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Abstract

:

Floating holograms using holographic optical element screens differ from existing systems because they can float 2D images in the air and provide a sense of depth. Until now, the verification of such displays has been conducted only on the system implementation, and only the diffraction efficiency and angle of view of the hologram have been verified. Although such displays can be directly observed with the human eye, the eye’s control ability has not been quantitatively verified. In this study, we verified that the focus of the observer coincided with the appropriate depth value determined with experiments. This was achieved by measuring the amount of control reaction from the perspective of the observer on the image of the floating hologram using a holographic optical element (HOE). An autorefractor was used, and we confirmed that an image with a sense of depth can be observed from the interaction of the observer’s focus and convergence on the 2D floating image using a HOE. Thus, the realization of content with a sense of depth of 2D projected images using a HOE in terms of human factors was quantitatively verified.
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1. Introduction


When a floating hologram is seen by an observer using a reflector, it appears as if a 2D image is floating in the air. This is also called a projection hologram, and is used not only for concerts and musical performances, but also in augmented reality (AR) systems for fighters and in head-up display (HUD) systems for automobiles [1]. A floating hologram uses a half-mirror system [2]. However, this system has a limitation in image size, as large floating holograms must have a screen that is equal to the display size. Thus, it is difficult to implement a sense of depth because the screen must be projected from a long distance from the half mirror, which is also an inevitable part of the system’s enlargement [3]. This limitation can be solved with a holographic optical element (HOE) such as a holographic lens, which is developed using holography. A HOE is recorded by using two laser beams, i.e., an object beam and a reference beam, which interfere in the volume of the holographic film. During recording, the object beam is shaped by introducing the lens on the beam path. During reconstruction by illumination with the reference beam, a holographic lens reproduces the refractive power of a lens used in the holographic recording. A system that projects 2D images using a HOE is being studied in companies, institutions, and schools. However, such systems are limited in terms of implementation, and there is currently no system that verifies and evaluates the system from a human factor perspective. To determine this human factor perspective, we attempted to verify the depth of a floating hologram using a HOE. We estimated the change in lens thickness that happens when a person sees an object. This verification meant that the content of focal imaging using a HOE quantitatively verified the control ability of the human eye.




2. Background Theory


The human visual system relies on various factors, such as depth, to perceive the shape of a real object’s three-dimensional (3D) effect. Depth perception refers to obtaining a perception of the distance from the front to the back of a 3D solid. The use of the difference in vision between the eyes to perceive the 3D effect of an object is called stereoscopic vision [4].



In general, there are a number of factors influencing the 3D perception of objects in space. One can perceive depth with the image generated by two eyes and that generated by one eye. When both eyes look at an object, the vision function is automatically adjusted to recognize the distance to the target object. With this recognition of the absolute distance, the functions of accommodation and convergence act, resulting in a natural state in which the same 3D image is obtained.



2.1. Convergence Response


Since the structure of the human eye provides a range of vision of up to approximately 6 cm to the left and the right, it allows for the perception of depth. The main factors affecting depth perception are binocular disparity and vergence [5]. Eye movement changes according to the binocular function based on the focus adjustment and the absolute distance to the actual object; moreover, the relative distance can also be recognized. Figure 1a shows that the angle of vergence of both eyes increases when viewing a nearby object. Figure 1b indicates that there is a decrease in the convergence angle when viewing a distant object [6,7].




2.2. Accommodation Response


When a person looks at an object, the eyes focus on a specific point and create a clear image, and objects before and after the target object are perceived as blurred such that the relative position from the object can be known [8]. That is, the focus of the lens is automatically adjusted to create a clear image, and this change in focus occurs due to one eye, not two eyes. This is called focusing. As shown in Figure 2, at close range, the ciliary muscle contracts, the ciliary body relaxes, and the lens becomes thick. When viewed from farther away, the ciliary muscle relaxes, the ciliary body contracts, and the lens becomes thinner [9].



The control and convergence responses are closely related: the control reaction causes the convergence reaction, and the convergence reaction causes the control reaction [10]. All objects that are in focus naturally exist in the spatial domain and are expressed [11]. However, stereoscopic 3D technologies do not work because they are closely related to this focus control and congestion response. As shown in Figure 3, the image is clearly visible, but not the distance; thus, the viewer should fix the focus according to the depth of the real object by focusing on a fixed distance. Eventually, in a stereoscopic 3D image, the image appears blurred on the viewer’s retina. As a result, the human visual system operates to refocus on the image that is not clear because of the focus control function; thus, the motion to automatically focus on the object of interest and the motion to refocus on a clear image are continuous. This causes repetitive motion, resulting in eye strain [12,13,14,15].





3. Materials and Methods


3.1. Design of a Floating Hologram System Using a HOE


Figure 4 shows the recording stage of a holographic lens using reflection-mode geometry and its reconstruction stage. At the recording stage in Figure 4a, the HOE was developed by exposing the holographic film with two beams incident on the film from opposite sides. The developed HOE is an optical device that reproduces the signal light beam by illuminating it with the reference light beam, as shown in Figure 4b. The HOE has the transmission characteristics required in augmented reality (AR) and the characteristics of an optical element for image expression [16,17,18,19,20,21].



Figure 5 shows the design of a 2D projection system using the HOE. The HOE can replace the existing aspherical concave mirror, providing a relatively free optical path design. Because it is transparently arranged to project the external environment, the observer can see a reality in which the external environment and the AR image are mixed [22].




3.2. Materials to Measure the Accommodative Response


In this study, the control response in the binocular state was measured using a Shin-Nippon N-vision K5001 autorefractor [23]. An autorefractor is a computer-controlled measuring machine commonly used during eye examinations to objectively measure a patient’s refractive error. With the N-vision K5001 wide-view window, the subject can be seen naturally with both eyes, thereby easing measurement collection. Figure 6 shows such a system. An environment where the observer naturally sees the image with human eyes and how the human eye changes when observing the content was measured by combining an open-type autorefractor and a 2D projection display system using a HOE.




3.3. Experiment Design


Two experimental configurations were used to test this hypothesis. The first configuration was the depth of the content located according to the actual optical design. To check whether the augmented content was reproduced with an appropriate depth and size, a marker was set up at the depth where the augmented 2D projected image was reproduced using a camera, and the focus was placed on the same plane. In the second setup, the N-vision K5001 autorefractor, as shown Figure 7a, was placed to enable the viewer to see it at a distance of 0.67 D diopter, which was the distance the actual content was augmented. After projecting an image at a location that satisfied the initial conditions for recording the HOE, the control response of the eye to the observer was measured.



The HOE was manufactured as a screen that functioned as a convex lens with a focal length of 500 mm using the reflective hologram recording method, as shown Figure 7b. The material used was silver halide of U08C holographic film. Holograms were recorded using a monochromatic light with a wavelength of 532 nm [24,25,26]. The parameters of the floating hologram system using the HOE screen are listed in Table 1.



Figure 8 shows the entire system of acoustic response measurement using the HOE. At the time of measurement, the comparison target group was measured using an actual target and a virtual image was reproduced using the HOE screen. Shin-Nippon’s N-vision K5001 autorefractor was used as a control force-measuring instrument, currently used in ophthalmology to measure the thickness change of the lens in real time. Accordingly, the amount of control reaction of the eye was measured by comparing the actual target and the virtual image reproduced using the HOE screen.





4. Results and Discussion


4.1. Measuring the Depth of a Floating 2D Image


We needed to confirm that the virtual image was floating at 150 cm, as the initial optical was designed. The marker was placed at 150 cm and the camera was used to focus on the marker. We verified that the virtual image was clearly visible at 150 cm. In Figure 9a, the camera was focused on the HOE plane. In this case, both the marker 100 cm away and the floated virtual image 150 cm away were out of focus. In Figure 9b, the camera was focused on the marker, and Figure 9c is the result of the camera focusing on the virtual image display. Through this process, verification that the virtual image was floating at 150 cm was acquired by focusing the camera.




4.2. Measurement Results of the Accommodative Responses


Qualitative and weak variables were used to analyze the difference in the average between groups using a paired t-test. SPSS Ver.18.0 for Windows was used for data analysis. The paired t-test method is a statistical method that measures two variables within a group to determine whether there is a difference in means. A large t-value means that there is a high possibility of a difference in means. In addition, if the p-value is less than 0.05, it can be interpreted that the difference between the means of the two groups is significant. If the p-value value is greater than 0.05, it can be interpreted that the difference between the means of the two groups is not significant. Parametric statistics, which analyze the population probability distribution assuming a normal distribution, were used to compare the amount of controlled reaction in each environment [27]. In general, parametric statistics are used for data that are continuous variables and have a large number of samples. The parametric statistics should therefore have a sample of at least 30 people. The regulated response of 30 participants was measured in this experiment [28,29].



4.2.1. Comparison Results of the Control Reaction between the Target Position of 1.00 D and the Virtual Image Plane


N-vision K5001 was used to measure and compare the amount of modulated response between the 1.00 D (100 cm) real stimulus and the holographic stimulus (Table 2). When the modulatory responses to the 1.00 D stimulus and to the stimulus at the virtual image position were compared, a higher result for the first one was obtained. The significant probability value was less than 0.05, which implied that the difference in the means of the two result diopters was significant. Therefore, the difference between the two values was statistically significant and the two result values in the first experiment meant a statistically different value.




4.2.2. Comparison Results of the Control Reaction between the Target Position of 0.67 D and the Virtual Image Plane


N-vision K5001 was used to measure and compare the amount of modulated response between the 0.67 D (150 cm) real stimulus and the holographic stimulus (Table 3). The first and second values were found to have similar diopter values when the modulatory responses to the 0.67 D stimulus were compared to the stimulus at the virtual image position. The significant probability value was higher than 0.05, which meant that the difference between the means of the two resulting diopters was not significant. Therefore, the difference between the two values was not statistically significant and the two result values in the second experiment were statistically the same.






5. Conclusions


This study proposed a method to measure the depth of the reconstruction image of the floating hologram system using a HOE by measuring accommodation response. Figure 10 and Figure 11 show the result of observing the control response to the real target and the virtual image plane at 100 cm and 150 cm, respectively. As seen in Figure 10, the results of the experiment showed that the congestion of the accommodative response and the mismatch of the control occurred at a distance of 1.00 D, which was a target located 50 cm closer than the reconstruction image in the virtual image plane. Figure 11 shows the result of observing the accommodative response after placing the actual target at a distance of 0.67 D, which was the same distance as the virtual image plane. The results of this experiment confirmed that the experimenters focused on the virtual image at a distance of 0.67 D (150 cm), which the location designed for the initial design using a HOE. This confirmed that the visual image depth identified by the camera was the same as the visual image depth measured by the acoustic response of the eye. The experimental results confirmed that when the augmented virtual image of the floating hologram produced through the HOE screen was observed by the human eye, the accommodative response due to the adjustment of the thickness of the lens was consistent with the image restoration position, such as the optical design value. This indicated that the floating hologram system fabricated using the HOE screen could provide an observer with a natural and deep 3D image.
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Figure 1. Convergence angle of human eye: (a) wide; (b) narrow. 
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Figure 2. Changing thickness of the lens of the human eye: (a) looking at far point; (b) looking at near point. 
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Figure 3. Accommodation and convergence distances: (a) agreement; (b) disagreement. 
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Figure 4. Holographic optical element (HOE) recording and reconstruction: (a) recording; (b) reconstruction. 
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Figure 5. Floating hologram system using a HOE. 
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Figure 6. Measurement system using autorefractor for floating hologram system with a HOE. 
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Figure 7. Main device for measuring accommodative response: (a) autorefractor, and (b) HOE screen. 
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Figure 8. Real system model for accommodative response measurement. 
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Figure 9. Focal plane distance measurement: (a) HOE plane (500 mm); (b) target plane (1000 mm); and (c) virtual image plane (1500 mm). 
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Figure 10. Comparison of accommodative response of target (1.00 D) and virtual image planes. 
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Figure 11. Comparison of accommodative response of target (0.67 D) and virtual image planes. 
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Table 1. Specifications of a floating hologram projection system using HOE.






Table 1. Specifications of a floating hologram projection system using HOE.





	Index
	Value





	Recording material
	U08C



	Focal length of HOE
	500 mm



	Size of HOE screen
	100 mm × 125 mm



	Wavelength
	532 mm



	Resolution
	Over 1000 line/mm



	Diffraction efficiency
	48.50%



	Distance: Virtual image–HOE screen
	3000 mm



	Distance: Diffuser–HOE screen
	430 mm



	Distance: HOE screen–eye box
	500 mm



	Distance: Projector–diffuser
	300 mm
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Table 2. Comparison of control reaction between 1.00 D and virtual image.
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Mean ± SD

	
MD

	
t

	
p-Value






	
Target

	
Virtual Image

	
−0.36

	
−8.335

	
p < 0.001




	
(1.03 ± 1.01)

	
(0.67 ± 1.02)








Unit: D, SD: standard deviation, MD: mean difference.
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Table 3. Comparison of controlled reaction amount between 0.67 D and virtual image.






Table 3. Comparison of controlled reaction amount between 0.67 D and virtual image.





	
Mean ± SD

	
MD

	
t

	
p-Value






	
Target

	
Virtual Image

	
−0.02

	
1.225

	
0.311




	
(0.69 ± 1.03)

	
(0.67 ± 1.37)








Unit: D, SD: standard deviation, MD: mean difference.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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