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WA\¡EFRONT ABERR;ATION Al{D DISTAI{CE MEASUREMENT PHASE CAI.{ERA

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

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

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

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

F o u r i e r  " S 1 i c e "  a n d  f a s t  F o u r i e r  t r a n s f o r m  e d g e  d e t e c t i o n

techn ique,  p rov ide  bo th  a  th ree-d imens iona l  wavef ron t  map and

r  ^ ^ ^ - ^  ¡ ¡ n f h  m ¡ n  w i t h i n  -  L - ^ - r  o f  v o l _ u m e s .d  I Ë d f  ù u g r r g  u ç I / L r r  r L r q I J  w r  L ¡ ¡ ¿ l ¡  q  u ! v o u  ! q r r y ç

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

wavef ron ts  need to  be  de termined,  such as  ear th -based

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

f  i  a l  r ì q  r ê õ r l i  r ì  n a  m a l _  r ¡ l  n n r ¡  â  ô  r o : l  q - ê n ê q  f - C n  n n l  i  q h t
¡ l L v  e l v + v Y r  ,  I  v v v  l - - * - . - . . 1 n 9 [  ,

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

n ¡ r j _ . i ¡ r r l ¡ r  - â q ê  n f  r j _ m n q n h o r i ^  f a n ¡ a r r n l - ' t l r q ì n c  t r T . T e  l l ¡ r r r o -y q r  L f  ç u f , a !  u q Ð ç  v !  q L I L L V o l J r l ç ! a u  L U l t L v 9 ! a } / r l y  u r r r r Y  ! ! f  r  \ f  q r v s

d j - a m e t e r  t e l e s c o p e s :  5 0  o r  1 0 0  m e t r e s )  .

F ie ld  o f  the  Ar t

The invent ion  is  compr ised in  the  f ie ld  o f  op t ics  and

i m ¡ n o  n r n c e q q ì  n
r -  -  - - - . - r - r 9 '

Background o f  the  Invent ion

The present  invent ion  re fa tes  to  bo th  the  need fo r

ob ta in ing  a  th ree-d imens ionaf  \ ^ /ave f ron t  measurement  assoc ia ted

+ ^  ^ ^ + . i ^ - r  n r o h l e m  i n  w h i r : h  j m a o e  o l l a l i l - r ¡  i s  e s s e n t i a fu v  q I I y  v I J  L f , u q ]  y ! v l J ç ¡ L r  r r r  w f  r r ç f  r  r r l r q Y e  Y u q f  r  L y  ! o  ç r o e r r (

( e .  g .  f o r  d i a g n o s i s  )  a n d  t o  t h e  n e e d  f o r  o b t a i n i n g  a

s l l f  f  i  r - i  e n 1 _  l  r z  r . r . . :  - L r  ^  ^ - r  . - - ^ ^ . . i  ̂ ^  r ^ * + r ^  - 1 1 1  w . i  t h i  n  a  h r o a do u ! ! r u f  ç r r u r y  ! ç f  I d u f  u  d I I u  P I U U f  ò u  u g P L r l  r t t q y  w r  L r ¡ r ¡ ¡  @  v r

r â n . r ê  o f  r ¡ n l  l r m e s  -  f  r o m  e  f e w  m i  r ì r ô n s  n n  f  o  s e v e r a f  k i l o m e t e r s .
f  L L v L t L

Though the  genera l  approach can be  app l ied  to  o ther

f  i  e l  d s  -  f  h e  : n :  I  r z s e s  r : o n d r t c t e d  f o c u s  o n,  u ¿ ¡ v

t e l  e s r : o n e s  ¡ n d  n n  q . ê n ê  r ì o n J .  h  m e a s u I .  e m e n t .u v ¿ v g v v y v g v y ç ] I

Sta te  o f  the  Ar t

I  ¡  r ¡ a  ¡ n a r l _  r r  r a
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A 1 _ m n q n h a r i  ¡  1 - n m n n r a n l r r z
¿ r e r L l v u v r a v ! f  v  u v ¡ L l v v ! u v ¿ ¡  y

E ' n r  n r a q a n l -  I  ¡ r a o - r ì i  i ñ ^ + ^ r
I U !  } J ! E J U r r L  f q ! v u  v r A r L L s L ç r

l d a ¡ l ¿  \  ¡ n r ì  f r r t r r r o  a i  a n f  f  a l  a < n n n o q¡ \ v v J r r ¡ . r /  v  Y ¿ q r ¡ u

r l i  ¡ m o 1 -  a r l  i h a  : Ä : n l .  i  r ¡ a  n n f  i  ¡ q  q r ¡ q J - a m
U I q I L L ç v ç L  I  I  u ¡ ¡ ç  q U q l / L r V ç  V } J U f  ç o  r J r  L U I L L

measur inq  the  th ree-d imens iona l

te lescopes (GRANTECAN,

( 5 0  o r  1 0 0  m e t r e s  i n

has  taken the  course  o f

d i s t r i b u t i o n  o f  t h e3 5

WAVEFRONT ABERRATION AND DISTANCE MEASUREMENT PHASE CAMERA Object of the
Invention  The system of the invention consists of a phase camera  5 with microlenses placed in the
focal point of a converging lens, wherein the camera data, processed using a combined Fourier "Slice"
and fast Fourier transform edge detection technique, provide both a three-dimensional wavefront map
and a real scene depth map within a broad range of volumes.  10 This invention is suitable for use in
any field where wavefronts need to be determined, such as earth-based astronomical observation,
ophthalmology, etc., as well as in fields requiring metrology, e.g. real scenes, CCD polishing,
automobile mechanics, etc. The invention is applied to the 15particular case of atmospheric
tomography using ELTs (large- diameter telescopes: 50 or 100 metres). Field of the Art         The
invention is comprised in the field of optics and image processing. 20Background of the Invention
The present invention relates to both the need for obtaining a three-dimensional wavefront
measurement associated to any optical problem in which image quality is essential (e.g. for diagnosis)
and to the need for obtaining a 25sufficiently reliable and precise depth map within a broad range of
volumes, from a few microns up to several kilometers.        Though the general approach can be
applied to other fields, the analyses conducted focus on large aperture telescopes and on scene depth
measurement. 30State of the Art  
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a f m o s n h e r . i  r :  n h ¡ s e  b v  l l s i  n r -  -  ç ^ - -  ^ ç  + ^ * ^ ^ - - * t r - - '  ^ ^ 1 1 e dq u ¡ l r v o I / ¡ ¿ v ! r u  l r r i u r v  v J  u J r r r 9  O  ! U I I L L  U I  L U l t t u g r q P l l y  U q

- , , r F ; ^ ^ ^ - ; , , ^ - È ^  ^ r ^ ^ + . i - - ^  ^ ^ * j c s .  T h e  a b s e n c e  o f  a  s u f f i c l e n t¡ r r u r L r ç v r r J  u Y a L ç  o u q y L r v ç  v } J L r

number  o f  na tura l  po in t  sources  in  the  sky ,  such tha t  there  is

a l w a r ¡ s  ô n ê  n r e s e n t  w i t h i n  t h e  f i e l d  o f  v i s i o n  o f  t h e  o b i e c f

o h s e r r z e d  h v  r L ^  + ^ r  ^ ^  m ¡ k a s  i  I  n ê ñ ê q q ^ r \ /  t ô  u s ev u o ç !  v ç u  p y  u I I g  L g l u è u u l J g ,  r r L o ^ ç J  r  u  t r ç ç ç Ð Ð q ! J  L v

a r t i f i c i a l  p o i n t  s o u r c e s ,  e . 9 .  N a  s t a r s  ( 9 0  k m  h i q h ) .

In  o rder  to  cor rec t  the  en t i re  a tmosphere  wh ich  a f fec ts

f  h o  I  ì  ¡ h j .  l ' r a : m  c n m i  n c  f  r n m  l -  h a  n l - r - i a c l -  i n  l - h a  q k r ¡  1 : r ¡ n i  r l i  n nv v I L ¿ r ¡ Y  v l j v v  u J ! ) '  \ q v v r v f r r Y

€ ^ ^ - l  - - . i  ^ ^ ^ ì  - ^ - + . i  ^ - \  . i f  . l  ̂  n ê - ê q q ¡ r r ¡  j - n  t r - ^  I  ^ €  + 1 a ^ ô ^
I U ç c r f  d . l l r ù U P - L c t l . i . c 1  L J - ò I L t , /  ,  - L  L  - L ò  r r u u u o r q !  j  u v  U J C  ò C V C l d i  U I  L I I U J C

a r t i f i c i a Ì  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

n f  1 -  h a m  r a a r r . i  r a q  â  Ì r ô r \ /  h ì  n h  r o q n l  r r J - i  n n  r n À  ì a i  n l . '  n n r . r a r a r l
v !  L I ¡ ç ¡ L L  ! ç Y u l r e r  q  v v r J  ¡ r r y ¿ r  ! v r v r u L r v ¡ r  A I 1 U  l r l 9 l l  } J U W g I E u

p u 1 s e d  l - a s e r ,  w h i c h  t r a n s l - a L e s  i n t o  a n  i n c r e d i b l y  e x p e n s i v e

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

m l l l t i ¡ o n i l l r r : j - e  - r - ^ + i - - ^  ^ n t i C S  ¡ i â n  6 n ì r r  m ô â c r 1 r ô  t h er l r u r  L r ç v r r J  u Y q  L ç  q u q y  L r  v  ç  v I /  u f  v r  ç q r r  v r r f  y  r L L ç o Ð  u !  ç

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  t o  a t  m o s t  t h r e e  h o r i z o n t a l

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

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

t h r e e - 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 .  T h e y  a l s o

^ - + i m a t i o n  o f  t h e  n h a s e  w i t h  c a l - c u l a t i o n s  t h a t  a r e! ç ç V V ç !  q I I  ç Þ  L f l L L 4 L f  U I I  U !  L 1 I E  v r r q r v  w r  u f r  v q i

s ô  r : o m n l  i  r : n t e r ì  f  h a t  f  h e r ¡  s e r i  o u s l  v  r : o m n r o m i  s e  t h e  a c l a n t . i v e
J  v  v r L L ¡ -  !

cor rec t ion  o f  the  op t ica l -  beam wi t .h in  the  s tab i l i t y  t ime 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  s p e c t r u m  ( 1 0  m s ) .

The techn ique proposed here in  w i l l  however  a l lo r^ r :

-be ing  l im i ted  to  a  s ing le  measurement  and to  a  s ing fe

s ê n s ô r  -  r ^ r i  t h  i  n  e a c h  a f  m o s n h e r i  r :  s f  e k l i  I  i  t r ¡  J -  i _ m e .
' v v r u ¡ ¡ ¿ ¿ ¿ u ¡ l l v g ì / I ¡ u l ¿ v u u q v ¿ t ¿ u ) '

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

l . r n r i z ¡ n l -  : l  I = r r a r  i  o  l - n m n n r ¡ n l r r ¡  n f  J - l r o  a n J -  ì r o  ¡ 1 - m n q n h o r o¡ r v ! r ¿ u r r Ç q f  f  e y ç !  f  L . ç . ,  L v r [ v v ! q P r l y  v !  L I I ç  ç I I L M  q L r L t v ù l J 1 r ç r ç t

by means o f  an  a lgor i thm based on  Four ie r  t rans form,  wh ich  rn

and o f  i t se l f  i s  f  as t  bu t  can  be  acce le ra ted  ü / i t .h  an

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 s  p r o c e s s i n g  u n i t s

(GPU)  or  to  e . l -ec t ron ic  hardware  un i ts ,  such as  FPGA (F ie ld

Programmable  Gate  Ar rays)  "
- 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 l -  l a s e r  s t a r s ,  â s

i t  w i Ì l  recover  in  rea l  t ime the  image o f  the  ob jec t  upon ì - ts

ar r i va l  to  the  Ear th 's  a tmosphere ,  s ince  th is  new techn ique

1 5

2 0

2 5

3 0

3 5

Atmospheric tomography  For presentlarge-diametertelescopes(GRANTECAN,        Keck,...) and
future giant telescopes (50 or 100 metres in diameter), the adaptive optics system has taken the
course of 35measuringthethree-dimensionaldistributionofthe  atmospheric phase by using a form of
tomography called multiconjugate adaptive optics. The absence of a sufficient number of natural point
sources in the sky, such that there is always one present within the field of vision of the object
5observed by the telescope, makes it necessary to use artificial point sources, e.g. Na stars (90 km
high).        In order to correct the entire atmosphere which affects the light beam coming from the
object in the sky (avoiding focal anisoplanatism), it is necessary to use several of these  10 artificial
stars (at least 5). In order to be generated, each of them requires a very high resolution and high
powered pulsed laser, which translates into an incredibly expensive technology. Furthermore, after
such a high cost, the multiconjugate adaptive optics can only measure the 15atmospheric phase
associated to at most three horizontal turbulence layers (with three phase sensors measuring
simultaneously), i.e., it scans a minute proportion of the three-dimensional cylinder affecting the image.
They also recover an estimation of the phase with calculations that are  20 so complicated that they
seriously compromise the adaptive correction of the optical beam within the stability time of the
atmosphere in the visible spectrum (10 ms). The technique proposed herein will however allow:  being
limited to a single measurement and to a single 
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does no t  requ i re  ca l - ib ra t ion  w i th  a  po in t  s ig ina l  to  then be

deconvo lu ted .

Human eye tomography

The main  in te res t  in  per fo rming  human eye tomography  is

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

med ica l -  spec ia l i s ts  a  c fear  image o f  the  re t ina l  fundus  o f  the

n : f i o n 1 _  -  i n  o r ç [ s r  t o  m a k e  m o r e  r e ] - i a b l - e  d i a c r n o s e s -  T h e  a o u e o u s

h u m o r ,  t h e  v i t r e o u s  h u m o r  a n d  t h e . l - e n s  b e h a v e  i n  t h e  e y e  a s

means wh ich  aber ra te  the  imaqe tha t  can  be  ob ta ined f rom the

r e t i n a l  f u n d u s .

I n  f a c t ,  i t  d o e s  n o t  r e q u i r e  t a k i n g  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  E a r t h ' s  a t m o s p h e r e  ( o n e  e v e r y  1 0  m s )  ,

because i t  i s  a  s tab l -e  de format ion ;  however  i t  does  requ i re

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  t o  n o t  o n l y  o b t a í n  a

good image o f  t .he  re t ina l  fundus ,  bu t  a lso  to  de tec t  the

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

The few authors  who,  w i th in  the  ment ioned f ie lds ,  have

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

"S l i ce"  techn ique to  take  the  measurement  o f  the  op t ica l

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

I n  a d d i t i o n ,  L h e  F o u r i e r  " S l - i c e "  t e c h n i q u e  a s s o c i a t e d  t o

mic ro-Lenses  in  the  foca l -  po in t  has  on ly  been used to  ob tarn

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

cub ic  met res  o f  voJ-ume,  w i th  a  qua l í ty  tha t  apparent ly  exceeds

the  conrmon depth  o f  f  ie ld  techn ique.  In  sur r ìmary ,  these

cont r ibu t ions  o f  o ther  au thors  have no th inq  to  do  w i th  the

n â f ê n t  h e r o i  n  d e s c r i b e d .

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

A  s i n g l e  a r r a y  o f  m i c r o l e n s e s ,  f o r m i n g  a n  i m a g e  o n  a  C C D

wi th  su f f i c ien t  reso l -u t ion  and p laced in  the  foca l -  po in t

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

measurements  o f  ta rge t  th ree-d imens iona l  space.

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

image conta ins  su f f i c ien t  in fo rmat ion  to  recover  the  th ree-

d imens iona l  env i ronment .  Such image can be  unders tood as  be ing

1 5

2 0

2 5
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3 5

25sensor, within each atmospheric stability time.        a recovery of the phase associated to each
turbulent horizontal layer, i.e., tomography of the entire atmosphere, by means of an algorithm based
on Fourier transform, which in and of itself is fast but can be accelerated with an  30 intelligent
adaptation thereof to graphics processing units (GPU) or to electronic hardware units, such as FPGA
(Field Programmable Gate Arrays).              -preventing the need to use artificial laser stars, as it will
recover in real time the image of the object upon its 35arrival to the Earth's atmosphere, since this new
technique  does not require calibration with a point signal to then be deconvoluted. Human eye
tomography  The main interest in performing human eye tomography is  5 essentially based on
obtaining and having available for medical specialists a clear image of the retinal fundus of the patient,
in order to make more reliable diagnoses. The aqueous humor, the vitreous humor and the lens
behave in the eye as means which aberrate the image that can be obtained from the 10retinal fundus.
In fact, it does not require taking measurements as frequently as in the Earth's atmosphere (one every
10 ms), because it is a stable deformation; however it does require sufficient three-dimensional
resolution to not only obtain a 15good image of the retinal fundus, but also to detect the spatial
location of possible ocular lesions.        The few authors who, within the mentioned fields, have placed
microlenses in the focal point do not use the Fourier "Slice" technique to take the measurement of the
optical 
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made up o f  4  d imens ions :  two coord ina tes  on  the  CCD assoc ia ted

to  the  ins ide  o f  each mic ro lens  and two o ther  coord inaLes

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

T h c  n r o n o s e d  f  e r : h n  i c l r e  i s  b a s e d  o n  t h e  G e n e r a f  i z e d

F o u r i e r  " S l i c e "  T h e o r e m .  T h e  i m a q e  t a k e n  b y  t h e  C C D  i s  F o u r í e r

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

o p e r a t o r  i s  a p p l i e d  t o  i t ,  w h i c h  d e c i d e s  t h e  d e p t h  a t  w h i c h

t h e  o b j e c t  w i l l  b e  r e c o v e r e d  a n d  r e d u c e s  t h e  p r o b l e m  o f  4

d i m e n s i o n s  t o  j u s t  2 .  T h e  o b ¡ e c t i v e  o f  t h i s  i n v e n t i o n  i s  t o

f ind  ou t  the  depths  a t  wh ich  the  ob jec ts  a re  l -oca ted ;  to  tha t

end,  by  work ing  in  the  t rans formed domain  and ident i f y ing  the

o b j e c t s  w i t h  t h e  e d g e  d e t e c t i o n  a l g o r i t h m  ( h i g h  s p a t i a l

f  r e c n r e n r : i  e s )  ì  |  i s  n o s s i h l  e  t o  ì d e n f  ì  f v  t h e  r : n m n o n e n f  s  o f  t h e

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

a r e  l o c a t e d .

I n  a d d i t i o n ,  a  S h a c k - H a r L m a n n  s e n s o r  c o n s i s t s  o f  a n

a s s e m h l  v  o f  I  r - * ^ ^ ^  - r  ^ ^ ^ r  i  *  ç ^ - *  t o  f o r m  t h e  s a m eq r u v r l w r j  v !  r C I I ò g ò  I J f d U U U  I I I  A L L d y  I U I I t t

number  o f  images in  a  two-d imens j -ona l  de tec tor .  The

d isp lacement  o f  each o f  them in  re l -a t ion  to  the  pos i t ion

r : ô r r e s n ô n d i  n c r  r ^  ^  ^ r  ^ ^ - *  w a v e f r o n t  m e a s u r e s  t h e  l - o c a fu v ! ! u o y v ¿ r u f r r v  L V  A  l J I q l l q I

c r r e d i  c n t  o f  l _ h e  w a v e f r o n t .  T t  i  s  n o s s i  b l _ e  t o  r e c o v e r  t h ey v s ,  r v r

o r i  c r i  n a l  w ¡ r ¡ e f  r o n t  f  h r o n o h  n l m e r i  r : e l  n r ô c e s s ê s .  T h e  n r o n o s e d. Y ' " I -

phase camera  conta íns  a  Shack-Har tmann in  the  foca l -  po in t  o f  a
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cnmn l  o l_  o l  r ¡  d i  f  f e ren t  da ta  n ro r :ess i  no  f  han  wha t  haS  been

e s s o c i e t e c l  r ì n  u n t i f  n o v f  t o  t h e  S h a c k - H a r t m a n n  S e n s o r .  I t  i s

t h e n  p o s s i b l e  t o  r e c o v e r  b o t h  d e p t h s  a n d  w a v e f r o n t  p h a s e s .
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l e n s  ( 1 )  ,  o f  t h e  l - e n s e s  ( 2 )  ,  a n d  o f  t h e  C C D  ( 3 )  f o r m i n g  t h e

n h ¡ s c  r - , ¡ m ê r â  l 5 )  i  s  f  h c  f n r - a l  n o i  n t  n f  f  h e  r - o n r ¡ o r o i  n c r  I  e n S .\ v /

( 6 )  i s  t h e  f o c a l  o f  e a c h  m i c r o l e n s  o f  t h e  a r r a y  o f  l - e n s e s .  ( 1 )

i s  t h e  f o c a l  t i l t  a n g l e  o f  t h e  w a v e f r o n t .  ( 4 )  i s  t h e  o p t i c a l

paLh d ispJ-acement  exper ienced by  the  tu rbu len t  wavef ron t  in
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20 aberration, or to correct the image, or to obtain distances. In addition, the Fourier "Slice" technique
associated to microlenses in the focal point has only been used to obtain focused photographs of real
scenes within ranges of a few cubic metres of volume, with a quality that apparently exceeds  25 the
common depth of field technique. In summary, these contributions of other authors have nothing to do
with the patent herein described. Description of the Invention                     A single array of
microlenses, forming an image on a CCD 30with sufficient resolution and placed in the focal point
position of a converging lens allows taking tomographic measurements of target three-dimensional
space.             The measurements are taken once only, i.e., a single image contains sufficient
information to recover the three- 35dimensional environment. Such image can be understood as being
made up of 4 dimensions: two coordinates on the CCD associated to the inside of each microlens and
two other coordinates associated to the array of microlenses. The proposed technique is based on the
Generalized  5 Fourier "Slice" Theorem. The image taken by the CCD is Fourier transform in four
dimensions, then a rotation and "slice" operator is applied to it, which decides the depth at which the
object will be recovered and reduces the problem of 4 dimensions to just 2. The objective of this
invention is to  10 find out the depths at which the objects are located; to that end, by working in the
transformed domain and identifying the objects with the edge detection algorithm (high spatial
frequencies), it is possible to identify the components of the scene of which it is previously known at
what distance they 15are located. 
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r e f a t i o n  t o  a n o t h e r  o n e  w i t h o u t  a b e r r a t i o n .
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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 ) .  P e r f o r m i n g

e tmosnhc r i  r -  l -  nmoc r renh r ¡  i n  l - ho  es i ronh r ¡ s  i  r : a  l -  obse rva t i on  o f  a

s t a r  ( I )  ü / i f h  - r ^ * f i - ' ^  ^ ^ * . i c s .  T h e  i n d i v i d u a l -  L u r b u l e n c e\ v /  , , - - - l  q u q y L f  v ç  v } J L
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p h a s e  c a m e r a  a f f o w s  s c a n n i n g  t h e  c o m p l e t e  c y l 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 )  w h i c h  a f f e c t s  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 .

F i g u r e  3 :  C o n c e p t u a l  d i a g r a m  o f  a  c l - a s s i c  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 )  u s i n g  t h e  a d a p t i v e  o p t i c s

mul t i con jugated  to  two tu rbu fence layers  in  the  a tmosphere  (9 )

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

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

( 7 2 )  i n d i c a t e  t h e  w a v e f r o n t  s e n s o r s  c o n j u g a t e l y  a s s o c i a t e d  t o

e a c h  t u r b u l e n t  l a y e r .  ( 1 )  c o r r e s p o n d s  t o  t h e  t e l e s c o p e .

Pre fer red  Embod iment  o f  the  Invent ion

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

a  f  e l  e s r : o n e  l '  - - - r  ' . -  ^  r ' i  - - â f  ê r  e x c e e c ì i  n o  t h e  d i a m e t e r  o fq  L U T U J U V I / U  r l q v  I l I v  q  U I q I L L ç  L ç r  ç ^ V ç g u r r r y

coherence ro  o f  the  a tmosphere  (approx imate ly  20  cm in  the

v i s i b l e  s p e c t r u m )  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

atmosphere  causes  a  foss  o f  reso l -u t ion  in  the  image ob ta ined

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

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

manner  in  wh ich  the  a tmospher ic  tu rbu lence degrades  the

wavef ron t  o f  the  l igh t  coming f rom the  s ta r  under  s tudy .

N a t u r a f  o r  a r t i f i c i a f  p o i n t  s t a r L s  w h i c h  a f l o w  c h a r a c t e r í z t n g

the  de format ion  tha t  the  a tmosphere  in t roduces  in  the

wavef ron t  can  be  used t .o  tha t  end.

V ü i t h  c l a s s i c  m u l - 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  ( F i g u r e  3 ) ,

a  wavef ron t  phase sensor  must  be  used fo r  each de formab le

m i r r o r  c o n j u g a t e d  t o  a n  í n d i v i d u a l  t u r b u f e n c e  l a y e r ,  i . e .  t w o

d i f fe ren t  phase sensors  (VüFS)  wh ich  must  be  aJ- igned and p laced

i n  o p e r a t i o n  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
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In addition, a Shack-Hartmann sensor consists of an assembly of lenses placed in array form to form
the same number of images in a two-dimensional detector. The displacement of each of them in
relation to the position  20 corresponding to a planar wavefront measures the local gradient of the
wavefront. It is possible to recover the original wavefront through numerical processes. The proposed
phase camera contains a Shack-Hartmann in the focal point of a converging lens, which is why the
design is also a wavefront  25 phase camera, but placed in the focal point of a lens, with a completely
different data processing than what has been associated up until now to the Shack-Hartmann sensor.
It is then possible to recover both depths and wavefront phases. Description of the Drawings  30Figure
1: Diagram of the arrangement of the aperture  lens (1), of the lenses (2), and of the CCD (3) forming
the phase camera. (5) is the focal point of the converging lens. (6) is the focal of each microlens of the
array of lenses. (7) is the local tilt angle of the wavefront. (4) is the optical 35path displacement
experienced by the turbulent wavefront in  relation to another one without aberration.        Figure 2:
Conceptual diagram of the invention applied to a telescope with a large main mirror (1). Performing
atmospheric tomography in the astrophysical observation of a 5 star (8) with adaptive optics. The
individual turbulence layers within the atmosphere correspond to (9) and (10). The phase camera
allows scanning the complete cylinder of  atmospheric turbulence (13) which affects the the telescope.
10Figure 3:  
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f o r  v e l o c i t y  s i n c e  t h e  a t m o s p h e r e  c h a n g e s  e v e r y  1 0

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

overcome the  cor rec t ion  today  a t  on ly  th ree  a tmospher rc

tu rbu l -ence layers .

Wi th  the  phase camera  hav ing  the  des ign  shown in  F igure

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

n n q i f i a n  n f  f l r a  a n l - i ¡ ¡ l  ¡ v i q  : n r l  ¡  q i n n l o  m ê â q r r r ê m ê n J _
v y  Ç ¡ v u J  s z r l a  ,

s u t r s e c r u e n t  I  r ¡  n r ô c e s s e d  b r z  m e a n s  o f  t h e  F o u r i e r  S f  i c e

È a ¡ l a n ì  n , r a  ' . ' i  I  I  a f  f  o w  o b t a i n j  n c r  f  h e  t h r e e - r ì i m e n s i  o n e l  m â n  o fu e v ¿ ¡ ¡ ¡ ¿ l l u u  r  Y  u ¡ ¡ e

t i l r k l u  l e n c e s  l w a ¡ ¡ e f  r n n f  n h e s e  s )  : s s o r : ì  e f  e d  J - o  t h e  e n t i r e  c o l - u m n
/  

q v v v v À s e v \ l

of  a tmosphere  wh ich  a f fec ts  the  observa t ion  w i th  the  te lescope

of  the  invent ion ,  âs  we l l  as  the  a l - t i t .ude  a t  wh ich  these

turbu lence layers  a re  foca ted .

1 5

observation of a star (8) using the adaptive optics multiconjugated to two turbulence layers in the
atmosphere (9) and (10). It can only recover a very small number of individual turbulence layers (three
layers at most). (11) and 15(12) indicate the wavefront sensors conjugately associated to each
turbulent layer. (1) corresponds to the telescope. Preferred Embodiment of the Invention         The
particular case of an astrophysical observation with a telescope having a diameter exceeding the
diameter of 20  coherence ro of the atmosphere (approximately 20 cm in the visible spectrum) is
considered. The turbulence of the atmosphere causes a loss of resolution in the image obtained with
the telescope, i.e., loss of high spatial frequencies information. To prevent this loss, it is necessary to
know the 25  manner in which the atmospheric turbulence degrades the wavefront of the light coming
from the star under study. Natural or artificial point starts which allow characterizing the deformation
that the atmosphere introduces in the wavefront can be used to that end. 30With classic
multiconjugate adaptive optics (Figure 3), a wavefront phase sensor must be used for each
deformable mirror conjugated to an individual turbulence layer, i.e. two different phase sensors (WFS)
which must be aligned and placed in operation in parallel and in different positions of the 35optical
axis. The complexity of the calculations and the need  for velocity since the atmosphere changes every
10 milliseconds in the visible spectrum, makes it impossible to overcome the correction today at only
three atmospheric turbulence layers. 5With the phase camera having the design shown in Figure 1,
and whose operation in this case is shown in Figure 2, only one sensor is used, which sensor is placed
in a single position of the optical axis, and a single measurement, subsequently processed by means
of the Fourier Slice  10 technique, will allow obtaining the three-dimensional map of turbulences
(wavefront phases) associated to the entire column of atmosphere which affects the observation with
the telescope of the invention, as well as the altitude at which these turbulence layers are located. 15 
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CLAIMS

1 .  -A  phase camera  f  o r  ob ta in ing  in  rea l -  t ime t .he  th ree-

d imens iona l -  map o f  a  wavef ron t .  and the  depth  map o f  a  th ree-

r l  i  m o n  q  i  n n  r  I  q n- race ,  compr l_s  rng

a converg ing  lens ,

a n  a r r a y  o f  m i c r o l - e n s e s  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

converg ing  lens ,

a  C C D  d e v i c e ,  a n d

rea l -  t ime process ing  means adapted  to

-  ob ta in  the  foca l  s tack  o f  the  th ree-d imens iona l

space by  app ly ing  a  Four ie r  S f ice  a lgor i thm,  and

-  ident i f y  the  components  fo r  each depth  o f  the

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

means o f  a  fas t  Four ie r  t rans form edge de tec t ion

a lgor i thm.

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

three-d imens iona l  map o f  a  wavef ron t  and the  dept .h  map o f  a

t h r e e - d i m e n s i o n a l  s p a c e  a c c o r d i n g  t o  c l a i m  1 ,  c h a r a c t e r i z e d  i n

t h a t  t h e  p r o c e s s i n g  m e a n s  c o m p r i s e  a  G P U  u n i t .

3 .  -  The phase camera  fo r  ob ta in ing  in  rea f  t ime the

three-d imens iona l  map o f  a  wavef ron t  and the  depth  map o f  a

t h r e e - d i m e n s i o n a l  s p a c e  a c c o r d i n g  t o  c l a i m  1 ,  c h a r a c t e r i z e d  i n

tha t  the  process ing  means compr ise  an  FPGA dev ice .

4 . -  A  p r o c e s s  f o r  o b t a í n i n g  i n  r e a l -  t i m e  t h e  t h r e e -

d imens j -ona l -  map o f  a  wavef ron t  and the  depth  map o f  a  th ree-

d imens iona l  space,  compr j -s ing  the  fo l fow ing  s teps :

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

n h ¡ c o  - â m ô r ã  r
v ¡ ¡ u v v  v u ¡ r l v ! s t

obta in ing  the  foca f  s tack  o f  the  th ree-d imens iona l  space

h r ¡  ¡ n n l  v i  n o  a  F o l l r i  ê r  q l  r  ^ ^  ^  r  ^ ^ -  i  f r ^ - .  a n dp y  o P I / f y f r r y  q  ! v u ! r e !  u r I ç ç  q f v v ! f u l u l t ,

. i  ¡ o n i -  . i  f  r ¡ . i  - ^  t -  t r a  n n m n n n a ¡ l g  f O f  e a C h  C l e n t h  o f  f  h e  f O C a l _!  ) '  ¿ ¿ ¿ Y  v v l r y v r r v r r  u u  v v ì /  e r ¡

s tack  o f  such th ree-d imens iona l -  space by  means o f  a  fas t

Four ie r  t rans form edge de tec t ion  a lgor i thm.

5 .  -  A  p r o c e s s  f o r  o b t a i n i n g  i n  r e a f  t i m e  t h e  t h r e e -

d imens iona l  map o f  a  wavef ron t  and the  depth  map o f  a  th ree-
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CLAIMS         1.-A phase camera for obtaining in real time the three-dimensional map of a wavefront
and the depth map of a three-dimensional space, comprising 5a converging lens, an array of
microlenses placed in the focal point of the converging lens, a CCD device, and real time processing
means adapted to 10- obtain the focal stack of the three-dimensional space by applying a Fourier Slice
algorithm, and - identify the components for each depth of the focal stack of such three-dimensional
space by means of a fast Fourier transform edge detection 15algorithm.       2.- The phase camera for
obtaining in real time the three-dimensional map of a wavefront and the depth map of a
three-dimensional space according to claim 1, characterized in that the processing means comprise a
GPO unit. 203.- The phase camera for obtaining in real time the three-dimensional map of a wavefront
and the depth map of a three-dimensional space according to claim 1, characterized in that the
processing means comprise an FPGA device.              4.- A process for obtaining in real time the
three- 
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d i m e n s i o n a l  s p a c e  a c c o r d i n g  t o  c l - a i m  4 ,  w h e r e i n  t h e  t h r e e -

d imens iona l -  map o f  a  wavef ron t  and the  depth  map o f  a  th ree-

r  ' :  *^ *  ^  :  ̂ -  ^ '  ^ *  i  ce  i  . s  ¡nn l  i  ec l  to  an  observa t i -on  se lec ted  f  romu f l l t v I l J a u l l d f  ò P o u u  q y y r r u q

the  group o f  an  as t ronomica f  observa t ion ,  an  ophtha lmolog ica l

o b s e r v a t i o n ,  a  r e a l -  s c e n e  o b s e r v a t i o n ,  a n  o b s e r v a t i o n  o f  a

s u r f a c e  o f  a  C C D  a n d  a n  o b s e r v a t i o n  o f  a  s u r f a c e  o f  a

m o r - h : n  i  n :  I  n :  r l -

25dimensional map of a wavefront and the depth map of a three- dimensional space, comprising the
following steps: obtaining an image of the three-dimensional space with a phase camera;
obtaining the focal stack of the three-dimensional space 30by applying a Fourier Slice algorithm; and
identifying the components for each depth of the focal stack of such three-dimensional space by
means of a fast Fourier transform edge detection algorithm.                     5.- A process for obtaining in
real time the three- 35dimensional map of a wavefront and the depth map of a three-  _ 8 _
dimensional space according to claim 4, wherein the three-dimensional map of a wavefront and the
depth map of a three-dimensional space is applied to an observation selected from the group of an
astronomical observation, an ophthalmological 5 observation, a real scene observation, an observation
of a surface of a CCD and an observation of a surface of a mechanical part. 


