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ABSTRACT 

The equations for calculating 3D image contrast 

considering illumination from the ceiling/background and 

screen reflectance were derived. We also measured 

contrast on our volumetric 3D display using a helical 

rotating screen. The effects of ceiling/background 

illumination and screen reflectance on the 3D image 

contrast were clarified. 

1 Introduction 

Binocular stereo displays are currently the most popular 

3D systems [1], [2]. However, they exhibit apparent 

weaknesses, such as only a single or, at most, a limited 

number of viewpoints and inability of providing side or 

backside views of objects. They often require observers to 

wear special glasses. On the contrary, the volumetric 3D 

displays, which provide light pixels in 3D spaces, can offer 

observation from universal directions without a use of 

special eyeglasses [3], [4].  

We focused on an advanced volumetric display method, 

wherein multiple layers of cross-sectional images are 

formed on a rotating helical screen by a projector 

synchronized with the rotation speed of the screen [5-7]. 

However, this 3D system has a potential problem in that  

invisible regions are partially assumed in the cylindrical 

display volume formed by the rotating helical screen [8-10]. 

Using a light path simulation method, we proved a 

possible enlargement of the visible region using a 

transparent screen [11]. However, we also found that the 

transparent screen brings reduction of brightness and 

results degradation of image visibility. In general, image 

contrast is a dominant parameter that controls image 

visibility.  

In this study, we derived equations for calculating the 

contrast of our 3D system. We also preformed actual 

measurements of contrast using opaque and transparent 

helical screens on our prototype 3D display. Thus, we 

clarified the effects of ceiling/background illumination and 

screen reflectance on the contrast of 3D images on a 3D 

display with a rotating screen. 

2 Construction of our 3D Display System 

 The arrangement of the 3D display system is illustrated 

in Fig. 1. This 3D display system consists of a digital mirror 

device (DMD) projector (ViALUX: STAR-07 RGB, 

1024×768 pixels, throw ratio = 1.8) and a helical screen of 

opaque or transparent type (Fig. 2). The projected cross-

sectional images were synchronized with trigger pluses 

from the rotating helical screen. The DMD projector formed 

multiple layers of cross-sectional images on a rotating 

helical screen. The rotation speed of the screen was set to 

1800 rpm, which was determined to be a sufficient for 

         

              

  

        

             

     

                    

       

             

Figure 1. Arrangement of the proposed 3D 
display system 

       

       

Figure 2. Types of helical screens 

(b)Transparent type  (a) Opaque type  
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afterimages without flickering. Three directional images 

were formed by the accumulated afterimages of the 

projected cross-sectional images, and up to 128 layers of 

images were formed in our prototype. The illuminance on 

the screen by the projector used in our prototype system 

measured when the illuminance meter was pointing toward 

the ceiling (Fig. 3) and the projections were full white and 

full black. The measured maximum and minimum 

illuminance were EPmax = 10200 lx and EPmin = 6.28 lx 

respectively. Typical images obtained using our 

experimental 3D system are shown in Fig. 4, where the 

projected image of a human head can be viewed three-

dimensionally from a universal direction.  

3 Derivation of contrast in this type of 3D display  
The contrast C of a display is generally expressed as 

the ratio of the luminance of the white screen display 

(highest luminance) to that of the black screen display 

(lowest luminance) [12]. The maximum luminance in our 

3D display is the luminance value when the projector 

displays a "white" screen, and the minimum luminance is 

the luminance value when the projector displays a "black" 

screen. Therefore, the contrast C1 of our 3D display can 

be expressed by Eq. (1), considering ceiling/background 

illumination.  

 

            𝐶1 =
𝐿𝑃𝑚𝑎𝑥 + 𝐿𝑑𝑜𝑤𝑛 + 𝐿𝑏𝑎𝑐𝑘

𝐿𝑃𝑚𝑖𝑛 + 𝐿𝑑𝑜𝑤𝑛 + 𝐿𝑏𝑎𝑐𝑘
,             (1) 

 

where LPmax and LPmin are the luminances of the 

reflected light from the screen when the illuminance of the 

projector is maximum and minimum (leaked light), 

respectively, Ldown is the luminance of the reflected light 

from the screen provided by the ceiling light, and Lback is 

the luminance of the background light (Fig. 5). 

Assuming that the reflective surface is an even uniform 

diffuser, the luminance L of the reflective surface can 

generally be expressed as in Eq. (2) [13]. 

 

                                    𝐿 =
𝜌𝐸

𝜋
,                                 (2)     

 

where E is the illuminance on the reflective surface and 

ρ is the reflectance of the reflective surface. We assumed 

the helical screen used in the 3D display to be an even 

uniform diffuser, E to be the illuminance on the helical 

screen and ρ to be the reflectance of the helical screen in 

Eq. (2). Substituting Eq. (2) into Eq. (1), the contrast C1, 

offered by the 3D display using a helical screen as an even 

uniform diffuser, can be calculated by obtaining the 

illuminance of the screen EPmax, EPmin, Edown and the 

screen reflectance ρ, as shown in Eq. (3). 

 

            𝐶1 =

𝜌𝐸𝑃𝑚𝑎𝑥

𝜋
+

𝜌𝐸𝑑𝑜𝑤𝑛

𝜋
+ 𝐿𝑏𝑎𝑐𝑘

𝜌𝐸𝑃𝑚𝑖𝑛

𝜋
+

𝜌𝐸𝑑𝑜𝑤𝑛

𝜋
+ 𝐿𝑏𝑎𝑐𝑘

             (3) 

 

Equation (3) suggests that contrast C1 decreases as 

screen reflectance ρ decreases. Therefore, the contrast of 

the 3D image displayed on the transparent screen was 

assumed to be lower than that of the opaque type because 

the reflectance of the transparent screen was lower than 

that of the opaque type. 

The contrast C2 when assuming the absence of 

background illumination (Lback = 0) can be expressed by 

Eq. (4) as a simplified case of Eq. (3).  

(a) Front view 

Figure 4. Typical 3D images 

(b) Left view 

         

       

     

  

     

                       

                  
     

          

     

Figure 5. Parameters for determining contrast of the 
display in this 3D system 

         

                       

     

  

     

Figure 3. Method of measuring projector illuminance 
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            𝐶2 =
𝐸𝑃𝑚𝑎𝑥 + 𝐸𝑑𝑜𝑤𝑛

𝐸𝑃𝑚𝑖𝑛 + 𝐸𝑑𝑜𝑤𝑛
             (4) 

 

Equation (4) suggests that contrast C2 can be expressed 

using only the illuminance of the projector and ceiling in 

the absence of background illumination. Equation (4) 

significantly suggests the contrast C2 to be regarded as 

independent of the screen reflectance for the negligibly 

weak background illumination. 

4 Calculation of contrast in our 3D display using 
measured luminance values 

The contrast C1 of this 3D display was calculated using 

Eq. (1) in the absence of ceiling illumination (Ldown = 0). A 

luminance meter was set to point  toward the center of the 

screen (Fig. 5). The luminance values of the display were 

measured using a luminance meter when all white (highest 

total luminance =  LPmax + Lback) and all black (lowest total 

luminance = LPmin + Lback)  were displayed in the presence 

of background illumination. The contrast for various 

background illumination was calculated using Eq. (1). 

Figure 6 shows the contrast C1 obtained when the ceiling 

lights were turned off. The horizontal axis represents the 

background illuminance measured when the illuminance 

meter was directly pointing toward the background (Fig. 7 

(a)). Contrast C1 was lower for the transparent screen than 

for the opaque screen in the presence of the background 

illumination. The measured results are as suggested by Eq. 

(3). 

On the contrary, the contrast C2 of this 3D display in the 

absence of background illumination (Lback = 0) was also 

calculated using Eq. (1). The luminance values of the 

display were measured using a luminance meter set to 

point toward the center of the screen (Fig. 5) when all white 

(highest total luminance =  LPmax + Ldown) and all black 

(lowest total luminance = LPmin + Ldown)  were displayed in 

the presence of ceiling illumination. The contrast for 

various ceiling illuminations was calculated using Eq. (1). 

Figure 8 shows the contrast C2 of this 3D display in the 

absence of background illumination. The horizontal axis 

represents the illuminance measured when the 

illuminance meter was pointing toward the ceiling (Fig. 7 

(b)). The contrast values of the transparent and opaque 

screens were nearly equal in the absence of background 

illumination. Here, the reflectance of transparent and 

opaque screens was naturally different. Therefore, the 

measured contrast in the absence of background 

illumination was independent of the reflectance of the 

screen, as suggested by Eq. (4). 

These results suggest a possibility of that improving the 

visible range, as shown in the simulation results of our 

previous report, without decreasing the contrast, by 

darkening the background when using a transparent 

screen. 

                 

          

      

       

                 

      

(a) Background illuminance  (b) Ceiling illuminance  

Figure 7. Method of measuring each illuminance 

 

  

   

    

     

               

 
 
 
  
 
 
 

                                     

                  

                

    

    

           

                

Figure 6. Background illumination dependence 
of 3D image contrast 

 

  

   

    

     

                   

 
 
 
  
 
 
 

                                

                  

                

    

    

           

                

Figure 8. Ceiling illumination dependence of 
3D image contrast 
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5 Conclusions  

(1) We derived equations for calculating the image 

contrast of our 3D display using ceiling/background 

illuminance and screen reflectance. 

(2) The derived equation suggested the following: 1) The 

contrast of this display decreases as the screen 

reflectance decreases,  when the background 

illumination of the rotating screen is bright. 2) The 

contrast of this display is unaffected by screen 

reflectance in the presence of only ceiling 

illumination, without a brigh t background beyond the 

rotating screen. 

(3) The measured results of contrast in our 3D display 

were as suggested by the derived equations when 

calculated under various illumination conditions and 

two different reflectances of the screen. 

(4) These results show that the visible region 

enlargement using the transparent screen, as shown 

in the simulation results of our previous report, can 

be realized without contrast reduction if the screen 

background is dark. 

References 

[1] Jason Geng, “Three-dimensional display 

technologies”, Adv Opt. Photonics 5 [4], pp. 456-535 

(2013). 

[2] Edirisinghe E. A. and Jiang J., “Stereo Imaging, an 

Emerging Technology”, Proc. SSGRR L’Aquila 

(2000). 

[3] Oliver S. Cossairt, Joshua Napoli, Samuel L. Hill, 

Rick K. Dorval and Gregg E. Favalora, “Occlusion-

capable Multiview volumetric three-dimensional 

display”, Appl. Opt. 46, pp. 1244-1250 (2007). 

[4] Daisuke Miyazaki, Takeshi Honda, Keisuke Ohno 

and Takaaki Mukai, “Volumetric Display System 

Using a Digital Micromirror Device Based on Inclined-

Plane Scanning”, J. Disp. Technol., 6, pp. 548-552 

(2010). 

[5] F. Tain, H. Wang, Y. Fang, H. Pan and X. Xia, “A 

Swept Volume Display System Using a Planetary 

Gear Structure Based on Parallel Moving”, Journal of 

Display Technology, Vol. 8, pp. 457-463 (2012). 

[6] Karin Wakatsuki, Chiemi Fujikawa, Makoto Omodani, 

“Volumetric 3D Display System using Rotating Spiral 

Screen -Extraction of Blind Area-” Proceeding of The 

81st JSAP Fall Meeting, 9a-z22-9 (2020) [in 

Japanese]. 

[7] Karin Wakatsuki, Chiemi Fujikawa, Makoto Omodani, 

“Volumetric 3D Display System using Rotating Spiral 

Screen - Confirmation of projection characteristics 

and improvement of sharpness-” Proceeding of The 

68th JSAP Spring Meeting, 17a-Z04-7 (2021) [in 

Japanese] 

[8] Karin Wakatsuki, Chiemi Fujikawa and Makoto 

Omodani, “Improvement of Performance of 

Volumetric 3D Display using a Rotating Spiral Screen 

-Enlargement of the Visible Region-”, Proceedings of 

International Conference on Advanced Imaging, pp. 

132-135 (2021). 

[9] Karin Wakatsuki, Chiemi Fujikawa and Makoto 

Omodani, “Volumetric 3D Display using a Rotating 

Spiral Screen -Evaluation of the Visible Region-”, 

Proceedings of the International Display Workshop, 

Vol. 28, 3Dp1-9L (2021). 

[10] Karin Wakatsuki, Chiemi Fujikawa and Makoto 

Omodani, “Evaluation of visible region in volumetric 

3D display using a rotating helical screen”, Japanese 

Journal of Applied Physics, Volume 61, Number 6 

(2022). 

[11] Karin Wakatsuki, Chiemi Fujikawa and Makoto 

Omodani, “Improvement of Visible Region by Using 

Translucent Screen for Volumetric 3D Display 

Rotating a Helical Screen”, Proceeding of The 27th 

Annual Conference of the Virtual Reality Society of 

Japan, 1D4-5 (2022) [in Japanese]. 

[12] D. K. Yang and S. T. Wu, Fundamentals of Liquid 

Crystal Devices, 2nd ed., John Wiley & Sons (2014). 

[13] The Illuminating Engineering Institute of Japan, 

“Manual of Optical Measurement”, Japan Science 

and Engineering Press, pp. 13-16 (1990). 

 

570       IDW ’22


