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Abstract: In integral imaging, the microlens array (MLA) is the key element for capturing 3D information. The microlens
array can be used to encode light originating from different directions into the photosensor, producing images called
elemental images. By extracting and rearranging the pixels in each elemental image, one can obtain images from
different view angles, known as sub-images. Elemental images can also be used for depth reconstruction. This paper
computationally reconstructs the object planes of different depths, using a blocking mask to investigate the effects of
the number of lenses in the microlens array on the field of view. It is found that the MLA field of view increases with
the number of lenses, but the resolution of the resulting sub-images can be improved by increasing the amount of light

information captured by each lens.
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Introduction

Early in 1908, Lippmann proposed a concept called
an integral photograph [1] which can record light rays and
then optically or computationally reconstruct a 3D scene.
Today, three-dimensional sensing and visualization
applications capture 3D information using microlens
arrays (MLA) which have several advantages including
small size, light weight, and ease of mass production. In
integral imaging, the microlens array sorts light rays
according to their direction or origin, and then encodes
them in the photosensor, thus allowing for depth
reconstruction. Thus, microlens arrays are widely used in
various applications, such as 3D sensing [2, 3], 3D displays
[4, 5], 3D reconstruction [6-9], 3D underwater imaging [10,
11], and medical imaging [12, 13]. Using MLAs in light field
cameras for integral imaging allows for the capture of both
the directional light field but also the depth of field
information. Conventional cameras only record the
intensity of light rays and thus lose all directional
information. By using the MLA, light rays from elemental
images can be captured and their 3D information can be
used for depth reconstruction. One reconstruction
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method is to computationally map elemental images
pixel-to-pixel into the desired depth [14].

We introduce an experimental setup to capture the
elemental images of real scenes. The captured data is then
processed according to sub-image theory to produce
images from different perspectives. A separate case using
an MLA with fewer microlenses is conducted to compare
the resulting image fields of views. Computational integral
imaging reconstruction is used to reconstruct image depth
using elemental images.

Principles
Integral imaging

Figure 1 demonstrates the concept of integral
imaging. The principle can be explained through
geometric optics. In the pickup process, light reflected by
objects is captured by the MLA and recorded by the
camera to produce an elemental image. This 3D
information is then projected back to the same MLA.
Figure 1 shows a 5x5 MLA demonstration purposes, and
the figure is not drawn to scale.

Figure 2 illustrates the acquisition of the field of
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view and depth information by MLA. The light rays
reflected by the object can be sorted by the MLA
according to different depths or field of views. The camera
records elemental images, which contain information for
the object from different directions.
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Figure 1. Principle of integral imaging for pickup and reconstruction.
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Figure 2. MLA capturing field of view and depth information.

Digitally rearranging the locations of specific pixels
of each elemental image produces sub-images from
different perspectives, as shown in Figure 3. The sub-
images reveal distinct separations, and thus contain depth
data. Let Ex be the k-th row and /-th column elemental
image, then the pixel value at coordinate (k, /) in the sub-
image can be expressed as (1), where I, is the m-th row
and the n-th column of the sub-image in the sub-image
array:
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Figure 3. Formation of sub-images from elemental images.
Computational integral imaging reconstruction

As previously mentioned, the elemental images can
store field of view and depth information of real scenes.
The multi-perspective property of these 2D images can be
used to computationally reconstruct a particular field of
view or depth plane. As shown in Figure 4, in a
computational volumetric reconstruction, the magnified
elemental images are mapped pixel-to-pixel and
overlapped with other projected elemental images on the
reconstruction plane using a computer-synthesized virtual
pinhole array [15]. Assume z is the distance between the
virtual pinhole array and the reconstructed plane and g is
the distance between the pinhole array and the elemental
image array; the magnification M of each overlapped
elemental image can thus be calculated by M=z/g. To
simplify the expression, Figure 4 presents a one-
dimensional analysis, and the extension to a two-
dimensional real case analysis is straightforward. The
object plane of different depths can be reconstructed
accordingly.
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Figure 4. The principle of computational volumetric reconstruction with
a virtual pinhole array.

Experimental Results and Discussion

This section presents two experimental setup cases.
One case places a mask in front of the MLA to reduce the
number of microlenses, while the other does not use a
mask. The effect of the number of microlenses on field of
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view is discussed.
Experimental setup

Figure 5(a) illustrates the pickup process, where the
objects are set at 60 mm, 96 mm, and 130 mm from the
camera, that is, the die 1 plane is conjugated with the
elemental image plane. As shown in Figute 5(b), a mask is
placed in front of the MLA to reduce the number of
microlenses. The mask is used as a pupil to block some
light rays going through the MLA. The size of the mask is
10 mm x 10 mm, while the square hollowed in the center
is 3.75mm x 3.75 mm. The hollowed area contains a 25
x 25 microlens array, and the pitch between microlenses
is 0.15 mm. The three objects are illuminated by
incoherent light, and these objects are used as the 3D
objects in the experiment. Figure 6 shows a photo of the
experimental setup.
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Figure 5. |lllustrations of experimental setup, where (a) is the case

without a mask and (b) is the case with a mask.

The MLA used in the experiment has 66 x 66 round
refractive lenses each with a diameter of 0.146 mm and a
pitch of 0.15 mm. The focal length of each microlens is 6.7
mm, so the calculated f number is 6.7 mm/0.146mm =
45.9. A USB microscope is used to capture the images.
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Figure 6. Experimental setup for pickup stage.
Measurement results

Figure 7(a) shows the elemental image array with 66
x 66 element images captured in our pickup system
without a mask; the size of each elemental image is 16
pixels x 16 pixels. When the mask is used, there are 25 x
25 elemental images each measuring 16 x 16 pixels in the
same CCD zoom-in rate, as shown in Figure 7(b).
Furthermore, not all pixels in the CCD are used in this
experiment because we have cropped the original
captured image to remove the area of the lens mount.

(b)

Figure 7. Captured elemental image array, where (a) is without a mask
and (b) is with a mask.

As illustrated in Figure 3, we extracted the pixels at
same location of each elemental image and relocated
them according to their corresponding position in an
elemental image. The corresponding sub-image arrays as
shown in Figure 8(a) have 16 x 16 images and the size of
each sub-image is 66 x 66 pixels. As we can see in Figure
8(b), the array has 16 x 16 sub-images each measuring 25
x 25 pixels, but no single sub-image can show even a part
of real scene due to the low number of microlens in the
pickup system. The 25 x 25 microlens array collected only
625 elemental images each measuring 16 x 16 pixels.
Therefore, each sub-image is merely composed of 256
pixels. Moreover, the 25 x 25 microlens array is only able
to record a small part of the light rays coming from
different directions. That is, the directional information is
not sufficient to construct images of the real scene.
Comparing Figures 8(a) and 8(b) shows that the field of
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view of a MLA with the blocked mask is smaller than that
of a full MLA.
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Figure 8. Corresponding sub-image array extracted from the element
image array shown in Figure 7(a) is for the case without a mask, and (b)
is the case with a mask.

The different fields of view in these sub-images
produce parallax shifts between them. To show the
horizontal and vertical parallax shifts clearly, the
differences between red-marked images are calculated for
each case, as shown in Figure 9. The vertical parallax shift
is calculated by subtracting the top left and bottom left
sub-images in the sub-image array, as shown in Figure 8,
and the horizontal one is calculated by subtracting the top
left and upper right sub-images. The sub-images are
magnified for clarity.
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Figure 9. Magnification of red-marked sub-images in Figure 8 and their
corresponding parallax shifts between sub-images. (a) is for the case
without a mask, and (b) is the case with a mask.

3D computational reconstruction

The object planes of different depths can be
computed by the computational volumetric
reconstruction method, shown in Figure 4. The elemental
image used for depth reconstruction is as shown in Figure
8.

Figure 10 shows the reconstructed images of
different depths using a computer-synthesized virtual
pinhole array. The left and right images respectively show
the three objects without a mask and with a mask.
However, the reconstruction results are not obvious, due
to the large f/# of the MLA in the pickup stage resulting in
insufficient depth information. Furthermore, the size of
each elemental image is only 16 x 16 pixels, which is
inadequate to compute high quality reconstructed images.

- . §

(c)
Figure 10. Reconstructed images focusing on (a) die 1 (b) the brick and
(c) die 2 for the cases without a mask (on the left column) and with a
mask (on the right column).

Conclusion

An experimental setup is demonstrated to pick up
3D information from objects in 2D elemental images. The
pixels in these images are then digitally extracted and
relocated to obtain sub-images. The parallax shifts are also
demonstrated. This method can be useful for the quick
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production of sub-images. These multi-perspective 2D
images were then used to demonstrate the field of view
for the object planes. For 3D reconstruction, object planes
with different depths are also reconstructed using
computational volumetric reconstruction. By inserting an
aperture between the objects and the microlens array
(MLA), the depth of the reconstructed images can be
more distinctly ascribed to the smaller f/# of the MLA. It
is also found that the field of view (FOV) of the pickup
system increases with the number of microlenses in the
MLA, due to each microlens capturing light coming from
more directions. By controlling the resolution in each
element image taken from each lens of the microlens array,
the resolution of the corresponding sub-image can be
increased. This setup also allows for evaluation of the
effect of the number of lenses in the microlens array on
depth information of the reconstructed images. Such
assessments can be useful for the further optimization of
microlens arrays with various lens sizes.
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