10

15

20

25

30

35

-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
sceneNErKbn AN orMbra PORheHEAREAR- IIMBOAQUCSDEASNI@ReVE STAL
the complex ampalfl ofiBs SegomAgIEniERasagard b o
wavefront. The T ' the
complex amplitude of the electromagnetic field in the 15 positions of the
surfaces:of §ve seenenlrraddiion, the invention relates to a camera for the
real-time @ﬁ%uisiti% Oef{EQe visggleianf%rgationegtf tchertsae- qiignensionalest enes .
in a wide range ot voﬁumes, characterized By an o%jecﬁve ens

ﬁe use o g

andallensidtiaivay- locafed i 20tthekintage spate df thé bhjectie) kps, o lume,
senspraplaced sa the focab peint:of thedenslets (which callegts thedypageor the
forrped y thg Iag%er) agld paraglel c%mputation trocgssigg means 1-ti

adaf)’t%a for aftl atin% {he 564 stack asSocited With t erobjec?volﬁ?nae Hne
measusad dyethe cemeis tand for calctlating Withe2B iegard tockrelattend to a

thecompiex apwlitude of tbe, elactromagnetic figld dmaodulus angkphasgy  the

and the three- dimensional_position_of the radiant surfaces at any point of
the- SERAH GHBL <. P hivEATGH EAPFEE Tsbul Ay RS oFated vith

applieaticrt :30:in which it is required to know the wavefront: terrestrial
astronomig,gbservation, ophfhalmelogy. helpgraphy, e1e;, asvelias e and

which metrology is required: real scenes, 3D television, polishing CCDs,
autdHiobTIEMECHarfes, elc el bf thBAr3S Bl hidige protssding. the

2-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
the image space of the objective lens, a sensor placed in the
focal point of the lenslets (which collects the image formed
by the 1latter) and parallel computation processing means
adapted for calculating the focal stack associated with the
object volume measured by the camera, and for calculating with
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
in which it 1is 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

Optics. Image processing.
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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 rAap in a wide range of volumes,

from a few microns up to several kilometers, and also to the real-time
gergratignoah dthree-dimensienat intormation for 3D television, 3D movies,

10 medicing, etg; Stalg of the At The adaptive optics for cuftent, .. eeq o
telescopes with a large diameter (GRANTECAN, Keck,...) and future
giaRttel88opes (5BM 6P AOY Rfste ST dianRSRPPfRIRRS orPeaslifing complex
thedree doadinensipaal disttibution Of 4be iatmoespheric phgsemsing & problem
form_of tomography called.multi-conjugate .optics. The absence in the sky

o 3 el Sy Sl o o EBRS g ana
oné preSent iRTRE fiER] oTRASIBA of theubbjettbservetrhy tha telédcbperecise
forers usingprtificial ROROIRLsgUreas: Nastaks, (9-km in keight).dons up to
order to correct, preventing the focal anisoplanatism, the entire .
atrﬁggﬁﬁ:éarit’e a]?felc?frﬁ%tt %Sligh?rb(gea??]l Scoon%ﬂg r%efn %eeagﬁfelcT?n eengﬁﬁ,ti%on of
is riduessaty e uSeo weverbh b thesa artifiéfal stibs (Htlesstsspin ofdernovies,
be g&:genarated: each of them needs a very high resolution high-

povsvered pcl)J|S€' Iaeser, \évhich translates into a very expensive technology.

In fon; high cost, the multi- conjugate optics is only

capable dfimeasiaing tite atmosphédic phaseassociated-withs aviridsta large
thrge horizontaldaxarsehg0 tyhulenge (with threg,Simyltaneoyslyescopes (50
measuring phase sensors), i.e., it scans a very small proportion of the

thr8&- diffferfril Tylirite? SHEcting thd fnage’ FandiTAGH: HiP the three-

estimadioniofithe phiase Witht such cOmplicatedcatbelationshwdrchlusing a form

Se@‘%“%%ﬁB%MW the adaptiye earrestign Qi dbe 3,0pHc beamwithit nce in
ability o

the time of s f the atmosphere in .
the sky of a sufficient number of natural point socurces, such

that there is always one present in the field of vision of the
object observed by the telescope, forces using artificial
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
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
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
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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-fuhdus of the patient, in order to

be able to more readily perform diagnostics. The aqueous humor, the

vitregus humeanand ;i thearystalline lensdndbe eye/beffave ke frRaRsere in
Whigg aberr.z%?t? ethe image @rbatmc?n be obtained of the retinal fundus.

Visi range (. s) 1s recovered.
Even ?hOUgh or'this case (I IS hot necessary to tadke measurements as

frequentlyfiay &y e tertdstrialsamtosphere (exdery t0ems)igifeetitgga is not

stable-dgformation reuffisient do thiee-dimensional resolution is feguiregdn  the
to not onl obtg\in a ggod imag%e of retin fL{i’:{d“S’ but to also detect the

spasuea(ftﬁ’)catloon o?%os%ﬁ:ﬂe SulaPiBsidas™ |r?§lﬁl, andn afother sectsrsc

suateagehat of televisioncarreinematdgraghicinsages;¢hére ageed on medical
challenges) 20 relaiing 1o thepesdimensiong! television, inyduich pnesef therinal

essential problems is the real-time generation of contents, given that the

techRitftes &6 soEormplesCaid IaboriBtethat™ theYPnedt furhgnmore readily
intgreehtion duirgg tse proce§$ foratines generation 0f 313 contertsuyhighnor and

can pe shown.on existing 3D;25;displays. I thissense. the gptimized, s ynicnh
implementation on parallel computlnv%gardware (GPUs and FPGASs) of

the*leehiiqie Neerbli Bfohbadd Giovie gRERt g redl-tiie retinal fundus.

.three-dimemsiopahcao;rnerﬁs_rAppnoaches@are Knaown mtheastaég ofthe @t take
in the, 30, mentioned fields p which lenglets hayg been, placedinthg o sphere

image plane of a converging lens, giving rise to devices and methods for
the MERSUrédMe AEOF imSRF parametérs? néverheless F thay Rt (e frclent
saidrasserbhyetor taking thestomaegraphic measurementohtie eptigalobtain a

abefragion, or feor&Pt%inc”l%a 5 distances i thescene, & oL SXaMRIE: spatial
Adelson an c\J/Vang ("Single lens stereo with
location of possible ocular lesions.

Finally, and in another sector such as that of
television or cinematographic images, there are challenges
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
displays. 1In this sense, the optimized implementation on
parallel computing hardware (GPUs and FPGAs) of the techniques
herein proposed allows generating real-time three-dimensiocnal
contents.

Approaches are known in the state of the art in the
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 wuse said assembly for taking the tomographic
measurement of the optical aberration, or for obtaining

distances in the scene.
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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 ¥ech Report CTSR 2005- 02)
use the Fourier Slice technique associated with lenslets in the image

plane only-far abtaining foeusad photographs »f 10968k seenes in FRRYRS with

of a few cubic meters of volu i uality apparently better than the .
et T Hebn SRR T EALE e i B Hiae ™ anc

caléglakingethéféealsiaekarit iVapplidd repeatedly fH9 A€ @istaié@s use the

covesing-the sequired yolurnes valving:- 15 coraputational requirementspletely

Whic(flhf\%/gg(leqlm e real-ime _progessing impossible. Throughout the
presen specﬁicalflon, 684l Stack 5t &S will' beintetpreted as the

image vollihte hathwoalReesily from ddking 'd gedup 6f eddvehtibnakaphy with

phatographie-20, imagesy from the same pointebvigwshut varying-thersr 200s-
focgéing distance. g In relation to the processes of information extraction,

it is’ knoWh That SbtaiRg & phidtographic iy fréfP i dighl-fidfd br Tenslets
foutrrdirnensiored plerieptic fonttiodof{ UMW ey 125 isfpossitle byiotographs of

integrating all,the rays reaghing sach paint () Of s se0SYr COBINGe, with
from each point (u, v) of the plane of the lens. By means of said

intEYRtoNY the®BRADTEE Eaplfe Eifect I8 ¥hdohRS In bt Rords. iftfe  depth
rayselnave doeen rédirectedsto diferent spatial posiitonsiwheacaptyred 301 1ows

with the Jensigts. inqrdegto redp the conventional iImage;t s PECESSAM  for

to regroup, i.e.,"again integrate in common for a position (X, y) what came
frofi iffePEiitaRgTar vABBE M%) . THe imERf-oBEined’By tHE operdtsPving
35 dEhmpay)ecif S v, X, Irycdusgh, remphetographic-formatian integrak seimages-t ime
thepggggos\%r%pgig%gggitg% had been obtained with a :

Throughout the present specification, focal stack of a
scene will be interpreted as the image volume that would
result from taking a group of conveéntional photographic
images, from the same point of view, but varying the focusing
distance.

In relation to the processes of information extraction,
it 1is known that obtaining a photographic image from the
light-field or four-dimensional plenoptic function, f{w v, x ¥},
is possible by integrating all the rays reaching each point
(x, y) of the sensor, coming from each point (u, v) of the
pPlane 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
with the lenslets, 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

E{x.yv) = [[ flwv.x,y}dudr, or photographic formation integral,
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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 =, @ T-d, The evaluation of this

operator for each possible 10 distance a'? requires O(N4) oper_ations and,
thereferaaforsN thlanesovoyhdareguirel AN ©patations,awbeee, Nosthened with a

resolionwithuiyhich sachof the dimensions of the plengptc functign s, -,
sampled. Ren Ng also demonistrates that it 4D Fourier franstorm of- 15 the

light iRétd 1§ TafclItdd? iRRPIRToRRSLOTNIBE SN iEsmistes sefnrdatiohens Lets-
and seoltipticatioropeyatiarts, the differest #efoeusing planes ¢canbeyiane at a

obtained by performing a truncated 2D rotation and 2D anti-Fourier

tran<s:ln osr%iag/f"p %e%[)_tfrxagnxs}for%r ¥ahctidh 8F thfiight-fid, Rsehisr tReRPRithrates,
a copaputatonal 2Dleamiplexity of O{AR)*B(N2tlogs N} te be auldeditostheust  be
initiadveostetthe Fourier transform of the sensed 4D function. A method is
therefore necessary which allows reducing .the computational cost of the
calculatiorFaf:the focal ﬁafé@uamd,fac' érdig&ly% its cal¢alation tme) 25 The

most closegl% related background document of the method for caréulating

the focal statk of e BrEsett invEntibRi§ theRfSEEtE R fatqhr Possible

apptoximatee acedrdingita the anthor) tensfarmproresed bwGezapd ror &
Druclfmuller ("A fast digital Radon transform - an efficient 30 means for -

evalUsting the"Pidtigh tF&TSrbrm”. Bafferh RBESGRIRAS vol S 40, 4 ppis  the
711r728119961), andiBrelgicii'AeFast Bisarete Appsaximation Algordhp fofopt ic

the Rﬁ@go}rai@fgggglglﬁM J. Comput., vol. 27, no. 1, pp. 107-119_,
1998) indeRoendentIy which simultaneously evaluates the 6 summation of

the values &BNYAne 18AgHFBPANEHLSf that if 4D Fourier transform of
the light-field 1is calculated, which involves O(N*® log,N)

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
complexity of O(N?)+ O(N®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.

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 Go6tz and
Druckmiller (“A fast digital Radon transform - an efficient
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
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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 reduire O(N3) sums. Finally,

disregarding the processes for obtaining the information of the scene and
consiglering the system of the1 10presentdnvention, Richardd. Glareands o«
Ricgard G. Lan(f .("Wave-fror]t%sensing from subdivisign of the focall plane g
with & Tenaiet arfay™> 1. Ot So& Am. RAVE[ T M6, 11 7-125°15865) 27 2
havdi proposet atsysiarh irednelsa lensleharray igiplaced righyénithen a2 two-
foc . verging lens, notin any 15 positign6f the, image plane .
andg%rﬁérégg#f%f W&l%gﬁ tr%erll %%’asle) Yoft aen\ic’va\%fr?h?t?s g%%a%@d (S)ﬁrlr)llsinitﬁewm(:h
pupiP6f tHe 18RS, PREretdFd O methothe netBEa&APWhieR afews line would

detexgining thg phasgofthewavefront topographically.je. e At AW ion for w
distance within the three-dimensional volume of the 20 ohject space, not

only IRERE gl &F thesRIRS Trestiiptinid e fvermidhlthe prasent

invention salesithe previosshrdeseribee dravdercls by prayidirg ik aufirsty, the
aspect a method for. calculating the focal stack gassociated with a scene
R e e G Sl S e e Po s o o the
copBEitnalleosto e, prdceskadtd the cdléatiortitie, Rivilighrd  G. Lane
involvesva considerablesimprovesmentwithrespest torthe,sethesds kowa wich
in the state of the art. An additional gbject of the present jgpvention js tq .30
pro%ol:%nas(irﬁéth%%rf& rheg'surérﬁé1 'diéé'?[%én'ceAsmlh é\cer@anéga ancéthoid f(%rl% 125,
medsivihg te compreantblituide of tisen electrohiatnetic fleldsdkich argay is

compaationalyneptimizegband, suitable fardhelsRaraleheomputation, cThe, any
present invent!)otn %U%WS: 7 Being restricted to a sin%Ie measurement and

to 5°8ingte Sensor- Withifl S4ehitima of atfiosphelie Etsnifity, "A+ch 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
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
to c¢laim 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
propose a method for measuring distances 1in 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:
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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-Gaje Asays).deerventingdhe negddo wseartifigiahtasehd to a
stars; .pgcause JLis canable ofperforming (e realime recovery of e,
image the oBJect upon Its arnvaflto the terrestnar tmosphere, since

this new techhidireaBesnop feqitre IS ealiyationvithha point sigedlefoed with
subsespient desarvalutionr ithe methotkipncalculating thefecalstack of s the
the invention, eferred lo gs SCEH (Summaton of Constrained Elaiesin,
a Hypercubg) ranstorm, allows o%%aiﬁlng a sefiss of planes ota - g
thréeehirensisial sebae, fotusedtn differens 2egesitions aforid thenlemigtly and

of theepticat axisp seducingsthe (somputational complexifyof the pracessin  pe
The method for calculatin%[the focal stack of the invention.is based on the

RS Tor e oM PatAton Of the Aiserete fasE = 2ohic

.ach erﬁteq.w1ﬁh
principles or mu tiIscale me
Radonteansfosmuand 25 (firiimizes the namber tfopedationssodeare units,

performed Py-means of Jeysig padialssultsEor the pytpose of
reducing the computational cost of the calculation of the focal stack, the

method of thé re&Bht TAverition 188€ a ' Sum FEan<6im F16ng the Rffgtn 6Fars
constrained 3@ planexipedisereté hypefoubesolt thestize bbsémeed-thatvery of

the, jphotographiccformatian integral is geometrically equivalenf 10 .. o srvi a1

evaluating the integral along the length of planes in a function the domain
of WP RI& R diméndichal Fypercubs” Witls iR 58iRg UiRfTstoBET thereauire
photographici forméition 35dntegrakisyapartioulas easesobn8 X c@hkprutfon.

(rt.v,u- 1j k). du dy, adding e restriction, thatslopes rl and.n, defining the .,
integration planes are equal
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
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
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
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 Dbeing understood, the photographic formation

integral is a particular case of
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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 simultaneoushfmeet x =urajand S=v,r k,

under certain 10 discretization conditions, reusing the partial sums of

poiats qorwgiredjby(mere.than:one digcretg plane, wheredyandeV asetthestion
horizontal and vertical dimensions on the plane of the lens and x. and y
are'thethSrsmeal andverficaftimensibnsien itheesensorplane il pke equal
ance arectie hetizontad, vestieg! Lonart depthogisnensienrs s§thefocalumper of
stagk é@g%ilsotgsb%oogteain%dflon I%hdar words, the algorithm computing the
disCfete" fast approxmaf)e Radon transform, which already existed for the

case of ling'mtepralRdpdtie plableots ektended Lt att redchesanteégradd  stack
4-dipessional dyperplanes.epdbe/ 20-dimensjonakhypercabes Wit e tioned
added factor that the horizontal and vertical slopes are the same. The

parfiat tansidrniatforfof e d5tat Rpterstehove, is? efited as: Ph-miBigs such
M Alaan bitas: n-mobztsitiates  bitst f({ues),i(wojintof (U) IecEA[G)(V)therein
k) UE 2 1=CZ n e?}p E4 25where itis cons(igeg,eg tpajtﬁt_t_q{uncti n has rai
NXRPVXN dimensionSeRith h =I0geN, theflihction if 13.(ul. .. Mfi2%f) =Sertatn
1'-18 ¢g4etijatiaon- cfxdij2pas, daserites thd disereteimanaenin whigpints
the syeesmian of HIDD (s (D UE (0NN AINSIOM » ore

and 30 (N - 1,s + d) forming a discrete line of slope s/(N - 1), and t

funchien Aprizophay) and oveyt ispinCieetaiers(uye coifespbirfing®t the

K)ﬂﬁ%gnﬁﬁﬁrwwg%&‘?(Hfg'theaﬂbrlkgﬂ%al and vertical dimensions on
the sensor plane, and f, k¥ and 7 are the horizontal, vertical
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-
dimensional hypercube, with the added factor that the

horizontal and vertical slopes are the same.
The partial transformation of the data, up to step M, is

defined as:

Zn—m bits
EM o o+ 1 LY — £mgl " A
f (.?fbf t-'ji “‘) - f { Yo s T 4 f,SmJ xSy s ,tmf T tn—l s i "“)
o bits 2in—m bits i n—m bits

= Z P9, 20,0, () + By (9) + B)
uEZy wely n n
where it 1is considered that the function has NxNxNxN
dimensions, with 1 =1log, N, the function
(g oty g ) = Ef’;}zié (Ugs e Upn) F 1y, - s+ 13/2]
describes the discrete manner in which the succession of
points {wlf{u)+d}, with u€[0,N}, Joins points {0.d) and

(N—1,5+d) forming a discrete line of slope /(N —1), and the
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If the transformed data up to step O, f(r,s,t, j,k), are made to be equal to

the captured data, f(s,t,},k): 5 f(r,s,t,},k)= f(s,},k), then: 2r,

fn(r,s,t,),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-dépth planes can be similarly

computed for negative slopes. Since both half-volumes share depth O, a

total focal; tackymade up of PN-$images,refocused at different disfances,) e z
would be obtained. The recurring formula which maps two partial steps in"
and-or3 psRoedhmsletoly tdesdrives thenmethod, and mustbe: afphed n

times: " _n-rn-Y bits IrC~ ,rm-1!rgn r~an'rY".Sr:-Y "~0,:tY+..., t%_Y, kK ,0:

bits sin-m- b?trslennifrr-iagl éyrr:?}ﬁ gﬁg?‘nﬁf Ot;’so, ,Eej?k)ow‘ fnf()l‘éﬁojtﬁjigfg; are
k) #radR, Eospd, & quletr, tolipkfdBs dusdd, §AC4P), (s A(MKIE must be
obsgrved that the domain for which the 20 partial transformation f"+1 is
dedcr{Bedt fs/nalrthét tdquifeld B5%8R: being progressively transformed

from a 4D domain inté”a 3D domain, in a process requiring O(N4) sums,
whighlranslajgs-infe.a sayings ﬂ {ingfime phareaierthan cighty
pefg(nt With}?(}ipeé? tp gur’rent_e B WT%?%S’ Baﬁg)ﬂ()%\’/?r%?thisl} 'pf"‘d(?(fasé, )
and with the methods herein proposed, it is possible to recover depths
and'meduli &RPI0* Phases of e cornpleseampiituide ofthemaavefrontintegral
ea@;{ﬁe@iﬂegj;"oﬁﬁa%wf@c@%,qi thesseeng, Which-allows campletes s v geptn

three-dimensional and real-time scanning of the scene,
planes.

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 1 and

m+ 1, completely describes the method, and must be applied %

times:
2n—-m—1 bits

Fm+ly o . ;LY —
f {I\ ?‘63‘ ers g T‘m -1+ rm ”Sm-i-lf cre ,S’n_l > t’?ﬂ%‘if ew g tn_ch,}‘, KJ -

ol bits sin—m-—1bits i r—m—1dits

rim+l bits

Fmp. 0,5, 0.8, j, k) +

F™e. 15, 0.t, j+1, + A(p), k) +

fm(p‘, 0,5, L,t, j, k+r, +4(p))+

e Ls, L1, j 47, +(p), k +7, + 4(0))

It must be observed that the domain for which the

o

partial transformationf'm+1 is described is half that required

by f™, being progressively transformed from a 4D domain into
a 3D domain, in a process requiring O{N®)} sums, which
translates into a savings in computing time of greater than
eighty percent with respect to current processes.

By following this process, and with the methods herein

proposed, it 1is possible to recover depths and moduli and
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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 trigopnometric

operations, only summations and its computational complexity is of the

order of O(N4) for a final volume containifig2N-1 photographic planes

focused at 10 different depths, from a light-field of dimension N. The
methacsekthe preseat inyeptien allews coamaputing thendocad stackefar aln  each
entire volume a ith a smaller nu r of operations than what the
me%%sdlstflo?nob?ra%l?nxlérl]hgethseuf%g%?%?ac%bd%}slce:rit?e% i theégtla%e o??hé) Art complete
(ReFNEF udEfor Tophplting ad 15 shgletplane. Nevarthelessoa problem scene,
whigharises-in eapwyingthe 4B lightfield is,the,negddoise 8ioned fields.
2-dimensi9gal senTS:%r.O[:orf obtainiqgt e entire 4t volt%me qf infc%rng?;[]ionf th
on a 2D sensor,"a sensor with ac\"?eryLl fag%lrne%olu i6n is Cr)lce%esszsirﬁ us, ©
for arZ3 sehsor ofrOAN4) pixels, #dgoniy possible to obtzn a focalt stackequire

magdeup pf imagesof QIN2) pixgls and therefore only QE') distancesmmations

This reduction of resolution of the order of O(N’) makes it necessary to .
usePEryéRpEinEIvE lsEinkena L TEBNE Hisproblem, &secordedspdctdfY ) for
thegreseat 2nnventioorprovides;aawethoshtordmpiering hearesolution oéd at

the Jmages.af the fooal stagk ocording.toLlaim 2, In said meffog Ttis
assumed that the eleménts of the scéne have Lambertian-type .
reflectanc&l £ eNtRBIAteNsit EMRIRF B) la POiRPiRitRe Bjkerss computing the

independest ot iherangle, B dhisrease, Bhthakght-field hastedurdaumber of
'”f%rgf%a“ n ol the order of 0(aN2), wherg a is an arbitrary constantwith, .,
0<aZl: This Fedundant information can be used t Mcrease the resolution

of tesififddgesiof thé fecalstaek off - the ThetméeReod ¥etovdinghiorclaimauting a
allayys going froma a focal stack with images with resolution O(N2) to

another wil, resolufion. O((1-a)1 ), Glvenan mage of the foeal stack ., 4
corresponding to a plane

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

sensor of O(N*) pixels, it is only possible to obtain a focal

stack made up of images of O(N) pixels and therefore only
O(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
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,
the light-field has redundant information of the order of
O(aN’), where a 1is an arbitrary constant with 0<a<l. This
redundant information can be used to increase the resolution

of the images of the focal stack.
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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 thisdmage with an increased

resolution (with super- resolution) there are two types of pixels: those for

which theremaremecredundassies, vghere thenalie of the ddvs  going from a
backcprojeqted ray,is plaged, and those forwhich.there, que redundangies,
where a representative value of the redunaan{lrays is placed, suchas the
me&ns AksERIRg V(&N RIédundancies for each of the O(N) elements of

the image &f the original feealstackthe final 20 resoluionakthe, image of1ane

the focal stack would pe ingreased fiom 0N to p((1-) N') In he contet, .,
of the presént spedification, Super- resolution i interpretedas any

incrdaser: définitibnseRloéthe aheiafege and of the associated distance
map, with respect to. 25 the resolution insdenslets, O(W).. The maximum
V%. Br E t %%e ng\l;lbe '%3%506 a)che eilﬁ?%xc Plfeltﬁ from

limit thereof is therefore in the number o pi ), a resolution of the
order of Oft1a&)N\) beirg aduantageously ebtainetbwitla thea ntethbd oéthd ution

invention., Lypically, the yalug.oha depepds.an the image obihe 30 focal

stack bein[? considered. For the calculation of distances, a minimum .
resolufionts et and the Tages e FRpRtRE or¥plicdity rddsmpledrRprtian

obtain saidsmimptuimmpp resolution. A third aspect of the invention

presents g method fof, 3p thv?iE%a'éti{“‘iH&%%%‘vlére‘?@%%ts%flﬂiﬂ%'}kceé%i&h super-

three-dimensional - 12 Scenes according to claim 3. Said metho

comprise< BBEARING N iffEjE oftke objitt $pacs with aphadEscanidrese for
calculatinghtheh fociad stackry meansiahthenmetbod wictaim Acapplyirg ar the

fOC“Sq“ﬁ@@éﬁﬁﬁ¥%ﬁgg¥§§‘¥§¥a¥¥i%f@%égfag%écﬁhose for which there
are redundancies, where a representative value of the
redundant rays is placed, such as the mean.

Assuming O(aAF) redundancies for each of the O(Nﬂ
elements of the image of the original focal stack, the final
resolution of the image of the focal stack would be increased
from O(N’) to O((l-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
the resolution in lenslets, O(N°). The maximum limit thereof
is therefore in the number of pixels O(N'), a resolution of
the order of O((l-a)N") being advantageously obtained with the
method of the invention.

Typically, the value of a depends on the image of the
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
resolution.

A third aspect of the invention presents a method for

the real-time measurement of distances 1in three-dimensional
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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 #@urth aspect, the invention

provides a method for the real-time tomographic measurement of the
complexcamptituglel iafdhe €lecteamagnetic fieldessosiatednwith s obtaining
wayefront.ofa scang acearding I claim 5, said method comprise

obtaining an 15 Image o the c%je%t space with a phase camera,
calCtifatifgthe focet'st&ok Byaneans ofltke Tréthiotl offclaim il whichPrlying a
proxides thegtempgyaphy of the sguarecdpradiys of the camplextocal stack
amplitude of the wavefrant, applying an qperator for the geperation of the .
raERE 5 the WAVAToNE bhask AL Ahy Point Bt hé 20 Ve of (s *Primal
objetespaee, andrecoveMpgthe ghaselof the wavefront of the
associated:plectramagnetiefield s S henaigps Bidheaferementiangd methadd to

%alculating

can be ,ada&pted to he implemeﬂe on (Parallel corﬂgugn hardwarg, such
be IE)JE)JQ cmern n ﬁaﬂa e c r%(putlnﬁ I wgre SUC aﬁ a GPU
asaG or an , WRICh results in an everl more advaritageous 25

optimization bPfAe probessingrimel Bothin thermethved fontive realitimecageous

messtrement of ndistanees 1) treesdimensignal scenes and in the
method for the real-time tomographic measurement of the complex

amplitude’ df thef BREFbragREtic fiblfasdb et Rith = Waletront tRe"SE for
meastrerrents oithe objeckspace ace perforared oflytbacepriel ca simglei tude

image coptaing enauglyinfermation far fecowerng the fhreesdinensional ¢ 4
environment. Such image can be understood as being made up o

deupofd
dinERSIBNECHAG ¢G8rdifatePoR the difteCtdrHEddtiatetRkith She ISR S1Y an
eathd® lerfsleh andityeoc otharaeeordinates assooiateshwith thedénsleiting the

arrgy. I heassgmbly wauld.consist.af g singlg lensiet atiay; forming abyovides

image on a detecting surface for detecting 5 sufficient resolution (for .
exd |é%pe@ﬁ93%¥k9§\ﬁﬁﬁhqguared 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
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
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
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 wup of 4 dimensions: two

"coordinates on the detector associated with the inside of each
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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 élaim 7 which comprises a

converging lens, a lenslet array placed in a position of the image space of

the convesgingnlkenswand srbich doemsian taage wiv aidategting Surtace fognslet
detggggg 15 sufficient resolution, and parallel computation processing

means adapted for calculating the focal stack associated with the object

space me&karedSisyie Carviera by tRE&AS bf e MethdBIGE clARASL Fbr array,
obtasrngihe complexamplitide of thee eleatiomagpetie fiedd (Medulds tecting
and se) and for obtaining 20 the distance in any ition of th . .
senss%%gl(l)ﬁjleecr%tspafcego g%lp%r}ed(t%) the me ?)l(fs and %?/éteﬁ[%svéfg ﬁ'?e svtqgtjé(:h o
of thecaftthé metHuebfor iclcalatifgethtfegal skickeatdordingigetielng lens,
presentinventienallews tagograpbisalhrdetermaining the rphaseof the  three-
wa\éegggt, iiberia?t a&/ dci%tasncgcwithin the 25 three-dimensional volume of

the olbjectgspace. urthermore, the method for calculating the focal stack

of the pre&entlidventioh alfowschagsstesizingothe elbetromvegpritic fieldvention

not, oy By dhe phassof thesvavefrantina plape. buhkatherhysth8on of the
complex ?m litude of the electromagnetic field associated 30 with the .

wavefront in e eHtteValué. D8&STplioN of tHE Brawitigets dccording to
cormpiament twé description tsatswil beprovidedh belewand fortheslet array

purpose.af aiding {1 bettes yindersiand the, feaiyes ofthe oventioprgiSet 1ens
of drawig(ﬁﬁ is attached as an 14 integral part of said description in which

the oWty hak® hBEn depilE#P Wit #h MG5EAHVAGIROAdmfing detecting
charatfer iEigurert showsi arschematicrdepittien ofdthermant elememtsofssing

the,camera far.thesrealitime acquisition of e  visual information At ceq with
three-dimensional scenes according to the invention.
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
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
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

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
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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 multiconjudgate adaptive optics in two

layers of turbulence in the atmosphere (9) and (10). 15 Detailed

Desgriptien of g.Rreferred Embedinentef the inventiomIncadirstyrastical; nas
err%)odim nt of thg inve%tion, thel measurement 8f the (_j's.tan%e at which cer:
the gﬁjréc SRt a'ScenE AreiBchted i E8hsiderad 28 he f)%%tléﬁ]lgr cagei et
of the obsg&rvatien flom thiswinventicrcbfasicene condistingof thé ingide main

of @ furnished Jeontis considered where several objects lopatedd@lon of the
depths ran%igl% from 0.5 up to 4 meters from the position of the camera

cary be"ibtingthehBa B Bontdonehts °25 Figlire 2 hetatitaly depics " ©°

thethrangesneritof.an aperture lens (1), a lenslet array (2) and a

deteCtingv face 3) inglydeddn the pb §§aqanﬁ§<ﬁ%9rcg@g tonthe i nvention

invention. Furthermore, the distance (5) from the converging lens to the
onéRBLisihg bR aYetbFmiiEdvbjett bf'thé objREeSpdtd! theBG fodal (1) for
poisk {6 of eagh Itetmlehomﬁn@.t&nslet arrayg dheplogal ianglehef indinatignysical
of figwayefront (£ andJthe, displagement i ihe.aptical path (4)

experienced by turbulent wavefront with respect to another one that is not
aberrated HB8howh. FRE¢améra GPkeeRveAtion g8 Whnpiides 35 cltassic
pracassipg yseans nobdepicied én ther deandngrls sho forimthencamerargfugate
the,inyention for the realtime, acgyisition of the yisug) laformation of o spnere
three-dimensional scenes, a CCD sensor with a maximum resolution of
4008%2672, {hberx IPX-11MS model, is used. Following the assembly of

5 Figuta 1¢ placeskbefose tbe CGP there israt ebjectivedepsawitbribe of the
saq&_@&a{ ggtio as the subsequent lenslet array

In a first practical embodiment of the invention, the
measurement of the distance at which the objects of a scene
are located is considered.

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.

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
focal point (6) of each 1lenslet 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

processing means not depicted in the drawing.
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(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 8860-GTX graphics card adapted

for: calculating the focal stack by means of the method for calculating the
focal stackof the-invention,adapted 45tadbe;optimallyimplemented 88a1-time
paralel computing hardyare; appiying,a focus LAty measurement o, ; on.a
operator in the focal stack, for éxample, the operatrtl)r ariance™ for
estimafting.the gu@litysehprerfocushoptimaky mdapted 20 fdirthecsan€00x2672,

pargliel somputing haydwarg; and recoyesing the disfaness by ameansafly or
calculating the oqtimal state on a ripdom Marl%ov field, for exag1£

le
F d f CCD . 3 1
propl Jation df the betief based on e re-welgth ?nrgeofl“?(oﬁﬁogoor v reléfse, ens

implebbentée insmeptimnized natier ors 251parallel compotinglisaeiedre array

The depth map of thescenaisiohiainad.with the camers, apddhe aiethgdering
of the invention, In a second practical embodiment of the invention the

measuterfient bf the*ddimblex amplitid8 of the'Sledtfomagifétd B fsly id2s @
cohsideredtihe padicular caservfuar astfophySicabobser¢atidnanitkda on  the

tel%%%qe%bayér@qérgiémtﬁg gé‘é@%‘é,th% it %ﬁm@@mﬁ&%&ﬁ the
atmosphere (approximately 20 cm in the visible range) is considered. The

turbulencESF tHE HRficshhEPe &5 diuses®a 1685 Bt s ottt v tiinfgges . 1o
obtdinedaxitmtie 16 ¢telescope;seddoss @fthegintormaticraofinighespatialfor :
frequencies. Tg prevent this, the manner in.which the atmospheric hod £
turbulencec(f‘eIgcrlé[%jaegltrI}l% vh\%g\?ef%r?tag‘ tﬁealﬁg :b (Yorlﬁler?gn ?ro?ntsthgﬁgtalp%%d%r °r

study mus€Bé Kabiti. o tHit eheiCsnatiiret or aftifichdl poiritedtaienniciiapted
allow charaeteriging she deformationgnisrdueed bythe atiraspheare indheuting

wavefront hardware:

- applying a focus quality measurement operator in the
focal stack, for example, the operator “Wariance” for
estimating the quality of the focus, optimally adapted
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
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
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

causes a loss of resolution in the image obtained with the
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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-td-an-individual layer of turbulence,

i.e., two different phase sensors (WFS) which must be aligned and

op&r&%@ dparallel 45 anddn gifferent pesitions ehtie epticataxis.ghhespatial
figure depicts a telescope (1) and two wavefront sensors (11) and (12

asLs%rcPT ue%lf:nlgscbnjl?é)ate%%%)\é%rﬁ%r to %hsch tu‘cf)g&lenltmf‘zilfeer(r (9)l§lnd ‘é%d)g.hlt the
is iy poYsisledo Feebydrea veryssiaaldaamber ofiadRidealtayers she 1ight

turbulence (thige layersatthe,2Qmosh) with glassiciaulticonugate that end,
adaptive oPtics. Thet .com Iefdt of tge cglculati ns and me need for forizi

spélg&,usﬁﬁce Otﬂeaa]in%oslpﬁwéare %Jhrgl]essevaerrys/ 10 Hilséconds iR the Visible =79
ranges clerartiietnakesit npdssibe by ovbrcontathehesredtiort e onfwe front

threg layers,at.atmoesphede duhulence. 25 According to the design shown
in Figure 1, and the operation of which in this case is shown in Figcure 2,

only one ‘SEASGY is uded, PrAGEY in Gingle pdShioH St the*BpticaP axi8 Y sical
withithepreiseor invention. Figure 2 $8hematically shbwws acsysteriticonjugate

according §Q t'&_S t§9§”!%nt£% fqra%&fgr@@&_é@@ﬁ@ﬂ@éicﬂf%m@a%oigphe re.
the astrophysical observation of a star (8) with adaptive optics. The

indiitlalayets Of HHfRIENGE AP I atfiBEpREre cotfesditiito R)RFd SesoT
(1Gyusin this casesdhettelescape (1} fitseibdéscribéd@aboveduiciontsds to an

the, ghiectiyelens, 4 3p lensletaugyq(2) (32x32, mount ¢) foeUsing OR@NGha se
IXON ANDOR - 17 ‘'model 512x512 pixel camera (é) is placed in its image

spaCESThe gHaSe ciera dFHAé iMferftibPafcws ReanRimpie compltgal tel
cylinder of atmaspherie tubrlencenEl 3) affeciingothei tiaal imdge ofrthe figure

te'%%(?%%sme ‘%aé?e%@o%%”eﬁﬁ%d ang;regted by, 2 FASANS QLAMIFEX (11) ang
ML501 model FPGA previously adapted for performing by means of the
fpo%ﬁhgiﬁ%%@%%?ed 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
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.

According to the design shown in Figure 1, and the
operation of which in this case is shown in Figure 2, only one
sensor 1is used, placed in a single position of the optical
axis, with the present invention.

Figure 2 schematically shows a system according to the
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

lenslet array (2) (32x32, mount C) focusing on an IXON ANDOR




10

15

20

25

30

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 paint of the volume of the object
space (Clarke and Lane operator, 15 for example), and recovering the
phaseief thelpavefropt of the-asseciater electramagaetis fields forage space.
exafggle hb srenecaar}rls gfathoef rgggh%dmvaltnl’]talodnevgi(%))rxyse.ngé@ar?os[rr]lple.%( e complete
exponentials, the cfevelopment as a function of Zernike pofyl/no |a]ils or th

20 Hudgifsigotthrmturikespreviousteehnitifes (i theahgtisdd of tHehe final
inventign the opesatas fek thp generation ok the gradients et thenavefsartd by
phase s, applied logally, ratherdhan to s plenaplic image a3 a wholg, 23,
A smgﬁe measurement, subsequently processe as” descrbe ,yall%ws?%he
realiktinie seguisitonetane thfedhmaprof eirbotentexcomplex amplitude

of the dimensiopal wavefront) associated with the eptre.atmospherietnod of
column affecting the observation with the telescope used for the 30

invention afidth® héight'BEwhict ifesE Tafers of fiftbulBhicetdre I0&tad, stack
as well as therdistancesand theee-dimensional profiletifian astifidiaklasep1itude

star was used. 48 - CLAMI 1 Adpethad farcaleulating g facal tack e vo1ume

associated with an object space from the discrete plenoptic function 5

thereof, f(s3f kT VihPEsthpPiR&SSevaluating the photographic formation

integral as goguRralpngdhe lesgthofplanesin a 4k hypereube.isaid of  the

L e
volume of the object space (Clarke and Lane operator,
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
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.

A single measurement, subsequently processed as
described, allows the real-time acquisition of the three-
dimensional map of turbulences (complex amplitude of the
wavefront) associated with the entire atmospheric column
affecting the observation with the telescope used for the
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.
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10 data, f(s,t,j,k), be equal to the transformed data up to step O,
f(r,s,t,J,k), i.e.: f(r,s,t,j,k) = f(s,t,1,k); and Zm then applying n =log2N times
the following partial transformation: 2n-m-1 bits m-1 F f(r{r.+n+5,nei p: nt
bies s:n-m-I bees nn-m-I bits fi’: Frilb[t$ (p 0, s, 0, t, j, k) f*_(p, j +?>n +
)(p), K) + {"Im(p, 0,11, j, k¥A(p))+ fm(p, B 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 accordingsto 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 & high ré&ssibaen with thelffacdtidridlpositidies ot thesaqhysissociated
detgrmininghthegedundancies respding fram asswning thatthspelementsiction
of the scene ha?/e a Lambertian-type 25 reflectance, and in the paositions "
of thBS0EaF stadlCVith! supar: F8sdittiBA iTdrethatE are b rfetfundiAhcRsg 2phic
plaginenthe: Malue of e back-projesteth myyand whereytherefanglkdes in a 4D
redundancies, placing a representative value of the_redundant rays, such_. .
e T B A mehSur PLanP of Ao d et on
thré@lehfiensicmaltseeheSWhicts oo prise s the folfowingt &Psteps:
obtaining an iroage ef the object gpacevwitha Phase, making the captured
data, f(s,t,j,k), be equal to the transformed data up to
step O, ;O(F,S,t,j,k) , i.e.: f'}(?‘,s, k)= f{.g_,ffj,k}; and
Zn
then applying #n=1log, N times the following partial
transformation:

2n—m—1 bite

Fmsly 2 : —
f ( TG-’ s s Tm—L,’ T s Sm% 32 s fsﬂ—l » tm%lf e ’tn—l o k) -

oim bits sin-m—1Bits tun—m—1 bite
MRt

Fim+1 hits

}Em{p} 0,5, 0,¢t, j, k) +

™o 15, 0t j 41, +A(p), k) +

F™p, 0,5, Lt j, k+7, +A(R)) +

fr(e Ls, Lt 47,4 A(p), k7 + A(0))

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

distance, back-projecting the O(N') rays of the light-

field, 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

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
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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 additiont€omprises improving the

resolution of the images of the focal stack by means of the method of

claim 2. 5rAdnethad festhe realtimg tomogeaphisdneastitement dhetheof  the
complex am ﬂtucgéen(t)f the electrorzﬁaggetciﬁ field associated with a

wavefront whic comprrla S'the 1o owing s?ef)nse:afo obtaining an image of

the objectspateififhadbhaze Eamerscaltiigingthaseapstackbydistances
means efithesmethed Dfoalaim 1 cuhese theisquarergatiafdbe facal staak owing
diresqctlé/ %qpplies the modulus of the complex amplitude 25 of the
electroﬁwagnetic field at any point of the volume of the object space,

applying @ bpératey forithelgeaeratién ¢ithe gpadiehtssftise wavéfront phase
phase at any,peint of the volume of the object space, and 30 recovering

the phase of thelwayefron%l of the associate% (??Igctroma net%c fi%Id. 6. Tge 4 of
method forthereakiide toMographic meastrerent26f thdcomisiex e od ©
amplitudecdfattre électromagnetic field associated with a wavefront

according:foGlaime which,in,20 ggdition, comupdsesproviRg hgor in the
resolutlonfof the images of the focal stack by means of the method of

claim 2. 75 X°phadsTdmerd for the real-time acquisition of the visual
informatioredftthreeidignehsionat soefes vwiichaomprisesos deoiverging Ld .

lens, a lensletguay placgd 48 A pasition of e iMaEe, SPACkent of distances
in three-dimensional scenes according to claim 3 which in
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:

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
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

recovering the phase of the wavefront of the associated

electromagnetic field.

6. The method for the real-time tomographic measurement
of the complex amplitude of the electromagnetic field

associated with a wavefront according to claim 5 which in
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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 i#45electromagnetic field

(modulus and phase) and - obtaining the distance in any position of the
sensedliahject spage.iBedhemphase 6gamera fardbelrealdine acquisitionegks of
the. yisugl informalion gl res:dmensignal.seencs agcarding tp. 20 claim

7, wherein the processm‘\é means are adapted for improving the resolution

of the images df e fscat skcieby Ahe&As of five niethed dt®ldini pion of the

Therphase Garnerader the maldimeacquisitionefithes viskad inforerationgtises
three-dimgn%igrrll%legcgges aecncsording to 25 claim 7, wherein the
processing means dfe a?dapted'for obtaining the distance in any position
of the objéct spatkelyy aneanswfanednéthod sfcclaim S 10f THeephaisge space
camera fog the.real-tigye, agguisitioneak thaMisualinforratien ofn image on a
three-dimgn%iongl scenes %ccordilpg 38 tg claim 7, wh%[fein,the c
processingem%(énjsnaqre %ﬁ%p?éjﬁ for olbtalre1in%ctﬁlengon’?bjlexlé:rh%ﬂfudéeosf%lé Tony
electromagmétic field by means of the method of claim 5.

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
electromagnetic field (modulus and phase) and

- obtaining the distance in any position of the
sensed object space.

8. The phase camera for the real-time acquisition of the
visual information of three-dimensional scenes according to
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
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
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.




