereo views
of the scene reconstructed with our method of de-
multiplexing in the frequency domain. �e e�ect of
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Figure 11: Picture taken through a mosquito net.

Figure 12: Two stereo views from the light-�eld gen-
erated from the picture taken through a mosquito
net. Le� and right images are switched.

changing the aperture on the appearance of the net
can be seen the movie accompanying this paper.

5 Conclusions and future work
In this paper, we have derived a new mathemat-
ical formalism of analyzing light-�eld cameras in
the frequency domain. �e proposed method of
multiplexing the 4D radiance onto the 2D sensor is
shown to work in the frequency domain for a num-
ber of of light-�eld cameras, both lens-based and
mask-based.
Analyzing light-�eld cameras in the frequency

domain and designing new approaches based on
that is a new emerging area of research. Mask based
cameras are obviously cheaper and easier to build.
Combining microlenses, prisms, and other active
optical elements might have unexpected potential.
�ere is muchmore to be done in that direction, in-
cluding applying the methods of wave optics.
Wehave shown that the F/numbermatching con-

dition is a requirement for all light-�eld cameras.
�is helps to construct and adjust cameras so they
produce working data. We also propose new de-
signs based on masks/nets outside the camera. Our
analysis of the wave lead to an algorithm of con-

sistently producing good results based on the pro-
posed frequency multiplexing approach.
We have built several light �eld cameras in order

to demonstrate the main points of this paper.
In the last few years, we have experienced the fast

bloom of digital photography. Sensors are gaining
in resolution. Capturing a light-�eld with a single
exposure becomes achievable in a realistic hand-
held camera. A whole new dimension is added to
to integral photography due to unexpected possi-
bilities with frequency domain multiplexing with a
compact camera design, and later post-processing
based on computer vision. We hope that our work
will inspire others to explore the possibilities in this
rich domain.
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