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Abstract:



The synthetic holographic stereogram printing technique can achieve a three-dimensional (3D) display of a scene. The development and research status of the synthetic holographic stereogram printing technique is introduced in this paper. We propose a two-step method, an infinite viewpoint camera method, a single-step Lippmann method, a direct-write digital holography (DWDH) method and an effective perspective images’ segmentation and mosaicking (EPISM) method. The synthetic holographic stereogram printing technique is described, including the holographic display with large format, the large field of view with no distortion, the printing efficiency, the color reproduction characteristics, the imaging quality, the diffraction efficiency, the development of a holographic recording medium, the noise reduction, and the frequency response analysis of holographic stereograms.
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1. Introduction


Holography is a three-dimensional (3D) display technology based on the interference and diffraction of light waves, and it was first proposed and realized by Gabor [1]. For almost two decades, computer technology and holography have been integrated more closely, and holographic printing techniques have developed rapidly. Compared with the conventional optical holography, the hologram of virtual scenes can be stored into the holographic recording medium with the help of holographic printing techniques. Holographic printing techniques have been widely used in various fields [2,3,4,5,6], such as military, architecture, commerce, automotive industry, and entertainment.



According to the different sources of interference patterns and different approaches of recording, holographic printing techniques can be categorized into three types: synthetic holographic stereogram printing, holographic fringe printing, and wavefront printing. In synthetic holographic stereogram printing, the 3D scene is reconstructed by sequential perspective images that are captured by a tracking camera or modeled by a computer with rendering techniques. After being interfered with by the reference beam, the information of perspective images is stored in the holographic recording medium. During the reconstruction of holographic stereograms, stereoscopic vision occurs when different perspective images with parallax information is viewed, and the parallax is changing when eyes are moving [7,8]. In holographic fringe printing, interference patterns are calculated by the computer, displayed by the spatial light modulator (SLM) and printed on the holographic recording medium directly [9,10,11,12,13,14]. Thin transmission holograms, such as the Fresnel hologram, the rainbow hologram, the image hologram, and the holographic stereogram, can be achieved [15,16,17]. In wavefront printing, the holograms are calculated by a computer, but the algorithm is different from that of holographic fringe printing. Holographic fringe patterns are diffracted and propagated to the recording medium, interfered with by the reference beam, and reflection volume-type holograms can be achieved [18,19,20,21,22,23,24,25,26].



Compared with holographic fringe printing and wavefront printing, since there is no complex diffraction calculation, synthetic holographic stereogram printing is the only holographic printing technique in application currently, and it is developing rapidly. In addition to the laboratory research, there are several companies worldwide engaging in synthetic holographic stereogram printing and providing related business services, such as Zebra Imaging Inc. in the United States as well as Geola Inc. and XYZ Imaging Inc. in Europe [3]. It is beneficial to readers to have a systematic review of the synthetic holographic stereogram printing technique. This paper introduces research on the synthetic holographic stereogram printing technique and other related topics.




2. Development of Synthetic Holographic Stereogram Printing Technique


Synthetic holographic stereogram printing was first proposed by DeBitetto [27] and promoted by King et al. [28]. The earliest synthetic holographic stereograms are horizontal-parallax-only (HPO) holographic stereograms. When the viewer is not located at the slit plane of the stereogram, there will be image distortions. The problem will not occur in full parallax holographic stereograms. With the two-step method, we can achieve a real–virtual combined holographic stereogram, i.e., the reconstructed 3D scene is viewed inside or outside of the holographic recording medium. The production and reconstruction of the two-step method is shown in Figure 1 [29]. Full parallax perspective images of the scene are acquired under incoherent illumination, and Fresnel holograms of them are recorded in different hogels (holographic elements) successively (see Figure 1a). When viewing the master hologram, eyes should be close to the positions of aperture pupils (see Figure 1b). To separate the aperture pupil plane and the viewing plane, the master hologram ([image: ] plate) should be recopied to the transfer hologram (the [image: ] plate) with the image hologram photographing method, i.e., there are double exposures in the two-step method (see Figure 1c). When viewing the transfer hologram from different virtual pupil positions, different perspective images can be captured by human eyes, and the stereoscopic vision is formed (see Figure 1d).


Figure 1. Production and reconstruction of the two-step method. (a) The production of the master hologram. (b) The reconstruction of the master hologram. (c) The reproduction of the master hologram to the transfer hologram. (d) The reconstruction of the transfer hologram. (Reprinted with permission from ref [29], [OSA]).
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Since the 1990s, the media lab of Massachusetts Institute of Technology (MIT), the imaging science and engineering laboratory of Tokyo Institute of Technology, and the General Optics Laboratory (Geola) have been researching the synthetic holographic stereogram printing technique [30]. To simplify the process of the two-step method, they proposed the infinite viewpoint camera method [31,32], the single-step Lippmann method [33,34], and the direct-write digital holography (DWDH) method [3,35,36].



MIT studied the problem of image distortions in HPO holographic stereograms and proposed two predistortion techniques, i.e., the infinite camera predistortion method and the perspective slicing predistortion method. The infinite viewpoint camera method for synthetic holographic stereogram printing was proposed, whose core idea was to transform the perspective images into parallax related images. The perspective images are first captured by an infinite camera, and the light arriving at the hogels can be considered as bundles of parallel light approximately since the distance between the camera and the holographic recording medium is far enough. The transformation is just an operation on a series of arrays as shown in Figure 2 [29]. Suppose there are [image: ][image: ] perspective images, and each image contains [image: ][image: ] pixels. The perspective image matrix is expressed as [image: ]. All pixels at the same location of each [image: ] are extracted to form a new matrix [image: ], which denotes a parallax-related image. During the holographic printing, a convex lens is used to control the refraction direction of light rays. The resolution of reconstructed images equates to the number of hogels. A double-frustum algorithm for rapidly generating image data for full parallax holographic stereograms was proposed by Halle et al. [37]. There is a special renderer with an orthoscopic camera and a pseudoscopic camera together, and each exposing image is synthesized by using rendering images of these two cameras.


Figure 2. Transformation principle of perspective images in the infinite viewpoint camera method. (Reprinted with permission from ref [29], [OSA]).
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In the single-step Lippmann method, the exposing images for hogels are acquired by the perspective projection, not by camera sampling, and the principle of this method is shown in Figure 3 [29]. Based on the center of each hogel, scene points are projected to the position of liquid crystal display (LCD), respectively (see Figure 3a). According to the viewer’s position, the occlusion relation of scene points in space should be considered and the hidden surfaces should be removed. The calculated images are then displayed on the LCD, converged through the lens, and recorded on the hogels (see Figure 3b). During the reconstruction of the scene, light rays are diffracted from each hogel in the same way as the image calculation; thus, the viewer can perceive the scene (see Figure 3c). The double-frustum algorithm can be also applied to the single-step Lippmann method.


Figure 3. Principle of the single-step Lippmann method. (a) Calculation of an exposing image. (b) Optical setup of the method. (c) Reconstruction geometry for the holographic stereogram. (Reprinted with permission from ref [29], [OSA]).
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Geola Inc. has realized full parallax holographic stereogram printers with pulse lasers [35], while the commercial products provided by Geola Inc. are only HPO holographic stereograms. The DWDH method was proposed by Bjelkhagen and Brotherton-Ratcliffe. The core idea of the DWDH method is the [image: ] conversion, i.e., the image transformation from the camera film plane to the SLM plane, which is usually referred as “I-to-S” transforming [38]. The principle of the DWDH method is shown in Figure 4. There are six principal planes, i.e., the hologram plane, the SLM plane, the projected SLM image plane, the camera plane, the film plane, and the projected film plane. There is the assumption of a small-aperture camera and a “point” hogel, and each image of the SLM plane is acquired by the pixel swapping technique from different images of film planes according to the ray-tracing principle. The spatial location relations of these planes are easily established, and there is an exact pixel matching relationship between the SLM plane and film plane.


Figure 4. Principle of the direct-write digital holography (DWDH) method.
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In the two-step method, the process is relatively complex with double exposures, and it is difficult to make a large-size hologram since we can hardly achieve large-format collimating light during the second exposure. There is only single exposure in the infinite viewpoint camera method, in the single-step Lippmann method, or in the DWDH method. Recently, a novel method based on effective perspective image segmentation and mosaicking (EPISM) was proposed by our group [29,38]. The principle of the EPISM method is shown in Figure 5. On the basis of ray-tracing principle and the reversibility of light propagation, the viewing frustum effect of human eyes is analyzed and simulated (see Figure 5a). With the segmentation and mosaicking of effective perspective images, synthetic effective perspective images for single-step exposure can be achieved (see Figure 5b). By using the EPISM holographic stereogram printing method, the image processing is simple and the reconstructed images are of high resolution.


Figure 5. Principle of the effective perspective image segmentation and mosaicking (EPISM) method. (a) The extraction of effective perspective image segment corresponding to a single virtual hogel. (b) The synthetic effective perspective image mosaicked by effective images segments of multiple virtual hogels. (Reprinted with permission from ref [29], [OSA]).
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Principles of different synthetic holographic stereogram printing methods have been described. Except for the two-step method, there is only single exposure in the other printing methods. According to different models to generate the hogel images, the methods mentioned above can be classified as two types [39]. In the first type, hogel images are generated by a camera placed on the viewing zone of the holographic stereogram. As shown in Figure 6, the hologram plane coincides with the camera image plane, and the camera is placed on every point of view on the viewing zone. Perspective images of the 3D scene are first captured by the camera, and they are then rearranged to generate hogel images. According to different transformation algorithms, there are examples of the infinite viewpoint camera method and the DWDH method. Although the hologram plane is not matched with the camera image plane in the EPISM method, the EPISM method can be also considered as the first type since the camera is placed on the viewing zone of the holographic stereogram. In the second type, hogel images are generated by a camera placed on the hologram plane. As shown in Figure 7, the camera is placed on every hogel of the holographic stereogram and the SLM plane coincides with the camera image plane. Hogel images are generated directly, and there are examples of the single-step Lippmann method and double-frustum algorithm. The camera’s field of view (FOV) is coincided with the hogel’s FOV, and the hogel image’s resolution coincides with the SLM’s resolution.


Figure 6. Hogel images are generated by a camera placed on the viewing zone of the holographic stereogram.
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Figure 7. Hogel images are generated by a camera placed on the hologram plane.



[image: Applsci 08 00851 g007]






For either the DWDH method or the EPISM method, the core idea is the [image: ] conversion. However, they are different, as shown in Figure 8. In the DWDH method, there are six principal planes, i.e., the hologram plane, the SLM plane, the projected SLM image plane, the camera plane, the film plane, and the projected film plane. There is the assumption of a small-aperture camera and a “point” hogel, and each image of the SLM plane is acquired by the pixel swapping technique from different images of film planes according to the ray-tracing principle. Consequently, there is an exact pixel matching relationship between the SLM plane and the film plane. Once the parameters of the printing system (such as the distance between the camera plane and the hologram plane as well as the pixel intervals of the film plane and SLM plane) are determined, the relationship between the hogel sizes of the camera plane and the hologram plane are fixed. In our proposed EPISM method, there are only three principal planes, i.e., the virtual master hologram plane, the SLM plane, and the transfer hologram plane, and only the hogels in the transfer hologram are considered as “point” hogels. The virtual master hologram plane and the transfer hologram plane in the EPISM method can be considered equally to the camera plane and the hologram plane in the DWDH method correspondingly. The images for hogels in the transfer hologram are acquired by the pixel mosaicking technique, not the pixel swapping technique. The DWDH method is based on single pixel mapping, whereas the EPISM method is based on the image block operation. The calculation burden in the EPISM method is much less than that of the DWDH method, especially for a full parallax holographic stereogram. Moreover, since it is the pixel mosaicking technique, the hogel sizes in the virtual master hologram and the transfer hologram can be arbitrary, without any limitations.


Figure 8. Differences between the DWDH method and the EPISM method.
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3. The Research Status of Synthetic Holographic Stereogram Printing


3.1. Holographic Display with a Large Format, a Large Field of View, and No Distortion


The MIT group studied the principle of synthetic holographic stereogram, which has a large format, a large FOV, and no distortions during image reconstruction. Ultragram was proposed to improve the distortion properties in HPO holographic stereograms [30,31]. A holographic display in the m2 level was achieved with hogels spliced by Benton et al. [40]. Zebra Imaging Inc. was founded by scientists from the media lab of MIT, and has successfully achieved holographic stereogram printing with high quality [41]. Zebra Imaging Inc. has provided tens of thousands of holographic maps for the US army since 2006. Holographic advertisement and holographic map produced by Zebra Imaging Inc. are shown in Figure 9.


Figure 9. Holographic advertisement (a) and holographic map (b) produced by Zebra Imaging Inc.
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From the perspective of diffraction efficiency and the FOV, holographic stereogram printing systems based on a diffuser or a diffraction optical element (DOE) were compared by Zherdev et al. Two embodiments of diffractive lens, i.e., the composite holographic lens (CHL) and the amplitude diffractive lens (ADL), were used to increase the FOV, and the FOV could be up to 120° [42].



Since the objective lens, the telecentric lens, and other optical elements are used in the holographic stereogram printing systems, there will be radial distortions when the images are projected by the SLM [43]. The radial distortions caused by the optical elements during the reconstruction of a full parallax and full color white light viewable holographic stereogram were studied by Park et al., while the peak signal-to-noise ratio (PSNR) and the structural similarity (SSIM) were used as imaging quality metrics [43].




3.2. Printing Efficiency


Printing efficiency is critical in holographic stereogram printing as it is the hogel-by-hogel printing method. The relationship between the total time of holographic printing and the factors such as hogel size, the light sensitivity of recording material, laser output power, exposure time, moving time, and waiting time was studied by Morozov et al. [44]. Spatial splitting technology and time sequential technology were proposed to improve the printing efficiency, and for a hologram with size [image: ], the overall printing time 250 min for conventional method reduced to 67 and 32 min, respectively.



A multichannel holographic printing method was proposed by Rong et al. [45]. Each perspective image of the 3D scene was segmented into nonoverlapping subimages, and subimages were rearranged to the encoding images firstly. The SLM was then partitioned into multi-areas that were independent spatially, and each encoding image was loaded to the corresponding channel of the SLM for exposing. With the proposed method, the printing time could be reduced significantly for large-scale holograms.



An array of small lenses and reduction optics were used to realize the parallel exposure by Yamaguchi et al. [46]. Since 12 hogels were simultaneously exposed by each exposure, the printing efficiency could be improved greatly, as the printing speed was about 10 times faster than the conventional method.



Compared with the continuous wave laser, the pulsed laser is not sensitive to vibrations or tiny temperature fluctuations, so the waiting time could be negligible during the exposure. Many researches and companies have successfully realized the synthetic holographic stereogram printing with pulsed lasers [47,48,49]. Geola Inc. and XYZ Imaging Inc. have cooperated to produce holographic printers, which could print differently sized, high-quality, and colorful holograms automatically. The first RGB pulsed laser holographic printer made by Geola Inc. in 2001 and the printed hologram are shown in Figure 10 [3,47].


Figure 10. The first RGB pulsed laser holographic printer made by Geola in 2001 (a) and the printed hologram (b). (Reprinted with permission from ref [47], [SPIE]).
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3.3. Color Reproduction Characteristic


With the development of the holographic recording medium, color reflection holography has been the focus of research in recent years. The diffraction wavelength selectivity of reflection holography and the colorimetric principle were analyzed, and the expression of reflection hologram colorimetric system was proposed by Wang et al., meanwhile the color reproduction quality of reconstructed images was evaluated [50]. Based on the spectral measurement of reproduced light, a new method of color management for a full-color holographic stereogram printing was proposed by Yamaguchi et al. [51]. The color shifts with the variations of illumination beam angle were also discussed, and it was shown that the specified colors could still be reproduced within a certain range of incident angle variation.



Based on the sensitometric characteristic of the holographic recording medium, multi-exposure [52] or space-division exposure [51] could be used in full-color holographic printing. In the multi-exposure method, the hogels were exposed by a single laser beam which combined the lasers of RGB colors simultaneously, and the recording effect depended on the dynamic range of recording material since there were three different gratings recorded in the region of the hologram [53]. In the space-division exposure method, the hogels were divided into different parts spatially, and each part was exposed with a single-color laser, and the diffracted light intensity would then decrease to one-third of that of monochromatic exposure as the recording density decreased.



A high-density light-ray recording method for a full-color, full-parallax holographic stereogram was proposed by Yamaguchi et al. [54]. RGB lasers were used for the production and reconstruction of colorful holographic stereogram, and the relationship between the hogel size and the reconstruction effects, such as the angular resolution and the visibility of the hogel’s array structure, was discussed. Experiment results showed that the angular resolution of reproduced light rays was 1.08° when the hogel size was 50 × 50 µm, which could satisfy the demand of the human visual system.




3.4. Imaging Quality


The relationship between the hogel size and the lateral resolution of the stereogram was analyzed by Lucente [55]. A hogel overlapping method for enhancing the lateral resolution of holographic stereogram was proposed by Hong et al. [56]. The shifting distance of hogel was smaller than the hogel size, and the maximum number of recordable overlapped hogels depended on the dynamic range of the holographic recording medium. Perspective images captured from different viewing points for the conventional and overlapping methods are shown in Figure 11. However, with such hard pupils overlapped method, the reconstructed images were blurred because of spectral aliasing.


Figure 11. Perspective images captured from different viewing points by Hong’s group: (a) conventional method and (b) overlapping method. (Reprinted with permission from ref [56], [OSA]).
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A band-limited diffuser was localized before the holographic recording medium to produce a high-resolution holographic stereogram by Yamaguchi et al., but some additional noises were introduced [57].




3.5. Diffraction Efficiency


Diffraction efficiency of the hologram is related to various factors, such as the properties of the recording medium, the light intensity ratio between the signal beam and the reference beam, the polarization properties of the beams, and the follow-up processing. Diffraction efficiency is highest when the light intensity ratio between the signal beam and the reference beam is about 1. A pseudorandom band-limited diffuser was used to modulate the signal beam and broaden the frequency spectrum of the Fourier-plane of the lens by Klug et al., and this resulted in an improvement of diffraction efficiency [58].



Additionally, in the optical hologram, from the perspective of the recording medium’s properties, some scholars have added nanoparticles to the recording materials to improve the diffraction efficiency, and the research results could also be applied to the holographic printing. For instance, 13 nm silica nanoparticles were added to the methacrylate photopolymers by Suzuki et al., and a noticeable reduction of scattering loss and a high-contrast refractive-index change were achieved [59]. A gold-nanoparticle-doped photopolymer was used to suppress side lobes of angle selectivity of volume holographic gratings by Cao et al., achieving a higher diffraction efficiency [60,61].




3.6. The Development of a Holographic Recording Medium


Three main types of holographic recording medium are silver-halide materials, dichromate gelatin materials, and photopolymer materials [3]. With such conventional materials, the holograms cannot be modified once the information is recorded into the materials, which means the lack of image-updating capability, leading to restricted use and high cost. Consequently, many scholars are committed to the study of updatable holographic recording medium. A holographic stereogram was recorded into a photorefractive polymer material achieved by Peyghambarian et al., resulting in a dynamically updatable holographic display, which could refresh images every 2 s [62,63]. Images from the updatable holographic 3D display is shown in Figure 12. Poly-doped organic compound was used in a holographic stereographic technique by Tsutsumi et al., resulting in an updatable holographic 3D display with fast response time and high diffraction efficiency [64,65]. A permanent holographic recording photosensitive material with high diffraction efficiency of about 90% was investigated by Gao et al. [66,67].


Figure 12. Images from the updatable holographic 3D display achieved by Peyghambarian’s group. (Reprinted with permission from ref [62], [Springer Nature]).
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3.7. Noises Reduction


In synthetic holographic stereogram printing, since it is usually set up on an anti-vibration system with an optical table, the main source of the noises comes from the movement of the motorized X-Y stage with the holographic recording medium hogel by hogel. In order to enhance the robustness of the printing system against the ambient noises, an anti-vibration algorithm was designed and applied by Lee et al., reducing the vibration significantly [68]. The schematic and prototype of the holographic stereogram printer is shown in Figure 13.


Figure 13. Schematic and prototype of the holographic stereogram printer produced by Lee’s group. (Reprinted with permission from ref [68], [SPIE]).
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The problem of speckle noises in synthetic holographic stereogram printing was also studied by Yamaguchi et al. [57]. A diffuser was used in the printing system to equalize the intensity distribution of the signal beam inside the hogel, but it would generate speckles. A moving diffuser was used to suppress the granularity noises and a multiple exposure method was used to suppress the high-frequency noises.




3.8. Frequency Response Analysis of the Holographic Stereogram


Holographic stereogram is an optical system, especially a diffraction limited system. It is difficult to understand the working mechanism of the system comprehensively if just from the perspective of geometrical optics. Considering from the angular spectrum, some scholars establish the angular regulation model, analyze the regulation mechanism, and discuss the frequency response of the holographic stereogram [69].



The modulation transfer function (MTF) of HPO image-plane holographic stereograms was constructed by St Hilaire et al., and the optimum sampling of the slit plane with fixed depth object points was also discussed [70]. The optical transfer function (OTF) of 3D display systems was investigated by Helseth et al., and the influence of the Stiles–Crawford effect of human eyes was also considered [71]. In our previous study, the wavefront reconstructed errors in the holographic stereogram were expressed as defocusing aberrations, and the frequency responses of the full-parallax holographic stereogram were studied when the Rectangle, the shaped Gaussian, and the shaped Blackman window functions were used as the exit pupil functions, respectively. The design criterion of the exit pupil function was then discussed [72]. Moreover, exit modeling and OTF analysis of the EPSIM-based holographic stereogram were carried out [38]. Characteristics of the OTF with respect to the exit pupil size and the aberration were investigated in detail. Hogel sizes, i.e., the sampling interval of original perspective images and the printing interval of synthetic effective perspective images, were optimized for the reconstruction. Optical setup of the holographic stereogram printing system and images of optical reconstruction from different perspectives are shown in Figure 14.


Figure 14. Optical setup of the holographic stereogram printing system (a) and images of optical reconstruction from different perspectives produced by our group (b). (Reprinted with permission from ref [38], [Springer Nature]).



[image: Applsci 08 00851 g014]








4. Conclusions


Holographic printing techniques can be used for a realistic 3D display, and synthetic holographic stereogram printing is the only holographic printing technique in application currently. In this paper, the development and research status of the synthetic holographic stereogram printing technique is introduced in detail. We predict that the synthetic holographic stereogram printing technique will rapidly develop and that holographic stereogram printers will enter our daily lives for personal use in the future.
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