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©  Stereoscopic  display  method  and  display  apparatus. 

©  A  hologram  of  a  virtual  object  or  an  object 
which  actually  exists  is  formed  and  a  solid 
image  is  displayed.  Three-dimensional  infor- 
mation  of  the  object  to  be  displayed  is  divided 
into  zones  in  the  depth  direction.  Depth  images 
are  formed  as  2-dimensional  images  which  are 
seen  from  a  plurality  of  points  which  are 
obtained  by  finely  dividing  the  hologram  form- 
ing  surface  every  zone.  AS  an  electronic  holog- 
ram,  a  phase  distribution  at  the  hologram 
forming  surface  is  calculated  from  the  depth 
images  and  displayed  on  a  liquid  crystal  display 
or  the  like.  A  reference  light  is  irradiated  to  the 
display  and  is  converted  into  an  optical  wave 
front,  thereby  displaying  a  solid  image.  In  case 
of  formation  on  a  hologram  recording  medium, 
a  zone  image  corresponding  to  each  of  the 
finely  divided  exposure  regions  of  a  dry  plate  is 
multiple  exposed.  I* 
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The  present  invention  relates  to  a  stereoscopic  display  method,  a  forming  method,  and  a  stereoscopic  dis- 
play  apparatus  of  a  hologram  for  performing  a  stereoscopic  display  by  forming  a  hologram  of  a  virtual  object 
or  an  object  which  actually  exists  and,  more  particularly,  to  a  stereoscopic  display  method,  a  forming  method, 
and  a  stereoscopic  display  apparatus  of  a  hologram  for  performing  a  natural  stereoscopic  display  by  using  a 

5  2-dimensional  image. 
Astereoscopic  display  is  a  display  for  enabling  a  depth  or  a  thickness  of  a  3-dimensional  object  to  be  easily 

visually  understood.  Such  a  stereoscopic  display  is  strongly  demanded  in  a  display  of  a  structural  object  de- 
signed  by  a  CAD  or  the  like,  a  display  of  a  medical  image,  or  the  like.  On  the  other  hand,  a  solid  image  is  more 
impressive  as  compared  with  a  2-dimensional  display  and  is  also  used  in  a  display  for  amusement  in  an  amuse- 

10  ment  park,  a  movie,  or  the  like. 
Hitherto,  with  respect  to  the  stereoscopic  display,  various  kinds  of  methods  have  already  been  proposed. 

There  is  a  hologram  as  means  in  which  an  observer  can  see  a  solid  image  without  using  special  glasses.  The 
hologram  is  a  special  image  in  which  an  object  image  was  recorded  by  using  an  interference  operation  of  the 
light.  With  regard  to  a  still  object,  a  color  hologram  having  a  depth  feeling  has  already  been  produced.  On  the 

15  other  hand,  as  a  method  whereby  a  virtual  object  having  a  3-dimensional  structure  formed  by  the  CAD  or  the 
like  is  stereoscopically  seen,  there  is  a  computer  graphics  (CG).  The  computer  graphics  is  a  technique  in  which 
a  2-dimensional  image  when  an  object  is  seen  from  a  predetermined  direction  is  calculated  and  is  really  ex- 
pressed  in  consideration  of  the  reflection  or  shadow  of  the  light.  Since  the  computer  graphics,  however,  intends 
to  obtain  a  2-dimensional  image,  a  stereoscopic  feeling  is  insufficient.  It  is  possible  to  display  with  a  stereo- 

20  scopic  feeling  by  a  holographic  stereogram  system  such  that  2-dimensional  images  when  an  object  is  seen 
from  various  directions  are  sequentially  recorded  into  stripe-like  regions  each  having  a  microwidth  in  the  hor- 
izontal  direction  and  a  width  of  screen  in  the  vertical  direction  by  the  holographic  exposure  on  the  basis  of  the 
2-dimensional  image  by  the  computer  graphics. 

According  to  the  conventional  holographic  stereogram,  however,  a  2-dimensional  image  is  fundamentally 
25  seen  and  the  surface  at  which  a  focal  point  of  the  eyes  is  located  doesn't  coincide  with  the  position  of  the 

image  which  is  observed  by  a  parallax  of  both  eyes.  Therefore,  it  is  hard  to  see  and  such  a  state  results  in  a 
cause  of  a  fatigue,  particularly,  in  case  of  displaying  an  image  of  a  deep  depth,  a  burden  on  the  eyes  increases 
and  such  a  stereoscopic  display  is  unpreferable.  The  conventional  hologram  is  recorded  onto  a  film-like  medium 
and  it  takes  a  time  to  develop  the  image,  so  that  it  is  inconvenient  as  a  stereoscopic  display  system.  Further, 

30  the  display  contents  cannot  be  rewritten. 
According  to  a  first  aspect  of  the  invention,  there  is  provided  a  stereoscopic  display  method  and  a  ster- 

eoscopic  display  apparatus  of  a  hologram,  in  which  a  natural  stereoscopic  display  can  be  performed  on  the 
basis  of  a  2-dimensional  image  and,  even  when  the  image  is  observed  for  a  long  time,  a  fatigue  is  small  and 
the  image  can  be  rewritten  in  a  real-time  manner. 

35  A  stereoscopic  display  method  of  a  hologram  according  to  a  second  aspect  of  the  invention  comprises: 
a  3-dimensional  information  forming  step  of  forming  3-dimensional  information  of  an  object  to  be  dis- 

played  by  a  CAD  or  the  like; 
a  depth  image  forming  step  of  forming  a  plurality  of  depth  images  obtained  by  converting  the  3-dimen- 

sional  information  into  the  2-dimensional  information; 
40  a  phase  distribution  calculating  step  of  calculating  a  phase  distribution  at  a  hologram  forming  surface 

from  the  plurality  of  depth  images  formed  by  the  depth  image  forming  step; 
a  hologram  expressing  step  of  expressing  the  phase  distribution  obtained  by  the  phase  distribution  cal- 

culating  step  onto  the  hologram  forming  surface;  and 
a  wave  front  converting  step  of  displaying  a  solid  image  by  irradiating  a  reference  light  to  the  phase  dis- 

45  tribution  expressed  by  the  hologram  expressing  step  and  by  converting  into  an  optical  wave  front, 
wherein  the  3-dimensional  information  can  be  also  formed  from  input  data  of  a  2-dimensional  image 

obtained  by  photographing  an  object  by  a  CCD  camera  or  the  like. 
According  to  a  third  aspect  of  the  invention,  there  is  provided  a  hologram  forming  method  of  forming  a 

hologram  medium  by  multiple  exposure  of  a  plurality  of  2-dimensional  images  obtained  by  being  divided  in  the 
so  depth  direction.  The  invention  also  includes  a  method  of  forming  a  recording  medium  of  a  hologram  by  multiple 

exposure  based  on  the  depth  images  formed.  A  hologram  can  be  also  produced  from  input  data  of  the  2-di- 
mensional  image  obtained  by  photographing  an  object. 

When  the  depth  images  are  formed,  3-dimensional  information  to  be  expressed  is  divided  in  the  depth 
direction,  a  plurality  of  3-dimensional  regions  are  set,  region  data  indicative  of  the  3-dimensional  information 

55  of  the  object  to  be  displayed  is  formed  every  region,  and  a  plurality  of  depth  image  data  comprising  the  2- 
dimensional  image  data  is  formed  every  region.  When  the  region  in  the  depth  direction  is  set,  such  a  region 
can  be  separated  every  object  to  be  expressed  or  one  object  can  be  also  divided  into  a  plurality  of  portions. 
As  depth  data,  a  2-dimensional  plane  which  is  parallel  with  the  hologram  forming  surface  is  set  in  each  region 
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and  projection  data  of  an  object  or  objects  when  it/they  are  seen  from  the  hologram  forming  surface  is  produced 
as  2-dimensional  image  data  onto  the  2-dimensional  plane.  When  the  phase  distribution  is  calculated,  with 
respect  to  each  of  the  segment  holograms  as  minimum  units  obtained  by  dividing  the  hologram  forming  sur- 
faces  into  small  portions,  the  phase  is  calculated  on  the  basis  of  the  2-dimensional  pixels  constructing  the 

5  depth  image,  forming  a  phase  distribution  at  the  hologram  forming  surface.  The  phase  distributions  obtained 
every  plurality  of  depth  images  are  added  every  segment  holograms  at  the  same  position,  thereby  obtaining 
a  phase  distribution  at  the  hologram  forming  surface  of  a  synthesized  depth  image. 

According  to  a  fourth  aspect  of  the  invention  as  mentioned  above,  a  space  phase  distribution  of  the  ho- 
logram  is  calculated  from  a  plurality  of  2-dimensional  depth  images  and  the  phase  distribution  obtained  is  ex- 

10  pressed  by  means  for  spatially  modulating  an  amplitude  or  a  phase  of  a  reference  light  (reproduction  light), 
and  a  rewritable  stereoscopic  display  can  be  performed  by  an  optical  wave  front  conversion  by  the  irradiation 
of  the  reference  light.  When  a  recording  medium  of  the  hologram  is  formed,  a  plurality  of  depth  images  are 
multiplexingly  recorded  by  the  light  interference  exposure,  thereby  forming  the  segment  hologram.  The  seg- 
ment  holograms  obtained  are  arranged  and  recorded  on  a  hologram  dry  plate,  so  that  a  hologram  recording 

15  medium  can  be  formed.  An  ordinary  hologram  display  can  be  performed  by  using  such  a  recording  medium. 
The  gradation  display  in  the  depth  direction  of  the  2-dimensional  image  is  executed  by  the  stereoscopic  display 
using  the  phase  distribution  or  hologram  recording  medium  formed  from  the  plurality  of  2-dimensional  depth 
images.  Adifference  between  the  distance  feeling  of  the  stereoscopic  display  image  which  is  observed  by  the 
parallax  of  both  eyes  and  the  distance  feeling  which  is  sensed  by  a  focus  adjusting  function  of  the  eyes  is  re- 

20  duced.  The  fatigue  which  is  sensed  when  a  solid  image  is  seen  is  decreased.  A  natural  solid  feeling  can  be 
obtained. 

Various  other  aspects  of  the  invention  are  exemplified  by  the  attached  claims. 
For  a  better  understanding  of  the  invention  and  to  show  how  the  same  may  be  carried  into  effect,  reference 

will  now  be  made,  by  way  of  example,  to  the  accompanying  drawings,  wherein: 
25  Fig.  1  is  a  flowchart  showing  a  processing  procedure  of  a  stereoscopic  display  method  according  to  a  first 

embodiment  of  the  invention; 
Fig.  2  is  a  block  diagram  showing  a  fundamental  construction  of  an  apparatus  for  carrying  out  the  method 
shown  in  Fig.  1; 
Fig.  3  is  an  explanatory  diagram  of  an  expressing  format  of  3-dimensional  structural  data  in  a  CAD  system; 

30  Fig.  4  is  an  explanatory  diagram  of  another  expressing  format  of  3-dimensional  structural  data  in  the  CAD 
system; 
Fig.  5  is  a  flowchart  showing  the  details  of  the  depth  image  forming  procedure  in  Fig.  1; 
Fig.  6  is  an  explanatory  diagram  of  the  division  of  a  region  in  the  depth  direction; 
Fig.  7  is  an  explanatory  diagram  when  Fig.  6  is  seen  from  the  side; 

35  Fig.  8  is  an  explanatory  diagram  of  the  depth  division  of  one  object; 
Fig.  9  is  an  explanatory  diagram  when  Fig.  8  is  seen  from  the  side; 
Fig.  10  is  an  explanatory  diagram  showing  a  general  example  of  the  depth  division  and  the  positions  of 
2-dimensional  planes  which  are  set  in  divided  zones; 
Fig.  1  1  is  an  explanatory  diagram  showing  the  formation  of  projection  2-dimensional  data  for  objects  which 

40  independently  exist  in  the  depth  direction; 
Fig.  12  is  an  explanatory  diagram  showing  the  formation  of  projection  2-dimensional  data  for  one  object 
divided  in  the  depth  direction; 
Fig.  13  is  an  explanatory  diagram  of  2-dimensional  data  formed  in  Fig.  11; 
Fig.  14  is  an  explanatory  diagram  of  2-dimensional  data  formed  in  Fig.  12; 

45  Figs.  15Aand  15B  are  explanatory  diagrams  showing  the  relations  between  the  positions  of  two  objects 
and  the  projection  data  when  projection  2-dimensional  data  is  formed; 
Figs.  16Aand  16B  are  explanatory  diagrams  of  projection  data  in  the  case  where  the  objects  in  Figs.  15A 
and  15B  are  replaced; 
Fig.  17  is  an  explanatory  diagram  showing  the  principle  of  a  phase  distribution  calculation  to  form  a  Fresnel 

so  type  hologram; 
Fig.  18  is  an  explanatory  diagram  showing  the  principle  to  form  an  image  type  hologram; 
Fig.  19  is  an  explanatory  diagram  showing  a  calculation  range  of  a  phase  distribution  in  the  formation  of 
the  image  type  hologram; 
Fig.  20  is  an  explanatory  diagram  showing  the  optical  relation  between  the  depth  image  display  surface 

55  and  the  hologram  forming  surface  to  calculate  the  phase  distribution  to  enlargely  display  a  solid  image; 
Fig.  21  is  an  explanatory  diagram  of  a  state  in  which  an  image  is  enlarged  twice  as  large  as  that  in  Fig. 
20; 
Fig.  22  is  an  explanatory  diagram  showing  the  optical  relation  between  the  depth  image  display  surface 

3 
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and  the  hologram  forming  surface  to  move  the  display  position  of  a  solid  image; 
Fig.  23  is  an  explanatory  diagram  showing  a  change  in  phase  distribution  calculation  point  at  the  hologram 
forming  surface  in  association  with  the  movement  of  the  image  display  position; 
Fig.  24  is  an  explanatory  diagram  showing  an  embodiment  of  a  stereoscopic  display  apparatus  of  the  in- 

5  vention; 
Fig.  25  is  an  explanatory  diagram  showing  an  internal  structure  of  Fig.  24; 
Fig.  26  is  a  structural  explanatory  diagram  of  a  liquid  crystal  display  which  is  used  as  a  space  light  mod- 
ulating  apparatus; 
Fig.  27  is  an  explanatory  diagram  showing  a  phase  modulation  for  reproduction  lights  with  respect  to  three 

10  liquid  crystal  cells  in  Fig.  26; 
Fig.  28  is  an  explanatory  diagram  of  another  stereoscopic  display  apparatus  using  a  space  light  modulating 
apparatus  of  the  reflecting  type; 
Fig.  29  is  an  explanatory  diagram  of  the  reflecting  type  space  light  modulating  apparatus  which  is  used 
in  Fig.  28; 

15  Fig.  30  is  an  explanatory  diagram  of  a  stereoscopic  display  apparatus  using  a  space  light  modulating  ap- 
paratus  of  the  light  writing  type; 
Fig.  31  is  a  structural  explanatory  diagram  of  the  space  light  modulating  apparatus  of  the  light  writing  type 
which  is  used  in  Fig.  30; 
Fig.  32  is  an  explanatory  diagram  of  a  stereoscopic  display  apparatus  using  an  enlarging  screen; 

20  Fig.  33  is  an  explanatory  diagram  of  a  stereoscopic  display  apparatus  of  the  invention  using  a  space  light 
modulating  apparatus  with  which  a  refractive  hologram  to  prevent  the  transmission  of  the  0th  order  light 
is  integrated; 
Fig.  34  is  an  explanatory  diagram  of  an  internal  structure  of  the  apparatus  of  Fig.  33; 
Fig.  35  is  an  explanatory  diagram  of  a  stereoscopic  display  apparatus  to  perform  a  color  stereoscopic  dis- 

25  play  by  using  two  components  of  R  and  G; 
Fig.  36  is  an  explanatory  diagram  of  a  stereoscopic  display  apparatus  to  perform  a  color  stereoscopic  dis- 
play  by  using  three  components  of  R,  G,  and  B; 
Fig.  37  is  a  timing  chart  for  time-divisionally  synthesizing  and  displaying  the  color  components  in  Fig.  36; 
Fig.  38  is  a  timinging  chart  for  position  dividing  the  color  components  in  Fig.  36  at  the  same  time  and  for 

30  synthesizing  and  displaying; 
Fig.  39  is  a  flowchart  showing  a  fundamental  processing  procedure  of  a  hologram  forming  method;  inven- 
tion; 
Fig.  40  is  a  flowchart  showing  the  details  of  an  exposing  step  in  Fig.  39; 
Fig.  41  is  an  explanatory  diagram  showing  a  construction  of  an  exposing  apparatus  that  is  used  in  the 

35  exposing  step  in  Fig.  40; 
Figs.  42Ato42C  are  explanatory  diagrams  each  showing  the  multiple  exposure  of  2-dimensional  images 
in  a  plurality  of  zones  for  one  segment  hologram  region  on  a  hologram  dry  plate; 
Fig.  43  is  a  flowchart  showing  a  fundamental  processing  procedure  of  a  stereoscopic  display  method  to 
perform  a  stereoscopic  display  in  which  3-dimensional  data  is  formed  from  2-dimensional  data  obtained 

40  by  photographing  an  object; 
Fig.  44  is  an  explanatory  diagram  of  a  construction  of  an  apparatus  to  realize  the  method  of  Fig.  43: 
Fig.  45  is  an  explanatory  diagram  showing  the  principle  construction  for  photographing  an  object; 
Fig.  46  is  a  flowchart  showing  the  contents  of  a  step  of  inputting  a  2-dimensional  image  in  Fig.  43; 
Fig.  47  is  a  flowchart  showing  the  details  of  a  step  of  forming  3-dimensional  data  from  the  2-dimensional 

45  image  in  Fig.  43;  and 
Fig.  48  is  a  flowchart  showing  a  fundamental  processing  procedure  to  form  a  hologram  by  producing  3- 
dimensional  data  from  the  2-dimensional  data  obtained  by  photographing  an  object. 
Aflowchart  of  Fig.  1  shows  a  processing  procedure  of  a  stereoscopic  display  method  according  to  an  em- 

bodiment  of  the  invention.  First,  in  step  S1  ,  3-dimensional  information  of  an  object  or  objects  to  be  displayed 
so  is  formed.  The  3-dimensional  information  is  formed  from  the  3-dimensional  image  data  by  a  CAD  system  or 

the  2-dimensional  data  obtained  by  photographing  an  object  by  a  CCD  camera  or  the  like.  In  step  S2,  a  plurality 
of  depth  images  obtained  by  converting  from  the  3-dimensional  information  into  the  2-dimensional  information 
are  formed.  To  produce  the  depth  images,  an  object  to  be  displayed  is  seen  from  a  hologram  forming  surface 
and  is  divided  into  a  plurality  of  zones  in  the  depth  direction,  and  the  image  data  projected  to  a  2-dimensional 

55  plane  that  is  parallel  with  the  hologram  forming  surface  set  in  each  zone  is  formed.  In  step  S3,  a  phase  dis- 
tribution  at  the  hologram  forming  surface  is  calculated  from  a  plurality  of  depth  images.  In  step  S4,  the  calcu- 
lated  phase  distribution  is  expressed  on  the  hologram  forming  surface,  a  reference  light  is  finally  irradiated, 
and  a  solid  image  is  displayed  by  the  optical  wave  front  conversion  according  to  the  phase  distribution. 

4 
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Fig.  2  shows  a  fundamental  construction  of  an  apparatus  to  realize  the  stereoscopic  display  method  of 
Fig.  1.  A  3-dimensional  information  forming  section  10  is  realized  by,  for  example,  a  CAD  system  12.  The  3- 
dimensional  information  of  the  object  to  be  displayed  which  was  formed  by  the  3-dimensional  information  form- 
ing  section  10  is  given  to  a  depth  image  forming  section  14,  thereby  forming  a  plurality  of  2-dimensional  images 

5  divided  in  the  depth  direction.  The  images  formed  by  the  depth  image  forming  section  14  are  given  to  a  phase 
distribution  calculating  section  15  and  a  phase  distribution  at  the  hologram  forming  surface  is  calculated.  The 
depth  image  forming  section  14  and  the  phase  distribution  calculating  section  15  are  realized  by  a  computer 
16.  The  result  of  the  calculation  of  the  phase  distribution  calculating  section  15  is  given  to  a  phase  distribution 
display  section  18.  A  solid  image  is  displayed  by  an  optical  wave  front  converting  section  20.  The  phase  dis- 

10  tribution  display  section  18  and  the  optical  wave  front  converting  section  20  construct  a  hologram  display  ap- 
paratus  22.  On  the  other  hand,  a  plurality  of  2-dimensional  image  data  in  the  depth  direction  formed  by  the 
depth  image  forming  section  14  are  given  to  a  hologram  exposing  apparatus  24  and  are  recorded  onto  a  ho- 
logram  dry  plate  as  a  recording  medium  by  the  multiple  exposure,  so  that  a  hologram  as  a  fixed  record  can 
be  formed.  Each  processing  step  in  Fig.  1  will  now  be  described  in  detail  hereinbelow. 

15 
(Formation  of  3-dimensional  information) 

In  the  formation  of  the  3-dimensional  information  of  an  object  to  be  stereoscopically  displayed,  for  exam- 
ple,  an  expressing  format  of  3-dimensional  data  in  the  computer  graphics  can  be  used.  For  instance,  in  case 

20  of  describing  a  3-dimensional  structure  by  a  solid  model,  an  object  26  having  a  3-dimensional  structure  is  sepa- 
rated  into  a  set  of  planes  28  as  shown  in  Fig.  3.  Lists  of  contours  orvertexes  of  the  planes  are  linked,  thereby 
forming  3-dimensional  data.  As  shown  in  Fig.  4,  the  object  26  is  expressed  by  a  set  of  fundamental  figures  30- 
1,  30-2,  and  30-3.  The  object  26  is  expressed  by  using  logic  arithmetic  operating  expressions  32  of  the  fun- 
damental  figures  30-1  to  30-3.  Such  expressing  formats  of  the  3-dimensional  data  shown  in  Figs.  3  and  4  are 

25  widely  used  in  the  field  of  the  computer  graphics.  For  example,  the  3-dimensional  data  which  is  used  in  the 
invention  can  be  produced  from  the  CAD  data  by  using  the  CAD  system  as  shown  in  Fig.  2. 

(Formation  of  depth  images) 

30  Aflowchart  of  Fig.  5  shows  a  step  of  forming  depth  images  in  the  invention.  In  step  S1  ,  the  3-dimensional 
data  is  divided  into  a  plurality  of  regions  (zones)  in  the  depth  direction.  In  step  S2,  3-dimensional  data  is  formed 
every  zone.  Finally,  in  step  S3,  2-dimensional  depth  image  data  is  formed  every  zone. 

The  depth  division  of  the  3-dimensional  data  will  be  first  explained.  Fig.  6  shows  the  depth  division  for  a 
space  in  which  three  objects  36,  38,  and  40  each  having  solid  structures  to  be  displayed  according  to  the  in- 

35  vention  are  arranged  in  the  depth  direction.  First,  a  hologram  forming  surface  34  is  set  at  an  arbitrary  position 
for  the  objects  36,  38,  and  40.  Zones  42,  44,  and  46  are  set  for  the  objects  36,  38,  and  40  in  the  depth  direction 
perpendicular  to  the  hologram  forming  surface  34,  respectively.  As  for  coordinate  axes  in  the  object  space, 
the  lateral  direction  of  the  hologram  forming  surface  34  is  set  to  an  X  axis,  the  vertical  direction  is  set  to  a  Y 
axis,  and  the  depth  direction  is  set  to  a  Z  axis.  2-dimensional  coordinate  system  of  independent  2-dimensional 

40  coordinates  Xh  and  Yh  are  set  for  the  hologram  forming  surface  34.  Fig.  7  shows  a  side  elevational  view  of  Fig. 
6.  The  object  36  belongs  to  the  nearest  zone  42  from  the  hologram  forming  surface  34,  the  object  38  belongs 
to  the  next  zone  44,  and  the  object  40  belongs  to  the  farthest  zone  46.  In  the  zone  division,  the  case  where 
each  object  could  be  divided  into  zones  is  shown.  In  general,  however,  in  many  cases,  objects  are  overlappingly 
located  in  the  depth  direction.  Fig.  8  shows  the  zone  division  in  the  case  where  one  object  70  exists  in  the 

45  depth  direction.  In  this  case,  the  zones  42,  44,  and  46  are  decided  so  as  to  divide  the  object  70  into  three 
zones  in  the  depth  direction.  Fig.  9  shows  the  state  of  the  zone  division  in  Fig.  8  when  it  is  seen  from  the  side. 
When  the  zone  divisions  can  be  performed  as  shown  in  Figs.  6  to  9,  each  3-dimensional  data  is  produced  as 
zone  data  which  expresses  each  zone.  That  is,  in  Figs.  6  and  7,  after  completion  of  the  zone  division,  the  in- 
dependent  3-dimensional  data  is  obtained  every  object  36,  38,  or  40.  In  Figs.  8  and  9,  after  completion  of  the 

so  division,  3-dimensional  data  indicative  of  three  divided  cylindrical  members  70-1,  70-2,  and  70-3,  are  obtained. 
Fig.  10  shows  the  general  depth  division  of  3-dimensional  data.  In  this  example,  objects  90,  92,  94,  96, 

and  98  are  arranged  in  the  depth  direction  for  the  hologram  forming  surface  34.  Among  them,  independent 
zones  80,  82,  and  84  are  set  for  the  objects  90,  92,  and  94,  respectively.  On  the  other  hand,  a  single  background 
zone  86  is  set  with  respect  to  the  objects  96  and  98  existing  at  positions  which  are  away  from  the  hologram 

55  forming  surface  34  by  predetermined  distances  or  more. 
The  formation  of  the  2-dimensional  depth  images  will  now  be  described.  When  3-dimensional  data  by  the 

depth  division  is  formed,  2-dimensional  image  data  is  formed  every  zone.  As  a  2-dimensional  planes  to  form 
the  2-dimensional  image  data  of  each  zone,  in  case  of  Fig.  7,  2-dimensional  planes  48,  50,  and  52  which  are 

5 



EP  0  589  558  A2 

parallel  to  the  hologram  forming  surface  34  and  pass  through  the  centers  of  gravity  of  the  objects  36,  38,  and 
40  existing  inthe  zones  42,44,  and  46  are  set.  A  plurality  of  2-dimensional  image  dataofthe  projection  images 
when  the  objects  are  seen  from  different  visual  points  on  the  hologram  forming  surface  34  are  formed  every 
zone  for  each  of  the  2-dimensional  planes  48,  50,  and  52.  In  this  instance,  distances  in  the  depth  direction  of 

5  the  2-dimensional  planes  48,  50,  and  52  from  the  hologram  forming  surface  34  are  previously  obtained  as 
Z2,  and  Z3,  respectively.  In  case  of  Fig.  9  as  well,  2-dimensional  planes  72,  74,  and  76  which  are  parallel  with 
the  hologram  forming  surface  34  and  pass  through  the  centers  of  gravity  of  cylindrical  members  70-1,  70-2, 
and  70-3  which  belong  to  the  zones  42,  44,  and  46  are  similarly  set.  The  distances  Z  ̂ Z2,  and  Z3  in  the  depth 
direction  are  also  previously  obtained,  respectively.  With  respect  to  the  general  zone  division  of  Fig.  1  0  as  well, 

10  with  respect  to  the  zones  80,  82,  and  84,  2-dimensional  planes  100,  102,  and  104  are  similarly  set  to  the  pos- 
itions  of  the  centers  of  gravity  of  the  distances  Z  ̂ Z2,  and  Z3.  With  regard  to  the  background  zone  86,  a  2- 
dimensional  plane  1  06  is  set  at  a  distance  Z4  in  the  depth  direction  that  is  farthest  from  the  hologram  forming 
surface  34.  The  2-dimensional  image  data  of  all  of  the  objects  96  and  98  which  are  seen  in  the  background 
zone  86  is  formed  on  the  2-dimensional  plane  106. 

15  Fig.  11  shows  the  principle  to  form  the  2-dimensional  depth  images  in  Fig.  6.  First,  the  hologram  forming 
surface  34  is  divided  into  small  surfaces  in  a  matrix  manner,  thereby  forming  segment  holograms  1  08  as  mini- 
mum  units  of  the  hologram  expression.  A  size  of  segment  hologram  108  is  set  to  about  1  mm  or  less  in  each 
of  the  vertical  and  horizontal  directions.  For  simplicity  of  explanation,  the  segment  holograms  are  largely 
shown.  Subsequently,  the  2-dimensional  pixel  information  when  each  of  the  segment  holograms  108  of  the 

20  hologram  forming  surface  34  is  set  to  a  visual  point  and  the  objects  36,  38,  and  40  in  the  respective  zones 
are  seen  is  formed  as  2-dimensional  image  data  on  the  2-dimensional  planes  48,  50,  and  52.  For  example,  in 
case  of  the  object  36  of  the  2-dimensional  plane  48  belonging  to  the  first  zone  on  this  side,  the  3-dimensional 
pixel  data  to  express  the  object  36  when  it  is  seen  by  setting  a  visual  point  to  the  central  segment  hologram 
108  of  the  hologram  forming  surface  34  is  converted  into  the  plane  pixel  data  of  the  2-dimensional  plane  48. 

25  The  formation  of  such  2-dimensional  depth  images  is  also  similarly  executed  as  shown  in  Fig.  12  with  respect 
to  the  case  where  the  single  object  70  shown  in  Fig.  8  is  divided  into  a  plurality  of  zones. 

Fig.  13  shows  2-dimensional  image  data  36-1,  38-1,  and  40-1  of  the  2-dimensional  planes  48,  50,  and  52 
obtained  by  setting  a  visual  point  to  the  central  segment  hologram  108  in  Fig.  11.  By  overlapping  those  data, 
synthesized  2-dimensional  image  data  54  can  be  obtained.  Fig.  14  shows  the  2-dimensional  image  data  70- 

30  1,  70-2,  and  70-3  obtained  when  setting  a  visual  point  to  the  central  segment  hologram  108  with  respect  to 
the  2-dimensional  planes  72,  74,  and  76  with  regard  to  Fig.  12.  In  this  case  as  well,  by  overlapping  the  three 
2-dimensional  image  data,  synthesized  2-dimensional  image  data  78  as  2-dimensional  image  data  70-10  of  a 
continuous  cylindrical  body  can  be  obtained. 

The  method  whereby  2-dimensional  images  when  an  object  is  seen  from  a  plurality  of  different  directions 
35  are  formed  on  the  basis  of  the  3-dimensional  data  as  mentioned  above  can  be  realized  by  using  the  3-dimen- 

sional  display  technique  in  the  conventional  computer  graphics.  In  this  case,  processes  of  hidden  lines  or  hid- 
den  areas  are  also  included  so  that  the  side  surface  which  is  seen  is  changed  in  accordance  with  the  observing 
direction.  For  example,  as  shown  in  Fig.  15A,  when  the  object  70  exists  in  front  of  an  object  68,  the  hidden 
area  process  is  executed  so  that  a  part  of  the  plane  of  the  object  68  doesn't  appear  by  the  object  70  as  shown 

40  in  Fig.  15B  is  executed.  As  shown  in  Fig.  16A,  on  the  contrary,  when  the  object  70  exists  behind  the  object 
68,  the  hidden  area  process  is  executed  so  that  the  object  70  doesn't  appear  on  the  plane  of  the  object  68  as 
shown  in  Fig.  16B.  With  respect  to  a  shadow  when  a  depth  2-dimensional  image  is  formed,  2-dimensional  im- 
age  data  is  produced  by  the  projection  which  becomes  radial  while  setting  the  segment  hologram  1  08  to  which 
a  visual  point  is  located  into  an  origin  is  produced  so  that  three  images  are  continuous  upon  observation  even 

45  when  the  objects  divided  into  three  zones  are  displayed  at  different  distances  as  shown  in  Figs.  11  and  12. 
When  the  size  in  each  of  the  vertical  and  horizontal  directions  of  the  segment  hologram  108  is  so  small 

to  be  1  mm  or  less,  even  when  2-dimensional  image  data  is  formed  by  shifting  a  visual  point  on  a  unit  basis 
of  the  segment  hologram  108  and  even  when  the  2-dimensional  images  displayed  at  different  distances  in  the 
depth  direction  are  overlapped,  the  continuity  is  not  lost.  When  2-dimensional  image  data  is  formed  in  case 

so  of  observing  the  object  while  setting  a  visual  point  to  each  position  of  the  segment  holograms  108  formed  by 
being  divided  on  the  hologram  forming  surface  34,  a  positional  change  between  the  adjacent  segment  holo- 
grams  108  can  be  set  to  about  0.3  to  1  degree  in  case  of  a  change  in  the  observing  direction  of  the  object. 
Therefore,  in  place  of  moving  a  visual  point  while  dividing  the  hologram  forming  surface  34  into  the  regions  of 
a  plurality  of  segment  holograms  108  at  regular  intervals,  visual  points  are  set  to  the  positions  which  are 

55  changed  by  every  predetermined  angle  within  a  range  of  about  0.3  to  1  degree  with  respect  to  the  observing 
direction  in  both  of  the  horizontal  and  vertical  directions  while  setting  the  center  of  the  hologram  forming  sur- 
face  34  to  a  start  point,  and  2-dimensional  image  data  of  each  zone  can  be  also  calculated  every  visual  point 
position. 
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(Calculation  of  phase  distribution) 

The  principle  of  a  hologram  will  be  first  described.  One  laser  beam  is  divided  into  two  beams.  One  of  the 
laser  beams  is  irradiated  to  an  object.  A  hologram  is  obtained  by  an  interference  of  two  light  fluxes  of  the  laser 

5  beam  (object  light)  which  is  scattered  by  the  object  and  another  laser  beam  (reference  light).  Now,  assuming 
that  a  wave  front  of  the  reference  light  is  set  to  Rexp(j0r)  and  a  wave  front  of  the  object  light  is  settoOexp(j0o), 
an  exposure  intensity  lH  of  the  hologram  is 

|H  =  R2  +  02  +  2-R-O  cos(0o  -  0r)  (1) 
In  case  of  developing  the  hologram,  changes  in  amplitudes  and  phases  which  are  proportional  to  the  ex- 

10  posure  intensity  lH  of  the  equation  (1)  occur  in  the  hologram.  To  electrically  form  a  hologram,  it  is  sufficient  to 
use  a  space  light  modulating  device  such  as  a  liquid  crystal  device  or  the  like  which  can  change  the  amplitude 
and  phase  of  the  light. 

By  inputting  the  same  wave  front  as  the  reference  light  to  the  hologram  formed  as  mentioned  above,  a 
hologram  can  be  reconstructed.  In  the  exposure  intensity  lH  of  the  equation  (1),  since  only  the  third  term  of 

15  the  right  side  contributes  to  the  reproduction  of  the  object  light,  consideration  will  now  be  made  with  respect 
to  the  third  term  of  the  right  side.  A  transmission  light  T  from  the  hologram  is 

T  =  IH-  R-exp(  j # r )  

20  oc  2 - R - 0 - c o s ( # 0   -  <t>r)  •  exp(  j # r   ) 

=  0 - e x p ( j < * r )   +  O . e x p { - j ( < * 0   -  2 - 0 r ) }   • ••   < 2 )  

25  The  first  term  of  the  right  side  of  the  equation  (2)  indicates  that  the  wave  front  from  the  object  was  recon- 
structed.  The  second  term  of  the  right  side  indicates  a  conjugate  wave  of  the  object  light.  From  the  above  de- 
scription  of  the  principle,  it  will  be  understood  that  it  is  sufficient  to  calculate  only  the  third  term  of  the  right 
side  of  the  equation  (1)  to  calculate  a  phase  distribution  of  the  hologram. 

Fig.  17  shows  the  principle  to  form  a  Fresnel  type  hologram.  Now,  assuming  that  the  reference  light  is  a 
30  plane  wave,  since  an  intensity  of  the  plane  wave  is  not  changed  in  dependence  on  the  location,  a  light  intensity 

R  can  be  ignored.  On  the  other  hand,  when  the  plane  wave  enters  perpendicularly  to  the  hologram  surface, 
it  is  also  possible  to  set  the  phase  0r  =  0. 

Assuming  that  a  luminance  (scattering  degree)  of  a  sampling  point  111  having  coordinates  (Xj,  Yj,  Zj)  of  an 
object  110  is  set  to  I;,  the  exposure  intensity  lH  of  the  point  (segment  hologram)  108  on  the  hologram  forming 

35  surface  is 

1  =  1  {  (  I  .  / r   )  •  cos  (  k  •  r  )  }  • • •   (3>  
H  ~̂ 

x 
40 

where,  k  the  number  of  waves  of  the  laser  beam 
r  =  V{(X;  -  Xhi)2  +  (Y;  -  Yhi)2  +  Z;2}  (4) 

In  case  of  the  Fresnel  type  hologram  shown  in  Fig.  17,  since  the  light  reflected  from  the  object  110  reaches 
the  whole  hologram,  it  is  necessary  to  execute  the  calculations  of  the  equations  (3)  and  (4)  for  the  whole  area 

45  of  the  hologram  forming  surface  34.  On  the  other  hand,  in  case  of  an  image  type  hologram  shown  in  Fig.  18, 
the  image  of  the  object  110  is  formed  as  a  real  image  114  at  the  position  of  the  hologram  forming  surface  34 
by  an  image  forming  lens  112.  Therefore,  as  shown  in  Fig.  19,  for  example,  when  a  sampling  point  115  of  the 
image  114  is  seen,  the  light  reaches  only  in  a  space  in  a  region  117  of  the  hologram  forming  surface  34  that 
is  decided  by  a  virtual  opening  116.  A  region  to  perform  the  calculations  of  the  equations  (3)  and  (4)  is  limited. 

so  As  an  example,  with  respect  to  the  central  segment  hologram  108  of  the  hologram  forming  surface  shown 
in  Fig.  11,  each  2-dimensional  pixel  of  each  2-dimensional  depth  image  data  obtained  from  the  objects  36,  38, 
and  40  in  the  three  divided  zones  is  set  to  a  sampling  point  and  the  equations  (3)  and  (4)  are  calculated.  Ex- 
posure  intensities  (lHi)i,  (lHi)2.  and  (lHi)3  on  the  hologram  are  obtained  every  zone.  A  phase  distribution  of  one 
segment  hologram  1  08  is  calculated  as  a  sum  of  the  exposure  intensities  on  the  hologram  obtained  every  zone. 

55  It  is  expressed  by  the  following  general  equation  with  respect  to  the  zone  Nos.  1  to  n. 
lHi  =  (lHi)l  +  (IH|)2  +  -  +  ('Hi)n  (5) 
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(Adjustment  of  size  of  solid  image  which  is  displayed) 

The  size  of  solid  image  which  is  displayed  is  changed  by  the  following  method.  Fig.  20  shows  the  hologram 
forming  surface  34  and  a  2-dimensional  depth  image  display  surface  118  which  are  arranged  so  as  to  away 

5  from  each  other  by  a  predetermined  distance.  An  image  120  is  displayed  on  the  image  display  surface  118. 
For  simplicity  of  explanation,  the  image  120  is  shown  as  an  upward  arrow.  A  cross  point  of  a  center  line  122 
in  the  Z-axis  direction  which  is  set  onto  the  depth  image  display  surface  118  and  passes  through  an  origin  O 
is  set  to  a  point  P0.  The  P0  point  constructs  one  segment  hologram.  A  Pj  point  comprising  another  segment 
hologram  exists  on  the  upper  side  of  the  P0  point.  A  phase  distribution  at  the  P0  point  is  obtained  from  all  of 

10  the  sampling  points  of  the  image  120  on  the  basis  of  the  equations  (3)  and  (4).  Similarly,  a  phase  distribution 
can  be  also  obtained  from  all  of  the  sampling  points  of  the  image  120  with  respect  to  the  Pj  point.  The  image 
120  is  differently  seen  at  the  P0  and  Pj  points  by  an  amount  corresponding  to  only  the  parallax.  When  the  2- 
dimensional  images  of  the  depth  image  display  surface  1  1  8  are  fetched  at  each  of  the  different  P0and  Pj  points 
on  the  hologram  forming  surface  34,  the  origin  O  is  located  at  the  position  which  is  deviated  by  only  an  angle 

15  9,  at  the  Pj  point.  In  case  of  enlarging  the  image  120,  it  is  enlarged  on  the  depth  image  display  surface  118 
around  the  origin  O  as  a  center  and  the  phases  at  the  P0  and  Pj  points  are  calculated  on  the  basis  of  the  result 
of  the  enlargement.  Fig.  21  shows  a  state  in  which  the  image  120  in  Fig.  20  is  enlarged  twice  to  thereby  obtain 
an  image  120-1.  In  this  case  as  well,  an  angle  when  the  origin  O  is  seen  from  the  P0  and  Pj  points  is  equal  to 
9i  and  is  not  changed.  No  contradiction  occurs  in  the  continuity  of  the  parallax  between  the  image  seen  from 

20  the  P0  point  and  the  image  seen  from  the  Pj  point.  It  is  desirable  that  the  origin  O  of  the  image  120  is  set  to  a 
sharp  edge  portion  on  the  object  such  that,  it  can  be  always  seen  at  the  same  position  even  when  the  visual 
point  position  is  changed  on  the  hologram  forming  surface  34. 

(Adjustment  of  distance  of  solid  image  which  is  displayed) 
25 

The  distance  of  the  solid  image  which  is  displayed  can  be  changed  by  the  following  method.  Fig.  22  shows 
the  relation  when  the  distance  of  the  depth  image  display  surface  to  display  the  image  120-1  is  changed  for 
the  hologram  forming  surface  34.  First,  it  is  now  assumed  that  the  image  120-1on  the  depth  image  display 
surface  118-1  existing  at  a  position  which  is  away  from  the  hologram  forming  surface  34  by  a  distance  L  in 

30  the  depth  direction  is  fetched  at  different  P0  and  Pj  points  on  the  hologram  forming  surface  34.  In  this  case, 
the  origin  O  of  the  image  120-1  is  located  at  the  position  which  is  deviated  from  the  center  by  only  an  angle  9j 
at  the  P|  point.  In  case  of  moving  a  depth  image  display  surface  118-1  to  a  far  position  by  a  distance  of  only 
AL,  a  calculation  point  of  the  phase  distribution  is  changed  from  Pj  to  P,'  so  as  to  maintain  the  angle  9,.  A  shift 
amount  Ad  of  the  calculation  point  in  the  phase  distribution  calculation  in  this  instance  is 

35  Ad  =  (AL/L)d 
Fig.  23  shows  changes  of  four  calculation  points  to  P4  existing  around  the  phase  distribution  calculation 

point  (segment  hologram)  P0  in  the  case  where  the  image  display  surface  is  moved  to  a  far  position  on  the 
right  side  that  is  away  from  the  central  reference  position  or  in  the  case  where  it  is  moved  to  a  near  position 
on  the  left  side.  That  is,  when  the  image  display  surface  is  moved  to  a  near  position,  the  peripheral  calculation 

40  points  Pi  to  P4  are  closely  collected.  When  it  is  moved  to  a  remote  position,  the  peripheral  calculation  points 
Pi  to  P4  are  radially  extended.  When  the  display  surface  is  moved  to  a  remote  position,  the  intervals  among 
the  calculation  points  are  widened.  Therefore,  a  2-dimensional  depth  image  when  it  is  seen  from  a  position 
between  the  adjacent  calculation  points  is  obtained  by  the  image  interpolation.  A  phase  distribution  at  the  in- 
terpolation  calculation  point  is  calculated  from  the  interpolation  image,  thereby  keeping  the  continuity  of  the 

45  reconstructed  solid  image  in  the  case  where  the  display  surface  was  moved  to  a  far  position. 

(Display  of  phase  distribution  and  display  of  solid  image  by  change  in  optical  wave  front) 

Fig.  24  shows  an  external  view  of  a  hologram  display  apparatus  for  displaying  a  solid  image  by  the  irra- 
50  diation  of  a  reference  light  while  expressing  the  phase  distribution  obtained  by  the  calculation.  A  space  light 

modulating  apparatus  130  to  electrically  form  a  hologram  is  provided  in  front  of  an  apparatus  main  body  128. 
A  hood  132  to  shield  the  0-th  order  light  which  transmits  the  space  light  modulating  apparatus  130  is  provided. 
Fig.  25  shows  an  internal  structure  of  Fig.  24.  A  laser  light  source  134  serving  as  a  point  light  source,  a  colli- 
mating  mirror  136,  and  a  controller  138  are  provided  in  the  apparatus.  The  controller  138  gives  the  phase  dis- 

ss  tribution  obtained  by  the  calculation  to  the  space  light  modulating  apparatus  1  30.  In  this  state,  a  spherical  wave 
irradiated  as  a  point  light  source  from  the  laser  light  source  is  converted  into  a  parallel  light  by  the  collimating 
mirror  136  and  is  irradiated  to  the  space  light  modulating  apparatus  130,  thereby  reconstructing  a  solid  image 
135.  In  this  case,  since  a  partial  parallel  light  directly  transmits  the  space  light  modulating  apparatus  130  as 
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a  0-th  order  light,  the  light  is  shielded  by  the  hood  1  32. 
An  arbitrary  laser  light  source  can  be  used  as  a  laser  beam  134.  However,  it  is  desirable  to  use  a  small 

semiconductor  laser.  The  semiconductor  laser  has  a  light  emission  spectrum  whose  wavelength  width  is  about 
a  few  nm  or  less  and  can  reproduce  a  clear  sol  id  image.  As  a  wavelength  which  is  used,  an  arbitrary  wavelength 

5  can  be  used  so  long  as  it  lies  within  a  visible  light  range.  It  is,  however,  necessary  to  consider  the  wavelength 
of  the  light  source  which  is  used  for  reproduction  at  the  stage  of  calculation  of  the  phase  distribution  of  the 
hologram.  Practically  speaking,  it  is  possible  to  use  a  semiconductor  laser  which  emits  a  red  light  having  a  wa- 
velength  on  the  order  of  600  nm,  a  green  light  having  a  wavelength  on  the  order  of  500  nm,  or  a  blue  light 
having  a  wavelength  on  the  order  of  400  nm.  In  case  of  the  Fresnel  type  hologram  such  that  the  object  110 

10  is  away  from  the  hologram  forming  surface  34  as  shown  in  Fig.  17,  as  the  distance  is  long,  the  phase  distrib- 
ution  is  more  easily  influenced  by  the  color  diffusion  depending  on  the  wavelength  width  of  the  reproduction 
light.  It  is,  therefore,  desirable  to  use  a  semiconductor  laser  of  a  narrow  wavelength  band.  On  the  other  hand, 
in  case  of  the  image  type  hologram  such  that  the  object  114  appears  near  the  hologram  forming  surface  34 
as  shown  in  Fig.  1  8,  since  the  phase  distribution  is  hardly  influenced  by  the  color  dispersion  depending  on  the 

15  wavelength  width  of  the  reproduction  light,  a  clear  reproduction  image  can  be  obtained  even  if  a  wavelength 
width  is  slightly  wide.  In  the  image  type  hologram,  therefore,  a  halogen  lamp  or  the  like  having  a  wide  wave- 
length  width  of  about  10  nm  can  be  also  used.  In  Fig.  25,  a  spherical  wave  is  directly  emitted  from  the  laser 
light  source  134.  It  is,  however,  also  possible  to  use  a  construct  such  that  a  laser  beam  is  emitted  through  an 
objective  lens  and  a  pin  hole  or  that  a  laser  beam  is  transmitted  by  an  optical  fiber  and  is  dispersed  upon  emis- 

20  sion. 
Fig.  26  shows  an  embodiment  of  a  space  light  modulating  apparatus  which  is  used  in  the  invention.  In  the 

embodiment,  a  liquid  crystal  display  is  used  as  a  space  light  modulating  apparatus  130.  Namely,  a  uniform 
transparent  electrode  344  is  provided  subsequent  to  a  glass  substrate  340  on  the  incident  surface  side.  Branch- 
ed  transparent  electrodes  346-1  to  346-n  constructing  one  display  segment  are  formed  subsequent  to  a  glass 

25  substrate  342  on  the  outgoing  side.  Subsequent  to  the  transparent  electrodes  344  and  346-1  to  346-n,  orien- 
tation  films  352  and  354  are  provided  through  insulating  layers  348  and  350.  A  liquid  crystal  360  is  provided 
between  the  orientation  films  352  and  354.  The  liquid  crystal  display  is  driven  in  a  manner  such  that  the  voltage 
corresponding  to  the  calculated  phase  information  is  applied  every  liquid  crystal  cell  which  is  decided  by  each 
of  the  divided  electrodes  346-1  to  346-n.  A  refractive  index  of  the  liquid  crystal  cell  in  the  transmitting  direction 

30  of  a  reproduction  light  362  is  changed  in  accordance  with  the  applied  voltage. 
Fig.  27  shows  a  state  of  a  phase  modulation  in  case  of  three  pixels  of  the  liquid  crystal  display  as  an  ex- 

ample.  When  reproduction  lights  362-1  to  362-3  comprising,  for  example,  plane  waves  having  a  coincident 
phase  are  inputted  from  the  left  side  to  pixels  366-1,  366-2,  and  366-3  which  were  driven  in  different  phase 
states,  namely,  different  refractive  indices,  phase  deviations  occur  among  lights  364-1  to  364-3  upon  outgoing 

35  because  the  optical  distances  in  the  liquid  crystal  differ  due  to  the  pixels  366-1  to  366-3.  It  is  ideally  demanded 
that  an  arbitrary  phase  within  a  range  from  0  to  2n,  namely,  a  range  of  the  length  corresponding  to  the  wave- 
length  as  an  optical  distance.  However,  even  when  the  phase  is  discretely  expressed  by  multivalue  levels,  the 
phase  distribution  can  be  approximately  expressed  to  a  practical  range.  A  thickness  d  of  liquid  crystal  is  de- 
termined  so  as  to  satisfy  conditions  such  that  the  product  An  x  d  of  a  change  An  in  the  maximum  refractive 

40  index  which  can  be  changed  by  the  applied  voltage  and  the  thickness  d  is  equal  to  a  wavelength  Xof  the  re- 
production  light.  In  order  to  accurately  express  the  phase  distribution  and  to  obtain  a  clear  reconstruction  solid 
image,  it  is  necessary  to  reduce  the  liquid  crystal  cell  to  a  size  on  the  order  of  the  wavelength  and  to  use  a 
liquid  crystal  display  of  a  high  resolution. 

Fig.  28  shows  another  embodiment  of  a  solid  image  display  apparatus  of  the  invention.  Another  embodi- 
es  ment  is  characterized  by  using  a  reflecting  type  space  light  modulating  apparatus.  The  reflecting  type  space 

light  modulating  apparatus  130  is  provided  in  the  apparatus  main  body  128.  A  hologram  of  the  phase  distribution 
calculated  by  the  controller  138  is  electronically  expressed.  The  reproduction  light  from  the  laser  light  source 
134  is  reflected  by  a  mirror  140  and  is  further  reflected  by  a  half  mirror  142  and  enters  the  reflecting  type  space 
light  modulating  apparatus  130.  The  modulation  light  from  the  space  light  modulating  apparatus  130  transmits 

so  through  the  half  mirror  142  and  displays  a  solid  image.  As  shown  in  Fig.  29,  the  modulating  apparatus  130 
receives  the  reproduction  light  from  one  side  of  a  transmitting  type  liquid  crystal  display  144  and  reflects  the 
light  by  a  reflecting  surface  146  on  the  opposite  side.  The  light  is  again  propagated  in  the  liquid  crystal  display 
144  and  is  emitted.  Since  the  light  passes  twice  in  the  transmitting  type  liquid  crystal  display  144,  as  compared 
with  the  transmitting  type  liquid  crystal  display  shown  in  Fig.  26,  a  thickness  of  liquid  crystal  to  obtain  a  phase 

55  change  can  be  reduced  into  1/2.  However,  a  liquid  crystal  of  a  homogeneous  orientation  whose  polarization  is 
preserved  is  used. 

Fig.  30  shows  another  embodiment  of  a  solid  image  display  apparatus  of  the  invention.  Another  embodi- 
ment  is  characterized  in  that  the  information  of  the  calculated  phase  distribution  is  optically  written  and  repro- 
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duced.  Aspace  light  modulating  apparatus  148  in  which  the  phase  distribution  information  can  be  optically  writ- 
ten  by  a  laser  beam  from  a  light  scanning  section  145  is  provided  in  the  apparatus  main  body  128.  When  the 
phase  distribution  information  is  written  by  the  laser  beam  from  the  light  scanning  section  145  to  the  space 
light  modulating  apparatus  148,  the  controller  138  controls  the  space  light  modulating  apparatus  148  into  the 

5  same  state  as  that  of  the  reflecting  type  liquid  crystal  display  shown  in  Fig.  29.  In  this  state,  the  laser  beam 
from  the  laser  light  source  134  is  reflected  by  the  mirror  140  and  the  half  mirror  142  and  enters  as  a  repro- 
duction  light,  thereby  displaying  a  solid  image  through  the  half  mirror  142. 

Fig.  31  shows  a  structure  of  an  optically  writable  space  light  modulating  apparatus  which  is  used  in  Fig. 
30.  A  transparent  electrode  154,  a  photoconductive  portion  156,  and  a  light  shielding  layer  158  are  provided 

10  subsequent  to  a  glass  substrate  150  on  the  incident  side  of  a  writing  light  170.  Subsequent  to  the  light  shielding 
layer  158,  a  dielectric  mirror  160  is  provided.  Aglass  substrate  152  is  provided  on  the  left  side  in  which  a  re- 
production  light  172  enters.  Subsequently,  a  transparent  electrode  155  is  provided.  A  liquid  crystal  165  is  ar- 
ranged  between  the  transparent  electrode  155  and  the  dielectric  mirror  160  through  insulative  layers  164  and 
162.  The  space  light  modulating  apparatus  148  operates  in  the  following  manner.  First,  when  the  writing  light 

15  170  is  received  by  the  photoconductive  portion  156,  a  resistance  value  of  the  photoconductive  portion  156 
decreases  as  the  intensity  of  light  is  large.  When  the  resistance  value  of  the  photoconductive  portion  156 
changes,  although  the  driving  voltage  is  constant,  a  voltage  which  is  applied  across  the  liquid  crystal  165 
through  the  dielectric  mirror  160  changes  by  an  amount  corresponding  to  only  the  resistance  value.  As  men- 
tioned  above,  when  the  voltage  which  is  applied  to  the  liquid  crystal  165  changes,  a  refractive  index  changes. 

20  When  the  incident  reproduction  light  1  72  is  reflected  by  the  dielectric  mirror  160  and  is  returned,  it  is  converted 
into  a  modulation  light  174  which  has  been  subjected  to  a  phase  modulation. 

Fig.  32  shows  another  embodiment  of  the  stereoscopic  display  apparatus  of  the  invention.  In  the  embodi- 
ment,  a  reproduction  light  180  is  inputted  to  the  space  light  modulating  apparatus  130  using  a  transmitting  type 
liquid  crystal  display  or  the  like  which  expresses  the  calculated  phase  distribution  and  is  modulated.  After  that, 

25  the  light  is  enlarged  by  a  projection  light  optical  system  1  76  and  is  projected  onto  a  hologram  screen  1  78,  there- 
by  enabling  a  solid  image  to  be  seen  in  a  visible  range  182  of  an  angle  0  of  visibility. 

Fig.  33  shows  another  embodiment  of  a  stereoscopic  display  apparatus  of  the  invention,  which  is  charac- 
terized  in  that  the  hood  to  prevent  the  0-th  order  light  is  made  unnecessary.  Namely,  a  space  light  modulating 
apparatus  184  with  which  a  refractive  member  to  suppress  the  emission  of  the  0-th  order  light  is  integrated  is 

30  provided  for  an  apparatus  main  body  1  28.  As  shown  in  Fig.  34,  therefore,  a  spherical  wave  from  the  laser  light 
source  134  is  reflected  by  the  collimating  mirror  136  and  is  inputted  to  the  space  light  modulating  apparatus 
184  integrated  with  the  refractive  member  by  a  hologram  at  an  incident  angle  that  is  equal  to  or  larger  than  a 
critical  angle  of  a  refractive  hologram.  Due  to  this,  the  0-th  order  light  is  totally  reflected  and  is  not  emitted  to 
the  outside.  Thus,  the  hood  to  prevent  the  0-th  order  light  is  unnecessary. 

35 
(Color  stereoscopic  display  apparatus) 

In  case  of  displaying  a  color  sol  id  image,  it  is  sufficient  that  the  production  of  the  3-dimensional  information 
in  step  S1,  the  formation  of  the  depth  image  in  step  S2,  and  the  calculation  of  the  phase  distribution  in  step 

40  S3  shown  in  Fig.  1  are  executed  every  component  of,  for  example,  R,  G,  and  B. 
Fig.  35  shows  an  embodiment  of  a  color  stereoscopic  display  apparatus  for  executing  a  multicolor  display 

by  using  stereoscopic  display  apparatuses  of  two  systems.  A  space  light  modulating  apparatus  200  is  driven 
by  a  controller  226  in  accordance  with  the  phase  distribution  calculated  with  respect  to,  for  example,  the  R 
component.  Aspace  light  modulating  apparatus  202  is  driven  in  accordance  with  the  phase  distribution  calcu- 

45  lated  with  regard  to  the  G  component.  Reproduction  lights  are  emitted  from  laser  light  sources  206  and  208 
and  are  irradiated  to  the  space  light  modulating  apparatuses  200  and  202  through  shutters  212  and  214  and 
collimating  lenses  216  and  218,  thereby  displaying  an  R  component  solid  image  228  and  a  G  component  solid 
image  230.  The  G  component  solid  image  230  is  reflected  by  a  half  mirror  220  and  can  be  seen  by  eyes  224 
of  an  observer.  On  the  other  hand,  the  R  component  solid  image  228  is  transmitted  through  the  half  mirror 

so  220  and  enters  the  eyes  224.  Therefore,  the  observer  can  see  a  synthesized  color  solid  image  in  which  the 
G  component  solid  image  230  is  overlapped  on  the  R  component  solid  image  228. 

Fig.  36  shows  another  embodiment  of  a  color  stereoscopic  display  apparatus  of  the  invention,  which  is 
characterized  in  that  a  phase  distribution  is  calculated  every  component  of  R,  G,  or  B  and  a  synthesized  color 
image  is  displayed.  Namely,  in  the  embodiment  of  Fig.  36,  in  addition  to  the  embodiment  of  Fig.  35,  a  laser 

55  light  source  210,  a  shutter  21  5,  and  a  collimating  lens  219  are  provided  as  a  display  system  of  the  B  component. 
Aspace  light  modulating  apparatus  204  which  is  driven  in  accordance  with  the  calculated  phase  distribution 
with  respect  to  the  B  component  is  provided.  Further,  a  half  mirror  222  is  added  in  correspondence  to  the  space 
light  modulating  apparatus  204.  In  the  embodiment  as  well,  a  color  synthesized  solid  image  of  the  RGB  com- 
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ponents  shown  by  arrows  can  be  seen  by  the  eyes  224  of  the  observer. 
Fig.  37  shows  driving  signals  ER,  EG,  and  EB  for  time-divisional  display  of  the  RGB  components  by  the  open- 

ing/closing  driving  operations  of  the  shutters  212,  214,  and  215  by  the  controller  226  in  Fig.  36.  The  driving 
signals  ER,  EG,  and  EB  are  repeatedly  generated  at  a  period  of  time  T  =  1/30  second  and  are  driven  so  as  to 

5  have  a  timing  delay  of  (T/3),  respectively.  In  case  of  two  R  and  G  components  shown  in  Fig.  35,  it  is  sufficient 
to  set  a  deviation  between  the  timings  of  the  two  signals  ER  and  EG  to  (T/2). 

Fig.  38  is  a  timing  chart  showing  another  driving  method  in  Figs.  35  and  36.  The  embodiment  is  charac- 
terized  in  that  the  shutters  are  opened  in  a  lump  at  a  period  of  time  of  T  =  1/30  second  and  the  solid  images 
of  two  or  three  color  components  are  simultaneously  displayed  at  different  positions,  thereby  obtaining  a  color 

10  synthesized  image. 

(Method  of  forming  hologram  by  exposure) 

A  flowchart  of  Fig.  39  shows  a  hologram  forming  method  whereby  a  hologram  is  exposed  and  formed  on 
15  a  hologram  dry  plate  or  the  like.  In  the  hologram  forming  method,  the  formation  of  the  3-dimensional  infor- 

mation  in  step  S1  and  the  formation  of  the  depth  image  in  step  S2  are  fundamentally  the  same  as  those  in 
the  stereoscopic  display  method  of  a  hologram  shown  in  Fig.  1  and  differs  from  Fig.  1  with  respect  to  a  point 
that  no  phase  distribution  is  calculated. 

Upon  formation  of  the  2-dimensional  information  image  in  step  S2,  in  place  of  calculating  the  phase  dis- 
20  tribution,  2-dimensional  data  when  an  object  in  each  zone  is  seen  from  a  plurality  of  segment  hologram  regions 

of  the  hologram  forming  surface  is  directly  used  and  an  exposure  in  step  S3  is  executed.  In  the  exposure  in 
step  S3,  a  2-dimensional  image  corresponding  to  the  liquid  crystal  display  or  the  like  is  displayed  every  holo- 
gram  forming  position.  A  multiple  exposure  for  each  zone  is  executed  by  an  interference  of  two  light  fluxes  of 
the  2-dimensional  image  light  that  is  produced  by  irradiating  an  illumination  light  and  the  reference  light.  After 

25  completion  of  the  exposure  to  the  hologram  dry  plate  as  a  recording  medium,  a  developing  process  is  executed 
in  step  S4.  The  formed  hologram  is  provided  for  the  solid  image  display  apparatus  and  by  irradiating  the  ref- 
erence  light,  the  reference  light  is  optically  converted  into  the  wave  front  in  accordance  with  a  phase  distribution 
of  the  exposed  hologram,  thereby  displaying  a  solid  image. 

Aflowchart  of  Fig.  40  shows  the  details  of  the  exposing  process  shown  in  step  S3  in  Fig.  39.  For  instance, 
30  an  exposing  apparatus  as  shown  in  Fig.  41  is  used  in  the  exposing  process.  The  exposing  apparatus  shown 

in  Fig.  42  comprises  an  image  forming  lens  238,  a  liquid  crystal  display  232,  and  a  hologram  dry  plate  234. 
The  liquid  crystal  display  232  is  supported  by  a  supporting  arm  242  and  can  be  moved  in  the  Z  and  X  directions 
by  a  Z  stage  246  and  an  X  stage  248  mounted  on  a  base  plate  235.  The  hologram  dry  plate  234  is  supported 
by  an  arm  250  and  can  be  moved  in  the  X  and  Y  directions  by  an  X  stage  252  and  a  Y  stage  254  over  the 

35  base  plate  235.  The  image  forming  lens  238  converges  the  illumination  light  onto  a  micro  segment  hologram 
region  236  on  the  hologram  dry  plate  234  through  the  liquid  crystal  display  232. 

The  exposing  process  by  the  flowchart  of  Fig.  40  will  now  be  described  with  respect  to  a  construction  of 
the  apparatus  of  Fig.  41.  First,  in  step  S1,  a  hologram  exposing  region  is  set.  Namely,  the  hologram  dry  plate 
234  is  divided  into  micro  regions  in  a  matrix  form,  thereby  setting  segment  hologram  regions  236.  Subsequently, 

40  a  distance  in  the  depth  direction  of  the  liquid  crystal  display  232  is  set  for  the  hologram  dry  plate  234  so  as 
to  be  equal  to  a  distance  to  the  zone  to  be  first  processed.  Subsequently,  a  special  segment  hologram  region 
on  the  hologram  dry  plate  234  which  is  exposed  for  the  first  time  is  matched  with  an  optical  axis  240  of  the 
image  forming  lens  238.  In  this  state,  the  2-dimensional  image  corresponding  to  the  segment  hologram  region 
set  in  the  liquid  crystal  display  232  is  displayed.  A  converged  light  257  is  irradiated  to  the  liquid  crystal  display 

45  232,  thereby  converging  the  2-dimensional  image  displayed.  At  the  same  time,  a  reference  light  258  which 
can  interfere  (which  is  coherent)  with  an  illuminating  light  256  is  irradiated  by  using  a  beam  expander  255.  An 
interface  exposure  is  executed  in  step  S4.  In  step  S5,  a  check  is  made  to  see  if  the  interference  exposure  of 
the  depth  image  has  been  finished  or  not.  The  interference  exposure  is  repeated  a  number  of  times  as  many 
as  the  number  of  zones.  For  example,  when  there  are  three  zones  in  the  depth  direction,  as  shown  in  Figs. 

so  42A,  42B,  and  42C,  the  images  corresponding  to  the  zones  are  displayed  while  changing  the  distance  of  the 
liquid  crystal  display  232  from  the  hologram  dry  plate  234  to  Z  ̂ Z2,  and  Z3,  thereby  overlappingly  executing 
the  interference  exposure  three  times.  When  the  interference  exposure  is  finished  for  all  of  the  zones  in  step 
S5,  the  processing  routine  advances  to  step  S6.  The  processes  in  step  S1  and  subsequent  steps  are  repeated 
until  the  processes  for  all  of  the  exposing  regions  are  finished. 

55 
(Formation  of  2-dimensional  data  based  on  image  pickup  information  of  object) 

Aflowchart  of  Fig.  43  shows  processes  in  case  of  forming  3-dimensional  data  from  the  2-dimensional  in- 
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formation  obtained  by  photographing  an  object  by  a  CCD  camera  or  the  like  in  a  stereoscopic  display  method 
of  a  hologram  to  express  a  hologram  by  calculating  the  phase  distribution.  In  the  processing  routine,  the  proc- 
ess  to  input  a  2-dimensional  image  in  step  S1  and  a  process  to  form  3-dimensional  data  from  the  2-dimensional 
image  in  step  S2  differ  from  those  mentioned  above.  The  formation  of  a  depth  image,  the  calculation  of  a  phase 

5  distribution,  the  display  of  a  phase  distribution,  and  the  conversion  into  an  optical  wave  front  in  step  S3  and 
subsequent  steps  are  substantially  the  same  as  those  in  the  embodiment  of  Fig.  2. 

Fig.  44  shows  a  process  to  input  a  2-dimensional  image  in  step  S1  in  Fig.  43.  A  CCD  camera  260  which 
is  driven  by,  for  example,  a  television  system  is  installed  at  the  position  of  the  hologram  forming  surface  34. 
The  2-dimensional  images  of  the  objects  36,  38,  and  40  existing  in  the  depth  direction  are  photographed  by 

10  the  CCD  camera  260  and  are  supplied  to  the  computer  16.  In  the  CCD  camera  260,  an  image  forming  lens 
262  and  an  image  forming  surface  264  are  shown  .  The  CCD  camera  is  moved  by  an  XY  stage  266  to  an  ar- 
bitrary  position  on  the  hologram  forming  surface  34  and  can  photograph  the  objects. 

Fig.  45  shows  a  method  of  fetching  2-dimensional  images.  That  is,  the  objects  36,  38,  and  40  each  having 
a  solid  structure  are  photographed  from  positions  Py  (i  =  1  ,  2,  —  ,  n;  j  =  1  ,  2,  —  ,  n)  of  a  plurality  of  photographing 

15  points  set  on  the  hologram  forming  surface  34  and  are  fetched  as  image  information.  Upon  photographing  at 
each  of  the  photographing  points  Py,  the  CCD  camera  260  can  be  also  installed  at  the  position  corresponding 
to  each  photographing  point.  Or,  the  objects  can  be  photographed  at  respective  positions  while  moving  the 
sigle  CCD  camera  260.  In  this  case,  the  center  of  the  image  forming  lens  262  is  set  to  a  visual  point  position 
Py  (image  input  position).  The  direction  of  the  optical  axis  of  the  image  forming  lens  262  when  a  2-dimensional 

20  image  is  photographed  is  set  to  be  always  parallel  even  when  the  photographing  point  differs.  The  lens  optical 
axis  can  be  also  always  directed  to  the  same  object  every  photographing  point.  In  a  manner  similar  to  the  con- 
ventional  holographic  stereogram,  an  interval  between  the  adjacent  photographing  points  Py  is  set  so  that  the 
side  surface  of  an  image  can  be  continuously  seen  when  the  reconstructed  image  is  observed  from  different 
visual  points  and  it  is  sufficient  to  set  such  an  interval  to  about  0.3  to  1  degree  as  a  separation  angle.  Further, 

25  as  the  number  of  photographing  points  Py,  in  order  to  obtain  a  natural  stereoscopic  feeling  when  an  object  is 
observed  from  different  visual  points,  at  least  hundreds  of  photographing  points  are  necessary  in  the  horizontal 
direction  and  at  least  tens  of  photographing  points  are  needed  in  the  vertical  direction.  In  the  case  where  it  is 
difficult  to  arrange  or  move  the  cameras  or  camera  to  all  of  the  photographing  points,  2-dimensional  images 
are  photographed  at  skipped  photographing  points  and  are  fetched  and  it  is  sufficient  that  the  2-dimensional 

30  images  at  the  photographing  points  skipped  are  formed  by  interpolation  image  processes.  In  the  interpolation 
and  production  of  the  2-dimensional  image  data,  it  is  sufficient  to  produce  new  2-dimensional  image  data  on 
the  basis  of  the  3-dimensional  image  data  formed  from  the  2-dimensional  image  data  fetched. 

A  flowchart  of  Fig.  46  shows  the  details  of  the  inputting  process  of  the  2-dimensional  images  shown  in 
Fig.  45.  That  is,  in  step  S1,  the  2-dimensional  images  are  fetched  by  photographing  the  adjacent  2-dimensional 

35  images.  In  step  S2,  the  photographed  camera  interval  is  fetched.  The  processes  in  steps  S1  and  S2  are  re- 
peated. 

Aflowchart  of  Fig.  47  shows  the  process  to  form  the  3-dimensional  data  from  the  extracted  2-dimensional 
image  data  shown  in  step  S2  in  Fig.  43.  Upon  formation  of  the  3-dimensional  data  in  this  case,  a  corresponding 
point  is  detected  from  the  2-dimensional  image  data  by  a  pattern  matching  of  the  image  data  fetched  at  two 

40  points.  The  depth  information  is  calculated  by  using  the  principle  of  the  triangulation  every  corresponding  point, 
thereby  producing  the  3-dimensional  data  (X,  Y,  Z)  of  the  corresponding  point.  The  process  in  step  S2  is  exe- 
cuted  with  respect  to  all  of  the  corresponding  points  in  step  S3.  In  the  detection  of  the  corresponding  point  in 
step  S1  ,  in  addition  to  a  method  of  the  observation  by  two  eyes  using  the  2-dimensional  images  obtained  by 
photographing  at  two  points,  by  using  a  method  of  the  observation  by  three  eyes  using  the  2-dimensional  im- 

45  ages  obtained  by  photographing  at  three  points,  a  precision  can  be  further  improved.  On  the  other  hand,  as 
a  method  of  directly  obtaining  depth  information  without  detecting  the  corresponding  point,  for  example,  it  is 
sufficient  to  measure  the  distance  by  a  range  finder  using  a  laser  beam.  The  processes  after  the  3-dimensional 
image  data  was  formed  from  the  2-dimensional  image  information  photographed  by  the  camera  are  substan- 
tially  the  same  as  those  in  the  embodiment  of  Fig.  1  using  the  3-dimensional  data  of  the  CAD  system. 

so  Aflowchart  of  Fig.  48  shows  a  hologram  forming  method  and  a  display  of  a  solid  image  using  the  hologram 
formed,  wherein  with  respect  to  the  embodiment  shown  in  Fig.  39  such  that  the  depth  images  are  formed  on 
the  basis  of  the  3-dimensional  data  of  the  CAD  system  and  the  hologram  dry  plate  is  formed  by  the  multiple 
exposure,  3-dimensional  data  is  produced  from  the  2-dimensional  image  information  photographed  at  a  num- 
ber  of  points  by  the  camera-similarly  to  the  case  of  Fig.  43. 

55  As  mentioned  above,  by  obtaining  a  hologram  expressing  the  phase  distribution  based  on  the  2-dimen- 
sional  images  divided  in  the  depth  direction,  a  more  natural  stereoscopic  display  can  be  realized  as  compared 
with  the  conventional  holographic  stereogram.  Since  a  hologram  can  be  electronically  formed  from  a  virtual 
object  by  the  CAD  system  and  can  be  stereoscopically  displayed,  so  that  a  solid  image  can  be  rewritten  and 
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displayed  in  a  short  time.  Further,  a  color  stereoscopic  display  can  be  also  easily  realized. 
The  invention  is  not  limited  to  the  above  embodiments  but  many  variations  and  modifications  are  possible. 

The  invention  is  also  not  limited  to  the  numerical  values  shown  in  the  embodiments. 

Claims 

1.  A  stereoscopic  hologram  display  method,  comprising: 
a  3-dimensional  information  forming  step  of  forming  3-dimensional  information  of  an  object  or  ob- 

jects  to  be  displayed; 
a  depth  image  forming  step  of  forming  a  plurality  of  depth  images  converted  into  the  2-dimensional 

information  from  the  3-dimensional  information  formed  in  said  3-dimensional  information  forming  step; 
a  phase  distribution  calculating  step  of  calculating  a  phase  distribution  at  a  hologram  forming  sur- 

face  from  said  plurality  of  depth  images  formed  in  said  depth  image  forming  step; 
a  hologram  expressing  step  of  expressing  the  phase  distribution  obtained  in  said  phase  distribution 

calculating  step  onto  the  hologram  forming  surface;  and 
a  wave  front  converting  step  of  displaying  a  solid  image  by  irradiating  a  reference  light  to  the  phase 

distribution  expressed  in  said  hologram  expressing  step  and  by  converting  said  reference  light  into  the 
optical  wave  front. 

2.  A  method  according  to  claim  1,  wherein  said  phase  distribution  calculating  step  comprises: 
a  space  position  setting  step  of  setting  a  relative  space  position  between  each  of  the  2-dimensional 

pixels  constructing  each  of  said  depth  images  and  each  of  the  segment  holograms  as  minimum  units  to 
express  the  hologram  which  were  finely  divided  on  the  hologram  forming  surface; 

a  phase  calculating  step  of  calculating  the  phase  on  the  basis  of  the  2-dimensional  pixels  construct- 
ing  the  depth  image  with  respect  to  each  of  the  segment  holograms,  thereby  obtaining  the  phase  distrib- 
ution  at  the  hologram  forming  surface;  and 

adding  step  of  adding  the  phase  distribution  obtained  every  depth  image  in  said  phase  calculating 
step  every  segment  hologram  at  the  same  position,  thereby  obtaining  the  phase  distribution  at  the  holo- 
gram  forming  surface  of  a  synthesized  depth  image. 

3.  Amethod  according  to  claim  2,  wherein  in  said  hologram  expressing  step,  the  phase  distribution  calculated 
in  said  phase  distribution  calculating  step  is  supplied  to  display  means  arranged  at  the  hologram  forming 
surface,  thereby  allowing  said  phase  distribution  to  be  displayed. 

4.  A  method  according  to  claim  1  ,  2  or  3,  wherein  said  wave  front  converting  step  includes  light  modulating 
means  for  spatially  modulating  the  phase  of  the  reference  light  in  accordance  with  the  phase  distribution 
given  by  said  phase  distribution  expressing  means. 

5.  Amethod  according  to  any  one  of  the  preceding  claims,  wherein  said  wave  front  converting  step  includes 
light  modulating  means  for  spatially  modulating  the  amplitude  of  the  reference  light  in  accordance  with 
the  phase  distribution  given  by  said  phase  distribution  expressing  means. 

6.  A  method  according  to  claim  4  or  5,  wherein  said  light  modulating  means  is  an  optical  device  which  trans- 
mits  the  reference  light. 

7.  Amethod  according  to  claim  4  or  5,  wherein  said  light  modulating  means  is  an  optical  device  which  reflects 
the  reference  light. 

8.  A  method  according  to  any  one  of  the  preceding  claims,  wherein 
said  3-dimensional  information  forming  step  is  a  step  of  forming  the  3-dimensional  information  of 

the  object  or  objects  to  be  expressed  for  each  of  a  plurality  of  color  components; 
said  depth  image  forming  step  is  a  step  of  forming  a  plurality  of  depth  images  for  each  color  com- 

ponents; 
said  phase  distribution  calculating  step  is  a  step  of  calculating  the  phase  distribution  for  each  color 

component; 
said  phase  distribution  expressing  step  is  a  step  of  expressing  the  phase  distribution  for  each  color 

component; 
said  wave  front  converting  step  is  a  step  of  converting  the  phase  distribution  into  the  optical  wave 
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front  for  each  color  component;  and 
a  color  Image  Is  stereoscopically  displayed  by  said  steps. 

9.  Amethod  according  to  any  open  of  the  preceding  claims,  wherein  said  3-dimensional  information  forming 
5  step  comprises: 

an  inputting  step  of  photographing  the  object  to  be  displayed  and  inputting  2-dimensional  image 
information;  and 

a  forming  step  of  forming  the  3-dimensional  information  from  the  2-dimensional  image  information 
obtained  in  said  inputting  step. 

10 
10.  A  method  of  forming  a  hologram,  comprising: 

a  3-dimensional  information  forming  step  of  forming  the  3-dimensional  information  of  the  object 
or  objects  to  be  displayed; 

a  depth  image  forming  step  of  forming  a  plurality  of  depth  images  converted  into  the  2-dimensional 

15  information  from  the  3-dimensional  information  formed  in  said  3-dimensional  information  forming  step; 
and 

an  exposing  step  of  holographically  recording  a  plurality  of  depth  images  expressed  in  said  depth 
image  forming  step  onto  a  recording  medium. 

11.  Amethod  according  to  any  one  of  the  preceding  claims,  wherein  said  depth  image  forming  step  comprises: 
a  region  setting  step  of  dividing  the  3-dimensional  information  to  be  expressed  in  the  depth  direc- 

tion,  thereby  setting  a  plurality  of  3-dimensional  regions; 
a  region  data  forming  step  of  forming  region  data  indicative  of  the  3-dimensional  information  of  the 

object  to  be  displayed  every  region  set  in  said  region  setting  step; 
a  plane  setting  step  of  setting  the  2-dimensional  plane  to  form  the  depth  data  every  region  set  in 

said  region  setting  step;  and 
an  image  data  forming  step  of  forming  the  projection  image  data  when  it  is  seen  from  the  segment 

hologram  regions  as  minimum  units  to  express  the  hologram  which  were  finely  divided  on  the  hologram 
forming  surface  onto  the  2-dimensional  plane  set  in  said  plane  setting  step  from  the  3-dimensional  infor- 

so  mation  every  said  segment  hologram  region  of  each  of  the  regions  in  the  depth  direction. 

12.  A  method  according  to  claim  11  ,  wherein  said  image  data  forming  step  includes  a  step  of  enlarging  the 
depth  image. 

13.  A  method  according  to  claim  11,  wherein  said  image  data  forming  step  includes  a  step  of  reducing  the 
35  depth  image. 

14.  Amethod  according  to  claims  11,  12  or  13,  wherein  said  image  data  forming  step  includes  a  step  of  setting 
the  hologram  display  position  to  an  arbitrary  position  which  was  moved  in  the  depth  direction. 

40  15.  Amethod  according  to  any  one  of  claims  11  to  14,  wherein  in  said  region  setting  step,  the  3-dimensional 
region  is  set  on  a  unit  basis  of  the  object  to  be  expressed. 

16.  Amethod  according  to  any  one  of  claims  11  to  14,  wherein  in  said  region  setting  step,  the  3-dimensional 
region  is  set  so  that  the  single  object  to  be  expressed  is  divided  into  a  plurality  of  portions. 

25 

30 

45 

50 

17.  Amethod  according  to  any  one  of  claims  11  to16,  wherein  in  said  region  setting  step,  the  object  or  objects 
existing  at  a  position  or  positions  which  is/are  away  from  the  hologram  forming  surface  by  a  predetermined 
distance  is/are  set  as  one  background  region. 

18.  A  method  according  to  any  one  of  claims  11  to  17,  wherein  in  said  plane  setting  step,  the  2-dimensional 
plane  is  set  to  a  position  or  positions  passing  through  the  center  or  centers  of  gravity  of  the  object  or  ob- 
jects  existing  in  the  region  set  in  said  region  setting  step. 

19.  A  method  according  to  claim  10  or  to  any  one  of  claims  11  to  18,  when  appended  to  claim  10,  wherein 
said  exposing  step  comprises: 

55  a  step  of  arranging  in  parallel  the  recording  medium  and  display  means  for  displaying  the  depth 
image  so  that  the  interval  between  them  can  be  freely  adjusted; 

a  step  of  adjusting  the  interval  between  the  recording  medium  and  the  display  means  to  the  same 
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distance  as  the  distance  which  was  set  when  the  projection  image  data  is  formed  every  region  in  the  depth 
direction  in  said  image  data  forming  step;  and 

a  multiple  exposing  step  of  displaying  the  projection  image  data  corresponding  to  the  segment  ho- 
logram  region  on  the  recording  medium  to  the  display  means,  exposing  the  corresponding  segment  ho- 

5  logram  region,  and  executing  the  multiple  exposure  with  respect  to  the  plurality  of  projection  image  data 
in  the  depth  direction  corresponding  to  the  same  segment  hologram  regions. 

20.  A  method  according  to  any  one  of  the  preceding  claims,  wherein  said  3-dimensional  information  forming 
step  comprises: 

10  an  inputting  step  of  photographing  the  object  to  be  displayed  and  inputting  the  2-dimensional  image 
information;  and 

forming  step  of  forming  the  3-dimensional  information  from  the  2-dimensional  image  information 
obtained  in  said  inputting  step. 

15 

20 

25 

15  21.  A  method  according  to  claim  20,  wherein  said  inputting  step  comprises: 
a  photographing  point  setting  step  of  finely  dividing  the  2-dimensional  plane  set  at  the  photograph- 

ing  position  in  the  depth  direction,  thereby  setting  a  plurality  of  photographing  points;  and 
a  photographing  step  of  photographing  the  object  to  be  displayed  at  said  plurality  of  photographing 

points. 
20 22.  A  method  according  to  claim  21,  wherein  in  said  photographing  step,  the  object  is  photographed  so  that 

the  photographing  direction  is  set  to  the  same  direction  at  each  of  the  photographing  points. 

23.  A  method  according  to  claim  21,  wherein  in  said  photographing  step,  the  object  is  photographed  so  that 
the  photographing  direction  is  directed  to  one  predetermined  point  in  each  depth  region  at  each  of  the 

25  photographing  points. 

24.  A  method  according  to  any  one  of  clains  21  to  23,  wherein  in  said  photographing  step,  photographing 
means  is  arranged  at  each  of  the  photographing  points  and  the  object  is  photographed. 

30  25.  A  method  according  to  any  one  of  claims  21  to  23,  wherein  in  said  photographing  step,  photographing 
means  is  moved  to  each  of  the  photographing  points  and  the  object  is  photographed. 

26.  Amethod  according  to  any  one  of  claims  20  to  25,  wherein  said  inputting  step  includes  a  step  of  forming 
an  image  of  the  interpolated  2-dimensional  image  information  between  the  photographing  points  from  the 

35  2-dimensional  image  information  obtained  at  each  of  the  photographing  points. 

27.  A  stereoscopic  display  apparatus  of  a  hologram,  comprising: 
3-dimensional  information  forming  means  for  forming  3-dimensional  information  of  an  object  or  ob- 

jects  to  be  displayed; 
40  depth  image  forming  means  for  forming  a  plurality  of  depth  images  converted  into  the  2-dimen- 

sional  information  from  the  3-dimensional  information  formed  by  said  3-dimensional  information  forming 
means; 

phase  distribution  calculating  means  for  calculating  a  phase  distribution  at  a  hologram  forming  sur- 
face  from  said  plurality  of  depth  images  formed  by  said  depth  image  forming  means; 

45  hologram  expressing  means  for  expressing  the  phase  distribution  obtained  by  said  phase  distrib- 
ution  calculating  means  onto  the  hologram  forming  surface;  and 

wave  front  converting  means  for  irradiating  a  reference  light  to  the  phase  distribution  expressed 
by  said  hologram  expressing  means  and  converting  the  reference  light  into  the  optical  wave  front,  thereby 
displaying  a  solid  image. 

40 
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28.  A  stereoscopic  display  apparatus  of  a  hologram,  comprising: 
3-dimensional  information  forming  means  for  forming  3-dimensional  information  of  an  object  or  ob- 

jects  to  be  displayed; 
depth  image  forming  means  for  forming  a  plurality  of  depth  images  converted  into  the  2-dimen- 

sional  information  from  the  3-dimensional  information  formed  by  said  3-dimensional  information  forming 
means; 

exposing  means  for  holographically  recording  said  plurality  of  depth  images  formed  by  said  depth 
image  forming  step  onto  a  recording  medium;  and 
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wave  front  converting  means  for  irradiating  a  reference  light  to  the  recording  medium  recorded  by 
said  exposing  means  and  converting  the  reference  light  into  the  optical  wave  front,  thereby  displaying  a 
solid  image. 
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