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METHOD Aì{D CAIúERjA FOR THE REAL-TIME ACQUISTTION OF VISUAL

INFORIvIATION FROM THREE-DIMENSIONAL SCENES

O b j e c t  o f  t h e  I n v e n t i o n

T h e  p r e s e n t  i n v e n t i o n  r e l a t e s  t o a  me thod  fo r

c a l c u l a t i n g  t h e  f o c a - L  s t a c k  a s s o c i a t e d  w i t h  a n  o b j e c t  v o l u m e ,

to  a  me thod  fo r  imp rov ing  the  reso l -u t i on  o f  t he  images  o f  t he

f o c a l  s t a c k  o b t a i n e d .  t o  a  m e t h o d  f o r  t h e  r e a l - t i m e

m e a s u r e m e n t  o f  d i s t a n c e s  i n  t h r e e - d i m e n s i o n a l -  s c e n e s  a n d  t o  a

me thod  fo r  t he  rea l - t ime  tomograph i c  measu remen t  o f  t he

c o m n l  e x  a m n l  i  t u d e  o f  t h e  e l e c t r o m ¡ c r n e f  i  r :  f  i  e f d  a s s o c i a L e d  w i t h

a  w a v e f r o n t .

The  p resen t  j - nven t i on  a f f ows  know ing  the  d i s tance  and

t h e  r : o m n l  e x  ¡ m n l  i  t r t r ì e  o f  l _  h o  a l  a ¡ È  r n m : n n a l  j C  f  i e f  d  i n  t h e

p o s i t i o n s  o f  t h e  s u r f a c e s  o f  t h e  s c e n e .

f n  a d d i t i o n ,  t h e  i n v e n t i o n  r e l - a L e s  t o  a  c a m e r a  f o r  t h e

r e ¡  I  - t  i  m e  e r : c r r r i s i t i o n  o f  t h e  v i s u a f  í n f o r m a t i o n  o f  t h r e e -

d i m e n s i o n a f  s c e n e s  i n  a  w i d e  r a n g e  o f  v o - L u m e s ,  c h a r a c t e r i z e d

b y  t h e  u s e  o f  a n  o b j e c t i v e  l e n s  a n d  a  l - e n s l e t  a r r a y  f o c a t e d  i n

t h e  i m a g e  s p a c e  o f  t h e  o b j e c t i v e  l e n s ,  a  s e n s o r  p l a c e d  i n  t h e

f o c a f  p o i n t  o f  t h e  f e n s Ì e t s  ( w h i c h  c o f Ì e c t s  t h e  i m a g e  f o r m e d

h r ¡  l - h o  l : ] _ l _  a r \  : n À  n : r = l  l a l  ^ ^ m n r r j _  : l _  i n n/  d i l u  l r d r d . L . L c - .  p r o c e s s r n g  m e a n s

a d ¡ n t o c l  f  o r  r - a  l  c l r  I  a f  i  n o  f  h e  f o c a l -  s t a c k  a s s o c i a t e d  \ d i t h  t . h e

o l r - . i  a r - f  r ¡ n l  r r m c  m ê â s ì l r e d  h r ¡  f  h e  - ^ r  + ^ -  ^  - r  ^ , , r  - + . ;  ̂ ^  w i t hV U J ç U L  V V I q I L t ç  I L L U q J u r u u  v J  u f I U  ç q I L L ç I q ,  A I I U  M  U q f ç U f q L l l l V

r e g a r d  t o  t h e  l a t t e r  t h e  c o m p l e x  a m p l i t u d e  o f  t h e

e - I e c t r o m a g n e t i c  f i e l d  ( m o d u l u s  a n d  p h a s e )  a n d  t h e  t h r e e -

d i m e n s i o n a l  p o s i t i o n  o f  t h e  r a d i a n t  s u r f a c e s  a t  a n y  p o i n t  o f

J . ì . r a  q o n q a Ä  n l - r - i o ¡ l -  q n â - ô

T h i s  i n v e n t i o n  c a n  b e  u s e f u l  i n  a n y  a r e a  o r  a p p l i c a t i o n

i n  w h i c h  i t  i s  r e q u i r e d  t o  k n o w  t h e  w a v e f r o n t :  t e r r e s t r i a f

a s t r o n o m i c  o b s e r v a t i o n ,  o p h t h a l m o l o g y ,  h o l o g r a p h y ,  e t c .  /  a s

w e l l  a s  i n  w h i c h  m e t r o l o g y  i s  r e q u i r e d :  r e a l -  s c e n e s ,  3 D

t e l e v i s i o n .  p o - L i s h i n g  C C D s /  a u t o m o b i l e  m e c h a n i c s /  e t c .

F i e l d  o f  t h e  A r t
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3 5 ô n i  i  ¡ q  T m ¡ ¡ a  Í-  p r o c e s s r n g .

-1 METHOD AND CAMERA FOR THE REAL-TIME ACQUISITION OF
VISUAL  INFORMATION FROM THREE-DIMENSIONAL SCENES Object
of the Invention 5 The present invention relates to a method for
calculating the focal stack associated with an object volume,  to a method
for improving the resolution of the images of the  focal stack obtained, to a
method for the real-time  measurement of distances in three-dimensional
scenes and to a 10 method for the real-time tomographic measurement of
the  complex amplitude of the electromagnetic field associated with  a
wavefront. The present invention allows knowing the distance and  the
complex amplitude of the electromagnetic field in the  15 positions of the
surfaces of the scene. In addition, the invention relates to a camera for the
real-time acquisition of the visual information of three- dimensional scenes
in a wide range of volumes, characterized  by the use of an objective lens
and a lenslet array located in 20 the image space of the objective lens, a
sensor placed in the  focal point of the lenslets (which collects the image
formed  by the latter) and parallel computation processing means
adapted for calculating the focal stack associated with the  object volume
measured by the camera, and for calculating with 25 regard to the latter
the complex amplitude of the  electromagnetic field (modulus and phase)
and the three- dimensional position of the radiant surfaces at any point of
the sensed object space. This invention can be useful in any area or
application  30 in which it is required to know the wavefront: terrestrial
astronomic observation, ophthalmology, holography, etc., as  well as in
which metrology is required: real scenes, 3D  television, polishing CCDs,
automobile mechanics, etc. Field of the Art 35 Optics. Image processing.
2- 
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B a c k g r o u n d  o f  t h e  I n v e n t i o n

T h e  p r e s e n t  i n v e n t i o n  r e f a t e s  b o t h  t o  t h e  n e e d  t o

ach j . eve  a  t h ree -d imens iona l -  measu remen t  o f  t he  comp lex

a m p l i t u d e  o f  t h e  w a v e f r o n t  a s s o c i a t e d  w i t h  a n y  o p t i c a l  p r o b l e m

. ì - , , L . i ^ L . . i - ^ - ^  - . - ^ r r ! . .  r ^  ^ ^ ^ e n f i a l  l e - o _  f o r  d i ¡ , ^ r n o s i n c r l  a n df  I 1  W I l f  U l l  l l t t d V U  q U d a a L y  a J  U ò ò u r r L r u r  \ L .  V .  ! v !  u f  q V l l v o a I I V /  t

t o  t . h e  n e e d  t o  o b t a i n  a  s u f f i c i e n t l y  r e l i a b f e  a n d  p r e c i s e

^ ^ ^ f l ^  * ^ *  I -  ^  r ^ r i d e  r â n a r ê  n f  r ¡ n l r r m o q .  f r n m  ¡  f o t ^ r  m i r - r o n s  r r p  l gu s y L l l  r r l q y  f 1 1  q  w I u ç  r a l l v ç  v r  v v r u r r r ç J /  r r v l l r  q  r ç w  r r l f u ! v l r o  u l

s e v e r a l  k i l o m e t e r s ,  a n d  a l s o  t o  t h e  r e a l - - t i m e  g e n e r a t i o n  o f

t h r e e - d i m e n s i o n a l  i n f o r m a t i o n  f o r  3 D  t e l e v i s i o n ,  3 D  m o v i e s ,

m e d i c i n e ,  e t c .

S t a t e  o f  t h e  A r t

T r - ^  - ^ - ^ + i \ / ê  o n f i r - s  f o f  C u f ¡ . e n t  t e l - e s c o n e s  r ^ r ' i t h  a  l e r c r et ¡ I ç  q q q l J U f , V ç  V I / L f , U ù  ! U I  U U L ! g l l U  U ç f ç è v v y v r

ô ì  â m ê r ê r  t t - R  A t \ t  t t s : l  a t \ t  K è - v  t  l t ld l r u  r u L u r c  9 r d r r L  L U r u ù u u P U ù  \ v v

o r  1 0 0  m e t e r s  i n  d i a m e t e r )  f o c u s e s  o n  m e a s u r i n g  t h e  t h r e e -

d i m e n s i o n a f  d i s t r i b u t i o n  o f  t h e  a t m o s p h e r i c  p h a s e  u s i n g  a  f o r m

o f  t o m o o r e n h r ¡  c a l - l - e d  m u l t i - c o n i  u o a f  e  o n f  i  c s  .  T h e  a b s e n c e  i n

t h e  s k y  o f  a  s u f f i c i e n t  n u m b e r  o f  n a t u r a l  p o i n t  s o u r c e s /  s u c h

t h a t  t h e r e  i s  a f \ , { a v s  o n e  Ð r e s e n t  i n  t h e  f i e l d  o f  v i s i o n  o f  t h e

n ì r i a r - i -  n l ' r q o r r z o d  l - l r ¡  t h p  f e I o q c n n o -  f n r r - a q  l l s i n o  ¡ r f i f i C i a fv J  r  l v l v v r  q e f a a Y

p o i n t  s o u r c e s :  N a  s t a r s  ( 9 0  k m  i n  h e i g h t ) .

I n  o r d e r  t o  c o r r e c t ,  p r e v e n t i n g  t h e  f o c a f

¡ n i s o n l e n e t i s m .  f h e  e n t i r e  ¡ l _ m o s n h e r a  e f f e r : t i n c r  f h e  I i c r h f  b e a m

¡ n m i n ¡  f r ^ m  ¡ h c  o l r i c r - l _  i n  l _ h e  s k v _  i f  i s  n â . ê q q : 1 1 /  f ñ  U S ev v j v v  u N j ,  _ Y  u v

s e v e r a - L  o f  t h e s e  a r t i f i c i a l  s t a r s  ( a t  l e a s t  5 )  .  I n  o r d e r  t o  b e

g e n e r a t e d ,  e a c h  o f  t h e m  n e e d s  a  v e r y  h i g h  r e s o f u t i o n  h i g h -

p o w e r e d  p u J - s e  l - a s e r ,  w h i c h  t r a n s f a t e s  i n t o  a  v e r y  e x p e n s i v e

f e c h n o l o o v -  T n  - r r ' i + ì ^ -  - € + e r  s r r r . ì h  ¡  h i o h  r - o s J -  .  f h c  m r f t i -L U v r r l r v f v Y j .  a U U f  U A U I I t  A ! L u r  J u ç I f  q  I l a Y I l  U V O U ,  U f I ç  f L t U

c o n j u g a t e  o p t i c s  i s  o n l y  c a p a b l e  o f  m e a s u r i n g  t h e  a t m o s p h e r i c

p h a s e  a s s o c i a t e d  b / i t h ,  a t  m o s t ,  t h r e e  h o r i z o n t a l  l a y e r s  o f

f  r r r h , , l  o n ¡ o  1 ' ^ / i t h  t h r e e  S i m U l t a n e O U S l y  m e a S U r i n g  p h a S e\ v Y r u r r  . .

c a n c n r c \  ì  o  ,  i t  s c a n s  a  v e r \ /  s m a l  I  n r o n o r t _ i o n  o f  t h e  t h r e e -! ! e . ,  
) '  u ¡ r r q + +

d i m e n s i o n a l -  c y l i n d e r  a f f e c t i n g  t h e  i m a g e .  F u r t h e r m o r e ,  â f l

e s t i m a t i o n  o f  t h e  p h a s e  w i t h  s u c h  c o m p f i c a t e d  c a - L c u f a t i o n s

w h i c h  s e r i o u s f y  c o m p l i c a t e  t h e  a d a p t i v e  c o r r e c t i o n  o f  t h e
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Background of the Invention The present invention relates both to the
need to  achieve a three-dimensional measurement of the complex
amplitude of the wavefront associated with any optical problem 5 in which
image quality is essential (e.g. for diagnosing), and  to the need to obtain
a sufficiently reliable and precise  depth map in a wide range of volumes,
from a few microns up to  several kilometers, and also to the real-time
generation of  three-dimensional information for 3D television, 3D movies,
10 medicine, etc. State of the Art The adaptive optics for current
telescopes with a large  diameter (GRANTECAN, Keck,...) and future
giant telescopes (50  or 100 meters in diameter) focuses on measuring
the three 15 dimensional distribution of the atmospheric phase using a
form  of tomography called multi-conjugate optics. The absence in  the sky
of a sufficient number of natural point sources, such  that there is always
one present in the field of vision of the  object observed by the telescope,
forces using artificial  20 point sources: Na stars (90 km in height). In
order to correct, preventing the focal  anisoplanatism, the entire
atmosphere affecting the light beam  coming from the object in the sky, it
is necessary to use  several of these artificial stars (at least 5). In order to
be 25 generated, each of them needs a very high resolution high-
powered pulse laser, which translates into a very expensive  technology.
In addition, after such a high cost, the multi- conjugate optics is only
capable of measuring the atmospheric  phase associated with, at most,
three horizontal layers of 30 turbulence (with three simultaneously
measuring phase  sensors), i.e., it scans a very small proportion of the
three- dimensional cylinder affecting the image. Furthermore, an
estimation of the phase with such complicated calculations  which
seriously complicate the adaptive correction of the 3  optic beam within
the time of stability of the atmosphere in  
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o p t i c  b e a m  w i t h i n  t h e  t i m e  o f  s t a b i l i t y  o f  t h e  a t m o s p h e r e  i n

t h e  v i s i b l e  r a n g e  ( 1 0  m s )  i s  r e c o v e r e d .

Hor , {eve r ,  t he  backg round  o f  t he  i nven t i on  i s  no t

e x c l - u s i v e l y  f o c u s e d  o n  t h e  f i e l d  o f  a s t r o p h y s i c s .  I n  t h e

s e c t o r  o f  o n f  i  c s  .  Õ r  o n h t h ¡  I  m n l  o c r r ¡  -  f  h e  m a i n  i n t e r e s t  l - n
f  

v L

n c r f n r m i n r r  t h c  f Õ m Õ . r r â n h v  o f  f h e  h u m ¡ n  e v e  i s  b a s e d  o n  m e d i c a f

s n e r - i  e  l  i  s f  s  o h + - ;  . - . i  - -  - - r  r - - - . ]  ' ^ -  -  ^ ì  ^ - -  j - n ¡ c r e  o f  t h e  r p f  i n a l _J I J U U T q f f J L J  V V L q I l l f l r V  O r r U  1 1 O V f 1 1 9  q  ç f C q r  r l l r q V U  V !  U l r U  r V L

f u n d u s  o f  t h e  p a t i e n t ,  i n  o r d e r  t o  b e  a b f e  t o  m o r e  r e a d i l y

n p r f n r m  d i : n n ¡ s t ì r : s .  T h e  e o l l e o r q  h r r m n r -  f h e  v i t r e O u S  h U m O f  a n d

t h e  c r y s t a l l i n e  l e n s  i n  t h e  e y e  b e h a v e  l i k e  m e a n s  w h i c h

a b e r r a t e  t h e  i m a g e  t h a t  c a n  b e  o b t a i n e d  o f  t h e  r e t i n a l -  f u n d u s .
\

E v e n  t h o u g h  f o r  t h i s  c a s e  i t  i s  n o t  n e c e s s a r y  t o  t a k e

m e a s u r e m e n t s  a s  f r e q u e n t l y  a s  i n  t h e  t e r r e s t r i a f  a t m o s p h e r e

( e v e r y  1 0  m s ) ,  s i n c e  i t  i s  a  s t a b l - e  d e f o r m a t i o n ,  s u f f i c i e n t

t h r e e - d i m e n s i o n a l  r e s o l u t i o n  i s  r e q u i r e d  t o  n o t  o n l y  o b t a Í n  a

g o o d  i m a g e  o f  r e t i n a l -  f u n d u s ,  b u t  t o  a f s o  d e t e c t  t h e  s p a t i a l

l - o c a t i o n  o f  p o s s i b Ì e  o c u l - a r  l e s i o n s .

F í n a l l y ,  a n d  i n  a n o t h e r  s e c t o r  s u c h  a s  t h a t  o f

t e l e v i s i o n  o r  c i n e m a t o g r a p h i c  i m a g e s ,  t h e r e  a r e  c h a l l e n g e s

r e l a t i n g  t o  t h r e e - d í m e n s i o n a l  t e l - e v i s i o n ,  i n  w h i c h  o n e  o f  t h e

e s s e n t i a l  p r o b l e m s  i s  t h e  r e a f - t i m e  g e n e r a t i o n  o f  c o n t e n t s ,

^ . i  - , ^ -  + l - - +  + l . a  f  e r - h n . i  n r i e s  â r ê  s ô  r - o m n l  e x  a n d  l a b O f  i O U S  t h a t9 I  V  ç I I  U l I a  L  L I 1 9  L U U r r r r r Y U U J  O !  I  J V  U V r ( r y J 9 ^

t h e y  n e e d  h u m a n  i n t e r v e n t i o n  d u r i n g  t h e  p r o c e s s  f o r  t h e

c a n a r : f ì a n  n f  3 D  C 6 n t e n t s  w h i C h  C A n  b e  s h o w n  o n  e x i S t i n o  3 f )

d  i  q n l  e r ¡ q  T n  l - h  i  s  s ê n s ê .  f h c  n n f  i  m i  z e d  ì  m n l  e m e n f ¡ f  i  o n  O n'  u ¡ r v

p a r a l l e l  c o m p u t i n g  h a r d w a r e  ( G P U s  a n d  F P G A s )  o f  t h e  t e c h n i q u e s

h e r e i  n  n r o n o s e d  ¡  I  I  n w s  c r e n e r a t  i  n o  r e a  l  - f  i m e  t h r e e - d i m e n s i o n a ]

c o n t e n t s .

Approaches are  known in  the  s ta te  o f  the  ar t  in  the

ment ioned f  ie l -ds  in  wh ich  -Lens f  e ts  have been pJ-aced in  the

i m a g e  p l a n e  o f  a  c o n v e r g i n g  l e n s ,  g i v i n g  r i s e  t o  d e v i c e s  a n d

m e t h o d s  f o r  t h e  m e a s u r e m e n t  o f  i m a g e  p a r a m e t e r s ,  n e v e r t h e l e s s ,

t h o r ¡  r . l n  n ô i _  ì 1 ô ^  ô - i  / - l  - ô ô ^ n h l  \ ¡  f  ¡ r  f  ¡ k i  n n  f  h e  f  ¡ m n c r ¡ n h ì  r -L l i U y  u U  I I ( J  L  t ] ù ç  J d l u  d ù ò U l t w r  j  u u r ! ¿ r l 9  L I l s  L U t t t v 9 !  q l / r r a u

m e a s u r e m e n t  o f  t h e  o p t i c a f  a b e r r a t i o n ,  o r  f o r  o b t a i n i n g

d i s t a n c e s  i n  t h e  s c e n e .
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the visible range (10 ms) is recovered. However, the background of the
invention is not  exclusively focused on the field of astrophysics. In the  5
sector of optics, or ophthalmology, the main interest in performing the
tomography of the human eye is based on medical  specialists obtaining
and having a clear image of the retinal  fundus of the patient, in order to
be able to more readily  perform diagnostics. The aqueous humor, the
vitreous humor and 10 the crystalline lens in the eye behave like means
which  aberrate the image that can be obtained of the retinal fundus.
Even though for this case it is not necessary to take measurements as
frequently as in the terrestrial atmosphere  (every 10 ms), since it is a
stable deformation, sufficient  15 three-dimensional resolution is required
to not only obtain a good image of retinal fundus, but to also detect the
spatial  location of possible ocular lesions. Finally, and in another sector
such as that of  television or cinematographic images, there are
challenges  20 relating to three-dimensional television, in which one of the
essential problems is the real-time generation of contents,  given that the
techniques are so complex and laborious that  they need human
intervention during the process for the  generation of 3D contents which
can be shown on existing 3D 25 displays. In this sense, the optimized
implementation on  parallel computing hardware (GPUs and FPGAs) of
the techniques  herein proposed allows generating real-time
three-dimensional  contents. Approaches are known in the state of the art
in the  30 mentioned fields in which lenslets have been placed in the
image plane of a converging lens, giving rise to devices and  methods for
the measurement of image parameters, nevertheless,  they do not use
said assembly for taking the tomographic  measurement of the optical
aberration, or for obtaining  35 distances in the scene. 4  For example,
Adelson and Wang ("Single lens stereo with  
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For  example ,  Ade lson and !üang ( "  S ingJe -Zens  s te reo  w i th

a  pJenopt ic  camera" ,  IEEE Transac t ions  on  Pat te rn  AnaJys is  and

M a c h i n e  I n t e J J i g e n c e ,  V o l .  I 4 ,  N o .  2 ,  9 9 - I 0 6 ,  1 9 9 2 )  u s e  t . h e

d e v i c e  t o  o b t a i n  d i s t a n c e s  w i t h  a  t e c h n i q u e  t h a t  i s  c o m p l e t e l y

d i f f e r e n t  f r o m  t h a t  o f  t h e  p r e s e n t  i n v e n t . i o n .

T h e  a u t h o r s  R e n  N g  e t  a f .  ( " L í g h t  f i e l d  p h o t o q r a p h y  w i t h

a  h a n r l - h e i  d  n 1 ^ ^ ^ ^ + :  ^  ^ - ^ ^ - - / / .  . 9 f  a n f  o r d  T c r h  R c n o r f  C f  . C R  2 0 0 5 -r r u ¿ u  p L Ç t t a P Ç L ç  ç a t t l v L a  ¿  e v l l  ^ ç p v r  L  u  ! ¿ ! \  ¿

0 2 )  u s e  t h e  F o u r i e r  S f i c e  t e c h n i q u e  a s s o c i a t e d  w i t h  f e n s - I e t s

i n  f h e  i m a c l e  n l : n o  a n l r ¡  f a r  ^ h f - i - ì - ^  € ^ ^ ' r q ê r l  n h n i _ n r r r : n h g  O fL f  f  ç  a ¡ r r Q y ç  I r f  q r r ç  v l r r y  ! v !  v p  L a a l t a l l v  r v ç u ù ç u  y ] ] v  L v g r  a y l t ,

rea l -  scenes  j -n  ranges  o f  a  f  ehr  cub ic  meters  o f  vo f  ume,  v / i th

q u a l i t y  a p p a r e n t l y  b e t t e r  t h a n  t h e  t y p i c a l  f i e l d  d e p t h

f e r : h n i o l l e .  T n  t h i s  c â s e -  1 . h a  n r n n n c a Ä  t e c h n j o l l e  a l I _ O W Sv q U v ,

c a l c u l a t i n g  t h e  f o c a l -  s t a c k  i f  i t  i s  a p p l i e d  r e p e a t e d l y  f o r

t h e  d i s t a n c e s  c o v e r i n g  t h e  r e q u i r e d  v o l - u m e ,  i n v o l v i n g

computa t iona l  requ i rements  wh ich  wou ld  make rea l - - t ime

p r o c e s s i n g  i m p o s s i b l e  .
' l - È r r n t n l - r n r r f  f  h e  n r ê s ê n f  s n e r - i  f  i  r - a f  i  n n  .  f  O C a l _  S t a C k  O f  AJ y v v f ! I v u u J v r r ,

s c e n e  w i l l  b e  i n t e r p r e t e d  a s  t h e  i m a g e  v o f u m e  t h a t  w o u l d

r e s u l t  f r o m  t a k i n g  a  g r o u p  o f  c o n v e n t i o n a f  p h o t o g r a p h i c

i m ¡ c r c q -  f r n m  1 - h a  q ¡ m o  n n i n t  n f  r ¡ i a r ^ r  l ' r r r j _  r ¡ ¡ r r z i n a  J - l r a  f n n r r
,  r ! v r *  v f v v Y ,  v u l r 4 ¡ ¡ y  , _ . - * s f n g

o ] s t a n c e .

I n  r e f a t i o n  t o  t h e  p r o c e s s e s  o f  i n f o r m a t i o n  e x t r a c t i o n f

i t  i s  known tha t  ob ta in ing  a  photograph ic  image f rom the

l igh t - f  ie f  d  o r  four -d imens ionaf  p l -enopt ic  func t ion ,  f { t+  * , . ; r ,T } ,

i s  p o s s i b l e  b y  i n t e g r a t i n g  a l l  t h e  r a y s  r e a c h i n g  e a c h  p o i n t

( x ,  y )  o f  t h e  s e n s o r ,  c o m i n g  f r o m  e a c h  p o i n t  ( u ,  v )  o f  t h e

n l a n e  o f  f h e  I e n s  R r ¡  m e ¡ n q  o f  s : i r ì  i n t e r - r r ¡ f i o n  t h e  n l e n o o t i c

c a p t u r e  e f f e c t  i s  u n d o n e .  I n  o t h e r  w o r d s ,  i f  t h e  r a y s  h a v e

b e e n  r e d i r e c t e d  t o  d i f f e r e n t  s p a t i a l  p o s i t i o n s  w h e n  c a p t u r e d

w i t h  t h e  l e n s l e t s ,  i n  o r d e r  L o  r e d o  t h e  c o n v e n t i o n a l -  i m a g e  i t

i s  n e c e s s a r y  t o  r e g r o u p ,  i . e . ,  a g a i n  i n t e g r a t e  i n  c o m m o n  f o r  a

p o s i t i o n  ( x ,  y )  w h a t  c a m e  f r o m  d i f f e r e n t  a n g u l a r  v a l - u e s  ( u ,

v)

T h e  i m a g e  o b t a i n e d  b y  t h e  o p e r a t o r

8r { r , l ' )  :  - f l . f - { i l ,u ,x ,yJdu dr r ,  o r  photograph ic  fo rmat ion  in regra t ,
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a plenoptic camera", IEEE Transactions on Pattern Analysis and  Machine
Intelligence, Vol. 14, No. 2, 99-106, 1992) use the  device to obtain
distances with a technique that is completely  5 different from that of the
present invention. The authors Ren Ng et al. ("Light field photography with
a hand-held plenoptic camera", Stanford Tech Report CTSR 2005- 02)
use the Fourier Slice technique associated with lenslets  in the image
plane only for obtaining focused photographs of 10 real scenes in ranges
of a few cubic meters of volume, with  quality apparently better than the
typical field depth  technique. In this case, the proposed technique allows
calculating the focal stack if it is applied repeatedly for  the distances
covering the required volume, involving 15 computational requirements
which would make real-time  processing impossible. Throughout the
present specification, focal stack of a  scene will be interpreted as the
image volume that would  result from taking a group of conventional
photographic 20 images, from the same point of view, but varying the
focusing  distance. {  In relation to the processes of information extraction,
it is known that obtaining a photographic image from the  light-field or
four-dimensional plenoptic function, f(U,V,x,y),  25 is possible by
integrating all the rays reaching each point (x, y) of the sensor, coming
from each point (u, v) of the  plane of the lens. By means of said
integration the plenoptic  capture effect is undone. In other words, if the
rays have  been redirected to different spatial positions when captured 30
with the lensiets, in order to redo the conventional image it  is necessary
to regroup, i.e., again integrate in common for a  position (x, y) what came
from different angular values (u,  v) . The image obtained by the operator
35 EF(x,y)= jf f(u,v,x,lr)dudv, or photographic formation integral, reimages
the photographic image that had been obtained with a  
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r e i m a g e s  t h e  p h o t o g r a p h i c  i m a g e  t h a t  h a d  b e e n  o b t a i n e d  w i t h  a

c o n v e n t i o n a f  s e n s o r  _  f o c u s e d  o n  t h e  p J _ a n e  a t  a  d i s t a n c e  F ,
^ ^ h ì " ^ - + ^ i  , . . :  + Lu u i l J u g d L e o  \ ^ / f  r n  r e s p e c t  t o  t h e  o b j e c t i v e  f  e n s  o f  t h e  f  e n s Ì e c s _

s e n s o r  a s s e m b l y .  r f  i t  i s  d e s i r e d  t o  r e i m a g e  i n  a  p l a n e  a t  a

d i s t a n c e  F "  :  s '

b y  t h e  s i m i f a r i

p r r _ o r  t o  o r  a f t e r  F ,  R e n  N g  d e m o n s t r a t e s ,

o f  t r i a n g l e s ,  t h a t  t h e  f o l l _ o w i n g  m u s t  b e

eva -Lua ted :

E * . . ( r , - ï J :  . [ f  f  f , r .  , r ,  * r ' { r - l }  +  r .  * . f r -  t 1  ,  t \  ¡ . . : - -
\ . - ; J  -  o ,  * . t r  _ ; , J  _ ; J  0 r ¿ { 1 r : , .

T h e  e v a f u a t i o n  o f  t h i s  o p e r a t o r  f o r  e a c h  p o s s i b l e

d is t .ance n  ' ' t r  requ i res  f i { t r * )  opera t ions  and,  there fore ,  fo r  f i l

pJ -anes  wou- rd  requ i re  t ( / f  =J  opera t ions ,  where  ¡ /  i s  the

r e s o f u t i o n  w i t h  w h i c h  e a c h  o f  t h e  d i m e n s i o n s  o f  t h e  p l e n o p t i c

f u n c t i o n  i s  s a m p l e d .

R e n  N g  a f s o  d e m o n s t r a t e s  t h a t  i f  4 D  F o u r i e r  t r a n s f o r m  o f

t h e  l i g h t - f  i e l d  i s  c a l c u l a t e d ,  w h i c h  i n v o f v e s  û { , v +  l o g - , \ r J

c o m p l e x  s u m m a t i o n  a n d  m u Ì t i p l i c a t i o n  o p e r a t i o n s ,  t h e  d i f f e r e n t
r o f n c r r < ì  n a  n ì  ' ¡ g 5  c a n  b e  o b t a i  n e r l  h r z  n o r f n r m ì  - ^  ¡  f  ¡ , r n ¡ ¡ f  ^l u r v u u r r r r v  y r d l Ì e s  c d l l  Ð e  o Ð t e - - ' - -  - - ¡  q  u r u r r u o u u d  2 D

r o t a t i o n  a n d  2 D  a n t i - F o u r i e r  t r a n s f o r m  o f  t h e  4 D  t r a n s f o r m

f u n c t i o n  o f  t h e  l i g h t - f i e 1 d .  e a c h  o f  t . h e m  w i t h  a  c o m p u t a t i o n a l

compl -ex i ty  o f  ü { ' r \ ' ! J+  0{ , \ 'n  log* ,v }  to  be  added to  the  in i t ra l

c o s t  o f  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  s e n s e d  4 D  f u n c t i o n .

A  m e t h o d  i s  t h e r e f o r e  n e c e s s a r y  w h i c h  a f l o w s  r e d u c i n g
{ _ h ^  ^ ^ ñ ñ " r - ! l  ^ .Lne compurar tona l_  cos t  o f  the  ca l -cu l_a t ion  o f  the  foca l_  s tack

a n d ,  a c c o r d i n g Ì y ,  i t s  c a _ l _ c u f a t i o n  t i m e .

T h e  m o s t  c l o s e l y  r e f a t e d  b a c k g r o u n d  d o c u m e n t  o f  t h e
m e t h o d  f o r  c a l c u l a t i n g  t h e  f o c a l  s t a c k  o f  t h e  p r e s e n t

i n v e n t i o n  i s  t h e  d i s c r e t e  R a d o n  f a s t  ( o r  a p p r o x i m a t e ,

a c c o r d i n g  t o  t h e  a u t h o r )  t r a n s f o r m  p r o p o s e d  b y  G ö L z  a n d
Druckmüf le r  ( " ,4  fas t  d iq i ta l  Radon t rans form -  an  e f f i c ten t

means fo r  eva lua t ing  the  Hough t rans form" .  pa t te rn

R e c o g n ì - t . i o n ,  v o l - .  2 9 ,  n o .  4 ,  p p .  i I I - i I B ,  1 9 9 6 . ) ,  a n d  B r a d y
(*Ä Fast Discrete Approximation ALgori thm for the Radon

T r a n s f o r m " .  S T A M  J .  C o m p u t . ,  v o . I  .  2 f  ,  n o .  I ,  p p .  I T i _ I I g ,

r 9 9 8 )  i n d e p e n d e n t l y ,  w h i c h  s i m u f t a n e o u s l y  e v a l u a t e s  t h e

l /

f r ¡
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1 5

2 0

2 5
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conventional sensor focused on the plane at a distance F,  conjugated
with respect to the objective lens of the lenslets- sensor assembly. If it is
desired to reimage in a plane at a 5 distance F' = a' x, prior to or after F,
Ren Ng demonstrates,  by the similarity of triangles, that the following
must be  evaluated: 1 {( 1 E.F(x,y) = f f ~, u T d, The evaluation of this
operator for each possible  10 distance a'? requires O(N4) operations and,
therefore, for N  planes would require 0(N operations, where N is the
resolution with which each of the dimensions of the plenoptic  function is
sampled. Ren Ng also demonstrates that if 4D Fourier transform of  15 the
light-field is calculated, which involves O(N'log2N)  complex summation
and multiplication operations, the different  refocusing planes can be
obtained by performing a truncated 2D  rotation and 2D anti-Fourier
transform of the 4D transform  function of the light-field, each of them with
a computational 20 complexity of 0(A 2)+ 0(N2 log, N) to be added to the
initial  cost of the Fourier transform of the sensed 4D function. A method is
therefore necessary which allows reducing  the computational cost of the
calculation of the focal stack  and, accordingly, its calculation time. 25 The
most closely related background document of the  method for calculating
the focal stack of the present  invention is the discrete Radon fast (or
approximate,  according to the author) transform proposed by Gotz and
Druckmuller ("A fast digital Radon transform - an efficient 30 means for
evaluating the Hough transform". Pattern  Recognition, vol. 29, no. 4, pp.
711-718, 1996.), and Brady  ("A Fast Discrete Approximation Algorithm for
the Radon  Transform". SIAM J. Comput., vol. 27, no. 1, pp. 107-119,
1998) independently, which simultaneously evaluates the 6  summation of
the values along the length of a series of  
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s u Í m a t i o n  o f  t h e  v a f u e s  a l o n g  t h e  l e n g t h  o f  a  s e r i e s  o f

d i s c r e t . e  l i n e s ,  e a c h  o n e  c h a r a c t e r i z e d  b v  a  s f o p e  a n d  a

d i s p l a c e m e n t  w i t . h  r e s p e c t  t o  t h e  o r i g i n ,  a r r a n g e d  o n  a  t w o -

d imens ionaf  da ta  g r id ,  by  means o f  S( lVn log- .V l  sums in  wh ich

the  d i rec t  eva fua t ion  o f  the  summat ion  on  each l - ine  wou ld

r e q u i r e  # [ l V ]  o p e r a t i o n s ,  a n d  t h e r e f  o r e .  t h e  e v a l u a t i o n  f  o r  ^ /

s Ì o p e s  a n d  l /  d i s p l a c e m e n t s  w o u f  d  r e q u i r e  t ( l v t )  s u m s .

F i n ¡ l  l r ¡ -  d i q r a ¡ e r d i n ¡  f h e  n r ô - ê s s ê q  f n r  n l ' r t - : i n i n ¡  t h et  v ¿ r ! u y a r u r l r v  u l r s  y r u ç ç o Ð s o  ! u r  v v u a f l l l l l v

i n f o r m a t i o n  o f  t h e  s c e n e  a n d  c o n s i d e r i n g  t h e  s y s t e m  o f  t h e

p r e s e n t  i n v e n t i o n ,  R i c h a r d  M .  C l - a r e  a n d  R i c h a r d  G .  L a n e

( "Wave- f ron t  sens ing  f rom subd iv is ion  o f  the  foca f  p lane w i th

a  - Z e n s - Z e t  a r r a y " ,  J .  O p t .  S o c .  A n l  .  A ,  V o f  .  2 2 ,  N o .  I ,  I I l - I 2 5 ,

2 0 0 5 )  h a v e  p r o p o s e d  a  s y s t e m  i n  w h i c h  a  l e n s l - e t  a r r a y  i s

p J - a c e d  r i g h t  i n  t h e  f o c u s  o f  t h e  c o n v e r g i n g  l e n s ,  n o t  i n  a n y

n o s i f i o n  o f  j . h c  i m : r r o  n l ¡ n a  1 ñ ^  h ! /  ñ ^ - ñ õ  n f  u ¡ ì - r i n h  f h a  ¡ 1 - ' - ^ ^y v r r  L f  v l 1  v !  L l l v  r l t t q y e  I / 1 o 1 1 ç  |  A L L V  p y  I I L E O I I ù  v !  v v ¿ r r u r l  L ¡ 1 u  y l I d J C

o f  t h e  w a v e f r o n t .  i s  o b t a i n e d  o n l y  i n  t h e  p u p i f  o f  t h e  l e n s .

T h e r e f  o r e ,  a  m e t h o d  . L S  n e c e s s a r v  w h i c h  a l l - o w s

c l e J - c r m i n i n r r  f h a  n h : q a  n f  l _ h o  r ^ r ¡ ¡ ¡ a f r n n J _  f n n n n r r n l - r ' i ¡ r l  l . '  i- , r J q r a p n l . c a - L - L y ,  r . ê . ,

a t  a n y  d i s t a n c e  w i t h i n  t h e  t h r e e - d i m e n s i o n a l _  v o f u m e  o f  t h e

n l - l i  a ¡ J -  q n â a ê  n ^ l -  n n  l  r z  i  n  t -  l ¡ a  n r r n i  I  n f  l -  l - r a  ì/  . ru  L  u r r -L  y  J_  I t  L I Ìe  l -  ,  ens  .

D e s c r i p t i o n  o f  t h e  f n v e n t i o n

s o . l - v e s  t h e  p r e v i o u s l y  d e s c r i b e d

r ì r ¡ r ^ r l . r ¡ ¡ l z  h v  n r ¡ ¡ ¡ i d j n a  i n  :  f ì r e 1 _  : c n o 6 l  a  m e t h o d  f O fy  r r r  q  r f l r u  q r l / s

c a l c u l a t i n g  t h e  f o c a l -  s t a c k  a s s o c i a t e d  w i t h  a  s c e n e  a c c o r d i n g

t o  c f  a i m  7 ,  w h i c h  m e t h o d  a l l o \ ^ / s  s i g n i f  i c a n t l y  r e d u c i n g  t h e

c o m p u t a t i o n a l  c o s t  o f  t h e  p r o c e s s  a n d  t h e  c a l c u l a t i o n  L i m e ,

wh ich  invo fves  a  cons iderab l -e  improvement  w i th  respec t  to  the

m e t h o d s  k n o w n  i n  t h e  s t a t e  o f  t h e  a r t .

A n  a d d i t i o n a f  o b j e c t  o f  t h e  p r e s e n t  i n v e n t i o n  i s  t o

p r o p o s e  a  m e t h o d  f o r  m e a s u r i n g  d i s t a n c e s  a n  s c e n e s  a n d  a

method fo r  measur ing  the  comp- Iex  ampl i tude o f  the

o l  a n f  r n m : n n a t -  j  ¡  f i e l d  W h i C h  A r ê  r - n m n l l f  e i -  i  n n : l  I  r ¡  n n 1 -  ì m . i  z o r l  a n d_ | ,  v - y u f r r r r ¿ e u

s u i t a b l - e  f o r  t h e i r  p a r a l l e l  c o m p u t a t i o n .

T h e  p r e s e n t  i n v e n t i o n  a l f o w s :

3 0

discrete lines, each one characterized by a slope and a  displacement with
respect to the origin, arranged on a two- dimensional data grid, by means
of O(N` log_N) sums in which 5 the direct evaluation of the summation on
each line would  require O(N) operations, and therefore, the evaluation for
N  slopes and N displacements would require O(N3) sums. Finally,
disregarding the processes for obtaining the  information of the scene and
considering the system of the  10 present invention, Richard M. Clare and
Richard G. Lane ("Wave-front sensing from subdivision of the focal plane
with  a lenslet array", J. Opt. Soc. Am. A, Vol. 22, No. 1, 117-125,  2005)
have proposed a system in which a lenslet array is  placed right in the
focus of the converging lens, not in any 15 position of the image plane,
and by means of which the phase  of the wavefront is obtained only in the
pupil of the lens.  Therefore, a method is necessary which allows
determining the phase of the wavefront topographically, i.e.,  at any
distance within the three-dimensional volume of the  20 object space, not
only in the pupil of the lens. Description of the Invention The present
invention solves the previously described  drawback by providing in a first
aspect a method for  calculating the focal stack associated with a scene
according 25 to claim 1, which method allows significantly reducing the
computational cost of the process and the calculation time,  which
involves a considerable improvement with respect to the  methods known
in the state of the art. An additional object of the present invention is to  30
propose a method for measuring distances in scenes and a  method for
measuring the complex amplitude of the  electromagnetic field which are
computationally optimized and  suitable for their parallel computation. The
present invention allows: 7  Being restricted to a single measurement and
to a  single sensor, within each time of atmospheric stability. 
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-  Þ a i  n a  r e s t r i c t e d  t o  â  s i  n c r I  e  m e e s u r e m e n t  a n d  t o  aq  r f r r Y f v

q  ì  n n l  ô  c ô ñ c ^ r  W i t h i n  e a C h  t _ i  m e  n f  e f m o q n h e - l  ^  ^ + - L . l  I  . i  È "
t  w r  u f  r r r r  ç q u t ¡  L r f r r ç  9 !  q  u l r l v ù I / l l ç L  I u  Ð  L o u I I a  L y  .

-  A  r e c o v e r y  o f  t h e  m o d u l u s  a n d  p h a s e  a s s o c i a l e d  \ , v i t h

e a c h  t u r b u l e n t  h o r i z o n t a l -  l a y e r ,  i .  e .  ,  t o m o g r a p h y  o f  t h e

e n t r - r e  a t m o s p h e r e  b y  m e a n s  o f  t h e  m e t h o d  f o r  c a l c u f a t i n g  t h e

f o c a f  s t a c k ,  t h a t  i s  f a s t  i n  c o n s i d e r a t i o n  o f  t h e  n u m b e r  a n d

t y p e  o f  o p e r a t i o n s  ( s u m s )  i t  u s e s ,  b u t  w h i c h  c a n  b e

a c c e f e r a t e d  w i t h  a n  i n t e l - l - i g e n t  a d a p t a t i o n  t h e r e o f  t o  g r a p h i c

p r o c e s s i n g  u n i t s  ( G P U )  o r  t o  r e c o n f i g u r a b Ì e  h a r d w a r e  u n i t s ,

s u c h  a s  F P G A s  ( F i e l d  P r o g r a m m a b f e  G a t e  A r r a y s ) .

P r e v e n t i n g  t h e  n e e d  t o  u s e  a r t i f i c i a f  l _ a s e r  s t a r s ,

b e c a u s e  i t  i s  c a p a b l e  o f  p e r f o r m i n g  t h e  r e a l - t i m e  r e c o v e r y  o f

t h e  i m a g e  o f  t h e  o b j e c t  u p o n  i t s  a r r i v a _ I  t o  t h e  t e r r e s t r i a f

: j _  m a q n h a r a  . i n c e  t h i s  n e \ Â r  t e c h n  i  o r e  r l n e s  n n l -  r ê . r u f  r eu v v r ¡ r r f  Y u u  u v ç o  ¡ l v  u  !  ç Y

c a l i b r a t i o n  w i t h  a  p o i n t  s i q n a l  f o r  s u b s e q u e n t  d e c o n v o l u t i o n .

T h e  m e t h o d  f o r  c a l c u f a t i n q  t h e  f o c a f  s t a c k  o f  t h e

i n v e n t i o n ,  r e f e r r e d  t o  a s  S C P H  ( S u m m a t i o n  o f  C o n s t r a i n e d

P l a n e s  i n  a  H y p e r c u b e )  T r a n s f o r m ,  a l - l o w s  o b t a i n i n g  a  s e r i e s  o f

p J - a n e s  o f  a  t h r e e - d i m e n s i o n a l -  s c e n e ,  f o c u s e d  i n  d i f f e r e n t

n n c i f ì n n c  : l n n ñ  1 - ì - r a  I a n ¡ t - h  a f  f h e  O n f j C a l  : v i q  r o r . l r r ¡ i n ¡  t h e! u 1 r Y u r 1  v y L ¿ v q f  q ^ a Ð f  r ç u u u r r r v

^ ^ m h ì r f  : l -  i n n : l  ¡ ¡ m n l a v i l - r ¡  n f  l _ f ¡ p  n r ^ a ê q qç v r l t y u u o L f  V r r q t  U v l t u t U ^ J L y  ( J L  L r r v  I / ! v u u J J .

T h e  m e t h o d  f o r  c a l c u l a t i n g  t h e  f o c a l  s t a c k  o f  t . h e

i n v e n t i o n  i s  b a s e d  o n  t h e  p r i n c i p l e s  o f  m u f t i s c a l - e  m e t h o d s  f o r

t h e  c o m p u t a t i o n  o f  t h e  d i s c r e t e  f a s t  R a d o n  L r a n s f o r m ,  a n d

m i n i m i z e s  t h e  n u m b e r  o f  o p e r a t i o n s  t o  b e  p e r f o r m e d  b y  m e a n s  o f

r e u s i n g  p a r t i a l  r e s u l t s .

F O r  t h e  r ì ì r r n ô q ô  n f  r o d 1 1 ¡  j  ¡ 6  f  h e  r : o m O U t a t i O n a l _  C O S t  O f

t h e  c a f c u f a t i o n  o f  t h e  f o c a l  s t a c k ,  t h e  m e t h o d  o f  t h e  p r e s e n t

i n v e n t i o n  u s e s  a  s u m  t r a n s f o r m  a l o n g  t h e  l e n g t h  o f  c o n s t r a l n e d

p Ì a n e s  i n  d i s c r e t e  h y p e r c u b e s .  I t .  m u s t  b e  o b s e r v e d  t h a t  t h e

n h n j -  n r r r ¡ n h i  c  f n r m : j _  i  n n  i  n J _  o n r ¡ l  i  q  ^ â ^ m a l - r i  ¡ - ' l  l . '  ^ ^ . ' ì  ' . - l  ^ - ., , , - a - L 1 y  e q u l v a r e n r  r o

e v a l u a t j - n g  t h e  i n t e g r a l  a l o n g  t h e  l e n g t h  o f  p l a n e s  i n  a

f u n c t i o n  t h e  d o m a i n  o f  w h i c h  i s  a  4 - d i m e n s i o n a l _  h y p e r c u b e .

I lü i th  th is  be ing  unders tood,  t .he  photograph ic  fo rmat ion

1 5

2 0

2 5

3 0

3 5 ' i  n f  o n r :  I I S â  n a  r t  i  c r r f  a r C A S C o f

A recovery of the modulus and phase associated with  each turbulent
horizontal layer, i.e., tomography of the  5 entire atmosphere by means of
the method for calculating the focal stack, that is fast in consideration of
the number and  type of operations (sums) it uses, but which can be
accelerated with an intelligent adaptation thereof to graphic  processing
units (GPU) or to reconfigurable hardware units,  10 such as FPGAs (Field
Programmable Gate Arrays). Preventing the need to use artificial laser
stars,  because it is capable of performing the real-time recovery of  the
image of the object upon its arrival to the terrestrial  atmosphere, since
this new technique does not require 15 calibration with a point signal for
subsequent deconvolution.  The method for calculating the focal stack of
the  invention, referred to as SCPH (Summation of Constrained  Planes in
a Hypercube) Transform, allows obtaining a series of  planes of a
three-dimensional scene, focused in different 20 positions along the length
of the optical axis, reducing the  computational complexity of the process.
The method for calculating the focal stack of the  invention is based on the
principles of multiscale methods for  the computation of the discrete fast
Radon transform, and 25 minimizes the number of operations to be
performed by means of  reusing partial results. For the purpose of
reducing the computational cost of  the calculation of the focal stack, the
method of the present  invention uses a sum transform along the length of
constrained 30 planes in discrete hypercubes. It must be observed that
the  photographic formation integral is geometrically equivalent to
evaluating the integral along the length of planes in a  function the domain
of which is a 4-dimensional hypercube.  With this being understood, the
photographic formation 35 integral is a particular case of - 8 x=,, Q k) = .f f
(rt,v,u- rj k) du dv, adding the restriction  that slopes rl and r, defining the
integration planes are equal  
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. ,Y, . , " "  ( j " f r1  :  " lJ f  (ü ,1, " f t " r i  +  j ,v ' rz .  *  f rJ  du dt r ,  adding the rest r ic t ion

t h ¡ f  q l o n e q  . l l  ^ ^ À  - ¿  r ^ € . : - : - r  j _  h a  . i n i _  o n r : t i n ' ^  . - 1 - " . ^ ^  ^ - , , - l
r  Õ ] r u  r 7  u u r a l r f l r g  * - J l l  l j r d r r ç Þ  d r c  c L ¿ u c r ]

f o r  t h e  c a s e  a t  h a n d ,  w h i c h  a l - I o w s  r e d u c i n g  t h e  n u m b e r  o f

ô n ê r t 1 _ ì n n q  f n  h a  n a r f n r m a r l

T h e  p r o p o s e d  m e t h o d  f o r  c a l c u l a t i n g  t h e  f o c a l  s t a c k

c o n s i s t s  o f  s i m u l - t a n e o u s l y  c o m p u t i n g  t h e  s u m  o f  t h e  p o s i t i o n e d

va l -ues  in  the  d . i  sc re te  4D f  unc t ion ,  f {u -  10 ,  r . .1 .J  r  oû  p l -anes  such

t h a t  t h e  c o o r d i n a t e s  o f  t h e  p o i n t s  f o c a t e d  t h e r e i n

s i m u l - t a n e o u s l y  m e e t  i r  :  ' ¿ ¡ . ' r  + J  a n d  ] ¡  :  r ¡  ' r  r  Å : ,  u n d e r  c e r t a i n

d i s c r e t . i z a t i o n  c o n d i t i o n s ,  r e u s i n g  t h e  p a r t i a l  s u m s  o f  p o i n t s

c o n L a Í n e d  b y  m o r e  t h a n  o n e  d i s c r e t e  p l a n e ,  w h e r e  1 ¿  a n d  ? r  a r e

t h e  h o r i z o n t a l  a n d  v e r t i c a l  d i m e n s i o n s  o n  t h e  p l a n e  o f  t h e

l e n s  a n d  T  a n d  - v  a r e  t h e  h o r i z o n t a f  a n d  v e r t i c a l  d i m e n s i o n s  o n

t h e  s e n s o r  p l a n e ,  a n d  i ,  k  a n d  r  a r e  t h e  h o r i z o n t a l ,  v e r t i c a f

a n d  d e p t h  d i m e n s i o n s  o f  t h e  f o c a f  s t a c k  t h a t  i s  t o  b e

o b t a i n e d .  I n  o t h e r  w o r d s ,  t h e  a l g o r i t h m  c o m p u t i n g  t . h e  d i s c r e t e

f a s t  a p p r o x i m a t e  R a d o n  t r a n s f o r m ,  w h i c h  a l r e a d y  e x i s t e d  f o r

t h e  c a s e  o f  l - i n e  i n t e g r a l s  i n  t h e  p l a n e ,  i s  e x t e n d e d  u n t i l  i t

r e a c h e s  i n t e g r a l - s  4 - d i m e n s i o n a f  h y p e r p l a n e s  o n  t h e  4 -

d imens iona l -  hypercube,  w i th  the  added fac to r  tha t  the

h o r i z o n t . a l -  a n d  v e r t i c a l -  s l o p e s  a r e  t h e  s a m e .

T h e  p a r t i a l  t r a n s f o r m a t i o n  o f  t h e  d a t a ,  u p  t o  s t e p  I n ,  i s

d e f i n e d  a s :

1 5

2 0

2;¡1-?tl bies

f n . t y ' . , , , - * í 1 , 1  -  f r r r l
J  f . r ,  J . !  r rJ ,  ÁJ  -  . /  t Sa¡r  . . ' r  5¡ ¡ -1,  t r . . .  . " ,  f , , - i ,J ,  kJ

'..+

s:æ-vrr  b igs f i  n- ,Ðr bí ts

Iþr .,. r Ç¡¿ -1 ,
+

'r'r Ða biÈ€

2 5

E-r t---f: ) ) f(,1(1!{J,,ì{",{i,¿.ä-r{"J +.¡i,iff,.r{uJ + fr)
f1 l-¿

¿¿rZ l l ' r . ' eZü '  r l  ã

where i t  is cons j_dered that the funct ion has ¿V-t:¡V;v:V.r:" lS

d - i m e n s i o n s ,  w i t h  n : 1 o g " - f f ,  t h e  f u n c t i o n

Ì|{.ru*. ..,.,. ft*,_r} : I[l;ål {:il6, ".., ft,,_z) * u.r_r ' Lis + xJ/xj

d e s c r i b e s  t h e  d i s c r e t e  m a n n e r  i n  w h i c h  t h e  s u c c e s s i o n  o f

po in ts  { .u " I } {wJ  +  d ] ,  w i th  ru  t l  f t . ldJ ,  jo ins  po in rs  { .û "dJ  and

ü t ' -  t , s + d )  f o r m i n g  a  d i s c r e t e  f  i n e  o f  s l o p e  s / , ( , \ ' -  1 ) ,  a n d  t h e3 0

for the case at hand, which allows reducing the number of  operations to
be performed. 5 The proposed method for calculating the focal stack
consists of simultaneously computing the sum of the positioned  values in
the discrete 4D function, f(u,u,x,Y), on planes such  that the coordinates of
the points located therein  simultaneously meet x = u raj and S = v,r  k,
under certain 10 discretization conditions, reusing the partial sums of
points  contained by more than one discrete plane, where It and V are  the
horizontal and vertical dimensions on the plane of the  lens and x. and y
are the horizontal and vertical dimensions on  the sensor plane, and j, k
and r are the horizontal, vertical 15 and depth dimensions of the focal
stack that is to be  obtained. In other words, the algorithm computing the
discrete  fast approximate Radon transform, which already existed for  the
case of line integrals in the plane, is extended until it  reaches integrals
4-dimensional hyperplanes on the 4 20 dimensional hypercube, with the
added factor that the  horizontal and vertical slopes are the same. The
partial transformation of the data, up to step Vt, is  defined as: zn-rn bits
M A r: an bits s: n-m bzts t: n-rn_ bits _ f( (u s),i(v t}.. to{ (u) `= 1'IA(,)(v)+
k) uE 2 1=CZ. n ea p  E4  25 where it is considered that the function has
NxNx?VxN dimensions, with n =logeN, the function if  13.(uL. ...,u~_j) =
1'-13 (u4t, _, It,, +un- - [(s 1)/2j ~~. describes the discrete manner in which
the succession of  points (u,ts (u) + d), with u E [(),N), joins points (0,d)
and  30 (N - 1,s + d) forming a discrete line of slope s/(N - 1), and the
function 1( ~,...,un_Y) _ '= 2' , U; returns the value 2(u) e  corresponding
to the binary nuple u = (u Q , . . . , it _1) E Z . 
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func t ion  ì (us , . , , , l¿* - rJ  :  E l '+  2 i ' r . r , ,  re tu rns  the  va l -ue  Å( r r )  e  E

c o r r e s p o n d i n g  t o  t h e  b i n a r y  n u p l e  u :  ( f t r . , . , . . i ¿ n - r J  €  E i .

I f  t h e  t r a n s f o r m e d  d a t a  u p  t o  s t e p  0 ,  7 o  ? , s , t , . i  , k )  ,  a r e

m a d e  t o  b e  e q u a l  t o  t h e  c a p t u r e d  d a t a ,  f ( t , t , j , k ) ,
: : d  ,

f ," dr" å r, J, JiJ : ¡t [ : ,  t  , . j  ,k), the n :
:¡r

f"(r"s,f,J, Ir) :  f i , l , l ,eJ : I-Ì¡ u=Ei.

w h i  c h  â n n r Õ x i m a t e s  t h e
\ ¡'¡^ .-/ärfJ,  kJ :  JJ /  lu,v, t t  '  r  -L j ,  t j  'T

p l a n e s .

Othe r  & r  dep th  p lanes  can  be  s im i l a r l y  compu ted  fo r

nega t i ve  s  l opes  .  S ince  bo th  ha l -  f  - vo l -umes  sha re  dep th  0  ,  a

t o t a f  f o c a f  s t a c k  m a d e  u p  o f  2 N - I  i m a g e s  r e f o c u s e d  a t

d i f f e r e n t  d i s t a n c e s  w o u l d  b e  o b t a i n e d .

The  recu r r i ng  f o rmu i -a  wh i ch  maps  two  pa r t i a l  s teps  f f i  and

f r ¡  *  
' l  

-  r - nmn l  c l - e l  v  c l esc r i  bes  f  ho  mar -  l ' r nÄ  . -Ä  m l l s t  he  enn l  i  ed  x '¿,  ç v r r l l r a ç u e ¿ j  u t l s  l r r ç L 1 r v u ,  q ¡ ] u  r r l u r L  v e  q p l / ¿ r \

t i m e s :

\--'l

) ,f {;i.rl, l"{a4,Jj"r,.;{*J +r,/ä.:(rrJ + fr)

^ ì . _ ^ f ^ _ ' ^ _ - r . r ^  f O r m a t i O n  i n . l - e c r r ¡ lI J r r u L v v r q y l l f u  r v r l r r q u l v t l  l l r L u v r q a

* fu] dt"t dr, for a vof ume of ¡\r depth

1 5

3.¡¿- m- 1 bíùs

¡ , 1 % , , " , l * - f  ' ' 4 n r S r ¡ r + 1 r  " . r S ¡ l - 1  ,
L - ' - _ - ' " - -

i¡]r $', Þif.s sí ?s.-nã-1 lr¿t-(

r :  n¿*11¡ i f - ¡

f='"{p. t}"s, Ð,t, j, å;)+
Ë-,..
f"{p" 1,s, tnf, J + r;" *, i(pJ" /<) *

f*' '{p. s,s, 1,f, i, fr *çr, *;{pll+

+ + - , ' 1 . \ -
i n i * 1 ¡  , " ,  L ¡¿ - i -  r J r  r { , ' |  ---

f i  f?-, 'Ì!-1 ÞÈty

2 0

f''{p" t,s, 1.,t, _¡ +q., * i,{p). ,k *r;,, +,Åtp,lj

I t  must  be  observed tha t  the  domain  fo r  wh ich  the

n ¡ ø È ì  - . t  + - ^ ^ ^ ç -  F r u * 1y a r u r a r  L r d l l Þ r o r m a t i o n  f " " '  i s  d e s c r i b e d  i s  h a l f  t h a t  r e q u i r e d

O y  , f n " ,  b e i n g  p r o g r e s s i v e l y  t r a n s f o r m e d  f r o m  a  4 D  d o m a i n  l n t o

a  3D domain ,  rn  a  p rocess  requ i r ing  ¿ ] i . r \ t * i  sums,  wh ich

t r a n s f a t e s  i n t o  a  s a v i n g s  i n  c o m p u t i n g  t i m e  o f  g r e a t e r  t h a n

a ì  ¡ l ' r t -  - r  n a r ¡ a n f  r ^ r i  1 -  l r  r a q n o ¡ l -  l _  ¡  r - l r r r C n f  n r a ì - ê S S e S .u r y v v  r ç r r L  } J r v ç ç

B y  f o l l o w i n g  t h i s  p r o c e s s ,  a n d  w i t . h  t h e  m e t h o d s  h e r e i n

n r n n ¡ c a d  ì t -  ì q  n o s s i l r l e  f o  r ê ^ ^ \ z Õ r  d a n 1 _ \ g  a n d  m O d U l _ i  a n du u y  u r

2 5

If the transformed data up to step 0, f(r,s,t, j,k), are  made to be equal to
the captured data, f(s,t,j,k): 5 f(r,s,t,j,k)= f(s,tj,k), then: 2r,
fn(r,s,t,j,k)=f(r,j,k)= Lf(i(zt),1(v),ar () j, + k)  y which approximates the
photographic formation integral  E',.(j,k)=)'f(u,v,urj,ur+k)du dv, for a
volume of N depth  planes. 10 Other N depth planes can be similarly
computed for  negative slopes. Since both half-volumes share depth 0, a
total focal stack made up of 2N-1 images refocused at  different distances
would be obtained. The recurring formula which maps two partial steps in
and  15 n+1, completely describes the method, and must be applied n
times: "_n-rn-Y bits lrC~ ,rm-1!ran r~an'rY".Sr:-Y "~o,:tY+..., t,x_Y,j,k  ,o:m
bits sIn-m-Y bits nn-r-l bits  r:,n+Y bits f'n(P, 0,s, 0,t, j, k) + fni(P, 0, t' j 2(p),
k)  fm(P, O,s, 1, t, j, k+r,"+ti(p)) f"'(P, 1,s, l,t, j A' (P), k rr l( )) It must be
observed that the domain for which the  20 partial transformation f"'+1 is
described is half that required  by fm, being progressively transformed
from a 4D domain into  a 3D domain, in a process requiring O(N4) sums,
which  translates into a savings in computing time of greater than  eighty
percent with respect to current processes. 25 By following this process,
and with the methods herein  proposed, it is possible to recover depths
and moduli and 10  phases of the complex amplitude of the wavefront in
each  position of the surfaces of the scene, which allows complete
three-dimensional and real-time scanning of the scene,  
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n ì - ì f , c ô c  ^ f  È l - r a  - ô m n l  ê x  å m r ) l  i t u d e  o f  t h e  l v a v e f r o n t  i n  e a c h9 v l l ( y r v l : q ¡ l l ì / r

p o s i t i o n  o f  t h e  s u r f a c e s  o f  t h e  s c e n e ,  w h i c h  a l f o w s  c o m p l e t e

t h r e e - d i m e n s i o n a f  a n d  r e a l - t i m e  s c a n n i n g  o f  t h e  s c e n e ,

t h e r e f o r e  b e i n g  v e r y  a p p f i c a b l - e  i n  t h e  a f o r e m e n t i o n e d  f i e l - d s .

T h e  m e t h o d  f o r  c a l c u l a t i n g  t h e  f o c a l  s t a c k  o f  t h e

p r e s e n t  i n v e n t i o n  a d v a n t a g e o u s l y  d o e s  n o t  r e q u i r e

m l l l f  i n l  i r - ¡ t i o n s  ô r  l _  r i r r n n n m o t r i  r :  ô n e r â t i o n s -  o n l r z  s u m m â t i o n s
I  v t t L J

and i t s  computa t iona l  compl -ex i ty  i s  o f  the  order  o f  Ü | ' . -e ' * )  fo r

a  f i n a f  v o l - u m e  c o n t a i n i n g  2 N - 7  p h o t o g r a p h i c  p l a n e s  f o c u s e d  a t

r ì i  f  f o r o n t  d a n f  h s  -  f  r n m  ¡  I  i  c r h t - f  i e l d  o f  d i m e n s i o n  M .v ¡ ¿  u  q v y  u r r u  t

T h e  m e t h o d  o f  t h e  p r e s e n t  i n v e n t i o n  a f f o w s  c o m p u t i n g  t h e

foca l  s tack  fo r  an  en t i re  vo lume and w i th  a  smal - l -e r  number  o f

o p e r a t i o n s  t h a n  w h a t  t h e  m e t h o d s  f o r  o b t a i n i n g  t h e  f o c a l -  s t a c k

d e s c r i b e d  i n  t h e  s t a t e  o f  t h e  a r t  ( R e n  N g )  u s e  f o r  c o m p u t i n g  a

s i n g l e  p l a n e .

N e v e r t h e l e s s ,  a  p r o b l e m  w h i c h  a r i s e s  i n  c a p t u r i n g  t h e  4 D

l i g h t - f i e l d  i s  t h e  n e e d  t o  u s e  a  2 - d i m e n s i o n a l -  s e n s o r .  F o r

o b t a i n i n q  t h e  e n t i r e  4 D  v o l u m e  o f  i n f o r m a t i o n  o n  a  2 D  s e n s o r ,

a  s e n s o r  w i t h  a  v e r y  h i g h  r e s o f u t i o n  i s  n e c e s s a r y .  T h u s ,  f o r  a

^  ^ ' . , 4
s e n s o r  o f  O ( N " )  p i x e l s ,  i t .  i s  o n l y  p o s s i b l e  t o  o b t a i n  a  f o c a f

s t a c k  m a d e  u p  o f  i m a g e s  o f  O ( ¡ / " )  p i x e l s  a n d  t h e r e f o r e  o n l y

O ( Ñ )  d i s t a n c e s .  T h i s  r e d u c t i o n  o f  r e s o l u t i o n  q f  t h e  o r d e r  o f
^ , , J ,O  ( A / - )  m a k e s  ] . t  n e c e s s a r y  t o  u s e  v e r y  e x p e n s l - v e  s e n s o r s  .

T o  s o f v e  t h i s  p r o b l e m ,  a  s e c o n d  a s p e c t  o f  t h e  p r e s e n t

j -nvent ion  prov ides  a  method f  o r  improv ing  the  reso-Lut ion  o f

t h e  i m a g e s  o f  t h e  f o c a f  s t a c k  a c c o r d i n g  t o  c f a i m  2 .  I n  s a i d

method,  i t  i s  assumed tha t  the  e fements  o f  the  scene have

T , : m l ' l o r f  i : n - l - r ¡ n o  r a f l o ¡ J - : n ¡ a  i  o  J _ h a  i n f a n q i J _ r z  o m i l _ f a d  Ì- r r -  ,  L . v .  t  - - . . - - - - -  J y  a

n n i n f  i n  i _ h o  n h i e r : 1 _  i s  i n r l e n e n d e n t .  o f  t h e  a n c r ' l  e -  T n  f h i s  c â q êv q r v /

t h e  l i g h t - f i e 1 d  h a s  r e d u n d a n t  i n f o r m a t i o n  o f  t . h e  o r d e r  o f
- - ? ,O ( a N - ) ,  w h e r e  a  i s  a n  a r b i t r a r y  c o n s t a n t  w i t h  0 < a < 1 .  T h i s

r e d u n d a n t  i n f o r m a t i o n  c a n  b e  u s e d  t o  i n c r e a s e  t h e  r e s o l - u t i o n

o f  t h e  i m a g e s  o f  t h e  f o c a f  s t a c k .
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therefore being very applicable in the aforementioned fields. 5 The
method for calculating the focal stack of the  present invention
advantageously does not require  multiplications or trigonometric
operations, only summations  and its computational complexity is of the
order of O(N4) for  a final volume containing 2N-1 photographic planes
focused at  10 different depths, from a light-field of dimension N. The
method of the present invention allows computing the  focal stack for an
entire volume and with a smaller number of  operations than what the
methods for obtaining the focal stack  described in the state of the art
(Ren Ng) use for computing a  15 single plane. Nevertheless, a problem
which arises in capturing the 4D  light-field is the need to use a
2-dimensional sensor. For  obtaining the entire 4D volume of information
on a 2D sensor,  a sensor with a very high resolution is necessary. Thus,
for a 20 sensor of O(N4) pixels, it is only possible to obtain a focal  stack
made up of images of O(N2) pixels and therefore only  0(N') distances.
This reduction of resolution of the order of  O(N') makes it necessary to
use very expensive sensors. To solve this problem, a second aspect of
the present  25 invention provides a method for improving the resolution of
the images of the focal stack according to claim 2. In said  method, it is
assumed that the elements of the scene have  Lambertian-type
reflectance, i.e., the intensity emitted by a  point in the object is
independent of the angle. In this case, 30 the light-field has redundant
information of the order of  0(aN2), where a is an arbitrary constant with
0<a<l. This  redundant information can be used to increase the resolution
of the images of the focal stack. { - 11  The method according to claim 2
allows going from a  focal stack with images with resolution 0(N2) to
another with  resolution 0((1-a)1 ). Given an image of the focal stack
corresponding to a plane  



1 0

L 5

2 0

2 5

3 0

.  -L -L

The method accord ing  to  c l -a im 2  a l Ìows go ing  f rom a

f o c a l -  s t a c k  w i t h  i m a g e s  w i t h  r e s o f u t i o n  O ( ¡ ¿ : )  t o  a n o t h e r  w i t h

r e s o l - u t i o n  O (  ( 1 - a )  ¡ / )  .

G i v e n  a n  i m a g e  o f  t h e  f o c a f  s t a c k  c o r r e s p o n d i n g  t o  a  p l a n e

a t  a  d e t e r m i n e d  d i s t a n c e ,  t h e  m e t h o d  o f  i n c r e a s i n g  r e s o l u t i o n

o f  t h e  f o c a f  s t a c k  c o m p r i s e s :

1 .  B a c k - p r o ¡ e c t i n g  t h e  O ( N " )  r a y s  o f  t h e  l i g h t - f i e l d  f r o m

t h a t  p l a n e  c o n s t r u c t i n g  a n  i m a g e  a t  a  h i g h  r e s o l u t i o n

w i t h  t h e  f r a c t i o n a l  p o s i t i o n s  o f  t h o s e  r a y s .

2 .  Determin inq  the  redundanc ies  due to  t .he  Lamber t ian

a s s r m n t i o n .

3 .  I n  t h i s  i m a g e  w i t h  a n  i n c r e a s e d  r e s o l u t i o n  ( w i t h  s u p e r -

r e s o l u t i o n )  t h e r e  a r e  t w o  t y p e s  o f  p i x e l s :  t h o s e  f o r

w h i c h  t h e r e  a r e  n o  r e d u n d a n c i e s ,  w h e r e  t h e  v a f u e  o f  t h e

b a c k - p r o j e c t e d  r a y  i s  p l a c e d ,  a n d  t h o s e  f o r  w h i c h  t h e r e

a r e  r e d u n d a n c i e s ,  w h e r e  a  r e p r e s e n t a t i v e  v a l - u e  o f  t h e

r e d u n d a n t  r a y s  i s  p l a c e d ,  s u c h  a s  t h e  m e a n -

A s s u m i n g  O ( a l f )  r e d u n d a n c i e s  f o r  e a c h  o f  t . h e  O ( ^ f )

e l - e m e n t s  o f  t h e  i m a g e  o f  t h e  o r i g i n a l  f o c a f  s t a c k ,  t h e  f i n a l -

r e s o ] u t l o n  o f  t h e  i - m a g e  o f  t h e  f o c a l -  s t a c k  w o u l d  b e  i n c r e a s e d
^ , " ' : r  |  ^ t  t 1  - t  r y ' tI r o m  u ( r v - )  t o  u ( ( r - a ) l v  )

f n  t h e  c o n t e x t  o f  t h e  p r e s e n t  s p e c i f i c a t i o n ,  s u p e r -

r e s o f u t i o n  i s  i n t e r p r e t e d  a s  a n y  i n c r e a s e d  d e f i n i t i o n  o f  b o t h

t h e  i m ¡ c r e  a n d  o f  t h e  a S S o c i a t e d  d i s t a n c e  m a n -  w i t h  r ê s r l ê r - t  t ou q r r v v  r r r q ¡ / ,

t h e  r e s o f u t i o n  i n  f e n s l e t s  ,  O ( N 2 )  .  T h e  m a x i m u m  l i m i t .  t h e r e o f

i s  t h e r e f o r e  i n  t . h e  n u m b e r  o f  p i x e l s  O ( ^ l ) ,  a  r e s o f u t i o n  o f

t h e  o r d e r  o f  O ( ( 1 - a ) M )  b e i n g  a d v a n t . a g e o u s J - y  o b t a i n e d  w i t h  t h e

m e t h o d  o f  t h e  i n v e n t i o n .

Typ ica l l y ,  the  va l -ue  o f  a  depends on  the  image o f  the

f o c a f  s t a c k  b e i n g  c o n s i d e r e d .  F o r  t h e  c a l c u l a t i o n  o f

d i s t a n c e s ,  a  m i n j - m u m  r e s o l u t . i o n  i s  f  i x e d  a n d  t h e  i m a g e s  a r e

i m p t i c i t l y  o r  e x p l i c i t l y  r e s a m p - I e d  t o  o b t a i n  s a i d  m i n r m u m

r e s o _ L u | ' t o n .

A  t h i r d  a s p e c t  o f  t h e  i n v e n t i o n  p r e s e n t s  a  m e t h o d  f o r

the  rea l - - t ime measurement  o f  d is t .ances  in  th ree-d imens iona. l -3 5

5 at a determined distance, the method of increasing resolution  of the
focal stack comprises: 1. Back-projecting the O(N4) rays of the light-field
from  that plane constructing an image at a high resolution  with the
fractional positions of those rays. 10 2. Determining the redundancies due
to the Lambertian  assumption. 3. In this image with an increased
resolution (with super- resolution) there are two types of pixels: those for
which there are no redundancies, where the value of the 15
back-projected ray is placed, and those for which there  are redundancies,
where a representative value of the  redundant rays is placed, such as the
mean. Assuming 0(aN') redundancies for each of the 0(N)  elements of
the image of the original focal stack, the final  20 resolution of the image of
the focal stack would be increased  from 0(N to 0((1-a) N") . In the context
of the present specification, super- resolution is interpreted as any
increased definition of both  the image and of the associated distance
map, with respect to 25 the resolution in lenslets, O(W). The maximum
limit thereof  is therefore in the number of pixels O(Aa), a resolution of  the
order of 0((1-a)N) being advantageously obtained with the  method of the
invention. Typically, the value of a depends on the image of the  30 focal
stack being considered. For the calculation of  distances, a minimum
resolution is fixed and the images are  implicitly or explicitly resampled to
obtain said minimum pp resolution.  A third aspect of the invention
presents a method for  35 the real-time measurement of distances in
three-dimensional - 12  scenes according to claim 3. Said method
comprises obtaining  an image of the object space with a phase camera,
calculating  the focal stack by means of the method of claim 1, applying a
focus quality measurement operator in the focal stack 
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s c e n e s  a c c o r d i n g  t o  c f a i m  3 .  S a i d  m e t h o d  c o m p r i s e s  o b t a i n i n g

a n  i m a g e  o f  t h e  o b j e c t  s p a c e  w i t h  a  p h a s e  c a m e r a ,  c a l c u l a t i n g

t h e  f o c a l -  s t a c k  b y  m e a n s  o f  t h e  m e t h o d  o f  c l a i m  1 ,  a p p l y i n g  a

f o c u s  q u a l i t y  m e a s u r e m e n t  o p e r a t o r  i n  t h e  f o c a - I  s t a c k

/ r , - É ì î ñ ^ ^  T - - l - ^ . i - . .  ^ - - r . i ^ ^ + \  - ' ^ ¡  ^ - r ^ , . 1 - + . i * ^  f l ^ ^  ^ ^ * . i m a l
\  v q ! f  q r l u s  |  l d l J L d w t d t t t  v r d u a Ë 1 1 L /  /  Õ r r u  u Õ r u u r Õ L r 1 1 v  L r l ç  u y L

s t a t e  o n  a  r a n d o m  M a r k o v  f i e l d .

T h e  s t e p s  o f  t h e  a f o r e m e n t i o n e d  m e t h o d  c a n  b e  a d a p t e d  t o

h e  i m n l c m e n t c d  ^ - - - l  l ^ l  ^ n m n l l f  i n c r  h ¡ r d w e r e -  s l l r : h  â s  a  G P Uv g  f r r l y f ç ¡ t t ç I I L ç u  u l t  } r q l q f f g f  u u r r r l / u u f r r v  l l o ! u w q r u ,

o r  a n  F P G A ,  w h i c h  r e s u f t s  i n  a n  e v e n  m o r e  a d v a n t a g e o u s

n n t -  i  m i  z : f  i  n n  ^ f  l -  h o  n r ô - ê q q  i  n a  1 .  i  m ov y L l l l t f  ¿ q L l v l l  v !  L ¡ 1 9  I J ! V U U J J T T T V  U A f r r 9 .

I n  a  f o u r t h  a s p e c t ,  t h e  i n v e n t i o n  p r o v i d e s  a  m e t h o d  f o r

the  rea l - - t ime tomograph ic  measurement  o f  the  complex  ampl i tude

o f  t h e  e f e c t r o m a g n e t i c  f i e l d  a s s o c i a t e d  w i t h  a  v r a v e f r o n t  o f  a

s c e n e  a c c o r d i n g  t o  c f a i m  5 .  S a i d  m e t h o d  c o m p r i s e s  o b t a i n i n g  a n
. i  m a o e  o f  t h e  o b i e r : f  s n a c e  w i f L  -  ^ r - - ^ ^  ^ ^ r ^ " r - + . : ' ^ -  t . h er ¿ r l u y u  v r  L r r u  v v j e e u  r y q v v  v v r u l l  d  P I I d J Y  U O I I L E t ã t  U A f U U f q L f ¿ r V

f o c a l  s t a c k  b y  m e a n s  o f  t h e  m e t h o d  o f  c l - a i m  I ,  w h i c h  p r o v i d e s

the  tomography  o f  t he  squa red  modu fus  o f  t he  comp lex  amp l i t ude

o f  t h e  w a v e f r o n t ,  a p p l y i n g  a n  o p e r a t o r  f o r  t h e  g e n e r a t i o n  o f

t h e  g r a d i e n t s  o f  t h e  w a v e f r o n t  p h a s e  a t  a n y  p o i n t  o f  t . h e

v o f u m e  o f  t h e  o b j e c t  s p a c e ,  a n d  r e c o v e r i n g  t h e  p h a s e  o f  t h e

w a v e f r o n t  o f  t h e  a s s o c i a t e d  e f e c t r o m a g n e t i c  f i e l d .

T h e  s t e p s  o f  t h e  a f o r e m e n t l o n e d  m e t h o d  c a n  b e  a d a p t e d  t o

h e  i m n l c m c n t e d  . - - - - r  r  ^ - r  ^ ^ * * , , + i  - -  L - - r . . ¡ r ê _  s l l r - h  â s  ¡  G p up s  f l t l y f ç I I L ç I I L ç u  U I I  P d I d I f g f  U U I t t P U L l l l 9  l l d I U W q ! v t

or  an  FPGA,  wh ich  resu- I ts  in  an  even more  advantageous

o p t i m i z a t i o n  o f  t h e  p r o c e s s i n g  t i m e .

Both  in  the  method fo r  the  rea l - t ime measurement  o f

d i s t a n c e s  i n  t h r e e - d i m e n s i o n a l  s c e n e s  a n d  i n  t h e  m e t h o d  f o r

t .he  rea f - t ime tomograph ic  measurement  o f  the  complex  ampl i tude

o f  t h e  e l e c L r o m a g n e t i c  f i e l d  a s s o c i a t e d  w i t h  a  w a v e f r o n t /  t h e

m e a s u r e m e n t s  o f  t h e  o b ; e c t  s p a c e  a r e  p e r f o r m e d  o n l y  o n c e ,

i  - e .  â  s i n c r l +  i m e r r e  r - n n t ¡ i n s  e n o u o h  i n f o r m a t i o n  f o r¿ .  v .  f  v r ¡ v s Y a ]

recover - ing  the  th ree-d imens ionaf  env i ronment .  Such image can

b e  u n d e r s t o o d  a s  b e i n g  m a d e  u p  o f  4  d i m e n s i o n s :  t w o

c o o r d i n a t e s  o n  t h e  d e t e c t o r  a s s o c i a t e d  w i t h  t h e  i n s i d e  o f  e a c h

1 5

2 0

2 5

3 0

5 (variance, Laplacian, gradient), and calculating the optimal  state on a
random Markov field. The steps of the aforementioned method can be
adapted to  be implemented on parallel computing hardware, such as a
GPU  or an FPGA, which results in an even more advantageous  10
optimization of the processing time. In a fourth aspect, the invention
provides a method for  the real-time tomographic measurement of the
complex amplitude  of the electromagnetic field associated with a
wavefront of a  scene according to claim 5. Said method comprises
obtaining an 15 image of the object space with a phase camera,
calculating the  focal stack by means of the method of claim 1, which
provides  the tomography of the squared modulus of the complex
amplitude  of the wavefront, applying an operator for the generation of  the
gradients of the wavefront phase at any point of the 20 volume of the
object space, and recovering the phase of the  wavefront of the
associated electromagnetic field. The steps of the aforementioned method
can be adapted to  be implemented on parallel computing hardware, such
as a GPU  or an FPGA, which results in an even more advantageous  25
optimization of the processing time. Both in the method for the real-time
measurement of  distances in three-dimensional scenes and in the
method for  the real-time tomographic measurement of the complex
amplitude  of the electromagnetic field associated with a wavefront, the 30
measurements of the object space are performed only once,  i.e., a single
image contains enough information for  recovering the three-dimensional
environment. Such image can  be understood as being made up of 4
dimensions: two  coordinates on the detector associated with the inside of
each 13  lenslet and two other coordinates associated with the lenslet
array. The assembly would consist of a single lenslet array,  forming an
image on a detecting surface for detecting  5 sufficient resolution (for
example a CCD device) which is 
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l e n s f e t  a n d  t w o  o t h e r  c o o r d i n a t e s  a s s o c i a t e d  w i t . h  t h e  f e n s l e t

T h e  a s s e m b l y  w o u f d  c o n s i s t  o f  a  s i n g l e  I e n s l - e t  ã L r à \  r
€ ^ - * r  * -  ì - - - ^  -  r e f  e r : f  i  n c r  s r r r f  a c e  f o r  d e t e c f  i  n c l! U ! I t L 1 l ] V  q r l  I ¡ t t O 9 ç  V l l  q  U U L U U L f  l ] V  J u !  ! q U g  M  U s L ç U u r r r v

s u f f i c Í e n t  r e s o l u t i o n  ( f o r  e x a m p l e  a  C C D  d e v i c e )  w h i c h  i s

I  o r : ¡ t e d  ì  n  ¡  n O S i t i o n  o f  t h e  i  m e c e  s n a r : e  o f  .  ô ^ ñ r r ô r ¡ i  n a  I  a n q¿ ¡ r ( q Y v  u y q v v  v !  r v ¡ ¡ u  t

w h i c h  a f - l o w s  t a k i n g  L o m o g r a p h i c  m e a s u r e m e n t s  o f  t h e  t h r e e -

d i m e n s i o n a l  o b j e c t  s p a c e .

F i n a l l y ,  a  f i f t h  a s p e c t  o f  t h e  p r e s e n t  i n v e n t i o n

p r o v i d e s  a  p h a s e  c a m e r a  f o r  t h e  r e a f - t i m e  a c q u i s i t i o n  o f  t h e

v i s u a l  i n f o r m a t i o n  o f  t h r e e - d i m e n s i o n a f  s c e n e s  a c c o r d i n g  t o

c f  a i m  7  w h i c h  c o m p r i s e s  a  c o n v e r g i n g  l e n s ,  a  l - e n s l - e t  a r r a y

p l a c e d  i n  a  p o s i t i o n  o f  t h e  i m a g e  s p a c e  o f  t h e  c o n v e r g i n g  l e n s

and wh ich  fo rms an  image on  a  de tec t ing  sur face  fo r  de tec t ing

s u f f i c i e n t  r e s o l u t i o n ,  a n d  p a r a 1 l e l  c o m p u t a t i o n  p r o c e s s i n g

m e a n s  a d a p t e d  f o r  c a l c u l a t i n g  t h e  f o c a l -  s t a c k  a s s o c i a t e d  w i t h

f  h o  o l ¡ i c r - f  s n â . r e  m ê â s l l r e c l  l ¡ v  t h e  r ì â m ê r â  b v  m e a n s  o f  t h e  m e t h o d

o f  c l a i m  I ,  f  o r  o b t a i n i n g  t h e  c o m p l e x  a m p l i t . u d e  o f  t h e

e l e c L r o m a g n e t i c  f i e l d  ( m o d u l u s  a n d  p h a s e )  a n d  f o r  o b t a i n i n g

t h e  d i s t a n c e  i n  a n y  p o s i t i o n  o f  t h e  s e n s e d  o b j e c t  s p a c e .

Comn¡rec l  to  the  methods  anc l  svs fêms o f  the  s taLe o f  the

â  r i _  È l - r a  m o t -  ì - r n 6 l  f  O f  C a f  C U l a t  i  n o  f  h e  f  o r - ¡  I  S t a C k  a C C O r d i n C r  f  ov L v f . J " "

t h e  p r e s e n t  i n v e n t i o n  a f f o w s  t o p o g r a p h i c a l l y  d e t e r m i n i n g  t . h e

n h ¡ s e  o f  f h e  w e r ¡ e f r o n t .  i  c  â +  r r  s t a n c e  w i t h i n  t h eI r r r q J U  v !  L r l u  w q v 9 r r v l l u /  r .  ç .  t  
q u  o l l y  u a

t h r e e - d i m e n s i o n a l -  v o l - u m e  o f  t h e  o b j e c t  s p a c e .  F u r t h e r m o r e /  t h e

m e t h o d  f o r  c a l c u l a t i n g  t h e  f o c a l -  s t a c k  o f  t h e  p r e s e n t

i n v e n t i o n  a l f o w s  c h a r a c t e r r z í n q  t h e  e f e c t r o m a g n e t i c  f i e l d  n o t

o n l y  b y  t h e  p h a s e  o f  t h e  w a v e f r o n t  i n  a  p l a n e ,  b u t  r a t h e r  b y

1 _  h e  r - o m n l c x  a m o l i t u d e  o f  t h e  e l  e r - f  r o m e o n e f  ì  C  f i e l d  a S S o c i a t e d

w i t h  t h e  w a v e f r o n t  i n  t h e  e n t i r e  v o f u m e .

l - ) o s c r i  n f  ì n n  n f  f  h a  f ) r ¡ u l i  n n q

' F ¡  ¡ n m n l  e m e n t  t h e  d e S C r i  n t  i  o n  f  h a t  " i  I  I  l - ^  ^ - ^ - ' i d e d
M V T L L I J T ç I I I ç ] I L  L I l ç  U ç ù ç ! r p u ¿ v ¡ r  u ¡ f q u  W r l f  U ç  y r V V -

b e f o w  a n d  f o r  t h e  p u r p o s e  o f  a i d i n g  t o  b e t t e r  u n d e r s t a n d  t h e

f e a t u r e s  o f  t h e  i n v e n t i o n ,  a  s e t  o f  d r a w i n g s  i s  a t t a c h e d  a s  a n

located in a position of the image space of a converging lens,  which
allows taking tomographic measurements of the three- dimensional object
space. Finally, a fifth aspect of the present invention  10 provides a phase
camera for the real-time acquisition of the  visual information of
three-dimensional scenes according to  claim 7 which comprises a
converging lens, a lenslet array  placed in a position of the image space of
the converging lens  and which forms an image on a detecting surface for
detecting 15 sufficient resolution, and parallel computation processing
means adapted for calculating the focal stack associated with  the object
space measured by the camera by means of the method  of claim 1, for
obtaining the complex amplitude of the  electromagnetic field (modulus
and phase) and for obtaining  20 the distance in any position of the
sensed object space. Compared to the methods and systems of the state
of the  art, the method for calculating the focal stack according to  the
present invention allows topographically determining the  phase of the
wavefront, i.e., at any distance within the 25 three-dimensional volume of
the object space. Furthermore, the  method for calculating the focal stack
of the present  invention allows characterizing the electromagnetic field
not  only by the phase of the wavefront in a plane, but rather by  the
complex amplitude of the electromagnetic field associated  30 with the
wavefront in the entire volume. Description of the Drawings To
complement the description that will be provided  below and for the
purpose of aiding to better understand the  features of the invention, a set
of drawings is attached as an 14  integral part of said description in which
the following has  been depicted with an illustrative and non-limiting
character:  Figure 1 shows a schematic depiction of the main elements of
the camera for the real-time acquisition of the  5 visual information of
three-dimensional scenes according to  the invention. 
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i n t e g r a l  p a r t  o f  s a i d  d e s c r i p t i o n  i n  w h i c h  t h e  f o J - l o w i n g  h a s

b e e n  d e p i c t e d  w i t h  a n  i f l u s t r a t i v e  a n d  n o n - l í m i t i n g  c h a r a c t e r :

F i g u r e  1  s h o w s  a  s c h e m a t i c  d e p i c t i o n  o f  t . h e  m a i n

e l -ements  o f  the  camera  fo r  t .he  rea l - t ime acqu is i t . ion  o f  the

v j - s u a l -  i n f o r m a t i o n  o f  t h r e e - d i m e n s i o n a l  s c e n e s  a c c o r d i n g  t o

t h e  i n v e n t i o n .

F i g u r e  2  s h o w s  a  c o n c e p L u a l  d i a g r a m  o f  t h e  i n v e n t i o n

a p p l i e d  t o  a  t e l e s c o p e  w i t h  a  l a r g e  m a i n  m i r r o r  (  1  )  f o r

n o r f n r m i  n r r  j _  h o  ¡ t m o s n h e r i  r :  f  o m n c r r e n h r ¡  i  n  f  h e  e s t r o n h v s i C a l

o b s e r v a t i o n  o f  a  s t a r  ( 8 )  w i t h  a d a p t i v e  o p t i c s .

F i g u r e  3  s h o w s  a  c o n c e p t u a l  d i a g r a m  o f  a  c f a s s i c

a s t r o p h y s i c a Ì  o b s e r v a t i o n  o f  a  s t a r  ( B )  u s i n g  m u l - t i c o n ; u g a t e

a d a p t i v e  o p t i c s  i n  t w o  l a y e r s  o f  t u r b u l - e n c e  i n  t h e  a t m o s p h e r e

( 9 )  a n d  ( 1 0 ) .

D e t a i f e d  D e s c r i p t i o n  o f  a  P r e f e r r e d  E m b o d i m e n t  o f  t h e

Invent ¡ -on

I n  a  f i r s t  p r a c t i c a f  e m b o d i m e n t  o f  t h e  i n v e n t i o n ,  t h e

m e a s u r e m e n t  o f  t h e  d i s t a n c e  a t  w h i c h  t h e  o b i e c t s  o f  a  s c e n e

a r e  l o c a t e d  i s  c o n s i d e r e d .

T h e  p a r t i c u l a r  c a s e  o f  t h e  o b s e r v a t i o n  f r o m  t h i s

i n v e n t i o n  o f  a  s c e n e  c o n s i s t i n g  o f  t . h e  i n s i d e  o f  a  f u r n i s h e d

r o o m  i s  c o n s i d e r e d ,  w h e r e  s e v e r a l -  o b j e c t s  f o c a t e d  a t  d e p t h s

r a n g i n g  f r o m  0 . 5  u p  t o  4  m e t e r s  f r o m  t h e  p o s i t i o n  o f  t h e

c a m e r a  c a n  b e  d i s t i n g u i s h e d  a s  c o m p o n e n t s .

F i g u r e  1  s c h e m a t i c a l l y  d e p i c t s  t h e  a r r a n g e m e n t  o f  a n

a p e r l u r e  l - e n s  ( 1 )  ,  a  l - e n s l e t  a r r a y  ( 2 )  a n d  a  d e t e c t i n g  s u r f a c e

( 3 )  i n c l u d e d  i n  t h e  p h a s e  c a m e r a  a c c o r d i n g  t o  t h e  i n v e n t r o n .

F u r t h e r m o r e ,  t h e  d i s t a n c e  ( 5 )  f r o m  t h e  c o n v e r g i n g  f e n s  t o  t h e

o n e  f o c u s i n g  o n  a  d e t e r m i n e d  o b j e c t  o f  t h e  o b j e c t  s p a c e ,  t h e

f o c a l  p o i n t  ( 6 )  o f  e a c h  l e n s l - e t  o f  t h e  - I e n s l - e t  a r r a y t  t h e

l o c a l  a n g l e  o f  i n c l i n a t i o n  o f  t h e  w a v e f r o n t  ( 7 )  a n d  t h e

c l i s n l ¡ c e m e n f  i n  f h c  o n f i r - ¡ l  n ¡ f h  ( 4 \  e x n e r i e n c e c l  b v  f r l r b u l e n t
\  

l /

wavef ron t .  w i th  respecL to  another  one tha t  i s  no t  aber ra ted

a r e  s h o w n .  T h e  c a m e r a  o f  t h e  i n v e n t i o n  a l s o  c o m p r i s e s

p r o c e s s i n g  m e a n s  n o t  d e p i c t e d  i n  t h e  d r a w i n g .
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Figure 2 shows a conceptual diagram of the invention  applied to a
telescope with a large main mirror (1) for  performing the atmospheric
tomography in the astrophysical  10 observation of a star (8) with adaptive
optics. Figure 3 shows a conceptual diagram of a classic  astrophysical
observation of a star (8) using multiconjugate  adaptive optics in two
layers of turbulence in the atmosphere  (9) and (10). 15 Detailed
Description of a Preferred Embodiment of the  Invention In a first practical
embodiment of the invention, the  measurement of the distance at which
the objects of a scene  are located is considered. 20 The particular case
of the observation from this  invention of a scene consisting of the inside
of a furnished  room is considered, where several objects located at
depths  ranging from 0.5 up to 4 meters from the position of the  camera
can be distinguished as components. 25 Figure 1 schematically depicts
the arrangement of an  aperture lens (1), a lenslet array (2) and a
detecting surface  (3) included in the phase camera according to the
invention.  Furthermore, the distance (5) from the converging lens to the
one focusing on a determined object of the object space, the 30 focal
point (6) of each lenslet of the lenslet array, the  local angle of inclination
of the wavefront (7) and the  displacement in the optical path (4)
experienced by turbulent  wavefront with respect to another one that is not
aberrated  are shown. The camera of the invention also comprises  35
processing means not depicted in the drawing. 15  To form the camera of
the invention for the real-time  acquisition of the visual information of
three-dimensional  scenes, a CCD sensor with a maximum resolution of
4000x2672,  Imperx IPX-11MS model, is used. Following the assembly of
5 Figure 1, placed before the CCD there is an objective lens  with the
same focal ratio as the subsequent lenslet array  
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To  fo rm the  camera  o f  t he  i nven t i on  f o r  t he  rea l - - t ime

a c q u i s i t i o n  o f  t h e  v i s u a l  i n f o r m a t i o n  o f  t h r e e - d i m e n s i o n a l -

s c e n e s /  a  C C D  s e n s o r  w i t h  a  m a x i m u m  r e s o l u t i o n  o f  4 0 0 0 x 2 6 1 2 ,

I m p e r x  I P X - 1 1 M 5  m o d e f ,  i s  u s e d .  F o l l o w i n g  t h e  a s s e m b l y  o f

F i g u r e  I ,  p J - a c e d  b e f o r e  t . h e  C C D  t h e r e  i s  a n  o b  j  e c t i v e  l - e n s

w i t h  t h e  s a m e  f o c a l  r a t i o  a s  t h e  s u b s e q u e n t  l - e n s l e t  a r r a y

( 1 6 x 1 6  a n d  i n  a n  F - N i k o n  m o u n t )  f o c u s e d  o n  t h e  C C D  c o v e r i n g

7 0 2 4  x  L 0 2 4  p i x e l s .  T h e  c a m e r a  i n  t h i s  a r r a n g e m e n t  h a s  a

h o r i z o n t a f  a n g u l a r  a p e r t u r e  o f  3 0 " ,  a n d  i s  f o c u s e d  o n  t h e

c a n j - r ¡  I  r a n i  n n  n f  t h a  q ñ ê n ê  - +  i  a ¡ + n l  r ¡  ?  m a l - a r qç e ¡ r u ! q r  ! u v f  v l r  v r  u f  f s  J U U f f u  I  a u  a | / L ) L  v ^ a l t t o u g l y  ¿  l t L ç L ç I D .

T h e  d e t e c t e d  i m a g e  i s  t r e a t e d  w i t h  p r o c e s s i n g  m e a n s ,  i n

t h i s  e x a m p l e  a  G P U  n V i d i a  B B 0 0  G T X  g r a p h i c s  c a r d  a d a p t e d  f o r :

-  c a - L c u l a t i n g  t . h e  f o c a l  s t a c k  b y  m e a n s  o f  t h e  m e t h o d  f o r

c a l c u l a t i n g  t h e  f o c a l  s t a c k  o f  t h e  i n v e n t i o n ,  a d a p t e d

t o  b e  o p t i m a l l y  i m p l e m e n t e d  o n  p a r a l l e l  c o m p u t i n g

h a r d w a r e ;

-  a p p l y í n g  a  f o c u s  q u a l i t y  m e a s u r e m e n t  o p e r a t o r  i n  t h e

f o c a l  s t a c k ,  f o r  e x a m p l e ,  t h e  o p e r a t o r  " V a r i a n c e "  f o r

e s t i m a t i n g  t h e  q u a l i t y  o f  t h e  f o c u s ,  o p t i m a l l y  a d a p t e d

for  the  same para f l -e l -  comput inq  hardware ;  and

-  r e c o v e r i n g  t h e  d i s t a n c e s  b y  m e a n s  o f  c a l c u l a t i n g  t h e

o p t i m a l  s t a t e  o n  a  r a n d o m  M a r k o v  f i e l d ,  f o r  e x a m p l e ,

p r o p a g a t i o n  o f  t h e  b e f i e f  b a s e d  o n  t h e  r e - w e i g h t i n g  o f

K o l m o g o r o v  t r e e s ,  i m p l e m e n t e d  i n  a n  o p t i m i z e d  m a n n e r  o n

* - ' ^ ^ 1  I  ^ l  r - n m n r r i -  i  n r r  h ¡ r r l w a r e .
I J q r q f r ç f  u v r r r l J u u r r r \ j  l r q r L

The  dep th  map  o f  t he  scene  i s  ob ta ined  w i th  t he  camera

a n d  t h e  m e t h o d  o f  t h e  i n v e n t i o n .

f n  a  s e c o n d  p r a c t i c a l  e m b o d i m e n t  o f  t h e  i n v e n t i o n  t h e

measu remen t  o f  t he  comp l -ex  amp l i t ude  o f  t he  e lec t romagne t i c

f i e l d  i s  c o n s i d e r e d .

T h e  p a r t i c u l a r  c a s e  o f  a n  a s t r o p h y s i c a l  o b s e r v a t i o n  w i t h

â  1 _  ê l  a q r - n n o  h - - -  i  - -  -  r r  - - ^ f  e r  c r r e ¡ f  e r  f  h a n  t h e  c o h e r e n c ea  L s l ç J U U I T ç  I I q V f I I V  q  U I q l l t ç L ç r  v r u q u u r  u r

c l i ¡ m e J - e r  r ^  o f  f h e  e f m o s n h e - ^  / - ^ ^ - ^ " ì - - + ê l \ /  2 O  r ì m  i n  t h eu r q r l r v u u r  L U  v !  L ¡ ¡ u  a u r r r v r y l ¡ u ! ç  \ q P l i , r V ^ f r l t q L Ç f y  L w  U I L L  r l l

v i s i b l - e  r a n g e )  i s  c o n s i d e r e d .  T h e  t u r b u l - e n c e  o f  t h e  a t m o s p h e r e

c a u s e s  a  l - o s s  o f  r e s o f u t i o n  i n  t h e  i m a g e  o b t a i n e d  w i t h  t h e3 5

(16x16 and in an F-Nikon mount) focused on the CCD covering  1024 x
1024 pixels. The camera in this arrangement has a  horizontal angular
aperture of 30, and is focused on the  10 central region of the scene, at
approximately 2 meters. The detected image is treated with processing
means, in  this example a GPU nVidia 8800 GTX graphics card adapted
for:  calculating the focal stack by means of the method for  calculating the
focal stack of the invention, adapted 15 to be optimally implemented on
parallel computing  hardware; applying a focus quality measurement
operator in the  focal stack, for example, the operator "Variance" for
estimating the quality of the focus, optimally adapted  20 for the same
parallel computing hardware; and recovering the distances by means of
calculating the  optimal state on a random Markov field, for example,
propagation of the belief based on the re-weighting of  Kolmogorov trees,
implemented in an optimized manner on  25 parallel computing hardware.
The depth map of the scene is obtained with the camera  and the method
of the invention. In a second practical embodiment of the invention the
measurement of the complex amplitude of the electromagnetic  30 field is
considered. The particular case of an astrophysical observation with  a
telescope having a diameter greater than the coherence  diameter r, of the
atmosphere (approximately 20 cm in the  visible range) is considered. The
turbulence of the atmosphere 35 causes a loss of resolution in the image
obtained with the 16  telescope, i.e., loss of the information of high spatial
frequencies. To prevent this, the manner in which the  atmospheric
turbulence degrades the wavefront of the light  coming from the star under
study must be known. To that end, 5 natural or artificial point stars which
allow characterizing  the deformation introduced by the atmosphere in the
wavefront  
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t e l e s c o p e ,  i .  e .  ,  f o s s  o f  t h e  i n f o r m a t i o n  o f  h i g h  s p a t i a l

f  r e r n r o n r -  i  o q  T o  n r e ¡ ¡ c n f  f  h i  s  -  t h e  m â n n e r  i n  w h i c h  t h e

a t m o s p h e r i c  L u r b u f e n c e  d e g r a d e s  t h e  w a v e f r o n t  o f  t h e  l i g h t

com ing  f rom the  s ta r  unde r  s tudy  mus t  be  known .  To  tha t  end ,

n a t u r a l  o r  a r t i f i c i a l  p o i n t  s t a r s  w h i c h  a l - 1 o w  c h a r a c t e r i z ; - n g

the  de fo rma t i on  i n t roduced  bv  t he  a tmosphe re  i n  t . he  wave f ron t

c a n  b e  u s e d  a s  a  r e f e r e n c e .

F i g u r e  3  s c h e m a t i c a l l y  d e p i c t s  a n  a s t r o p h y s i c a l

o b s e r v a t i o n  o f  a  s t a r  ( B )  u s i n g  c f a s s i c  m u Ì t i c o n j u g a t e

a d a p t i v e  o p t i c s  i n  t w o  l a y e r s  o f  t u r b u f e n c e  i n  t h e  a t m o s p h e r e .

I ^ 7 i f h  m r l f i c o n i r r c r a f c  ¡ d e n f i r ¡ e  ^ ^ + i ^ ^  f r o n f  n h ¡ s e  s ê n S o ru V q u ç  q u o } J L f v s  U I J L a U J ,  d  W d V g I I v I I U  y l r o J ç  J ç

m u s t  b e  u s e d  b y  e a c h  d e f o r m a b f e  m i r r o r  c o n j u g a t e d  t o  a n

i n d i v i d u a l  l a y e r  o f  t u r b u l e n c e ,  i . e . ,  t r ^ / o  d i f f e r e n t  p h a s e

s e n s o r s  ( W F S )  w h i c h  m u s t  b e  a l i g n e d  a n d  o p e r a t e d  i n  p a r a l l e l

a n d  i n  d i f f e r e n t  p o s i t i o n s  o f  t h e  o p t i c a l  a x i s .  T h e  f i g u r e

d e p i c t s  a  t e l e s c o p e  ( 1 )  a n d  t w o  w a v e f r o n t  s e n s o r s  ( 1 1 )  a n d

( I 2 )  a s s o c i a t e d  i n  a  c o n j u g a t e d  m a n n e r  t o  e a c h  t u r b u l e n t  l a y e r

( 9 )  a n d  ( 1 0 ) .  I t  i s  o n l y  p o s s i b l e  t o  r e c o v e r  a  v e r y  s m a f f

n u m b e r  o f  i n d i v i d u a l -  l a y e r s  o f  t u r b u f e n c e  ( t h r e e  l a y e r s  a t  t h e

m o s t )  w i t h  c f a s s i c  m u f t i c o n j u g a t e  a d a p t i v e  o p t i c s .  T h e

complex iLy  o f  t .he  ca l -cu- Ia t ions  and the  need fo r  speed,  s ince

1 _ h o  e f m o q n h e r o  r - h ¡ n r r o q  ê \ / ê r \ /  1 0  m i l - l i S e C O n d S  i n  t h e  v i s r b l e

r a n g e ,  c u r r e n t l y  m a k e s  i t  i m p o s s i b f e  t o  o v e r c o m e  t h e

c o r r e c t i o n  i n  o n l - y  t h r e e  l a y e r s  o f  a t m o s p h e r i c  t u r b u l e n c e .

A c c o r d i n g  t o  t h e  d e s i g n  s h o w n  i n  F i g u r e  I ,  a n d  t . h e

o p e r a t i o n  o f  w h i c h  i n  t h i s  c a s e  i s  s h o w n  i n  F i g u r e  2 ,  o n l y  o n e

s e n s o r  i s  u s e d ,  p l a c e d  i n  a  s i n g l e  p o s i t i o n  o f  t h e  o p t i c a l

^ . . . 1  ̂  . , . : + L  - L ^  n r e s e n l -  i n r ¡ e n f  i O n .d ^ l ò t  w f  L l l  L l l U  I r ! e o u ¡ r u  r r r v u r r u

F  i  n r r r o  2  . s c h e m a l i  c a l l v  s h o w s  a  s v s t e m  e r - r - o r d i  n o  f  o  t h eL r v q ¿ r _ y  s  ¿ J

i nvent ion  fo r  per fo rm- ing  a tmospher ic  tomoqraphy  in  the

a s t r o p h y s i c a l -  o b s e r v a t i o n  o f  a  s t a r  ( 8 )  w i t h  a d a p t i v e  o p t i c s .

T h e  i n d i v i d u a f  l a y e r s  o f  t u r b u f e n c e  i n  t h e  a t m o s p h e r e

c n r r o q n n n r i  J - ^  l q l  : n r ì  l - l  ô \  T n  J _  h i  s  - . â q ê  t h a  1 -  a l  e q ¿ - o n e  l T  \
\ J t  \ r v l .  v q e v r  \ ¿ /

i t s e f f  d e s c r i b e d  a b o v e  f u n c t i o n s  a s  t h e  o b i  e c t i v e  f e n s .  A

I  e n s l  e f  â r r â v  / ' \  t ) ' - " )  o  - ^ ' r n t  C l  f o r - n s i  n c r  ô n  â n  T X O N  A N D O RI U r I r r e L  q r r q j  \ ¿  J  \ J L A J L  t  I L t v u I I u  ç , /  ! v U u o f  I I Y  v r r

1 5

2 0

2 5

3 0

3 5

can be used as a reference. Figure 3 schematically depicts an
astrophysical  observation of a star (8) using classic multiconjugate  10
adaptive optics in two layers of turbulence in the atmosphere. With
multiconjugate adaptive optics, a wavefront phase sensor  must be used
by each deformable mirror conjugated to an  individual layer of turbulence,
i.e., two different phase  sensors (WFS) which must be aligned and
operated in parallel 15 and in different positions of the optical axis. The
figure  depicts a telescope (1) and two wavefront sensors (11) and  (12)
associated in a conjugated manner to each turbulent layer  (9) and (10) . It
is only possible to recover a very small  number of individual layers of
turbulence (three layers at the 20 most) with classic multiconjugate
adaptive optics. The  complexity of the calculations and the need for
speed, since  the atmosphere changes every 10 milliseconds in the visible
range, currently makes it impossible to overcome the  correction in only
three layers of atmospheric turbulence. 25 According to the design shown
in Figure 1, and the  operation of which in this case is shown in Figure 2,
only one  sensor is used, placed in a single position of the optical  axis,
with the present invention. Figure 2 schematically shows a system
according to the  30 invention for performing atmospheric tomography in
the  astrophysical observation of a star (8) with adaptive optics.  The
individual layers of turbulence in the atmosphere  correspond to (9) and
(10) . In this case, the telescope (1)  itself described above functions as
the objective lens. A 35 lenslet array (2) (32x32, mount C) focusing on an
IXON ANDOR - 17  model 512x512 pixel camera (3) is placed in its image
space.  The phase camera of the invention allows scanning the complete
cylinder of atmospheric turbulence (13) affecting the final  image of the
telescope. The data are collected and treated by 5 means of a Virtex
ML501 model FPGA previously adapted for  performing by means of the
following process: 
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T h e  p h a s e  c a m e r a  o f  t h e  i n v e n t i o n  a l l o u / s  s c a n n i n g  t h e  c o m p l e t e

c y f i n d e r  o f  a t m o s p h e r i c  t u r b u f e n c e  ( 1 3 )  a f f e c t i n g  t h e  f i n a l -

i m a g e  o f  t h e  t e l e s c o p e .  T h e  d a t a  a r e  c o l - l - e c t e d  a n d  t r e a t e d  b y

m e a n s  o f  a  V l r t e x  M L 5 0 1  m o d e f  F P G A  p r e v i o u s l y  a d a p t e d  f o r

p e r f o r m i n g  b y  m e a n s  o f  t h e  f o l - l o w i n g  p r o c e s s :

-  r - e l r - r l ¡ i _  i n o  t h e  f o c a f  S t a c k  h r ¡  m e â n s  o f  t h e  m e t h o d  O f

c l a i m  I ,  w h e r e  t h e  s q u a r e  r o o t  o f  t h e  f  o c a - L  s t a c k

d i  r e c f  I  r z  s n n o f  i e s  t h e  m o d u - l  r s  o f  f  h e  r : o m n l  e x  ¡ m n l  i  t u c l e

o f  t h e  e l e c t r o m a g n e t i c  f i e l d  a t  a n y  p o i n t  o f  t h e  v o l u m e

n f  l -  h a  n l ' r ì  o ¡ l _  q-  i p a c e f

¡ n n  l  r ¡ i  n n  ã ñ  ¡ n a r ¡ J _  n r  F ¡ ra y l / r J  f  I I y  q l r  v l / u r  q  u v r

c r r a d i  e n f  s  o f  1 _  h e  w a v e f r o n t

vo l -ume o f  the  ob  j  ec t  space

f n r  e x ¡ m n l  c )  a n d

f h e  o e n e r ¡ t  i o n  o f  t h e

' ^ L - ^ ^  - F  ) o i - n t  o f  t h el J l r d ò u  d L  d r r y  - L
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-  r e c o v e r i n g  t h e  p h a s e  o f  t h e  w a v e f r o n t  o f  t h e  a s s o c i a t e d

e Ì e c t r o m a g n e t i c  f i e l d ,  f o r  e x a m p l - e ,  b y  m e a n s  o f  t h e

method w i th  a  deve lopment  in  complex  exponent ia l -s ,  the

deve lopment  as  a  func t lon  o f  Zern ike  po l -ynomia l -s  o r  the

H u d g i n  a l g o r i t h m .

U n f i k e  p r e v i o u s  t e c h n i q u e s ,  i n  t h e  m e t h o d  o f  t h e

i n v e n t i o n  t h e  o p e r a t o r  f o r  t h e  g e n e r a t i o n  o f  t h e  g r a d i e n t s  o f

t h e  w a v e f r o n t  p h a s e  i s  a p p l i e d  l o c a l l y ,  r a t h e r  t h a n  t o  t h e

n  l  e n o n t  i  r -  i  m a c r g  ¿ 5  a  w h o l - e .

A  s i n g l e  m e a s u r e m e n t ,  s u b s e q u e n t l y  p r o c e s s e d  a s

d e s c r - i b e d ,  a . L l - o w s  t h e  r e a l - - t i m e  a c q u i s i t i o n  o f  t h e  t h r e e -

d imens iona l  map  o f  t u rbu fences  ( comp lex  amp l í t ude  o f  t he

w a v e f  r o n t  )  a s . s o c i a t e d  w i t h  t . h e  e n t i r e  a f m o s n h e r i  c  c o l u m nv Y s v v ! ! v ¿ ¡ u /

a f f e c t i n g  t h e  o b s e r v a t i o n  w i t h  t h e  t e l e s c o p e  u s e d  f o r  t h e

i n v e n t i o n  a n d  t h e  h e i g h t  a t  w h i c h  t h e s e  l a y e r s  o f  t u r b u f e n c e

a r e  l o c a t e d ,  a s  w e f l  a s  t h e  d i s t a n c e  a n d  t h r e e - d i m e n s i o n a l -

p r o f i l e  i f  a n  a r t i f i c i a f  l a s e r  s t a r  \ ^ / a s  u s e d .

calculating the focal stack by means of the method of  claim 1, where the
square root of the focal stack  directly supplies the modulus of the
complex amplitude 10 of the electromagnetic field at any point of the
volume  of the object space, applying an operator for the generation of the
gradients of the wavefront phase at any point of the  volume of the object
space (Clarke and Lane operator,  15 for example), and recovering the
phase of the wavefront of the associated  electromagnetic field, for
example, by means of the  method with a development in complex
exponentials, the  development as a function of Zernike polynomials or the
20 Hudgin algorithm. Unlike previous techniques, in the method of the
invention the operator for the generation of the gradients of  the wavefront
phase is applied locally, rather than to the  plenoptic image as a whole. 25
A single measurement, subsequently processed as  described, allows the
real-time acquisition of the three- map of turbulences (complex amplitude
of the  dimensional wavefront) associated with the entire atmospheric
column  affecting the observation with the telescope used for the  30
invention and the height at which these layers of turbulence are located,
as well as the distance and three-dimensional  profile if an artificial laser
star was used. 18 - CLAIMS  1. A method for calculating a focal stack
associated with an object space from the discrete plenoptic function  5
thereof, f(s,tj,k), which comprises evaluating the photographic  formation
integral as a sum along the length of planes in a 4D  hypercube, said
evaluation of the photographic formation  integral in turn comprising the
following steps: at the start of the computation, making the captured  
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1 .  A  m e t h o d  f o r  c a l c u f a t i n q  a  f o c a f  s t a c k  a s s o c i a t e d

ü r ' i  f h  â n  o h i e r - f  s n â c ê  f r o m  J . h c  d i s r - r e f e  n l a n o n j _ ì r -  f u n r : l _ - t o n

thereo f  ,  f (s , t j , k ) ,  wh ich  compr ises  eva lua t ing  the  photograph ic

f o r m a t i o n  i n t e g r a l  a s  a  s u m  a l o n g  t h e  l e n g t h  o f  p l a n e s  i n  a  4 D

h y p e r c u b e ,  s a i d  e v a l u a t i o n  o f  t h e  p h o t o g r a p h i c  f o r m a t i o n

i n ] - a a r : l  i n  l _ r r r n  c n m n r i s i n ¡  J - l r a  f n l l n u r i n ñ  q ' l - ,-  - e p s  :

a t  t h e  s t a r t  o f  t h e  c o m p u t a t i o n ,  m a k i n g  t h e  c a p t u r e d

data ,  - f  (s , t ,  j , k )  ,  be  equa l  to  the  t rans  f  o rmed data  up  to

s t e p  o ,  7 o ( r , s , t , j , k ) ,  i . e -  : , f o ( r ,  s , t , j , , l t )  :  f { r t I . J , È J ;  a n d

then applying tr  :  t rogr 11 t imes

t r a n s f o r m a t i o n :
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2 .  A  m e t h o d  f o r  i m p r o v i n g  t h e  r e s o f u t i o n  o f  t h e  i m a g e s

t h e  f o c a l  s t a c k  o b t a i n e d  b y  m e a n s  o f  t h e  m e t h o d  a c c o r d i n g

n l : i m  1  r . r ' l - , ì ¡ 1 ^ '  ¡ a m n r i q o q  l - h a  f n ' l  l n u r i n ¡ r  q j _ o n q .
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g iven an  image o f  the  foca l  s tack  a t  a  de termined

d i s t a n c e ,  b a c k - p r o ; e c t i n g  t h e  O ( N " )  r a y s  o f  t h e  l i g h t . -

f i e l d ,  c o n s t r u c t i n g  a n  i m a g e  a t  a  h i g h  r e s o l u t i o n  w i t h

t h e  f r a c t i o n a l  p o s i t i o n s  o f  t h e s e  r a y s ,

d e t e r m i n i n g  t h e  r e d u n d a n c i e s  r e s u l t i n g  f r o m  a s s u m i n g

tha t  the  e l -ements  o f  the  scene have a  Lamber t ian- tvpe

r e f l e c t a n c e ,  a n d

i n  t h e  p o s i t i o n s  o f  t h e  f o c a l -  s t a c k  w i t h  s u p e r -

r e s o f u t i o n  w h e r e  t h e r e  a r e  n o  r e d u n d a n c i e s ,  p l a c i n g  t h e

v a f u e  o f  t . h e  b a c k - p r o j e c t e d  r a y  a n d  w h e r e  t h e r e  a r e

. n-q¡-: =r--1, -L-+\4¡,-, J, &)
sr '.'*-r¡r-1 ?¡ifs ti ¡l-ì1rr- 1 ÞÉ.f€
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10 data, f(s,t,j,k), be equal to the transformed data up to  step 0,
f(r,s,t,J,k), i.e.: f`(r,s,t,j,k) = f(s,t,1,k); and Zm then applying n =Iog2N times
the following partial  transformation: 2n-m-1 bits  m-1 F f(r{r.+n+5,nei  p: nt
bies s:n-m-l bees nn-m-l bits  fi`: Fril b[t$ (p 0, s, 0, t, j, k) f"_(p, j +?>n +
),(p), k) +  {' }m(p, 0,1,t, j, k+A(p))+ fm(p, 1, s, ;, + A(p), k + 1;>, (p3))  15 2.
A method for improving the resolution of the images  of the focal stack
obtained by means of the method according  to claim 1, which comprises
the following steps: given an image of the focal stack at a determined  20
distance, back-projecting the O(N4) rays of the light- constructing an
image at a high resolution with  the fractional positions of these rays,
determining the redundancies resulting from assuming  that the elements
of the scene have a Lambertian-type  25 reflectance, and in the positions
of the focal stack with super- resolution where there are no redundancies,
placing the  value of the back-projected ray and where there are 19
redundancies, placing a representative value of the  redundant rays, such
as the mean. 3. A method for the real-time measurement of distances  in
three-dimensional scenes which comprises the following  5 steps:
obtaining an image of the object space with a phase  
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r e d u n d a n c i e s  /  p l a c i n g  a  r e p r e s e n t a t i v e  v a f u e  o f  t h e

r e d u n d a n t  r a y s ,  s u c h  a s  t h e  m e a n .

3 .  A  m e t h o d  f o r  t h e  r e a l - t i m e  m e a s u r e m e n t  o f  d i s L a n c e s

i n  t h r e e - d i m e n s i o n a f  s c e n e s  w h i c h  c o m p r i s e s  t h e  f o l l o w i n g

s t e p s :

o b t a i n i n g  a n  i m a g e  o f  t h e  o b j e c t  s p a c e  w i t h  a  p h a s e

c a l c u l a t i n g  t h e  f o c a l  s t a c k  b y  m e a n s  o f  t h e  m e t h o d  o f

c l a i m  1 ,

a p p l y i n g  a  f o c u s  q u a l i t y  m e a s u r e m e n t  o p e r a t o r  i n  t h e

f o c a f  s t a c k ,  a n d

c a l c u l a t i n g  t h e  o p t i m a l  s t a t e  o n  a  r a n d o m  M a r k o v  f i e l d .

4 .  T h e  m e t h o d  f o r  t h e  r e a l - - t i m e  m e a s u r e m e n t  o f  d i s t a n c e s

i n  t h r e e - d i m e n s i o n a f  s c e n e s  a c c o r d i n o  t o  c l a i m  3  w h i c h  i n

a d d i t i o n  c o m p r i s e s  i m p r o v i n g  t h e  r e s o f u t i o n  o f  t h e  i m a g e s  o f

t h e  f o c a l  s t a c k  b y  m e a n s  o f  t h e  m e t h o d  o f  c l a i m  2 .

5 .  A  me thod  fo r  t he  rea ] - t ime  tomooraph i c  measu remen t  o f

f  h e  r : o m n l e x  a m n l  i f  r r d o  ¡ f  t -  h a  c l  p r - f  r n m : r - r n e 1 -  i _ C  f i e l d  a S S O C i a t e dv v a l l y r v z : v l l l g Y ¡ r v u l

w i t h  a  w a v e f  r o n t  w h i c h  c o m p r i s e s  t . h e  f  o 1 J - o w i n g  s t e p s :
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camera ,

c a l c u l a t i n g  t h e  f o c a l -  s t a c k  b y  m e a n s  o f  t h e  m e t h o d  o f

c l a i m  7 ,  w h e r e  t h e  s q u a r e  r o o t  o f  t h e  f o c a - I  s t a c k

d i r e c t l y  s u p p l i e s  t . h e  m o d u Ì u s  o f  t h e  c o m p l e x  a m p l i t u d e

o f  t he  e l -ec t romagne t i c  f i e l d  a t  any  po in t  o f  t he  vo l -ume

o f  t h e  o b j e c t  s p a c e ,

- ' ^ ^ r - ' : - . -  â n  n n o r ¡ J _ n r  f n r  f h e  o e n e r a t i o n  o f  t h e  o r a c l i e n t sa l / l , f y r I I v  q r l  v y ç r o u v r  ! v !  u f r v  y v l l u r

o f  t h e  w a v e f r o n t  p h a s e  a t  a n y  p o i n t  o f  t h e  v o l u m e  o f  t h e

o b j e c t  s p a c e ,  a n d

r e c o v e r i n g  t h e  p h a s e  o f  t h e  \ ^ / a v e f r o n t  o f  t h e  a s s o c i a t e d

e f  e c t r o m a g n e t i c  f i e l d .

6 .  T h e  m e t h o d  f o r  t h e  r e a f - t i m e  t o m o g r a p h i c  m e a s u r e m e n t

o f  t h e  c o m p l e x  a m p l i t u d e  o f  t h e  e l e c L r o m a g n e t i c  f i e l d

assoc ia ted  w i th  a  wavef  ron t  accord inq  to  c l -a i -m 5  wh ich  in
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3 0

camera, calculating the focal stack by means of the method of  claim 1, 10
applying a focus quality measurement operator in the  focal stack, and
calculating the optimal state on a random Markov field.  4. The method for
the real-time measurement of distances  in three-dimensional scenes
according to claim 3 which in 15 addition comprises improving the
resolution of the images of  the focal stack by means of the method of
claim 2. 5. A method for the real-time tomographic measurement of  the
complex amplitude of the electromagnetic field associated  with a
wavefront which comprises the following steps: 20 obtaining an image of
the object space with a phase  camera, calculating the focal stack by
means of the method of  claim 1, where the square root of the focal stack
directly supplies the modulus of the complex amplitude 25 of the
electromagnetic field at any point of the volume  of the object space,
applying an operator for the generation of the gradients  of the wavefront
phase at any point of the volume of the  object space, and 30 recovering
the phase of the wavefront of the associated  electromagnetic field. 6. The
method for the real-time tomographic measurement i  of the complex
amplitude of the electromagnetic field associated with a wavefront
according to claim 5 which in 20  addition comprises improving the
resolution of the images of  the focal stack by means of the method of
claim 2. 7. A phase camera for the real-time acquisition of the  visual
information of three-dimensional scenes which comprises  5 a converging
lens, a lenslet array placed in a position of the image space  
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a d d i t i o n  c o m p r i s e s  i m p r o v i n g  t h e  r e s o l u t i o n  o f  t h e  i m a g e s  o f

t h e  f o c a f  s t a c k  b y  m e a n s  o f  t h e  m e t h o d  o f  c l a i m  2 .

1  .  A  p h a s e  c a m e r a  f o r  t h e  r e a l - t i m e  a c q u i s i t i o n  o f  t . h e

v i s u a l  i n f o r m a t i o n  o f  t h r e e - d i m e n s i o n a - I  s c e n e s  w h i c h  c o m p r i s e s

a  c o n v e r g i n g  l e n s ,

a  l e n s f e t  a r r a y  p l a c e d  i n  a  p o s i t i o n  o f  t h e  i m a g e  s p a c e

o f  t he  conve rg ing  l ens  and  wh ich  fo rms  an  image  on  a
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-  c a l - c u Ì a t i n g  t h e  f o c a l  s t a c k  a s s o c i a t e d  w i t h  t h e

o h - i e c f  s n â r ì e  m e a s r r r e d  h r ¡  f h e  c â m e r â  h v  m e a n s  o f

t h e  m e t h o d  o f  c f a i m  1 ,

-  o l r f  a  i n i  n c r  f  h e  r : o m n l  e x  a m n l  i  f  l l d e  o f  t h e
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s e n s e d  o b j e c t  s p a c e .

B .  T h e  p h a s e  c a m e r a  f o r  t h e  r e a l - - t i m e  a c q u í s i t i o n  o f

v i s u a - I  i n f o r m a t i o n  o f  t h r e e - d i m e n s i o n a l  s c e n e s  a c c o r d i n g

c l - a i m  J ,  w h e r e i n  t h e  p r o c e s s i n g  m e a n s  a r e  a d a p t e d

i m p r o v i n g  t h e  r e s o f u t i o n  o f  t h e  i m a g e s  o f  t h e  f o c a - L  s t a c k

m e a n s  o f  t h e  m e t h o d  o f  c l a i m  2 .

9 .  T h e  p h a s e  c a m e r a  f o r  t h e  r e a l - - t i m e  a c q u i s i t i o n  o f

v i s u a f  i n f o r m a t i o n  o f  t h r e e - d j - m e n s i o n a l  s c e n e s  a c c o r d i n g

c l a i m  J ,  w h e r e i n  t h e  p r o c e s s i n g  m e a n s  a r e  a d a p t e d

n h l . : ì n ì n r r  J - h o  r ì i e l - : n ¡ a  i n  â n \ /  n ô q i f i n n  n f  f h a  n h i a c l _  q n ^ - ê
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m e a n s  o f  t h e  m e t h o d  o f  c l a i m  3 .
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1 0 .  T h e  p h a s e  c a m e r a  f o r  t h e  r e a l - t i m e  a c q u i s i t i o n  o f
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of the converging lens and which forms an image on a  detecting surface
for detecting sufficient resolution,  and 10 parallel computation processing
means adapted for - calculating the focal stack associated with the  object
space measured by the camera by means of  the method of claim 1, -
obtaining the complex amplitude of the  if 15 electromagnetic field
(modulus and phase) and - obtaining the distance in any position of the
sensed object space. B. The phase camera for the real-time acquisition of
the  visual information of three-dimensional scenes according to  20 claim
7, wherein the processing means are adapted for improving the resolution
of the images of the focal stack by  means of the method of claim 2. 9.
The phase camera for the real-time acquisition of the  visual information of
three-dimensional scenes according to  25 claim 7, wherein the
processing means are adapted for obtaining the distance in any position
of the object space by  means of the method of claim 3. 10. The phase
camera for the real-time acquisition of  the visual information of
three-dimensional scenes according  30 to claim 7, wherein the
processing means are adapted for obtaining the complex amplitude of the
electromagnetic field  by means of the method of claim 5. 


