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1 | INTRODUCTION

Holographic displays can reconstruct the whole wave-front
of 3D objects. Therefore, it can produce all depth cues that
the human eye needs, which is regarded as a promising
approach for true 3D displays. In holographic displays, the
computer-generated hologram (CGH) is calculated and
used to reconstruct 3D images. There are many different
methods to generate the CGHs of 3D objects. Among
them, coherent ray trace (CRT) method is a simple and
widely used technique which can achieve a 3D image with
higher quality, but at the cost of a heavy computational
load, which can be defined by the calculated number of
object points to the holograms. To reduce the computation
load of the CRT method, various approaches were pro-
posed [1-6]. However, only a few studies focused on
reducing redundant information, which implies the infor-
mation that was repetitive or not perceived by human eyes.
We categorized this redundant information into frequency,

A fast hologram calculation approach is proposed to reduce computational load
by avoiding the recalculation of redundancy information. In the proposed method,
the hologram is divided into several sub-holograms that record and reconstruct
different views of 3D objects. The sub-hologram is generated from its adjacent
calculated sub-holograms by only adding the holograms of difference images
between an adjacent pair of views. The repetitive information of two adjacent
views is called angular redundancy. Therefore, avoiding the recalculation of this
angular redundancy can considerably reduce the computational load. Experimental
results confirm that the proposed method can reduce the computational time for
the statue head, rabbits, and car to 4.73%, 6.67%, and 10.4%, respectively, for
uniform intensity, and to 56.34%, 57.9%, and 66.24%, respectively, for 256 levels

intensity, when compared to conventional methods.

computer holography, holographic display, holography

spatial axis, and temporal redundancy factors based on pre-
vious studies.

Initially, a non-uniform sampling method by reducing
redundant frequency samples [7] was introduced. In tradi-
tional computer hologram calculation methods, the sam-
pling frequency of a CGH is consistent across the whole
region and it is twice the maximum frequency of the fringe
pattern based on the Shannon-Nyquist sampling theorem.
However, the hologram of a single light point is a few con-
centric rings which are denser from the center towards the
periphery; subsequently, this suggests different segments of
the hologram have different frequencies. Based on this fac-
tor, the non-uniform sampling method reduces the compu-
tational load by reducing the frequency sampling number
of the CGH.

Considering the spatial axis redundancy, the compressed
looked-up table (C-LUT) method [8,9] defines three spatial
light modulation factors to calculate the holograms accord-
ing to the three modulation directions in 3D space and
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reduces the repetitive calculation of these factors. In C-
LUT, the object points with the same depth have the same
longitudinal light modulation factor, and these points have
the same distribution in the horizontal direction or in the
vertical direction; consequently, they share the same hori-
zontal or vertical light modulation factors. Therefore, there
are repetitive calculations for spatial light modulation fac-
tors. This type of repetitive calculation is defined as spatial
axis redundancy. After reducing this spatial axis redun-
dancy, the calculation load was largely reduced.

In 3D video hologram generation, a large number of
temporal sampling is necessary to achieve continuous
dynamic frame rate. As neighboring moving frames differ
slightly from each other, they may contain stationary areas
that will not change between the consecutive video frames.
This results in a high similarity between their holograms.
This similarity between neighboring video frames suggests
that there is a calculation redundancy, which is defined as
temporal redundancy and can be removed [1,10].

Besides frequency, spatial axis, and temporal redundant
information, hologram calculation may involve angular
redundancy, which we define as the repeated or undetected
information from adjacent views. Theoretically, there is
very limited angular redundancy of real 3D objects, consid-
ering the intensity and depth change owing to the different
viewing points. However, the limitations of human eyes
introduce much more angular redundancy; moreover, the
amount of angular redundancy can be increased by the
quantification of the angular intensity and depth of 3D
objects. For example, each sample point of the hologram
records and reconstructs different views of 3D objects.
When the density of sampling viewpoints per unit of angle
is high, the content changes owing to the miniscule paral-
lax between adjacent viewing points, which cannot be dis-
tinguished by human eyes. In other words, most parts of
images from adjacent views are the same, and their holo-
grams are similar. This implies there are repeated computa-
tions to remove. Based on this idea, a fast hologram
calculation method was proposed. The hologram was
divided into different segments related to different angular
viewpoints, and the angular redundancy of each neighbor-
ing segment was identified. The results demonstrated a
considerable reduction in computational load by avoiding
recalculation of this angular redundancy.

2 | PROPOSED COMPUTATIONAL
LOAD REDUCTION METHOD

2.1 | Angular redundant information
identification

The principle of the proposed method is shown in Figure 1.
It was assumed that the 3D scene will be reconstructed by
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FIGURE 1 Principle of the proposed method

several sliced 2D images, and each sliced 2D image is
composed of point sources projected on the plane from its
3D points cloud. The hologram was divided into several
sub-holograms, each of which recorded one view of the 3D
scene and maintained its own local coordinate system. The
occlusion culling method [11] was used to obtain the angu-
lar sampling points of the 3D scene with hidden parts
removal. The sub-hologram Hg,, was calculated by (1):

2
Hyp = XM Ajexp (174»), 1)

where

rj= \/(x’ — )+ =y (d-2) 2)

is the distance between the object point O,(x';, ¥';, Z’;) on the
3D object and the (x’, y’, 0) pixel on the sub-hologram Hgyy;
M is the number of object points; d is the distance between
the objects and the hologram plane; A; is the wave amplitude
of the sampling object points; 4 is the wavelength.

The phase @g,, was added into each sub-hologram Hg,y,
to direct the light into the given direction. Then, all the
sub-holograms were tiled up to form the final hologram.
The phase ¢g,, was calculated by (3):

2
Doy = 7’” (¥ sin 6, + ¥ sin 6,), 3)

where 6, and 6, are the angular sampling distances of each
view in x and y directions, respectively, in the global coor-
dinate system.

Here, we present a more detailed explanation of the
angular redundant information. Initially, the common
object points of two adjacent views were defined as the
object points with identical intensity and coordinate val-
ues. It is noted that the common object points do not nec-
essarily represent the points at the same global location
but can be different object points with the same intensity
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and the same local coordinate value, as shown in Fig-
ure 2A. O; and O, are two different object points. As
their intensity and local coordinate value were the same,
they were written as O,(x;, ¥, z';) = O.(x';, ¥';, Z'), their
holograms were also the same. Because the hologram of
the common object points only needs to be calculated
once, it saves a lot of computational load. This method of
avoiding repetitive computation of common object points
between a pair of adjacent views is called angular redun-
dancy cutting. Based on this idea, the flowchart for calcu-
lating the hologram is shown in Figure 2B.

For the implementation procedure, the hologram corre-
sponding to the sub-1 view was calculated as the reference
hologram. Then, the common object points between sub-1
view and sub-2 view were identified by comparing inten-
sity and coordinate value.

A0, 15 = 01 (X}Y1,25) =00 (XY 1.2)), )

where AO,_,, is the intensity difference between two
object points with the same coordinate value. Considering
the levels of intensity quantification, any two object points
with the intensity difference | O in |<e (where € > 0)
were treated as common object points, where € is defined
as the gray level threshold.

Because the holograms of the common object points
were the same, only residual object points should be

Sub-1 view Ny
O1 (x], by}, 27)
° X'
~
7
Ay
02 (x}, ¥y} 2))
[ x
>
rd

Local coordinate systems

Sliced 2D image plane

Sub-1 & 2 Sub-(n—1)&n
Common hologram Common hologram
Sub-1 Sub-2 Sub-(n—1) Sub-n
hologram hologram hologram hologram

Sub-1 & 2 N Sub-(n—1)&n

Residual hologram Residual hologram

B)

FIGURE 2 (A) Common object points on a pair of adjacent
views and (B) flowchart of a proposed method for calculating the
hologram

calculated and added to the reference hologram to generate
the hologram of sub-2 view. This action could be extended
from sub-(n — 1) view to sub-n view. The relationship
between the hologram of sub-n view and the hologram of
sub-(n — 1) view is written in (5).

HSUb(ﬂ) = HSUb(n—l) + Hresidue[sub(n—l)7sub(n)]7 ®)

where  Hicgidque[sub(n—1).subey) 1DCludes two parts. When
0<AO,_1,<¢€, the object points only existed in the pre-
vious sub-(n — 1) view but not in sub-(n) view which
should be removed from the reference hologram. When
—& < A0, 1, <0, it indicated the residue object points of
sub-(n) view excluding the common object points, which
should be added into reference hologram.

Consequently, most computational loads for calculating
a sub-hologram were performed from the calculation of the
common object points and directly copied from the calcu-
lated previous sub-hologram. Therefore, the total computa-
tional load was reduced. The final computational load was

reduced to: Nresidue[sub(nf1),sub(n)]

L= ,
N

(©)

Niesidual[sub-(n—1).sub-(zy] 18 the sum of the residue object
points in adjacent pair of views, excluding their common
object points; N is the total number of object points in
sub-view.

It was noted that using (4) to identify the common
object points directly might cause the intensity quantifica-
tion error, which increased with the number of views. To
reduce the intensity quantification error, the intensity of
objects was quantified by the given threshold before the
common object point identification, while the quantification
error was limited at the range of quantification threshold.

2.2 | Analysis between the common object
points and the number of depth layers and
angular samplings

It is obvious that the common object points were decreased
by their sudden changes in depth for adjacent views. If the
changes of depth were not identified by human eyes, they
were regarded as located at the same depth. This approxi-
mation would reduce the resolution of accommodation cue.
Fortunately, accommodation cue is a weak cue for the per-
ception of depth when compared to other cues; moreover,
human eyes have quite a low resolution in the depth
dimension. Therefore, we could apply merely a few layers
to reconstruct the 3D image while still maintaining the nec-
essary depth information to satisfy the continuous accom-
modation cue [12,13]. Assuming the accommodation cue
range is approximately 4D, which is the value for people
with an average age of 40 [14], only 28 layers were
required from a near point at 25 cm to a far point at
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infinity to meet the requirement of human accommodation
cue resolution, as shown in Figure 3 [15].

Assuming 3D objects consist of several depth layers,
the process of finding common object points were simpli-
fied to compare the horizontal and vertical distribution of
object points on each depth layer, as measured on an adja-
cent pair of views. This simplification reduced the common
object points searching dimension. Thus, we defined the
areas on which object points have the same distribution as
the overlapping areas. Note that the common object points
were those points located on the overlapping areas which
have the same intensity. Therefore, when the overlapping
area was larger, more number of common object points
were expected to be found.

The sizes of the overlapping areas were different for dif-
ferent depth layers, which depended on the contents and
the occlusion relationship. For a better explanation, we
used 7 to denote different situations that could be divided
into two cases: 7 is equal to zero or 7 is larger than zero.
When ¢ = 0, the object points on the depth layer-n were
totally occluded by the object points on the previous depth
layer near the viewing point. Therefore, projected image to
that viewing point from layer-n was zero and has no com-
mon object points between it and its adjacent viewing
point. Therefore, we only considered the case of 7 > 0,
where every depth layer had projected images to the view-
ing point, as shown in Figure 4.

The red solid lines denote any two adjacent depth layers
in viewing point-1. After viewing point-1 was rotated around
the point O, which is set as the center of 3D objects, to its
adjacent viewing point-2, the 3D objects should be resam-
pled to make each depth layer perpendicular to the viewing
axis which was the line that passed through the point O and
viewing point P. For convenience, we assumed the viewing
point only moved horizontally, so the change in projected

1/14D 4m ——
N
Space of
depth layers
3/14D 4.7 m _\/_
5/14D 28m
49/14D 0.28 m
55/14D 0.25m

FIGURE 3 Range of accommodation [15]

ETRI Journa-WILEY-—=

image was only related to width while the height was
assumed to be the same. The resampled depth layers at view-
ing point-2 are denoted by red dashed lines. The distance A/
between each depth layer in viewing point-2 was kept the
same as in viewing point-1. / is the distance from the depth
layer-(n — 1) to the point O. The projected image size of
depth layer-n to viewing point-1 is 7 and the projected image
position is (w, w + 7) on the viewing plane. w is the distance
between projected image and viewing axis.

After viewing point was moved to viewpoint-2, the pro-
jected image size of depth layer-n was changed to be:

7 =d+36, @)

where d = Al X sin (0) is the newly appeared image area
that was occluded in viewing point-1; moreover, § = 7 X
cos(f). The projected image position was changed to
w', w' +1'). The overlapping area was obtained by
comparing the projected image areas (w, w + T) and (w’,
w’ + 7). The maximum overlapping area was min (z,7") for
certain special cases, where min is the function returning
the smallest value from a supplied set of numeric values.

In most situations, the overlapping areas were calcu-
lated by:

overlapping area = 7 cos(0)—D, )

where D describes the image displacement difference
caused by change in viewing point, as calculated by the
following equation:

D =w — wcos(0)—Alsin(0) + Isin(6), )

where + and — denote the depth layers-(n—1) that was
located beyond the point O and between the viewing point
and point O, respectively. Equation (9) shows that for those
depth layers beyond the point O, the image displacement
difference € may be larger than zero. Therefore, the over-
lapping area of depth layer-n is smaller than 7 cos(6).

To enlarge the overlapping area, one method was to
reduce the angular sampling distance 6. Another method
was to reduce the min(z,z’) by increasing the distance Al
between the depth layers, which implied reducing depth
layers of 3D objects. For those depth layers between the
point O and the viewing point, when the image displace-
ment difference £ was smaller than zero, the overlapping
area of depth layer-n was larger than 7 cos(f). By reducing
the angular sampling distance and the depth layers, the
maximum overlapping area could reach to the value of min
(z,7"). Otherwise, reducing the number of depth layers
could increase the size of the projected image of each
depth layer, which would lead to larger overlapping areas.
From the above analysis, it was observed that reducing the
angular sampling distance and sampling points in depth
dimension could enlarge the overlapping area.
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3 | IMPLEMENTATION RESULTS shows the common and residual areas of sub-1 and sub-2

AND DISCUSSION

To demonstrate the results of the proposed algorithm, we
performed a numerical simulation and an optical experi-
ment. We chose a car of size 10 mm (width) X 10 mm
(height) X 30 mm (depth) as the targeted 3D object. The
distance between the object and the hologram was
800 mm. Our program was run by a personal computer
(CPU of 2.59 GHz, 8 GB RAM, and 64-bit Operating Sys-
tem) under the MATLAB 2010 environment. The holo-
gram was numerically generated and loaded on the phase-
only spatial light modulator (HoloEye, PLUTO) with a res-
olution of 1,920 x 1,080 and the pixel size of 8 pm. The
wavelength of the light source uses was 633 nm.

The 3D object containing 10 depth layers and a hologram
divided into 5 X 5 parts were used as an example to prove
our proposed method. The 3D object points after hidden
parts removal were extracted by occlusion culling method
[11] for each sub-hologram. The common and residual object
points were found by comparing the pattern and intensity
values of each object point for every two adjacent views, as
shown in Figure 5. In particular, we adopted the boustrophe-
don order, and only sub-(n) and sub-(n + 1) were adjacent
views, rather than the absolute adjacent location. For exam-
ple, sub-4 and sub-7 are located adjacent vertically, but we
do not treat them as adjacent in the calculation.

The gray level with 256 values is often used to depict the
digital images in part because most of today's display and
image capture hardware can only support 8-bit images. Con-
sequently, two extreme cases were considered in this paper.

One assumed that all the object points have the same
intensity (two gray levels), the other assumed 256 gray levels
on object points. In the case of uniform intensity, Figure 5B

views. The number of total/common object points was
5,865/5,181. For these common object points, their holo-
grams were the same and calculated only once. Equation (5)
is used to calculate the sub-2 hologram, where the actual
computed points including Hesique(ny Were Hiesiduen—1y are
684. Therefore, the computational load was reduced to
11.66%, and the CGH calculated time of sub-2 hologram
was reduced from 20.9744 to 2.9862 s. After all the sub-
holograms were calculated, they were combined to create the
final hologram. To reduce the speckle noise, the multiple
random phase method [17,18] was used. The simulation and
experiment results reconstructed by 20 holograms with dif-
ferent initial random phases are shown in Figure 6.

In the case of gray level (256 levels), the number of
total/common object points was 7,543/2,408. For calculat-
ing sub-2 hologram, the actual computed points were
5,135. The computed load was reduced to 68.08%, and the
CGH calculated time of sub-2 hologram was reduced from
25.618 to 17.941 s. The results demonstrated that our pro-
posed method was more efficient for the 3D object with
slow change in intensity. Fortunately, the intensity changes
gradually for most 3D scenes because the surface of these
scenes enable diffusion and the distribution of information
to the whole hologram plane uniformly. Therefore, similar
parts for adjacent views can be located easily and this indi-
cates angular redundancy.

From Section 2, we understand that the computational
load reduction depends on the angular sampling distance
and depth sampling number. To better illuminate the feasi-
bility of the proposed method, different 3D objects were
used for testing. The relationship between the computa-
tional time reduction and the angular pitch for different 3D
objects are shown in Figure 7, in which two 3D objects —
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FIGURE 6 Simulation and optical
results using proposed method, (A)—(D) the
simulation results; (E)-(H) the optical
results; (A), (B), (E), and (F) focus on front
surface; (C), (D), (G), and (H) rear surface
of car; (A), (C), (E), and (G) are binary
objects; (B), (D), (F), and (H) are gray
level objects. [The 3D objects are from
3D66 [16], a 3D model open-resource
website.]
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statue head (14 mm (width) X 18 mm (height) X 10 mm
(depth)) and rabbits (20 mm (width) X 20 mm (height) X
100 mm (depth))— are used and their number of layers are
10. It illustrates that as the angular pitch decreases (the
more the sub-holograms are used), the adjacent views have
more common object points. When the angular pitch is
smaller than 0.28° (5 X 5 sub-holograms), the computa-
reduced marginally. Therefore, the
proposed method requires only a few angular samplings
(sub-holograms) to reduce the computational load, and the
results for using 5 X 5 sub-holograms demonstrate that by
avoiding recalculation of redundancy, the calculation time
for the uniform level intensity is reduced to 5.98%, 6.67%,
and 14.22% for the statue head, rabbits, and car, respec-
tively, as shown in Figure 7A. Moreover, the calculation
time for the gray level intensity is reduced to 60.98%,
57.9%, and 71.02% for the statue head, rabbits, and car,
respectively, as illustrated in Figure 7B.

Conversely, when the angular pitch is fixed, the compu-
tational time reduction was determined by the number of
depth layers. Normally, the depth map with 256 values was
used to describe the distribution of 3D objects in the depth
dimension (z-buffer) in computer graphics. In this case, the
object points were distributed in 256 depth layers, the num-
ber of object points with the same depth value for adjacent
views was limited as described in the analysis in sec-
tion 2.2. Figure 8 shows that the computational time
increases when the number of depth layers increases. Note
that the calculation time can be more than 100% in this
method compared to before the cutting of angular redun-
dancy. Consequently, when the common object points are
less than a half of original sub-view area, the calculation
load of both Hcgigue(ny and Hiegiduen—1) residual points can
be more than 100%. This non-ideal situation can be
avoided by applying miniscule angular pitch and limiting
the number of layers.
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FIGURE 7 Relationship between the computational time and angular sampling distance, (A) Binary objects, (B) Gray level (256 levels)
objects. [The 3D objects are from 3D66 [16], a 3D model open-resource website.]

We assume the viewing distance is 250 mm, and the
statue head, rabbits, and car have depth size of 12.5 mm,
100 mm, and 30 mm, respectively. Subsequently, the dis-
tance to eyes change from 250 mm to 262.5 mm, 350 mm,
and 280 mm, respectively. This, can be described by just
2, 10, and 4 layers, respectively, by applying the limitation
of human accommodation resolution as illustrated in Fig-
ure 4. Therefore, the computational time for uniform inten-
sity can be reduced to 4.73%, 6.67%, and 10.4% for the
statue head, rabbits, and car, respectively, as shown in Fig-
ure 8A, and for gray level intensity can be reduced to
56.34%, 57.9%, and 66.24% for the statue head, rabbits,
and car, respectively, as shown in Figure 8B. The above
results were obtained under the fix angular sampling

distance of 0.28° (5 X 5 sub-holograms). The results
demonstrated that the computational times were all reduced
by cutting angular redundancy for the different shapes of
objects. However, for those objects with reflective surfaces,
the adjacent views are totally different and may contain
very limited angular redundancy; further, the calculation
time of the purposed method can be more than 100% when
compared to original methods.

Therefore, the proposed method is used to calculate the
holograms only for those adjacent views where computa-
tional load is considerably less than 100% according to (6),
otherwise, the original methods are used. We plan to
research and improve the efficiency of the proposed method
for 3D objects with different materials in the future.
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4 | CONCLUSIONS

A hologram calculation method based on angular redun-
dancy cutting was proposed to improve the speed of point-
based method hologram computing. In this method, large
amounts of object points with the same spatial distribution
were found by comparing all the sampling points in each
adjacent view, and the holograms of these common object
points were only calculated once. This considerably
reduced computational loads. Results for different objects
demonstrated that the proposed method based on angular
redundancy cutting could reduce the calculation time down
to 4.73% (statue head), 6.67% (rabbits), and 10.4% (car) for
uniform intensity, and 56.34% (statue head), 57.9% (rab-
bits), and 66.24% (car) for gray level intensity when com-
paring to the method without cutting redundancy. This
method can be applied to 3D objects with any shape but is

not suitable for those objects with reflective surfaces. The
efficiency of our proposed method for 3D objects with dif-
ferent materials remains to be researched and improved as
our future work.
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