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Abstract: Fast calculation of diffraction field from a three-dimensional
object is an important problem in holographic three-dimensional television.
As a result of this, several fast algorithms can be found in the literature,
but most them omit pixelated structure of the display device used in
the reconstruction process. We propose a fast algorithm for diffraction
field calculation from a three-dimensional object for a pixelated display
device. Real-time calculations can also be achieved when the proposed
algorithm is run on a graphical processing unit. Performance assessment
of the algorithm is obtained by the computation time of the diffraction
field and the error on the reconstructed object. The proposed algorithm
employs a precomputed look-up-table which is formed by one-dimensional
kernels. Each kernel in the look-up-table denotes a diffraction field on the
display device from a point light source at a specific depth along longi-
tudinal axis. Allocated memory space by the precomputed look-up-table
is optimized according to the sampling policy of the depth parameter.
Look-up-table formed by uniformly sampled depth parameter provides
the same error on the reconstructed object with less number of kernels.
Also, optical experiments are conducted and successful results are obtained.

© 2015 Optical Society of America

OCIS codes: (090.1760) Computer holography; (090.2870) Holographic display; (090.5694)
Real-time holography.
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1. Introduction

Holography is a three-dimensional (3D) visualisation technique that provides the most natural
visualization, because it is based on capturing and regenerating the diffracted optical waves
from a 3D object [1–6]. When capturing process is performed by an optical setup, we should be
careful about stabilizing the assembled optical equipments. Even if the capturing equipments
are shifted in quarter wavelength of the light which is used for illumination, hologram of the
object can be spoiled. However in computer generated holography (CGH), there is no such
a stabilization problem. In CGH, diffraction field of a 3D object can be calculated by using
numerical methods and signal processing techniques [1–3,7]. Then, calculated diffraction field
can be printed on a holographic film for still 3D reconstructions or used in driving a dynamic
display device to obtain moving 3D reconstructions as in holographic 3D television (H3DTV).

Calculation of diffracted fields from 3D objects should be tailored according to methods used
in generation of the objects. Several methods can be employed for that purpose. One of them
is based on having a set of points which are distributed over the space. 3D objects formed by
a set of points can be called as point cloud object. Then, superposition of the diffraction fields
emitted by each point will give the diffraction field of the object [5,8–13]. Another method used
for generation of a 3D object is based on combining small planar patches. Again, superposition
of diffracted fields from each patch will give the diffraction field of the object [17–26]. Yet
another method used in forming a 3D object is based on having multiple two-dimensional (2D)
cross-sections of the object along longitudinal axis. Then, superposition of diffracted fields
from those 2D cross-sections will be taken as the diffraction field of the 3D object [27–31]

Fast calculation of the diffraction field from a 3D object can be achieved by employing
fast methods such as fast Fourier transform (FFT), look-up-table (LUT) and segmentation of
diffracted field emitted from each elementary building block of 3D object. In [8,22], FFT is used
for decreasing the calculation time of diffraction field between two planes. Precomputed LUTs
are also useful to obtain fast calculations [5,8,10,11,15]. By segmenting the diffraction field of
a point light source, fast calculation of the diffracted field from 3D object can be achieved [12,
13]. Further improvements on the computation time can be obtained by running the diffraction
field calculation algorithms in parallel. Graphical processing units (GPUs) are one of the most
convenient hardware for that purpose [9, 13, 14, 16].

Diffraction field of a 3D object should be calculated rapidly to obtain H3DTV. Hence, the
computational complexity of diffraction field calculation process should be decreased and in
the meantime quality of the reconstructed object should be improved as well. The diffraction
field calculation algorithms presented in [32–34] provide improvements on the quality of the
reconstructed objects by taking into consideration the pixelated structure of the spatial light
modulators (SLMs) which are used as dynamic display devices in reconstruction process, but
their computational complexities are higher than the fast algorithms mentioned above. As a
result of this, real-time calculation of diffracted field from a 3D object may not be achieved
when the algorithms presented in [32–34] are employed in H3DTV.

The algorithms presented in [35–37] can be candidates for overcoming computation time
and quality problems in H3DTV. Although, those algorithms provide improvements on quality
of the reconstructed object by taking into consideration the pixelated structure of the SLM,
they may not be fast enough to achieve real-time calculations. In this work, we proposed an
algorithm utilizing a LUT which is optimized for parallel processing on a GPU to achieve
real-time calculations. Precomputed LUT is formed by one-dimensional (1D) kernels and each
kernel is calculated according to the pixel structure of the employed SLM. Several numerical
and optical experiments are conducted and successful reconstructions are obtained.

#236038 - $15.00 USD Received 11 Mar 2015; revised 17 Apr 2015; accepted 27 Apr 2015; published 5 May 2015 
(C) 2015 OSA 18 May 2015 | Vol. 23, No. 10 | DOI:10.1364/OE.23.012636 | OPTICS EXPRESS 12638 



2. Calculation of diffraction pattern used in driving SLM with pixelated structure

Diffraction field of a 3D object can be calculated by using numerical analysis methods and
signal processing techniques, thus it is possible to obtain holographic patterns in computer
environment. Calculation of the diffraction field depends on the method used in generation of
the 3D object. If the object is formed by a set of points which are distributed over the space,
then superposition of diffraction fields emitted by those points will be taken as the diffraction
field of the object. In this work, 3D objects are formed as point clouds, because it is one of the
simplest method to obtain 3D object in computer environment.

The diffraction field of a point cloud object over a planar surface can be calculated as

ψ(r0) =
L

∑
l=1

ψ(rl)hF(r0 − rl) (1)

where ψ(r0) and ψ(rl) are the diffraction field over SLM and diffraction field at lth point of 3D
object, respectively. Surface of SLM is spanned by the position vector r0 = [x,y,0] and locations
of the point that forms 3D object are shown by rl = [xl ,yl ,zl ]. The variable hF(r) stands for the
diffraction field emitted by a point light source over SLM under Fresnel approximation,

hF(r) =
e jkz

jλ z
e j k

2z (x
2+y2) (2)

where r = [x,y,z], k is the wave number and λ is the wavelength of the light source used in
illumination.

The calculated diffraction field over SLM plane will be used for driving SLM. Then, SLM
will be illuminated by a plane wave and reflected wave will provide reconstruction of an opti-
cal replica of the 3D object. Commercially available SLMs may have square pixels with high
filling factors as 93% [38]. Therefore, there will be no significant difference on the calculated
diffraction field when filling factor is taken as 100%. An illustration of the pixel structure of
the simulated SLM can be seen in Fig. 1. To improve the quality of the reconstructed object,

Fig. 1. Pixel structure of the simulated SLM.

pixelated structure of the SLM should be taken into consideration. As a result of this, surface
integration over each pixel of SLM should be evaluated. We assume that each pixel of SLM
will be constant over pixel area. Then, the diffraction field over SLM can be calculated as

ψ2D,z=0(n,m) =

xn+1∫

xn

ym+1∫

ym

L

∑
l

ψ(rl)hF(r0 − rl)dxdy (3)
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where n and m stand for indices of SLM along x− and y−axes, respectively. It is also possible
to represent Eq. ( 3) by using 2D kernels Kαl ,2D,

ψ2D,z=0 =
L

∑
l=1

P(rl)Kαl ,2D (4)

where P(rl) = − jψ(rl)e jkzl and αl =
1√
λ zl

. Each 2D kernel can be decomposed into 1D ker-

nels,
Kαl ,2D = (Kxl

αl ,1D)
T Kyl

αl ,1D (5)

where xl and yl refer to locations of lth point of 3D object along x− and y−axes, respectively.
Each 1D kernel Kαl ,1D can be represented as

Kαl ,1D =
[

Kαl ,1D(1) Kαl ,1D(2) · · · Kαl ,1D(N)
]

(6)

and its elements can be calculated as

Kαl ,1D(n) =C(ζl,n+1)+ jS(ζl,n+1)−C(ζl,n)− jS(ζl,n) (7)

where ζl,n = xn−xl√
λ zl

. The operators C(·) and S(·) stand for cosine and sine Fresnel integrals,

respectively [2, 3] and they are calculated as

C(w) =

w∫

0

cos(
π
2

τ2)dτ

S(w) =

w∫

0

sin(
π
2

τ2)dτ. (8)

Numerical evaluation of cosine and sine Fresnel integrals given in Eq. (8) are obtained by using
adaptive Lobatto quadrature [39]

In standard algorithm for calculating the diffraction field from a point cloud object, we have
to compute cosine and sine Fresnel integrals for each object points [35]. Therefore, calculation
of diffraction field will be too long to achieve real- time application. To decrease the calculation
time, we propose an algorithm that utilizes a precomputed LUT to calculate Kαl ,2D rapidly.

3. Proposed algorithm for fast computation of CGH

Computation time of diffraction field calculation can be decreased when 2D kernel Kαl ,2D is
obtained without evaluating sine and cosine Fresnel integrals. The proposed algorithm utilizes
a precomputed LUT and the diffraction field over the SLM can be calculated as

ψ̂2D,z=0 =
L

∑
l=1

P(rl)K̂αl ,2D (9)

where ψ̂2D,z=0 denotes estimated diffraction field of the 3D object over SLM and K̂αl ,2D is a 2D
kernel which denotes the diffraction field of lth point of the object over SLM. 2D kernel K̂αl ,2D

is calculated as in Eq. (5) from 1D kernels fetched from LUT. Each 1D kernel in LUT denotes
a diffraction field over SLM for a specific depth along longitudinal axis. 1D kernels are fetched
from LUT in a way that minimize depth difference between object points and 1D kernels. Better
estimation of the diffraction field can be obtained when the number of 1D kernels in the LUT is
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increased, but having more kernels in LUT may result in occupying infeasible memory space.
Therefore, optimization of allocated memory space for LUT is obtained by performing different
sampling policies on depth parameter. First sampling policy is based on uniform sampling of
the depth parameter. In the second policy, uniform sampling of αl =

1√
λ zl

is performed, hence

there will be non-uniform sampling of depth along longitudinal axis.

4. Simulation results

Proposed diffraction field calculation algorithm is tested and evaluated under several scenarios.
To give an insight to the reader, only a couple of simulation results are presented in this paper.
Performance of the algorithm is evaluated by computation time of the diffraction field and the
normalized mean square error (NMSE) on the reconstructed object. NMSE on the reconstructed
object is calculated as

NMSE =

N
∑

n=1

M
∑

m=1
|ψ̂2D,z=z0(n,m)−ψ2D,z=z0(n,m)|

N
∑

n=1

M
∑

m=1
|ψ2D,z=z0(n,m)|

(10)

where ψ2D,z=z0(n,m) and ψ̂2D,z=z0(n,m) denote reconstructed objects at z = z0 plane from the
diffraction field calculated by the standard and the proposed algorithms, respectively.

The setup used in the simulations can be seen in Fig. 2. The 3D object employed in the

Fig. 2. An illustration of simulated optical setup. Simulated SLM has N and M pixels along
x− and y−axes, respectively. The distance between each pixel is indicated by Xs. The
distance between 3D object and SLM is denoted as z0. The volume occupied by 3D object
defined by xe, ye and ze.

simulation is formed by 3144 points. The volume occupied by the 3D object is defined by
xe = 2.8mm, ye = 4.1mm and ze = 4.1mm. The distance between the 3D object and the SLM is
set to z0 = 61.6mm. Simulated SLM has 100% fill factor and pitch distance Xs is taken as 8μm.
Furthermore, it has 512 pixels along both x− and y−axes. Also, wavelength of the coherent
light source used for illumination purpose is taken as 532nm.

The proposed diffraction field calculation algorithm run on a computer system which has
i5-2500 CPU at 3.3GHz, 4GB RAM and 64 bit Windows 7 OS. Algorithms are implemented
by MATLAB. The proposed algorithm can be run in parallel to obtain further improvements
on the computation time. Moreover, proposed algorithm is implemented by Visual C++ and
CUDA libraries, and run on a GPU to achieve real-time application.
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In the reconstruction process, calculated diffraction fields are used for driving SLM, but most
of the SLMs available on the market have a pixelated structure. When the pixelated structure of
SLM is omitted in calculation of diffraction field, focused and unfocused sections of a 3D object
may not be distinguished easily as shown in Fig. 3(a) and the quality of the reconstructed object
can be degraded. On the other hand, the difference between focused and unfocused sections of
object could be easily seen in the reconstructed object from the diffraction field obtained by the
proposed algorithm as given in Fig. 3(b). Furthermore, optical reconstructions are very similar

(a) (b)

Fig. 3. 3D object is formed by six small parts as shown in Fig. 2 and each part is located at
different depth along longutidunal axis. The part which is at the leftmost is reconstructed.
(a) Magnitude of the reconstructed object from the diffraction field calculated without tak-
ing into consideration the pixelated structure of SLM and (b) from the diffraction field by
the proposed algorithm.

to the numerical reconstruction obtained by the proposed algorithm and those results can be
seen in Fig. 4.

When standard algorithm is used in calculation of diffraction field for the scenario illustrated
in Fig. 2, we need 2701.10 seconds to get the results. On the other hand, when the proposed
algorithm is used in the calculations significant decrement on the computation time is achieved
and the diffraction field is calculated within 8.15 seconds. Also, the proposed algorithm can
be run in parallel and further improvements on the computation time can be obtained. How-
ever, there will be negligible amount of deviation on the reconstructed object. The deviation on
the reconstructed object is caused by the estimation errors on the calculated diffraction field.
Summary of those results can be seen in Table 1

Increasing the number of kernels in LUT improves NMSE performance of the algorithm
without changing the computation time, but size of the allocated memory is increased and
available memory space is limited by the employed hardware. As a result of this, the size of
LUT can be taken as another constraint on the proposed algorithm. Each kernel in LUT refers
to diffracted pattern from a point light source at a specific depth along longitudinal axis. There-
fore, the sampling policy along longitudinal axis is another important issue that affects NMSE
performance of the algorithm. We implement two sampling policies along longitudinal axis in
preparation of LUT. First one is uniform sampling of αl =

1√
λ zl

, thus there will be a non- uni-

form sampling along longitudinal axis. The other one is uniform sampling along longitudinal
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(a) (b)

Fig. 4. (a) Optical reconstruction of a 3D object. (b) Numerical reconstruction of the object
shown in (a).

Table 1. Performance of the proposed algorithm based on LUT according to NMSE and
computation time. 1D kernels of LUT are calculated according to uniform sampling of αl .
When parallel computation is employed, further improvements on computation time can
be achieved.

3D Object: 3144 points Computation Time
λ = 532nm, N=M=512, Xs = 8μm (sec) NMSE

Standard Algorithm 2701.10 -
LUT (with 125 diffraction kernels) 8.15 0.080
LUT (with 125 diffraction kernels)

Parallel run over 4 cores 7.08 0.080
LUT (with 125 diffraction kernels)

Parallel run over GTX-680 0.08 0.080

axis. Table 2 and Table 3 summarize NMSE performances of the proposed algorithm accord-
ing to implemented sampling policies. As it can be seen from Tables 2 and Table 3, uniform
sampling along longitudinal axis provides better NMSE with the same number of 1D kernels.

Although, there are small numerical errors on reconstructed objects from the diffraction field
obtained by the proposed algorithm, the difference between the reconstructed objects obtained
by the standard algorithm and the proposed algorithm may not be observable visually. This
result can be seen in Fig. 5 Main reason of the numerical error is the unfocused sections of the
reconstructed object. This result can be observed from Fig. 6.

The proposed algorithm is also tested by optical setups. An assebled optical setup for recon-
struction of 3D objects from the calculated diffraction patterns can be seen in Fig. 7. Captured
optical reconstructions of two different 3D objects are given in Fig. 8. Furthermore, optical
reconstructions of a 3D object which has more depth than the ones shown in Fig. 8 at different
depths along longitudinal axis can be seen in Fig. 9. Also, proposed diffraction field calculation
algorithm is tested under red and blue laser illuminations. Captured optical reconstructions for
red, green and blue lasers are shown in Fig. 10.
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(a) (b)

Fig. 5. (a) Magnitude of the recontructed object at z = z0 from the diffraction pattern cal-
culated by standard algorithm (b) by the proposed algorithm.

Fig. 6. Magnitude of the difference between the reconstructed objects given in Fig. 5. Please
note that, image is scaled linearly from 0 to 255, thus the insignificant differences may
become visible.
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Fig. 7. Assembled optical setup for reconstruction of 3D objects when green laser is used
for illumination.

(a) (b)

Fig. 8. (a) Optically reconstructed hand shaped 3D object. (b) Another reconstructed 3D
object in propeller shape with three blades.
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Table 2. Performance of the proposed algorithm according to number of kernels used in
LUT, NMSE and allocated memory space. LUT is formed by uniform sampling of αl pa-
rameter. Each element in 1D kernels are represented by four Bytes.

Number of 1D Kernels NMSE Memory Space (KB)
83 0.127 332
92 0.114 368
103 0.104 412

3D Object: 3144 points 118 0.088 472
λ = 532nm, N=M=512, Xs = 8μm 137 0.077 548

165 0.062 660
206 0.051 824
274 0.038 1096
411 0.025 1644
821 0.013 3284

Table 3. Performance of the proposed algorithm according to number of kernels used in
LUT, NMSE and allocated memory space. LUT is formed by uniform sampling of depth
parameter along longitudinal axis. Each element in 1D kernels are represented by four
Bytes

Number of 1D Kernels NMSE Memory Space (KB)
83 0.068 332
92 0.061 368
103 0.054 412

3D Object: 3144 points 118 0.048 472
λ = 532nm, N=M=512, Xs = 8μm 137 0.039 548

165 0.034 660
206 0.026 824
274 0.020 1096
411 0.014 1644
821 0.006 3284

(a) (b) (c)

Fig. 9. Optically reconstructed 3D object which has more depth than the ones illustrated in
Fig. 8. (a) Front piece is reconstructed. (b) Middle pieces are reconstructed. (c) Rear piece
is reconstructed.
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(a) (b) (c)

Fig. 10. Optically reconstructed hand shaped 3D object (a) for red laser with λ = 637nm,
(b) for green laser with λ = 532nm, (c) for blue laser with λ = 473nm.

5. Conclusion

Fast calculation of diffraction field from 3D objects and improving the quality of the recon-
structed objects are two challenging problems in H3DTV. As a solution to those problems, we
propose a diffraction field calculation algorithm which provides fast calculation of diffraction
field from a point cloud object over an SLM which has square pixels with 100% filling factor.
When the proposed algorithm run in parallel on a GPU, real-time computations can be achieved.
Both numerical and optical experiments are conducted for red, green and blue lasers and suc-
cessful results are obtained. Similar reconstructions are observed in both numerical simulations
and optical experiments. Two different LUT generation methods are used for optimizing the
performance of the proposed algorithm according to NMSE and allocated memory space. First
method is based on uniform sampling of the depth parameter along longitudinal axis. Second
method uses non-uniform sampling of depth parameter. LUT calculated by uniform sampling of
depth parameter gives better NMSE with the same number of kernels. Hence, physically avail-
able memory space can be used more effectively when uniform sampling policy is employed in
calculation of LUT.
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