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ABSTRACT  

We propose a fast calculation method to synthesize a computer-generated hologram (CGH) of realistic deep three-
dimensional (3D) scene. In our previous study, we have proposed a calculation method of CGH for reproducing such scene 
called ray-sampling-plane (RSP) method, in which light-ray information of a scene is converted to wavefront, and the 
wavefront is numerically propagated based on diffraction theory. In this paper, we introduce orthographic projection to the 
RSP method for accelerating calculation time. By numerical experiments, we verified the accelerated calculation with the 
ratio of 28-times compared to the conventional RSP method.  The calculated CGH was fabricated by the printing system 
using laser lithography and demonstrated deep 3D image reconstruction in 52mm×52mm with realistic appearance effect 
such as gloss and translucent effect.  

Keywords: computer generated hologram, 3D computer graphics 
 

INTRODUCTION  
 

Holography is a method that can reproduce 3D image satisfying all depth cues in human perception from an interference 
fringe called hologram. To synthesize a hologram computationally, a number of techniques for calculating computer 
generated holograms (CGHs) have been proposed. These techniques are broadly classified into two groups: wave-
propagation-based methods [1][2] and light-ray based methods [3][4]. In the wave-propagation-based methods, objects are 
expressed by a set of self-illuminant point sources or polygons.  The CGH generated by such method can reconstruct an 
accurate and high-resolution image even in deep scene. In recent reports, methods for acceleration of calculation [5] and 
realization of view-dependent effects [6] have been implemented for polygon-based method; however, the realistic 
expression of complex optical phenomena such as reflection, texture, and translucence is still difficult problems in 
wavefront-based rendering. On the other hand, in the light-ray based methods, a hologram can be calculated from images 
captured by 3D computer graphics (3DCG) or photographs. It can visualize complicated texture and occlusion of objects 
with using various advanced rendering techniques in 3DCG; however, it sacrifices the image resolution; the image 
resolution is limited if  the reconstructed image is distant from the hologram plane, because of the discontinuity of light-
ray sampling and the diffraction effect [7][8]. 

 To utilize advantages of these two methods in CGH calculation, we previously proposed the ray-sampling-plane (RSP) 
method [8][9]. It was verified that the hologram calculated with the RSP method can reproduce high-resolution 3D images 
even with deep scene maintaining realistic appearance; however, the large computational cost was still a problem. In this 
paper, orthographic projection is introduced to eliminate the redundant calculation in numerical wavefront propagation in 
the conventional RSP method. In previous studies, several methods using orthographic projection images have been 
proposed [10-13]. Sando et al. proposed a method that fills a parabolic surface in the Fourier domain with a Fourier-
transformed orthographic captured image [10]. Park et al. also investigated a technique based on orthographic projection 
[11]. If the depth range of the scene is large, the image resolution is degraded due to the diffraction effect in these methods. 
Reconfigurable image projection  hologram [12] is also a similar technique to the original RSP method, although  the 
method only deal with horizontal-parallax-only (HPO) case. These conventional algorithms have similar characteristics to 
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the method introduced in this paper; however, it is not possible to guarantee the image quality in a deep scene in these 
methods, while the RSP method allows the reproduction of 3D image visually almost identical to that of real hologram 
even in a deep scene. Additionally, this framework provides high-performance even in the case of a large-scale full-parallax 
hologram. This algorithm is mainly maintained by the FFT and simple complex multiplication of array, which are highly 
optimized for image processing. In this paper, an extremely high-resolution hologram was synthesized by the proposed 
method in practical computational time. The calculated hologram was fabricated by high-resolution laser lithography 
system [13], and it was confirmed that the realistic texture, specular reflection, and translucent effect are reproduced by 
the CGH. Additionally, we verified that our method is useful especially when a large object is assumed at a far distance 
from the hologram plane. 

 

COMPUTER-GENERATED HOLOGRAM USING RAY-SAMPLING PLANE 
 

Figure 1 shows the schematic diagram of CGH calculation using the RSP. In the method, at first, the RSP is defined near 
the object, and the light-ray information of the object is densely sampled. In this paper, a unit image in the sampled light-
ray information is called as elemental image. In conventional light-ray sampling, each elemental image corresponds to a 
perspective projection image, which captures light-rays diverging to different angles passing through a single spatial 
position. The wavefront in the small area around the captured point can be obtained by Fourier transform of the elemental 
image because each pixel in the elemental image corresponds to a certain direction, or one frequency component of the 
angular spectrum. The resultant elemental wavefront can be used as a small part of a whole wavefront of the object, thus 
the whole wavefront can be obtained by aligning all Fourier transformed elemental images. This process can be considered 
as the conversion of the light-ray information into the wavefront on the RSP. The obtained wavefront near the object plane 
is propagated to a hologram plane based on diffraction theory, such as Fresnel diffraction or angular spectrum method.  

 When light-rays are sampled, the diffraction effect affects the image resolution. However, if the rays are sampled near 
the object, the degradation of resolution by diffraction is small and it can be visually negligible. In addition, the diffraction-
based calculation of wave-propagation from the RSP to the hologram plane does not sacrifices the information of object 
even with deep propagation, thus the resultant hologram can reproduce accurate 3D image if the sampling density of the 
ray is enough considering sampling theorem. Additionally, light-field-based processing such as occlusion culling [9] and 
reflectance-property expression can be achieved thanks to the process light-ray sampling. By these advantages, the RSP 
method is useful for calculating deep and realistic CGH; however, computational cost is still a problem in this method. 

 

 
Fig. 1. Schematic diagram of RSP based CGH. 
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ACCELERATOIN USING ORTHOGRAPHIC PROJECTION 
 

As shown in Fig. 2 (a), the generated wavefront from the object contains redundant components which do not incident on 
the hologram plane. The calculation will be accelerated if such components could be eliminated in calculation; however, 
it is not easy with the conventional framework of the RS method because each elemental wavefront must diverge within a 
certain diverging angle. 

 To solve this problem, the proposed method in this paper uses orthographically sampled images for elemental images 
instead of perspective images. An orthographic projection image is spatial distribution of parallel light-rays. It can simply 
be generated by the rearrangement of pixels in the perspective images. In the rearrangement, pixels at the same local 
coordinates in perspective elemental images are gathered into a new orthographic image. 

 The concept of conventional and proposed methods are compared in Fig. 2. As shown in Fig. 2 (a), an element in the 
conventional method contains light rays with different propagation angles. In this case, all elemental images have to be 
Fourier transformed, thus the removal of the calculation of redundant light-rays cannot be implemented. Contrary, an 
orthographic image is a collection of parallel light-rays. Therefore, as shown in Fig 2 (b), we can easily separate 
unnecessary light-rays, which do not incident on the hologram plane. This fact is advantageous in acceleration of the RSP 
based CGH calculation. 

 

 
Fig. 2. Light-ray information in (a) conventional RSP method and (b) proposed method. 
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 Moreover, orthographic projection physically corresponds to the inclined plane waves, and the wavefront at the RSP 
can be obtained with the accumulation of the orthographic images multiplied with inclined plane waves. It means that the 
Fourier transformed RSP is generated from the Fourier transformed orthographic images that are shifted in Fourier domain. 
This result is directly used for multiplication with a transfer function, which is generally band-limited for preventing 
aliasing. This also contributes to omission of redundant components of the object wave in calculation. This feature enables 
us to realize further acceleration of calculation, especially when the RSP is large and located in far distance from the 
hologram plane. 

 

 
Fig. 3. Relation between perspective and orthographic images. 

 

 Figure 3 shows the relation of pixels in a set of perspective elemental images 𝒍𝒍x ∈ ℝ𝑁𝑁θ𝑁𝑁x×1 and a set of orthographic 
images 𝒍𝒍θ ∈ ℝ𝑁𝑁x𝑁𝑁θ×1, where 𝑁𝑁θ is the length of a vector of the perspective elemental image, 𝑁𝑁x is that of the orthographic 
image, and ℝ𝑁𝑁𝑖𝑖×𝑁𝑁𝑗𝑗 denotes an 𝑁𝑁𝑖𝑖 × 𝑁𝑁𝑗𝑗matrix of real numbers. For simplicity, the y-axis is omitted in the discussion in this 
paper. An orthographic image is a set of spatially distributed parallel light rays, and thus, pixels at the same local 
coordinates in perspective elemental images correspond to pixels in a specific orthographic image. The vector of the n-th 
perspective image 𝒍𝒍x(𝑛𝑛)  ∈ ℝ𝑁𝑁θ×1 can be written in expanded form as: 

 

𝒍𝒍x(𝑛𝑛) = �

𝒍𝒍x(𝑛𝑛)[0]
𝒍𝒍x(𝑛𝑛)[1]

⋮
𝒍𝒍x(𝑛𝑛)[𝑁𝑁θ − 1]

�, (1) 

 

where 𝒍𝒍[∙] means a vector element. In the orthographic case, the vector of the m-th orthographic image 𝒍𝒍θ(𝑚𝑚)  ∈ ℝ𝑁𝑁x×1 
and the relation to the perspective images are as follows: 

 

𝒍𝒍θ(𝑚𝑚) = �

𝒍𝒍θ(𝑚𝑚)[0]
𝒍𝒍θ(𝑚𝑚)[1]

⋮
𝒍𝒍θ(𝑚𝑚)[𝑁𝑁x − 1]

� = �

𝒍𝒍x(0)[𝑚𝑚]
𝒍𝒍x(1)[𝑚𝑚]

⋮
𝒍𝒍x(𝑁𝑁θ − 1)[𝑚𝑚]

�. (2) 

 

Note that the perspective elemental image of the light field, 𝒍𝒍x, contains diverging light rays from a single spatial coordinate, 
whereas that of 𝒍𝒍θ consists of parallel light rays from varying spatial coordinates. 
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 Figure 4 illustrates a schematic diagram of the wave propagation calculation using the conventional perspective images 
and proposed orthographic images from the RSP to the hologram plane. To obtain the wavefront at the hologram plane, 
𝒘𝒘h, the wavefront at the RSP, 𝒘𝒘RS, is diffracted numerically. Here, 𝒘𝒘⋅ denotes complex wavefront vector in the spatial 
domain. For the diffraction calculation, we adopt the shifted angular spectrum method [14] because of its accuracy and 
suitability for off-axis propagation. The calculation is modeled as follows: 

 

𝒘𝒘h = ℱ−1[ℱ[𝒘𝒘RS]𝑯𝑯(𝑢𝑢; 𝑧𝑧)], (3) 

 

where ℱ[⋅] is the Fourier transform operator, and  𝑯𝑯(𝑢𝑢; 𝑧𝑧) corresponds to the transfer function, which depends on the 
propagation distance z. In the previous RSP method, ℱ[𝒘𝒘𝑅𝑅𝑅𝑅] in Eq. (3) is calculated by 

 

ℱ[𝒘𝒘RS] = ℱ �

ℱ[𝒍𝒍x(0)]
ℱ[𝒍𝒍x(1)]

⋮
ℱ[𝒍𝒍x(Nθ − 1)]

�. (4) 

 

On the other hand, the orthographic image physically corresponds to the plane wave with a specific angular spectrum; thus, 
𝒘𝒘RS can be obtained by integrating 𝒍𝒍𝜃𝜃 multiplied by inclined plane waves. It means that ℱ[𝒘𝒘𝑅𝑅𝑅𝑅]  in Eq. (3) can also be 
obtained just by using the stack of Fourier-transformed orthographic images that are shifted in the Fourier domain.  

 

ℱ[𝒘𝒘RS] = �

ℱ[𝒍𝒍θ(Nx − 1)]
ℱ[𝒍𝒍θ(Nx − 2)]

⋮
ℱ[𝒍𝒍θ(0)]

�. (5) 

 

As mentioned above, 𝒍𝒍𝜃𝜃  in Eq. (5) physically corresponds to plane waves with angular spectra; therefore, the redundant 
𝒍𝒍𝜃𝜃(𝑚𝑚) that does not affect the hologram plane can easily be omitted from the calculation of Eq. (5) in advance. In addition 
to the above discussion, the transfer function 𝑯𝑯(𝑢𝑢; 𝑧𝑧) is band-limited for preventing aliasing. These features allow the 
calculation of Eq. (5) to be compressed. As predicted by the characteristics, the achievable compression ratio of the 
calculation time becomes larger when the size of or distance to the virtual object is large. 

 As explained above, this algorithm consists of FFT and complex multiplications. This feature enables us to use highly 
optimized libraries for each computational environment. Parallel computing is also able to be implemented by parallelizing 
FFT and multiplication for each orthographic image. 
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Fig. 4. Flow of (a) conventional and (b) proposed method for synthesizing hologram using ray-wavefront conversion. 

 

EXPERIMENTAL VERIFICATION 
 

In the first experiment, we verified the effect of acceleration by the proposed method. In this experiment, the spatial 
resolution of the hologram was fixed to 2048 × 2048 pixels, and the resolution of the RSP was changed from 2048 ×
2048 pixels to 16384 × 16384 pixels. Other parameters are shown in Table 1.  

 

Table 1. Parameters used for measuring the calculation time. 

Wavelength 532nm 

Pixel pitch 2µm 

Propagation distance 0.30m 

Number of orthographic images 16 × 16 
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Fig. 5. Relation between calculation time and the size of RSP. 

 

 The average calculation time to synthesize hologram is shown in fig. 5 with an Intel Core i7 4790K CPU 4.0 GHz and 
32GB RAM. As indicated in the figure, the acceleration ratio between the proposed and conventional methods was 9-times 
over the varying sizes of the RSP. From this result, we concluded that the proposed method is effective for the fast 
calculation of the RSP based CGH, especially when we assume large objects placed at deep distance from the hologram 
plane. 

 In the second experiment, we experimentally verified that our method does not lose the resolution of the reconstructed 
image even with deep scene. Parameters used in this experiment are shown in Table 2. The locations of the object, the 
RSP, and the hologram are depicted in Fig. 6. We created a 3D scene with a stuffed bear, wooden floor and a glass of white 
wine. This scene includes complicated textures: the shaded wool and the wood. Moreover, light reflection and refraction 
by wine in a glass is difficult to be computed by wave-propagation-based CGH. Orthographic images of this scene were 
rendered in different 64 × 64 angles by 3DCG software Blender. The time required for the rendering of orthographic 
images was around 2 minutes. 

 The calculation time for synthesizing this hologram from the orthographic images was 147 minutes, which corresponds 
to around 28-times acceleration compared with the conventional RSP-based method, which can be estimated from Fig. 5. 
Calculated wavefront at the hologram plane was converted to binary fringe pattern by calculating the interference with a 
reference wave, spherical wave in this case. 

 Generated binary fringe pattern was saved as BMP data. This image data was transferred to Kan-Dai Digital Holo-
Studio [15][16], in which a CGH was printed by a laser lithography system (Heidelberg Instruments DWL 66+). The 
specification of this system is shown in Table 3. For printing the CGH by the laser lithography system, the BMP image 
data was converted to a CAD data. The pixel pitch of the printed CGH was 0.8µm, which corresponds to ±23.3° field of 
view when reconstructed by 633nm wavelength light. 

 

Table 2. Parameters used in 3D image reconstruction. 

Resolution of hologram 65536 × 65536 pixels 

Resolution of RSP 65536 × 65536 pixels 

Number of orthographic images 64 × 64 

Resolution of an orthographic image 1024 × 1024 pixels 

Wavelength 633nm 

Pixel pitch 0.8µm 

Propagation distance 0.12m 
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Fig. 6. Geometrical parameters of object, RSP, and hologram. 

 

 
Fig. 7. 3D image reconstructed from the synthesized hologram using proposed method. 
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(a) 

 
(b) 

Fig. 8. Optical reconstruction of the 3D image from the CGH fabricated by the system using laser lithography. (a) Front 
view and (b) some different angles. 

 

 The results of numerical and optical reconstructions are shown in Fig. 7 and Fig. 8, respectively. The CGH was optically 
reconstructed by the transmitted illumination of spherical wave from He-Ne laser (633nm). As shown in these figures, the 
optical reconstruction has high image-quality at the same level as numerical one. Thanks to ray-wavefront conversion, the 
complicated expressions were successfully reproduced in the reconstructed image, and the resolution was still high even 
with the deep scene as shown in the figures. 
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CONCLUSION 
 

We proposed a fast calculation method to synthesize CGH of realistic deep 3D scene hologram based on ray-wavefront 
conversion and orthographic projection. In the proposed method, orthographic projection is utilized to separate redundant 
light-waves, which do not incident on the hologram plane. By numerical experiments, the effect of acceleration in CGH 
calculation was experimentally evaluated, and the 3D image reconstruction with the CGH including the large and deep 
objects was demonstrated. In the demonstration, the calculated CGH was recorded by the printing system using laser 
lithography and demonstrated deep 3D image reconstruction. The large and deep 3D scene containing complicated texture, 
light reflection, and refraction was successfully reproduced with the practical computational time for calculating the 
corresponding hologram. 
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