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Modern Pepper's ghost—“floating hologram”—systems generally use transparent screens called half mirrors or foils. this system must have the same screen size as the image size in order to display a large-sized image. Further, depth of the image can only be obtained from the distance between the screen and the display panel. These limitations can be overcome using holographic optical elements (HOE). HOE is made by recording as a refractive force of the lens with holographic material. In this study, the numerical values of the reconstructed images were theoretically analyzed through optical ray tracing, and the theoretical design of the reconstructed image size and depth plane was numerically measured and experimentally verified.
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1. INTRODUCTION

There are several 3D displays that their developers claim to be “holographic” [1]. In particular the modern versions of the Pepper's ghost illusion—invented by the English scientist John Henry Pepper in 1862—are often call “floating holograms” by the general public and the media. Pepper's ghost technique displays 2D images on the reflector to create the effect of floating virtual 3D images for the viewers [2–4]. The system typically uses transparent screens called half mirrors or foils as a way to project 2D images in the space. This system has a 1:1 ratio of the size of input and output images, and the depth takes place near the screen. This limits expressing flotation and depth. To solve this problem, a holographic optical element (HOE) can be used as a screen. Projecting a 2D image using HOE enables the determination of the size and depth of the image by the lens equation given in Equation (1) [5–9]. Here, do represents the object distance, di represents the image distance, and f represents the focal distance of the lens [10–12].
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This can change the 2D projection image displayed on the conjunctive surface using HOE. The HOE can operate a screen with the refractive force of the lens. Thus, the observer can see an augmented virtual image by the other side of the HOE, and this displayed image represents a magnified image in a deeper depth plane [13–16]. In this study, It is constructed using off-axis holographic techniques that lens objects used. We set the reference light to plane wave to ensure that HOE which has the function of the lens whit the correct focal distance. Thus, amplitude is 1, phase is zero, and incident angle is θ. Reference light has the following equation on the hologram plan given in Equation (2).
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Therefore, the off-axis hologram can be expressed given in Equation (3).
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If the reference beam is illuminated as recorded in this off-axis hologram, the image is reconstructed as shown given in Equation (4).
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The first term is direct light and is called DC term. The second term is object light, which in the case of HOE is light that functions as a lens. The third term is the conjugate light, which proceeds approximately in 2θ direction. Because of exp(i2kx sin θ) ≈ exp(ikx sin 2θ) [17–19]. Therefore, HOE is equivalent to applying the refractive function of a lens to a hologram medium by positioning and recording the lens instead of the actual object in the conventional hologram method.



2. MATERIALS AND METHODS


2.1. Optical Design Based on Ray Tracing

HOE is an optical element that records the interference patterns of the reference light and object's light on the photosensitive material [20]. While illuminating the reference light after recording, illumining the object light under the same conditions as the recorded reference light can work as lenses. Figure 1 is a schematic diagram of the augmented 3D display system using HOE [21, 22].


[image: Figure 1]
FIGURE 1. Schematic diagram of the augmented image system using HOE.


This hologram system with HOE utilizes displayed 2D images that are 150 × 150 mm size of the diffused projected image as a source. The diffused image distributes each source point to create an in-place light path of the reference beam used to record the HOE. The light sources of this image are transmitted through the HOE to gather at a specific distance to create one image. As such, HOE can replace the role of a non-spherical concave mirror. If this display system design is applied with several approximation caused by the replacement of thin films, the design of a system capable of observing high depth and magnified augmented 3D images is possible as a small volume optical system.

Figure 2 can show that equivalent model of the HOE display system represents the relationship between parameters approximately. Through this model, we know that how the distance between diffuser plate and HOE varies depending on the focal distance of the HOE. As we can see from the equivalent model, the lens focal distance is eventually set to a position similar to the position of eye-box, and the diffuser must be placed near the lens's focal point in order to display the 3D visual image.


[image: Figure 2]
FIGURE 2. Equivalent model-based system schematic diagram for design parameter definition.





3. RESULTS AND DISCUSSION


3.1. The Definition for Value of System Components

HOE calculates the maximum angle of diffusion in an optical diffuser and has the size that all diffused rays can be inputted into HOE. If the optical diffuser is too far away from the HOE, the amount of light is decreased because the HOE does not accept all the light from the optical diffuser. On the other hand, if the optical diffuser is too close to the HOE, it is difficult for observers to see a virtual image because size of the eye-box is also decreased. In Figure 1, Lv is the length of one axis of the augmented virtual image on the HOE. Ld is the length of a single axis of the 2D projection image that is imaged on an optical diffuser. ddh is the distance from the optical diffuser to the HOE. doh is the distance from the observer's eye-box to HOE, and dvh represents the distance from HOE to augmented virtual image. However, there are two assumptions here, the first is that HOE can be approximated with thin lenses, and the second is that there is no spherical difference. Under these assumptions, an eye box is formed near the HOE focal plane considering the central ray. Strictly, the eye box does not exactly form on the focal plane, but this numerical differences that do not interfere with the visual display can be ignored. Using these assumptions and basic lens equations, we can create several equations that can be applied to the proposed system. do represents dvh as the object distance, but the reference light direction (+) in accordance with the lens convention results in do = −dvh because the opposite side of the lens is (-). This allows the equation for fHOE to be summarized as [image: image]. This organized equation can be used to represent it as [image: image]. Assuming that HOE is approximated by a thin lens, the distance doh from the eye-box to HOE of the observer is fHOE. Therefore, Ld can be represented as doh : Ld = dvh : Lv proportional to the distance doh from the observer's eye-box to HOE and the distance dvh from HOE to the virtual image. Therefore, the size of the virtual image represented by one axis length of the Augmented virtual image from HOE can be obtained from the Equation (2) as below.
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3.2. Analysis of Reconstructed Holographic Image

Using the HOE of the transparent film has the advantage of allowing the observer to observe the reality mixed with the external environment and augmented reality (AR) images. The parameters of the entire system using HOE are shown in Table 1.


Table 1. Specification of the Augmented 3D image display system using HOE.

[image: Table 1]

We used U08C of silver halide film from ULTIMATE in this system. because it has excellent reconstruction properties for collars and is also capable of high-resolution representations [23, 24]. The HOE used a reflective holography recording method, a lens with a focal distance of 700 mm as an object beam, and the reference beam was recorded at a distance of 300 mm using a point light source. The target specification was to reconstruct the 350 × 350 mm sized augmented virtual image at a distance of 700 mm from the HOE. We numerically calculated the optical design for the size of the initial image displayed on the diffuser designed for it, the distance from the diffuser to the HOE, and the distance from the observer to the HOE. By calculating these three parameters and substituting them, the size and depth of the virtual images were obtained. It can be seen that the position on the eye box viewed by the observer is the same as the position of the focal distance of the HOE lens, and when there is an illusion at an infinite depth, the position of the diffusion plate is the same as the focal distance. Therefore, the position of the diffuser should be set up on the eye box. The focal distance of the lens and the distance from the HOE to the diffuser are derived using the lens manufacturer's formula. According to the lens manufacturer's formula shown in Equation (1), the distance between the diffusion plate and the HOE is calculated to be 210 mm. Thus, do is 210 mm, and do is −700 mm if the virtual image appears at a distance of 700 mm. Solving the equation, focal length of HOE comes out to be 300 mm. Therefore, the focal length of the HOE should be 300 mm. The diffuser consisted a diffusing film with a diffusing angle of 10° in a 200 × 200 mm sheet. The size of the image to be imaged in the diffuser determines the size of the virtual image at a distance of 700 mm and can be defined by Equation (5) from the proportional expression using light tracing from the HOE.

Figure 3A shows camera focusing at a distance of 210 mm when the image is displayed using half-mirror, and Figure 3B shows the displayed image when camera focusing is at a distance of 700 mm. The half-mirror of the system does not operate as a lens, so it just displayed without magnification and image depth is also same as a distance between diffuser and half-mirror. Unlike half-mirrors, the proposed system using HOE which used holography to produce refractive power is able to display magnified images at a deeper depth. Figure 3C is the reconstructed image after focusing the camera at a distance of 700 mm in the proposed system and Figure 3D is the reconstructed image after focusing on 210 mm. This proves that the image is reconstructed at a depth of 700 mm as a 350 mm size of image which is magnified about 2.3times. In this research, we analyzed numerically and produced the self-reflection force of the screen using HOE screens recorded by holographic methods. It's a different method than the previous general half-mirror display system. This not only has the advantage of minimizing the volume of typical systems, but also offers observers with large AR images augmented at a comfortable depth without composition of complex and massive systems.


[image: Figure 3]
FIGURE 3. Virtual images from augmented 3D image display system. (A) Focused 2D projected images at 210 mm on the general system. (B) Defocused 2D projected images at 700 mm on the general system. (C) Focused 2D reconstructed images at 700 mm on proposed system with HOE. (D) Defocused 2D reconstructed images at 210 mm on proposed system with HOE.


Although the reconstruction plane is accurately calculated and displayed, there is one problem to be solved in this system. Even if Image inputted as off-axis is recorded on the medium to match the signal entering„ the quality of reconstruction image is reduced because off-axis display has still astigmatism. In the case of Figure 4A below, spot diagram was simulated according to the zero, 30 and 45° angle inputs at the focal plane of the output. Generally, we can say that the RMS error allowed in the image of distortion in the typical spot diagram of the projector's optical system is up to 7–8%, and it also that there is no issue to recognize reconstructed image from human eye [25]. As we can be seen in Figure 4A, the spot diagram at the focal plane, which is reproduced at an angle of incidence from 0 to 35°, satisfies this within 5%. However, the spot diagram in the focal plane, which reconstructed at an angle of 45° is 11% less than satisfactory value. Figure 4B can be simulated to determine Astigmatism difference. As images are display as near focus plane by off-axis input, we can see that the results for reconstructed images has the difference focal plane at 45° and it has difference of ~80 um in minus direction. The distortion curve can also be found to have the biggest error curve in the image by a 45° of input image.


[image: Figure 4]
FIGURE 4. Aberration analysis for off-axis signals using optical simulation. (A) Spot-diagram in the focal plane of HOE for Off-axis signal input. (B) Analysis of astigmatism in the focal plane of HOE for Off-axis signal input.





4. CONCLUSION

In this research, we proposed a new display system using HOE with a refractive function fabricated using holography in conventional floating hologram techniques that can be displayed with simple light-paths. In traditional displays case, it is 1:1 ratio displays with the size of the screen being the same as well as the depth of the image being the same as the distance between the source and the screen. Therefore, there was no other way than to expand the volume of the system to implement a user-friendly eye depth and a large screen. However, if we use refractive power of the lens using holography, it is not necessary to fabricate elements, such as non-spherical lenses or diffractive optical elements(DOE). from this work, source images entering Off-axis at an angle of 45° were re-imaged using one HOE and resulting in 150 mm of source images expanding to a size of 350 mm, as well as the depth of the images overlapped with real-world making it easier for users to see. In addition, it proved that simplified method using an equivalent model was proposed to enable users to implement a minimum resolution to view AR images through simulation. The loss of amplitude and phase was minimized by using the HOE of the display using Off-axis as a signal. It is true that there are several problems to be improved, such as aberration from off-axis and diffraction efficiency form hologram material. In the future, if various ways to solve aberration and display high luminance are presented, it is expected that AR display industry will be able to use it in various fields, such as AR-glass, head-up display (HUD), and mobile AR cameras.
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