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I. INTRODUCTION

There are two big groups of autostereoscopic 3D dis-
playing methods, the integral photography and 3D dis-
play systems based on the point light source model. Pre-
viously, a comparison between 3D image forming meth-
ods was made [1] basing on the viewing zone analysis. 
In the current article, we provide geometrical and experi-
mental comparison of these groups of methods because 
these two seem to be the most representative and the 
most developed among 3D imaging methods [2].

The integral photography (IP) which is often referred 
to as the integral imaging is based on a multi-lens pho-
tographic image obtained with using a lens array [3] 
which is used in both stages, capturing and displaying. 
The lens array is one of the most essential parts of IP 
equipment.

A 3D display system based on the point light source 
model (PLS) [4] can be also based on simultaneous pho-
tographs taken by several cameras at once. A possible 
layout of cameras however is not as strictly limited as 

that of the uniform arrangement of lenses in a lens array. 
In displaying, various optical plates can be used, lens 
arrays, lenticular, or parallax barrier.

The similarity/dissimilarity will be tested in two ways, 
analytically for various layouts and numerically by pro-
cessing of image cells in simulation experiments.

We will consider several geometric layouts which allow 
us to determine an interrelation between IP and PLS, 
two groups to display full-parallax 3D images. Therefore 
in this article, we do not include any time related issues 
as in [1] but rather consider more geometry. A variety 
of layouts including parallel/radial, orthogonal/nonorth-
ogonal (oblique) will be classified and analyzed in terms 
of projections and common/separate image planes. For 
layouts we will find an analytical description including 
the transformation matrix.

The image processing applied to images is essentially 
cellular (based on image cells). Two examples of similar 
processing can be found in [5, 6]. In particularly, cells 
on the infinite height are actually shown in Fig. 3 in [5]. 
Fig. 2 in [6] (modified elemental images) gives another 
example of what is called interlace in image processing. 
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FIG. 1. Camera at (xc, zc).

However in our case, the image processing is two-dimen-
sional. By comparing results obtained after a processing 
method taken from one group was applied to another 
group, one can find experimentally whether a similarity/ 
dissimilarity between the pixel layouts within cell of two 
3D imaging groups exists or not.

The analytical approach combined with experimental 
results will allow us to make a direct confirmation of 
similarity in question and to find in which cases this 
similarity exists.

II. MATHEMATICAL BACKGROUND

The IP image consists of many elementary images ob-
tained under each elementary lens of a lens array [3]. 
This looks like a simultaneous photograph taken by a 
camera array. The image plane (film or digital sensor) 
is located at the focal distance z0 under the lens array 
or z0 behind a pinhole camera. An area beneath each lens 
can be considered as a cell of the whole image. Geomet-
rically important is that the lenses can not be controlled 
individually but are arranged uniformly in one plane with 
parallel axes.

The PLS image also includes images taken by a (virtual) 
camera array [4]. These view images are split into small 
parts (e.g., pixels) and rearranged into a single cellular 
image consisting of image cells. This arrangement is 
based on relative locations of cameras. The period of 
the resulting cells should correspond to the period of 
optical plate used in displaying.

Here we describe the camera array through a projec-
tion transformation which can be conveniently repre-
sented in the homogeneous coordinates [7]. In the matrix 
form [8] it looks like follows

XTX ⋅='  (1)

where X and X’ are the original and resulting homoge-
neous 4-vectors and T is the homogeneous transformation 
matrix 4x4.

To describe a projection transformation performed 
by a camera at (xc, zc) located in front of a image plane 
z = 0 as shown in Fig. 1.
we can use the following matrix
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The corresponding transformation in the regular coor-
dinates look as follows
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III. CAMERA LAYOUTS

In a lens array the effective cameras are located at 
the centers of lenses and therefore are displaced 
uniformly along x-axis; the coordinates of the centers 
of the lenses (effectively cameras) are
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where i is the current number of the camera, D is the 
distance between the elementary lenses (their period), 
N is the total amount of cameras along x-axis, z0 is the 
distance to the image plane (an effective focal length for 
a pinhole camera) which are supposed to be equal for 
all cameras.

For a lens array, the following expression for the 
image of i-th camera can be derived from (3),
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The layouts principally can be applied to both, cap-
turing and displaying stages excepting a few special cases 
like Section III.4.

1. Parallel layout
Here we will find an analytical description of layouts. 

Consider the points in the image plane equally displaced 
from the centers of camera images and find which parts 
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FIG. 2. Mapping an object to points equally displaced 
in all camera images.
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FIG. 4. Summarized discrete layout IP, common image 
plane.

of a photographed object are projected to there. For 
these points

( ) diDix +='  (6)

where d is the displacement, equal for all camera images.
In this case, the formula for i-th camera image (5) 

can be rewritten as follows
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The above expression (8) represents the equation of a 

straight line having the slope (i.e. tangent) 


 and 

displaced by iD + d along the x-axis. For a variety of 
integer values of i it actually represents a family of 
parallel lines. This means that projected to the points 
equally displaced (in all camera images) are the points 
of the object located at the lines going from the object 

through the lens centers with the slope 


 as shown 

in Fig. 2, where the effective cameras are indicated by 
small circles.

2. Parallel orthogonal layout
In particularly, for the axial image d is equal to zero 

(and the configuration is orthogonal) so as

iDx =  (9)

The expression (9) matches the expression for lens 
coordinates (6) in case of an axial image and therefore 
means that x-coordinate of the point of an object which 

is projected to the center of a lens image. It is the point 
of the object which is opposite to the lens center.

This is illustrated in Fig. 3. In this particular case, the 
picture of lines connecting projected points of the object 
and their projections look very similar to that of the 
orthogonal projection of an object to the plane z = 0, 
especially if we would consider some areas instead of 
mathematical points.

This layout can be treated as a discontinuous, discrete 
projection which only includes a finite number of rays. 
Of course, in order to represent an object adequately, 
the period of projection rays should not be greater than 
the smallest period of the object’s shape curve. Otherwise 
some essential parts of the object could be lost.

3. Combined parallel layout
A summarized picture of the discrete projection rays 
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FIG. 5. Mapping an object to points equally displaced 
in all camera images.
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FIG. 6. Radial layouts PLS differing in focal distance, 
separate image planes.

FIG. 7. Equivalent radial layout PLS, common image 
plane.

found above is shown in Fig. 4 for 3 lenses and 3 slopes 
(including the central rays) corresponding to several dis-
placements. The families of lines having the same displace-
ment in the image plane differ in slope.

This picture of several images of displaced cameras 
looks similar to several non-orthogonal (but still parallel) 
projections to the plane z = 0. Additionally, if the rays 
would be extended through the original image plane, 
the projection stage can be effectively isolated and all 
partial projections can be made orthogonal.

To do that, we get partial orthogonal projections to 
auxiliary perpendicular planes independently for each 
family of lines. Then we stack these partial projections 
with proper re-scaling (depending on their slope). With 
that, x-displacement of the local systems is incremented 
by the same value for each next partial projection so 
that the sum of increments is less than D. After that 
we put the stacked projections together onto the plane 
z = 0. The procedure is shown in Fig. 5. The resulting 
image is the same as in Fig. 4, therefore we can con-
sider this layout as an equivalent of IP.

4. Radial layout
The picture of discrete orthogonal layout looks very 

similar to so called radial layout of cameras used some-
times in PLS. This confirms the similarity between IP 
and PLS. At the same time there exists a difference in 
angles of projection rays descending to the auxiliary planes.

In case of IP (Fig. 5) all the rays in a family are per-
pendicular to the corresponding auxiliary plane. Each 
partial projection is an orthogonal projection which cor-

responds to the infinite position of a virtual camera pro-
ducing an auxiliary image. For the case of PLS (Fig. 6), 
the partial projections are non-orthogonal ones which 
correspond to finite positions of virtual cameras (relative 
to the corresponding plane of a partial projection).

In Fig. 6a, b the local axes and projection rays bound-
ing the field of view (FOV) are shown for each virtual 
camera of PLS case. Their intersection is the location 
of the camera. The basic difference between two variants 
Fig. 6a and 6b is in the different focal distance of cam-
eras.

This difference can be interpreted as a movement of 
PLS cameras to infinity along their axes with correspond-
ing changes in the focal distance. The PLS picture cor-
responding to the longer focal distance (Fig. 6b) looks 
very similar to Fig. 5 for IP case. The closer the camera 
is to the infinity, the closer pictures in Fig. 6b and Fig. 
5 are. Therefore the infinite camera location can be also 
applied for PLS as a special case.

The picture of rays Fig. 6 is equivalent to the layout 
in which the period of elementary images is not equal 
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FIG. 8. Parallel layout PLS.

FIG. 9. Equivalent parallel layout PLS, common image 
plane.

to that of the lens array; see Fig. 7 where the image 
plane is shown.

The layout Fig. 7 seems to be principally possible in 
displaying since, it only requires different scaling of the 
image plane as compared to Fig. 4 with the same po-
sition of nodal points. Therefore it could be applied for 
both IP and PLS. 

However this layout looks quite impossible in taking 
IP pictures because in this case it would require an in-
creased inclination of the axes of the elementary lenses 
what is not a feature of a regular lens array. Probably, 
this could be simulated by using an irregular lens array 
with a non-plane, curved array. But this is only valid 
for very small angles (effectively non equal vertical dis-
placements of lenses within the array) whereas the PLS 
angles are not principally limited.

5. Parallel layout
From the other hand, one can consider a parallel lay-

out of cameras with a finite focal distance, widely used 
in PLS (Fig. 8).

This layout, if ever implemented for IP with using 
a lens array, would require something essentially unusual 
(paradoxical) features from a lens array. Namely, in this 
case, not only axes of lenses should be incrementally 
inclined like in Fig. 7 but also the rays passing the lens-
es should remain parallel, see Fig. 9 where an equivalent 
of Fig. 8 is shown.

The layout Fig. 9 can be interpreted as lenses of in-
finite focal distance looking in radial directions, from 
which images are projected non-orthogonally onto the 
same image plane. This does not seem to be possible to 
implement with a lens array, even if irregular. This makes 
the most widely used, parallel layout of PLS to be vir-
tually impossible for IP.

IV. IMAGE CELLS. SIMULATION 
EXPERIMENTS

In both groups images in the image plane are com-
posed of cells of equal size. In the most cases the cells 
are squares (or rectangles) arranged in rows and columns 
but sometimes can be hexagonal or whichever else pe-
riodical shape fills the plane. The essential features of two 
groups are the following.

PLS. The source is the view images, obtained from 
regularly displaced camera(s). Generally, the camera dis-
placement does not relate to the cell period. The view 
images can be processed pixel-wise so that the cell is 
composed from corresponding pixels of all view images 
[9, 10].

IP. The source is the elemental images, each next ob-
tained under an elementary lens being in this case a 
small camera. The period of elementary lenses is equal 
to the cell period [3]. The source images can be pro-

cessed in order to increase the depth range [11] or to 
transform the pseudoscopic integral images into orth-
oscopic [12]. None of these procedures changes the basic 
layout of the elemental images each of them virtually 
corresponds to an elementary lens being a camera.

In both cases it seems to be reasonable to process 
images by cells, without crossing the inter-cell bound-
aries, if possible. The composed structure of cells can 
be determined, e.g., experimentally.

An experimental comparison of the two groups can 
be made, for example, by processing images of groups 
with using the same method. An image belonging to one 
group is processed with using methods of another. If 
the similarity is absent, i.e. groups do not relate to each 
other, the result will be unpredictable and will not look 
similar to any of source images. From the other hand, 
if the result would correspond to the original images 
of this or that group, the similarity would exist and the 
result will correspond to expectations based on another 
group. Since the image originally belongs to the first group, 
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FIG. 10. Restored view images (a selection 3x3).

this would prove that the pixels layouts in both groups 
are the same or at least very close. 

In order to do that we took several IP images ran-
domly selected from one of the volumes of SPIE Pro-
ceedings devoted to 3D displaying. From this volume 
we only used the images unambiguously referred to as 
IP images in corresponding articles [12] and [13]. Both 
images contain letters, DG in the first case and OE in 
the second. These IP images are of different natures. 
The first image (Fig. 10a in [12]) is the processed orth-
oscopic integral image [12] while the second one (Fig 6 
in [13]) is a computer-generated integral image [13]. 
With that, note that prior to processing we had to 
mirror the original image Fig. 10a [12]; otherwise it was 
not possible to obtain correct (non-mirrored) letters in 
a regular way.

Then, we used the image processing software created 
several years ago independently basing on the principles 
of PLS model [9, 10] which definitely corresponds to PLS 
technique but not IP. Note that our software was created 
several years ago especially to process PLS images. In 
the current experiments it was used in its original, un-
touched form.

The processing software was intended to compose a 
PLS image from the set of view images in accordance 
to PLS pixel layout. With that, there is an option in 
that software program which allows an inverse operation, 
decomposing a cellular composed PLS image into a ma-
trix of view images. Also it is possible to process 2 geo-
metrically different types of composed images, when 
the image plane is located in front of the plane of the 
light sources or behind it. These types differ in 180° 
rotation of cells and correspond to two possible loca-
tion of the image plane, behind and in front of PLS ma-
trix. In this paper we used the decomposition option 
and non-rotated cells. Due to sampling conditions of our 
experiments, each cell consists of 20x20 pixels.

The results of processing IP images of different nature 
by an PLS algorithm are sets of elementary images ar-
ranged in the matrix 20x20, a selection 3x3 of which is 
shown in Fig. 10.

Shown in Fig. 10 are selections 3x3 of two restored 

PLS view image sets 20x20 extracted from the original 
IP images. These were extracted from composed IP im-
ages by our PLS processing software. The selection in-
cludes the central view image and the view images near 
the edges of the restored total 20x20 matrix of images.

The “elemental” IP images can be seen within cells 
Fig. 10a in [12]. Also note that the central horizontal 
row of the restored PLS view image Fig. 10a appears 
to be very close to “observation by an observer” [12] but 
a difference in order of images anyway exists. A pos-
sible reason could be in the mentioned reflection applied 
before processing which implicitly causes the inversed 
order of restored images. Neither this tiny difference 
however does not affect the similarity, nor the different 
nature of IP images.

By analyzing the restored PLS view image sets Fig. 
10 the relative locations of the restored objects can be 
found qualitatively after processing: 

Screen, letter G, letter D, observer in the first case 
(Fig. 10a) and

Letter O, screen, letter E, observer in the second 
(Fig. 10b),

i.e. the letters D and G are located at the same side 
of the screen while the letters O and E are at two dif-
ferent sides. These locations which match the original 
locations of the letters (in depth) are the following. In 
the first case these are “two letters O and E formed 
at 20 mm in front and behind the pinhole array” [13], 
i.e. the letters are situated at both sides of a screen. 
And “the reference object plane is at 102.5 mm. The 
letters are separated by 60 mm in depth” [12], i.e. the 
locations of letters are 72.5 mm and 132.5 mm at the 
same side of a screen. 

In this paper we did not perform the depth calcu-
lations. Only the relative locations are found because 
in order to find the absolute ones we would need some 
more additional information.

V. DISCUSSION

Basing on variety of layouts in Section III one can 
say that the first stage (image capturing) provides rel-
atively more freedom (less restrictions) in camera lay-
outs than the second one, especially for PLS. The PLS 
is not limited however with it; more camera layouts are 
also possible [14] and PLS may include such camera lay-
outs as parallel and radial with arbitrary focal dis-
tances of cameras (finite or infinite). The PLS allows 
more freedom in selecting cameras themselves (the focal 
length of a camera should not necessarily fit the focal 
length of a lenticular plate) as well as in their locations 
as mentioned above. Thus, the IP set of layouts can be 
considered as a subset of the possible layouts PLS.

The displaying stage can be typically implemented by 
using a lens array or its optical equivalents (say, a pin-



Layouts and Cells in Integral Photography and Point Light … - Vladimir V. Saveljev et al. 137

hole array). In many cases we can control the cameras 
at the input stage of PLS individually whereas we can-
not similarly control the lenses of a lens array at the 
displaying stage. In the simulation experiments, the re-
stored locations are found for the parallel layout. It is 
mportant that the experiments were performed for IP 
images with using PLS technique. The IP images were 
of different nature (orthoscopic and computer-generated). 
These factors make the comparison more independent.

The layouts of one group can be considered as a sub-
set of layouts of another group. The simulation experi-
ments confirm that cells of the composed images are 
arranged similarly. Besides, the similarity in the viewing 
zones of both mentioned groups was already found [15]. 
Therefore one can consider both groups to be represen-
tatives of some more general 3D imaging technique, a 
cellular imaging (CI) the most important feature of 
which would be in a cellular structure of the image in 
the image plane.

In this case, the two groups, PLS and IP can be con-
sidered as particular cases of CI. The IP technique deals 
with elemental images obtained under each elementary 
lens. Any recording media has a finite resolution capac-
ity. Therefore to make the elemental images to hold more 
content, IP needs bigger size of elementary lenses. To 
fulfill that, the IP image cell is typically 20x20 pixels 
or more. The PLS technique, on the other hand, re-
quires many view images to be taken by camera(s) si-
multaneously. The total number of view images is N

2
 

where N is the number of camera positions in one di-
mension. From a practical point of view, it is not very 
convenient (or at least it is time consuming) to deal with 
N

2
 view images of high resolution. This practical limi-

tation makes the PLS image cell size smaller. Typically, 
the image cell of PLS includes about 6x6 pixels or less. 
This is the numerical difference between two groups.

Then, CI would deal with images build of cells. For 
digital images the size of a pixel is not an infinitesimal, 
and the cell boundary may not always fit the pixel 
boundary exactly but rather may lie somewhere within 
a pixel. This is perhaps a general case of CI processing 
and in order to avoid possible boundary effects and 
artifacts, the pixels located at cell boundaries should 
be processed separately in a different manner. A special 
situation happens when each cell consists of an integer 
number of pixels. In this case, the image processing has 
no side effects and is exact. All pixels within a cell are 
processed in the same manner. For an integer image 
cell, the perceptual visual image is more sharp and 
distinctive [16] and in this case we can say the pixel 
cell instead of the image cell.

VI. CONCLUSION

A variety of layouts is classified and analyzed in terms 

of projections. Principally, the layouts may relate to any 
stage. However in practice, some of them can not be 
implemented in the second stage and therefore most of 
them actually relate to the first stage, capturing. For 
layouts with separate image planes, the corresponding 
equivalent layouts with the common plane are found pro-
viding a regular way to compare layouts. Also, the analy-
tical formulas were found, in particularly for images 
with the equal displacement, as well as the transfor-
mation matrix.

Basing on relationship between sets of layouts one 
can say that IP can be treated as a particular case of 
the PLS, namely the radial layout of effective virtual 
cameras having the infinite focal distance (so as orthog-
onal projection is only in use). This confirms that an IP 
image virtually contains PLS view images for the parallel 
camera layout.

The simulation experiments based on the image pro-
cessing were also performed for the second stage, dis-
playing. The relative restored locations of objects coincide 
with the original relative locations of IP objects [12, 13]. 
This indicates that it is possible to process IP images 
by using PLS technique and obtain reasonable results 
matching the original locations of IP objects, at least 
qualitatively. This has been demonstrated with a couple 
of randomly chosen IP images of different origin, and 
therefore one can consider these simulation experiments 
to be a direct experimental confirmation of similarity 
in question.

The layouts, analytical formulas, and experimental 
results show that for several layouts the images of both 
groups are similar whereas for other ones they are not. 
Therefore, the basic relationship between the basic lay-
outs of two groups looks like follows: PLS is more gen-
eral case of 3D imaging than IP and in few particular 
cases their layouts can match each other.

Basing on the similarity confirmed in this article, one 
may conclude that considering the cellular images in 
general would be useful for both IP and PLS. The theo-
retical and experimental consideration given in the cur-
rent article may allow considering both groups, PLS and 
IP as representatives of more general 3D imaging tech-
nique, a cellular imaging (CI). A cellular processing may 
require some special calculation techniques and this 
case should be considered separately.
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