METHOD AND CAMERA FOR THE REAL-TIME ACQUISITION OF VISUAL INFORMATION
FROM THREE-DIMENSIONAL SCENES Object of the Invention The presentinvention
relatesto a methodfor calculating the focal stack assogiated 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- t|me mea

the complex amplitude of the electromagnetic field in the 15p03|t|ons of the surfaces of the
scene. In agiglltlork the mgentt%r\t]éelates to a camera for the real-time acquisition of the
visual informati es in a wide range of volumes, characterized by
the use of an objective fehs apties ferislet Brreglotated ine20the image space of thedbjedtive
lens, a sensor placed ia the Jocaloitaf thedenslets fwhichreallacts the imags éemt%twe,e

latter) and para]cel comgt#‘vto n. rocessm meanshadaI%tSed for calcul%tln%the focal stack

associated with the objec ume mea?suref:trb%/ {he” came?a Und or’ calcu%tln Wiy o5 *
regard to the lafief e complex arpplituideof the@ect@omﬁgﬁ@t@flelﬁqmod‘uﬂlﬁs angephase)ue

and the three-diensianal posifionsetthenadiant-surfaces at ey Poitaf thesensed.pbiect o

spagce. This |nvent|8n£an be useful in any area or a gllcatlon 30|n which it is required to know

the wavefront: t5HeStHal 4Sonsic obsehatich: ophtRaRhaRIGYS hofSrabRT el:, as tvell-8s
in which metroleglyhé¢eqemeél:LremesceﬁeeheDe@e\tlsmqmlshmgmes,aam@memw with
mechanics, etc, Fjgldaf thgArt 350ptics. Image processing. - 2 -- Background of the

Invention . ‘ . .
The present invention allows knowing the distance and

the complex amplitude of the electromagnetic field in the
15 positions of the surfaces of the scene.

In addition, the invention relates to a camera for the
real-time acquisition of the wvisual information of three-
dimensional scenes in a wide range of volumes, characterized
by the use of an objective lens and a lenslet array located in

20 the image space of the objective lens, a sensor placed in the
focal point of the lenslets (which collects the image formed
by the 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

25 regard to the latter the complex amplitude of the
electromagnetic field (modulus and phase) and the three-
dimensional position of the radiant surfaces at any point of
the sensed object space.

This invention can be useful in any area or application

30 in which it is required to know the wavefront: terrestrial
astronomic observation, ophthalmology, holography, etc., as
well as in which metrology is required: real scenes, 3D
television, polishing CCDs, automobile mechanics, etc.

Field of the Art

35 Optics. Image processing.



The present invention relates both to the need to achieve a three-dimensional measurement
of the complex amplitude of the wavefront associated with any optical problem 5 in which
image quality is essential (e.g. for diagnosing), and to the need to obtain a sufficiently reliable
and precise depth map in a wide range of volumes, from a few microns up to several
kilometers, and also to the real-time generation of three-dimensional information for 3D
television, 3D FoViE = i h : S 68%he Art The adaptive optics for current
telescopes with a larg€lgtametes@RANTESAN oKeckelpand futerelgiahptelebeopes €50 oro
100 meters in diameten focuses on measping thesthrees. 15 dimensional distribution-gfihee x
atmospheric phase using a form of tomography called multi-conju%%te ogtics. The ?bsence in
the sky of a suffitieht HtATb&r of RSHUTAN FAIh? SburEes St that thdreisYalfays Ghe Bredert™
in the field of visiorwbfithe objegt obseivietiyby the telestope, forees using attfitials2@point and

sources: Na stars (90,km.in beighp). Ipgrderiocorrectireventingihefocal anisoplanatismethes ¢
entire atmosphere affecting the light beam coming from the object in the sky, it is necessary to

use several of theeE aifiRial Rt (at fedR B IR brd&H 1858 25 H8Retacd’ dhth'SHRel? t°
needs a very higgvresalutionlhightpoweredrpulse laset,ovhitle translatés o aovery axpensivé
technology. In addition, affer, such a high £9sfthe nulti-coniyigate.oRics;isQnly eapahls of s,
measuring the atmospheric phase associated with, at most, three horizontal layers of 30
tutBulence (witR'$Aree &multdifeously measuring phase sensors), i.e., it scans a very small
proportion of thfettinteefdfmt_etmi@nai cylind_er affec_ting thg image. Fur_thermore, an egtimation of
the phase with such cpmpligated ealeulations which serippish cqmplicats,the adantive 1 arge

correction of the -3 optic beam within the time of stability of the atmosphere in the visible
range (10 ms) $idedvered! FroWerErthe BsKground of thEinveRtion 3 hottéxX@dsiveR® (90
focused on thedieldiobhastophysicsnindhemd sector of apiies, arophthalmalagy, the mairee -
interest in perfoyming the tomography, of the human,eye. is based on medical specialists -
oéﬁ%ining and ﬁ%“vl?ﬁglg Salglré%?}r%%agro}h glrgé%ngr?fu%d%safP t %%pgtié(ﬁ, ign 3rder to bé5 a%yle tooirm
more readily pérforirPaR@giistits. FHe aquabts-huRfor] i vitreas Himor @il absence in

the sky of a sufficient number of natural point sources, such

that there is always one present in the field of vision of the
object observed by the telescope, forces using artificial
20 point sources: Na stars (90 km in height).

In order to correct, preventing the focal
anisoplanatism, the entire atmosphere affecting the light beam
coming from the object in the sky, it is necessary to use
several of these artificial stars (at least 5). In order to be

25 generated, each of them needs a very high resolution high-
powered pulse laser, which translates into a very expensive
technology. In addition, after such a high cost, the multi-
conjugate optics is only capable of measuring the atmospheric
phase associated with, at most, three horizontal layers of

30 turbulence (with three simultaneously measuring phase
sensors), i.e., 1t scans a very small proportion of the three-
dimensional c¢ylinder affecting the image. Furthermore, an
estimation of the phase with such complicated calculations

which seriously complicate the adaptive correction of the



10the crystalline lens in the eye behave like means which aberrate the image that can be
obtained of the retinal fundus. Even though for this case it is not necessary to take
measurements as frequently as in the terrestrial atmosphere (every 10 ms), since it is a stable
deformation, sufficient 15 three-dimensional resolution is required to not only obtain a good
image of retinal fundus, but to also detect the spatial location of possible ocular lesions.

Finally,and in af&ther SREESH SticHPAS thdtof tefGision S EPREMArOgPApHIC TmA GBS SIHRFE Grd ™

challenges 20 relating $0 three-dirgensibhahtelevisiordnwehieti.one of the essential problems

is the real-time generafign.Qf.contenis. givgnthat the techpigues,are socamplRXandi s ot
laborious that they need human intervention during the process for the generation of 3D

contents which E&R 0¥ 5E6Wh ohSUShy 33 25 tisplayst T this s8ASE MY Sptithized ™ the
impfementation oreparallelfcomputing, hardware (Gads. and ERGA)hef theatecthnigues deteinin

proposed allows gepergting regktimg, fiesdiensienal eanignts. APRroaches areknpvin it |
the state of the art in the. 30 mentioned fields in which lenslets have been placed in the image

plane of a convBRGRGAHE EGiviiR) ASB 18 Beticed Erid THethods 6F the rEastiferhifit 6Fintage
parameters, neverthekess fthey«lopeotisessaid assenty fop takingatheetomograpliic readily

measurement of dhe aptica] aberation, or farobtaining:3odistances o theSeens numoEohng
example, Adelson and Wang ("Single lens stereo with a plenoptic camera”, IEEE

Trafsactions ory PattévAhal s and PRz hiné Infdifgei¢e, VOREY Nol 2K89-166Pooo ] iiss
the device to obtadr distances witthgdechaiquesthab is completely Sdifferent &romm sthatfafibes .

present invention, . _ The aulhgraReNo 8tal. CLight field photagraniywith a handsheld,

plenoptic camera”, Stanford Tech Report CTSR 2005- 02) use the Fourier Slice téchnique
associated witH"RASHEteNA the imédget prREECa ) orsdhtaming e cisttr BROIOGH AP BP S0 foet
scenes in ranges of ayfewocubio metanscef volume, withsguality appaseiiyt betier hanfheient
typical field denth.technigue, Jn this case, e progosed technigus allows galoylating,the focal
stack if it is applied repeateaﬁ/ for the distances covering fhe requweo(I)vqume, Involving
15computationéReguitementewhichtwoald Hiakéreal-thtié precessiry Hpessiblehe spatial

Throughout the; presers specification, facastagk of asseane will be interpreted as the image
volume that would resFuitnfargrlnyt,akin{gng group Ofa%%nc eengiongggggtrogra urg:lg a5 that of
television or cinematographic images, there are challenges
20 relating to three-~dimensional television, in which one of the
essential problems is the real-time generation of contents,
given that the techniques are so complex and laborious. that
they need human intervention during the process for the
generation of 3D contents which can be shown on existing 3D
25 displays. In this sense, the optimized implementation on
parallel computing hardware (GPUs and FPGAs) of the techniques
herein proposed allows generating real-time three-dimensional

contents.

Approaches are known in the state of the art in the
30 mentioned fields in which lenslets have been placed in the
image plane of a converging lens, giving rise to devices and

methods for the measurement of image parameters, nevertheless,
they do not wuse said assembly for taking the tomographic

measurement of the optical aberration, or for obtaining

35 distances in the scene.



20images, from the same point of view, but varying the focusing distance. In relation to
the processes of information extraction, it is known that obtaining a photographic image from
the light-field or four-dimensional plenoptic function, Ati,11,x,y), 25 is possible by integrating
all the rays reaching each point (x, y) of the sensor,cdming from each point (u, v) of the plane
of the lens. By means of said integration the plenoptic capture effect is undone. In other
words, if the rays haverbeenr xediréeteditdedifferentrspatiahbpositicis svdirenl eapturgee 3% with th

the lenslets, in grdey 10 169 the conventiopatimage JLISREcessaty RIBEUP Ak 1 RO 2ng
integrate in common for apPosition (x, y) what came from different angular values (u, v%.e the

TheimageobtaifEdytRBopeiatdr 195 8imales thé hotSgraphic Tfiate that Rad bed

obtained with adonveationabsensar dosusedon thietplanetatch distanceratonjgated Witke 1y
resgect to the objegtive lens.of fhe lpnsleigsensorassemply: AL iz degired to reimage in a

plane at a 5distance Ft=ra.x, prior to or after F, Ren Ng dgm_onstratesi by the similarity of |
triangles, that the folloWiig PGSBS ebaludlgdga X, V) Ly dvoid photograglly with
evaluation of this apexataefor edeinpossibledodistance iaa i requifks-0(Reapperatichis a0 5-

therefore, for N planes woud requiire; 9(0) operations, whereN is the reslution with whiche .

each of the dimensions of the plenoptic function is sampled. Ren Ng also demonstrates that if
40 Fourier trandforrhltt 15346 li§REREIHIE LalctRZteaPIRIcH oA BY2R)TothpexCt
surmation andugwiltiplicatien operatiofnge theodiffererdwefocusingrplanes can becdbtaénediy h

performing a truncated 20 rotation. and 20 anti-Equrier, transform of the 40 trangfqrm,funetiop,
of the Iight-fieId(,llcl-:%te!(L:ffH981c theh with a c%mputaﬁgnal 20complexity of (Ii|2)+0(0_10g2A) to b%
added to the initigfhnique. In this case, the proposed technique allows

calculating the focal stack if it 1is applied repeatedly for
the distaﬁces covering the required volume, involving

15 computational requirements which would make real-time
processing impossible.

Throughout the present specification, focal stack of a
scene will be interpreted as the image volume that would
result from taking a group of conventional photographic

20 images, from the same point of view, but varying the focusing
distance.

In relation to the processes of information extraction,
it 1is known that obtaining a photographic image from the
light-field or four-dimensional plenoptic function, f(u, v, x,¥),

25 is possible by integrating all the rays reaching each point
(x, y) of the sensor, coming from each point (u, v) of the
plane of the lens. By means of said integration the plenoptic
capture effect is undone. In other words, 1f the rays have
been redirected to different spatial positions when captured

30 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

35 E-(x,v) = [ flu,v,x,y)dudw, or photographic formation integral,



cost of the Fourier transform of the sensed 40 function. A method is therefore necessary
which allows reducing the computational cost of the calculation of the focal stack and,
accordingly, its calculation time. 25The most closely relgted background document of the
method for calculating the focal stack of the present invention is the discrete Radon fast (or

approximate, accpégmeggtgsthg?%utg otr g%nrggg%n pri%posed%;l%y t%5%[2 and DruckmUller ("A fast

digital Radon transform™- an efficien ns for evalua mﬁ he?—?oubg%ef}aﬁgf‘b?ﬁf“?ﬁaﬁéﬁ? a

Recognition, vol. Z9'H3) 4. P17 1711758 119969 el BradytiA Fake Disceete Approximation F,
Algorithm for the Raderydransioren’. StAMed: Compule, Wol5 24t 10e 11 PRs107-11Q 3298) 1 o s

independently, which simultaneoysly evaluates the, summation of the values along the length
of a series of discrete lines, eac 4 e %?argzc:teﬁszeaebsyl A%10pe ah§ A'aidpladenferdtifite at 2

respéct to the origirs, tamanged 6haa two-dimensional data grdrbymeans of (N2Hog2A0ates ,
sums in which the,diregt evalyatign of fhe surmation on each line would.require ggN)must be

operations, and therefore, the evaluation for N slopes and N displacements would require
O(N3) sums. eﬁfﬁ]aﬂﬁ,ta%regarding the processes for obtaining the information of the scene

and considering the sygieny of.the. resent iﬂ\ze(thigrgL Lgh_ar | I ‘IIC@L and-Richard G.
Lane ("Wave-front sensiﬁglfrt)%;ﬁ.'sub‘i\ﬁﬁh of the'focak Iane“'w(%ll)th Iensiet%r‘r ygf‘J‘f[‘gm.
Soc. Am. A, Vol. 22, NGhE, 1E7-12% 2005) have propesedsesysiem infwhichea denslgbayay is

placed right in the. focus of the gonverging le @t in any 15position of the image plane, and
by Jr(':nseans of whicghstﬁ%npﬁ?as% of the W%lvre%rsor?? Féﬂoété?ﬁsg Driy it PupiF BEfifS Ry, for N
Therefore, a metticdhEsnecessaty whigh aflewsajateimiripgthephase oftherwavefronts  the
topographically, i [ e within t ree:dimensignal volume of the 20ohject
space, not only %%%%agﬁgﬁgf?r?e@ %enviﬂq[;%ﬂsc%%%ﬁonoo trg?el?n\?(earlﬁleonnSlonsTﬁgt prfkelgeﬁjt iRVeRtign
solves the previdU8ydestrieParmack by providing in a first aspect a method for
calculating the focal staeloasgociated withcn seeneaccording: 2540 caint 1ewhichmethod ¢
all%ls significantth/ reducing the compuytational cost of the process and the calculation time,

which involves a consitetabiel hfiproverient ditrespatt to Hie FethbISKiSAn i (e stafe 8P
the art. An additiomallohjectofithe: present imention is-tor30proposesa neeifipdtios naeaTying «
distances in scenes,and a.methadior reegswing,the complgy gmplityde.ofthe ooy 2p

rotation and 2D anti-Fourier transform of the 4D transform
function of the light-field, each of them with a computational

20 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.

25 The most closely related background document of the
method for calculating the focal stack of the present
invention is the discrete Radon fast (or approximate,
according to the author) transform proposed by Gdtz and
Druckmiller (“A fast digital Radon transform - an efficient

30 means for evaluating the Hough transform”. Pattern
Recognition, vol. 29, no. 4, pp. 711-718, 1996.), and Brady
("A Fast Discrete Approximation Algorithm for the Radon
Transform”. SIAM J. Comput., vol. 27, no. 1, pp. 107-119,

1998) independently, which simultaneously evaluates the



electromagnetic field which are computationally optimized and suitable for their parallel
computation. The present invention allows: - Being restricted to a single measurement and to
a single sensor, within each time of atmospheric stability. A recovery of the modulus and
phase associated with each turbulent horizontal layer, 1.e., tomography of the 5 entire
atmosphere by means of the method for calculating the focal stack, that is fast in .
consideration of tHERimBer &id type of"(ﬁ*ﬁéﬁ%?ior?ggtﬁnsﬂteusé&nﬁﬁf\wﬁ’éh can pgries of
accelerated witliandntelkgent adaptatéerrthergof tocgraphic pracessingwnits (GRPEor thd  a
reconfigurable hardwareinits, 10sueh as FRGAS (Field Programmable Gaje Airays). , 1.0
Preventing the need to use artificial laser stars, because it is capable of performing the
real-time recovetShednmEgetsittheBbijdet Upbrives asrival tcHE tdp@stYibl atmespherehich
since this new tegbnigue gloes Bk reguire A5calibration withawaint signakfarrsubsequent u14
deconvolution. The me d for calculating the focal stack of the invention, referred to as
SCPH (Summatisi'bf'Constrainé® PlateS i a Hyperdise )t itifsfornt Salfolfd BBtaiRmg 2o N
series of planessobadbregrdimensianed segest focusechindiffereat 2Qpositionsalong the
length of the optical axis, reducing the computational complexity of the process, . The
method for calculating)%h% ﬁgf stz(atjl(%kS of tC.‘haeQfgnlvrf—:'%tiégr%1 s ars%%%r? e pj!??nrcip(fest Bf Millscafa®
methods for theledmplaation ofthe discretesfast Radorrransftrni rand2Bmipirmizes tlef  the
n;ﬂmzer of Opherﬁii@B&{@ be ﬁ?éf@fm%@,ﬁymi%%%%@f r@t}gsihrtg#;aaalial Jﬁiultf-ichaﬁgrd thf. E]ui%%e
of reducing the computational cost of the calculatio the focal stack, the method of the |
vention LREE 2 £ R oM AlhG e 1aGh oF Sondlaindl 36 Piand A ifsirbid

present invention uses a sum transfori’alo
hypercubes. It musebelsliservedithat the ghotogiaphicifornfatiorintegial isgeometticai25s,

equivalent to evaluaiindhiheintegsalalong the lengtlof planes jng functian the domain,of ; o
which is a 4-dimensional hypercube, With this beinfg utnderstood, the photographic formation

35integra|isapa‘? |€lﬂ%?lca%le% t in the focus o he converging lenhs, not in any
15 position of the image plane, and by means of which the phase

of the wavefront is obtained only in the pupil of the lens.
Therefore, a method is necessary which allows
determining the phase of the wavefront topographically, i.e.,
at any distance within the three-dimensional volume of the
20 object space, not only in the pupil of the lens.

Description of the Invention

The present invention solves the previously described
drawback by providing in a first aspect a method for
calculating the focal stack associated with a scene according

25 to claim 1, which method allows significantly reducing the
computational cost of the process and the calculation time,
which involves a considerable improvement with respect to the
methods known in the state of the art.

An additional object of the present invention is to

30 propose a method for measuring distances in scenes and a
method for measuring the complex amplitude of the
electromagnetic field which are computationally optimized and
suitable for their parallel computation.

The present invention allows:




=fv. tt ?I Lv r2 k) du dv, adding the restriction that slopes r1 and r2 defining the integration
planes are equal for the case at hand, which allows reducing the number of operations to be
performed. 5The proposed method for calculating the focal stack consists of simultaneously
computing the sum of the positioned values in the discrete 4D function, f(l, 17, x,y), on planes
such that the coordinates of the points located therein simultaneously meetx =u-1-/andy =r

k, under certain 10discretPratifh cbRdlitiorfst $eusity the Fartiat Surlis BT pdiie dontdifedty 2
more than one disctete planeewherethli randch¥narei the barizantab andrerticakdimensions on

the plane of the lens and AT,and y are the herizontal and verigal dimensions.on the sensor. ,

plane, andk and r are the horizontal, vertical 15 and depth dimensions of the focal stack that
is to be obtaine82 it otherRBtES thePQFbAtihadompaitiRg theldiScrete Fa8PAppRIIMaté  the
Radon transfore, wihieh atreashyrexisted fotridwneaserofdine integrads indthe plare,listexignded:
unti it reaches integrals g-dipensional hyperplanes, on dhe dsa0dimensignal fypergybe, vt
the added factor that the horiZzontal and vertica slopes are the same The partial
transformation 6¥ftfe d&th, upRE=EEP I Sis defineel as 18n-iBRts s, t k) = FR&FR j, KRS n &f
bitst:Wts u, s), Ad¥e 1y PAY(WijtALe)(Mnk}rY1igent adaptation thereof to graphic

processing units (GPU) or to reconfigurable hardware units,
10 such as FPGAs (Field Programmable Gate Arrays).

- Preventing the need to use artificial laser stars,
because it is capable of performing the real-time recovery of
the image of the object upon its arrival to the terrestrial
atmosphere, since this new technique does not require

15 calibration with a point signal for subsequent deconvolution.

The method for calculating the focal stack of the
invention, referred to as SCPH (Summation of Constrained
Planes in a Hypercube) Transform, allows obtaining a series of
planes of a three-dimensional scene, focused in different

20 positions along the length of the optical axis, reducing the
computational complexity of the process.

The method for calculating the focal stack of the
invention i1s based on the principles of multiscale methods for
the computation of the discrete fast Radon transform, and

25 minimizes the number of operations to be performed by means of
reusing partial results.

For the purpose of reducing the computational cost of
the calculation of the focal stack, the method of the present
invention uses a sum transform along the length of constrained

30 planes in discrete hypercubes. It must be observed that the
photographic formation integral is geometrically equivalent to
evaluating the integral along the 1length of planes in a
function the domain of which is a 4-dimensional hypercube.
With this being understood, the photographic formation

35 integral is a particular case of




25where it is considered that the function has NxIV xNxN dimensions, with n 7-710g2 N , the
function 1(1u0,=(u0,u2) +u_1 Vs + 1:)/2.1 describes the discrete manner in which the
succession of points (u, I;(u) d), with u E [0, N) , joins points (04) and 30- 1,s d) forming a
discrete line of slope SRN - ), and the function A(u0,-,u)= E7c 2".u, returns the value A(u)EZ
corresponding to the pbinary nuple ue If the transformed data up to step 0, )7(r,s4j,k), are

made to be equitto. et daptuted Hatalf(&it k) B @ Sk theACs?2 S IDNS 1§ RF EF A OD

A(v) 1'-21,14- k) zigz,' ez whic 1aQHEPW"%@?iW?rBthQQr%@&#&m@ﬂm%@%@' Erl, K I of

(u, vt r v- r 4- k) du dv, for a volume of A’ depth planes. 100ther N depth planes can be

similarly computetffor RegatiiesIdifes Sitte BEth HalrdblGifies ERaRS Hepth 6 BEtaM6Eal © L

stack made up of2Rili images refoqusetbatuwdifferent distances would be obtained..

Thegecurring formula which ape bwg parualstepsirand Lot LGorgpletely descrbes the -,
ntim

method, and must be agplie es: Zn-rn-l bits

consists of simultaneously computing the sum of the positioned

values in the discrete 4D function, f@hvyﬂ}ﬂ, on planes such

that the coordinates of the points located therein

simultaneously meet x=u-r+j and ¥y=v 'r+ k&, under certain

10 discretization conditions, reusing the partial sums of points

contained by more than one discrete plane, where % and ¥ are

the horizontal and vertical dimensions on the plane of the

lens and ¥ and ¥ are the horizontal and vertical dimensions on

the sensor plane, and f, Kk and 7 are the horizontal, vertical

15 and depth dimensions of the focal stack that 1is to be

obtained. In other words, the algorithm computing the discrete

fast approximate Radon transform, which already existed for

the case of line integrals in the plane, is extended until it

reaches integrals 4-dimensional hyperplanes on the 4-

20 dimensional hypercube, with the added factor that the
horizontal and vertical slopes are the same.

The partial transformation of the data, up to step M, is

defined as:

2n—m bits
Vg, LY - Fmgp * AR I
f (.J‘,S; t!}' K) - -f ( Tor sy f,smf oy Sy «‘vtmf L t«.*z.—l_ s Js "“)
i m bits Fin-m bits ttn—m bits

- Z Z F A9, A0, 0, Uy (1) + J, 1y (0) + 1)
wEl, weZy " n
25 where it is considered that the function has NxNxNxN
dimensions, with n =log, N, the function
U (tgy e Uy ) = gy (Ugs vens ) 1y - (s + 1)/2]
describes the discrete manner in which the succession of

points (wll(uw)+d), with u#€[0,N), joins points {(0.d) and
30 (N—1,5s+d) forming a discrete line of slope §/(N—1), and the



rm- p: in bits 5m+1,""5tt-tt4n+If-stn-tjk)=  nmi-1 bits (p, 0,s, 0,t, j, k) -f fm(p, 1,s, O,t, j+r +
A(p), k)+ fnip, O,s, 1.t, ), kK + rm+ A(p))+ fm(p, I,s, 1,t, j +rm+ A(p), k +rut A{P)) It
must be observed that the domain for which the 20parfjal transformation in™ is described is
half that required by Tut, being progressively transformed from a 4D domain into a 3D
domain, in a process requiring 0(N4) sums, which translates into a savings in computing time
of greater than dighty: percertt(With: respeadt To SlifeRt processes.r25By fokowing. this pldeess Z

and with the methqds herein.proposed., it is.possible tolrecgvgr'gept.hﬁ an rg%uli and -- 10
-- phases of the comSIeéogrcri\lprl]i?u&é) of the %a?vae??]onfiulﬁ each position 'of’fﬁ’(ej)surfac'es of the

scene, which allows camplete threerdimensional and real-time seapning of the, scenier), are

therefore being vecrly a[)plicable in the aforementioned fields. ‘ )
made tO be equal to the captured data, [f(s,t,/,k):

5 fﬂ(r,s, t.j k)= f(‘g,frj,k), then:

n
Frons i) = Fri= ) ) FOAMWAW)IE )+ Gy () +0)
n RELy VEIL
which  approximates the photographic formation integral
’E,\(vf, kY= [l fluv,u-r+jv-r+k)dudr, for a volume of N depth
planes.
10 Other N depth planes can be similarly computed for

negative slopes. Since both half-volumes share depth 0, a

total focal stack made up of 2N-1 images refocused at

different distances would be obtained.
The recurring formula which maps two partial steps m and
15 m+ 1, completely describes the method, and must be applied "

times:
Zau—wm—1 bits

Fm41 N ,, P
f ( Tor e i T -1 T s Sngps - -'Sn—Lf tm%l' e ‘tn—l_'rj: R‘) -

prm bits sin-—m—1 bits i n—m—1dits
——
rim+l bits

F™ (e, 0,5, 0,8, j, k) +

F™o. 1,5, 0,8, j+1, +A(p). k) +

o, 0,5, Lt j, k+ 7y +A(0)) +

o Ls, Lt j 41, + A(p), k+1, + Ap))

It must be observed that the domain for which the
20 partial transformationfmﬂ 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.
25 By following this process, and with the methods herein

proposed, it 1s possible to recover depths and moduli and



5The method for calculating the focal stack of the present invention advantageously does not
require multiplications or trigonometric operations, only summations and its computational
complexity is of the order of 0(0) for a final volume containing 2N-1 photographic planes
focused at 10different depths, from a light-field of dimension N. The method of the
present invention allows computing the focal stack for an entire volume and with a smaller

number of operatiitiethar Whitthe FIERLEE foBbtainiAg thefoddl StatiR HeSerbed ifthe @<l
state of the art (ReniNgpuse forceemputing @i5singlerglasecene, Nevertheldsisy@sproblgmete

which arises in captungthe, 49 lightfield i3 the.pged to se a 2:gimensional sepgar. Foken,,
|

obtaining the entire 40 volume of information on a 20 sensor, a sensor with a very hbgh
resolution is necd¥3aRy CTRUS SR & J6SEnSEPIF G4 FpikeI< itisadmy PrEsinie s bbtaiir&s -
focad stack made up ofimages:ahod\72) pixels and therefpretorly Q{23 distanees. This the

reduction of resplution, of the prder of G(N2) makes, it Necessary 10 Use.Very expensive o qy; re

sensors. To solve this problem, a second aspect of the present 25 invention provides a

method for imprBvinig-the- fESotGiicn Gfthé TR GitheFoCAIStALR ARBordifig Yo RIS 1 1S

said rr?ethod, it i§r§§syas,eg;m@ﬁla§teﬂ@ﬁﬁn:)§&m@§apgpeif§aV@fLa¢m@eﬂm-£yn%]re:ﬁ@Nﬁa)w%r

i.e., the intensity emitte a point in the pbject is independent of the angle. In this case, 30
SHE lesradrdr i L

the light-field had retidalintSim&tion ot thé rdéf of & a%eC)?\va etea i8an arbi rgﬁ}lsed at

cohstant with O<H<T cEhistredemtiant ifformatiohicart béisetl fintieases tlve réSeolution of the

images of the focal stagke methBg Mgthagagcarding ta glaim4 allows190i8g feap - focdl the
stack with images with resolution 0(A2) to another with resolution 0((1-a)A14). Given an

((1-a)Al4)
image of the foca! StackeE8FEsPORdIRY (878 piahe Sat B Uetemifiet tidafe! e nfbthied or O
increasing resolutienagfithesfochkstackegcomprisesthoBackprogctingrthedd (N4 raysaf theack

light-field from that plane.consirueling, animage ata high resalytign,with the-fractignglic i ng a

positions of those rays. 102. Determining the redundancies due to the Lambertian
aséampﬂon. single plane.
- Nevertheless, a problem which arises in capturing the 4D

light-field is the need to use a 2-dimensional sensor. For
obtaining the entire 4D volume of information on a 2D sensor,
a sensor with a very high resolution is necessary. Thus, for a
20 sensor of O(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
25 invention provides a method for improving the resolution of
the images of the focal stack according to claim 2. In said
method, it 1is assumed that the elements of the scene have
Lambertian-type reflectance, i.e., the intensity emitted by a
point in the object is independent of the angle. In this case,
30 the 1light-field has redundant information of the order of
O(aN?), where a 1s an arbitrary constant with 0<a<l. This
redundant information can be used to increase the resolution

of the images of the focal stack.



3. In this image with an increased resolution (with super-resolution) there are two types of
pixels: those for which there are no redundancies, where the value of the 15 back-projected
ray is placed, and those for which there are redundangies, where a representative value of the
redundant rays is placed, such as the mean. Assuming 0(aA2) redundancies for each
of the 0(1\12) elements of the image of the original focal stack, the final 20resolution of the
image of the focal stackifoul§ be9créased4rdi 0{&2) td OIRL-a)P A L°7SIn five ROt Bt tiie
present specification L superciesalution issinterpreted asanyuncreasedrdefinitionof biethr the th
image and of the asspcjated distance, map, with respect to 25 the resolution in lenslets,
0(A2). The maximum limit thereof is therefore in the number of pixels 0(\74), a resolution of
the order of 0((1-a)R) Being AdvEAy€dush Bbtaféd witifthe MethiE P tne Mverion. PLane
Typically, the value of aedepends ondhetimage ofcthe BOtiocal stackrbeing congideredl kot on

the calculation %ffdi§@1c§§¢é91nlé'@igggpcr&§[9“tgo&i§ fixed and the images are implicitly or

explicitly resampled to obtain said minimum resolution. A third aspect of the
invention presents a.nfethidfop 36the real-tiee IGENSIrenzent of tistarcesipht-field from
three-dimensional - 12E][-1 sceneiséaccorglnnsgcto clglm 3. Said. method forgprge%obg%lggg%tggeon

image of the object spacgl %Ni a r|c1)ie1asce camreurg, %:glgcuf%lrtllngl he Focal stack 53 means

method of claim 1, applyiry &#6cds atalisrmedzdiféimnetit dperatdrdfthédgeal stack
S(variance, Laplacian,igradieqityiand caleslatingitheieptimad state-on adgandam Maske\ fielthn

The steps of the aforegnsenéigngg method can be adapted to be implemented on parallel
computing hardware, Sich'a8'a GPO or an FPGA, which results in an even more

advantageous 10optinfizatidvi &f teagrocessingatiméncregpsdforgtraspéct) thevinventioner -

provides a method for thg seal-tige tomagraphic measyremgiof the complex.ampligiude ofo
the electromagnetic fielg assoc ated with a wavefront of a scene according to claim 5. Said

method comprises obtvéinliﬁg anlhere are no redundancies, where the value of the
15 back-projected ray is placed, and those for which there
are redundancies, where a representative value of the

redundant rays is placed, such as the mean.

Assuming O{ah?) redundancies for each of the O(N)
elements of the image of the original focal stack, the final

20 resolution of the image of the focal stack would be increased
from 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

25 the resolution in lenslets, O(M). The maximum limit thereof
is therefore in the number of pixels O(N'), a resolution of
the order of 0((l-a)N') being advantageously obtained with the
method of the invention.

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

30 focal stack Dbeing 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

35 the real-time measurement of distances in three-dimensional



15 image of the object space with a phase camera, calculating the focal stack by means of the
method of claim 1, which provides the tomography of the squared modulus of the complex
amplitude of the wavefront, applying an operator fO[t,P2 generation of the gradients of the
wavefront phase at any point of the 20volume of the object space, and recovering the phase
of the wavefront of the associated electromagnetic field. =~ The steps of the aforementioned
method can be 888pfetl 68 TbieméERted dH BarklePEdhplifing Hardware Sifch &5EBOM9
or an FPGA, which tesuts infanevenumere adpantageotis 2bqpiknizationafdihe prdcessingng
time. — Both 'Qﬁ@eﬂgglo%@arébeb@%gg}%m@f‘st’ﬂ_%”}ﬁ@{ﬁég'%%”%%h'?nthf?e'%!@ﬂ‘maé
scenes and in the method for the real-time tomographic measurement of the complex
amplitude of thef 8f8ttronfalgrdtic fiel BSRIOERRBA WittP B WaVEFont, the 301headfeitents bf cX
the ®bject space ase perfarmechonlydnce, i.exaisngle image containg endugh infermaticmsar
recovering the three-dimensional envirpnment. Sych;image can be understood as being made

up of 4 dimensions: two coordinates on the detector associated with the inside of each - 13 -

lenslet and two other COBTdatES a8éotiated MRFFRRIBHSIRARRS 09 PAB &33eRtay Wishide
consist of a single lengletasaye foraring andmage enmpdetecting scfacesfor sletecting 5 GPU
sufficient resolu(ygn ggr exa le %J%I&):Ig dq:\g%%)l\é@lcqhs Ioacrzgteg\;rgg pQsition %qu;%ggaggeeous

space of a converging lens, which allows taking tomographic measurements of the

thiee-dimensioR&IGH}eEE §paSe OFinNg, BFFFCESHEG Sfithe present invention 10 provides a
phase camera for the realdinte acguisifigieetthervisualintorsiationebihreedimensionall for
soenes accoring fo clai 7,which comprises & canyeraing lens, & ppslel gay plageding. o
position of the image Space of the converging lens and w qrh forms an image on a détecting
surface for detezfinghe5sidficiepnpedsiution, fand paraiicl cortggtatiohiproc@ssing freanset a

adapted for calgulatingdbedpaahstack associated with theebirct spassrimeasused Hyrthey an

camera by means of thefmtethod gf cla}:im 1, for ob.t%'ning t@le comgeé aampl(i:tggguqtfatlg(la th

electromagnetiéL Iﬂ‘éﬁf(n%odupu% é)na% ase) and for o tfi‘inllgngaiathe distance in any poslft?on of

the sensed objéctspacetack @umpared to the neethodsahddystémsofltherstatd obthevarde s

the method for @ﬁl&%&%%ﬁfﬁp@! stack aceording ta the present inMentioR@IoWSinp1 i tude
gt

topographically determining the phase of the wavefront, i.e., at any distance within the 25

three-dimensiofial VIIGm&thEBtjectEFacs: FlrtHeritioré the mbtHod 167 cafdlit&tiig the ©F
focal stack of thenpregentiivensior allows:chasactérizing tid etectremagneticdisld thotodnlythy

thepphase of the ywayefront in gplape Lut rafier by the complsy AMpIUE Of figise of the
electromagnetic field associated .
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 1in an even more advantageous

25 optimization of the processing time.

Both in the method for the real-time measurement of
distances in three-dimensional scenes and in the method for
the real-time tomographic measurement of the complex amplitude
of the electromagnetic field associated with a wavefront, the

30 measurements of the object space are performed only once,
i.e., a single image contains enough information for
recovering the three-dimensional environment. Such image can
be understcod as being made wup of 4 dimensions: two

coordinates on the detector associated with the inside of each



30with 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 attaghged as an - 14 - integral part of said
description in which the following has been depicted with an illustrative and non-limiting
character: Figure 1 shows a schematic depiction of the main elements of the camera for

the real-time acqGRHGHT offife BVIRUAIHATSMTATHT bF firel-dinmsHsiGharsdEnds dctordifiyitb®t

the invention. Figures2 shows a conceptual diagram of the invention applied to a telescope

with a large main mirrolrh@') g)é.sembly pﬁgﬁwgIngotpgl%tmoégh%ncéggbqgag%gh@te array,

astrophysical 10observation of a star (8) with adaptive optics. Figure 3 shows a ,
conceptual diagF&ATore clddsic 28G8phySital GbsétSafich tta star {8y G&ing MilticBhjuyHte™9
adaptive optics #utwadayers of tirbulencein thie atmeosphere (3 and{1l®etbbetailedich is

Description of a,Rreferred;Embadiment of the Inyention, ,. s adirstpractical empodiment of

the invention, the measurement of the distance at whichthe objects of a scene are located is
considered. 20THe PartidtiiR tasd dF R oB<SS0aHBR M tig VTN 6f a’dcehBTordistitg
of the inside of afuenished a0oabisceansidered, where several objects located at depths

ranging from 0.5 up tobéiggq§9§ frog1 thgi@oﬂtio%g{)g&eccamgra can bep(}igg@gtdishgq‘%sht ion
components.

10 provides a phase camera for the real-time acquisition of the
visual information of three-dimensional scenes according to
claim 7 which comprises a converging lens, a lenslet array
placed in a position of the image space of the converging lens
and which forms an image on a detecting surface for detecting

15 sufficient resolution, and parallel computation processing
means adapted for calculating the focal stack associated with
the object space measured by the camera by means of the method
of claim 1, for obtaining the complex amplitude of the
electromagnetic field (modulus and phase) and for obtaining

20 the distance in any position of the sensed object space.

Compared to the methods and systems of the state of the
art, the method for calculating the focal stack according to
the present invention allows topographically determining the
phase of the wavefront, i.e., at any distance within the

25 three-dimensional volume of the object space. Furthermore, the
method for calculating the focal stack of the present
invention allows characterizing the electromagnetic field not
only by the phase of the wavefront in a plane, but rather by
the complex amplitude of the electromagnetic field associated

30 with the wavefront in the entire volume.

Description of the Drawings

To complement the description that will be provided
below and for the purpose of aiding to better understand the

features of the invention, a set of drawings is attached as an



25Figure 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 I_erﬁs to the one focusing on a determined
object of the object space, the 30 focal point (6) of each lenslet of the lenslet array, the local
angle of inclination of the wavefront (7) and the displacement in the optical path (4)
experienced by toHsAEALt wadEfroftwitA FesFEG 16 dHdthRr dRe 1418 notabbiratédarg has
shown. The cameem Ofithe ivention:alsercamptises 35precessinganeansinotrdepictedantthe :
drawing. - 15~ Talofmihe gamata,of thg invenfion [rdhedeal limg aeadistion,of g,
visual information of thréé-dimensiona scenes, a CCD sensor with a maximum resolution of
4000x2672, ImEesaex-11M5 rmbbelcidaged. Folloiisy fiPassembl GRS Biyuten, placéde
befare the CCDithera is am objectivirlens with the samedocalaatio asdhesubseguentilepslet
array (16x16 ar1cqqien (:llrg“!,:e-rl}ltik%rg1 mount) focused on the CCD covering 1024 x 1024 pixels. The
camera in this arrangementjhas'a horizontal angular aperture of 300, and is focused on the
10central region of theFd6ere, af approximatelyrolfiekiraal dFpeddtedéd inhageis Hdkitean
with processing-geansd in this examplest &R0 pYidia 8800 4X graphicsrcardadapted farox
calculating the foca%stack by means of the methad for calculating the f st :
invention, adap?eedr Bt brelgoprﬁ%%llyaﬁﬁnﬁlse%meerﬁléa orgoﬁtla%%ﬁgpégr%plur%in%qﬁ%lrd%vga{%rg)g%%lsyﬁé %1
foéls quality meksererasnespefatdr fii-the fodal ‘stadk, ForekalfplePthe 8perator "Variance”
for estimating the qualitypfithe facusreptimally adaptesh 2@far theisayperparalfel computing ic
hardware; and rectover'n the istabnces @/tmeansﬁ?f calcylatin%g]euo .tirgnallgﬁl;g.%%g. ate
random Markov fietd 6 giacr%ple? psr(e)ﬁ%gatllgrr]1 of the beliet based on tl%eqre-weigf&utlngjol%g

Kolmogorov treegaimplementetcin dmoptimiZedy mishref giirbulence in the atmosphere

(9) and (10).
15 Detailed Description of a Preferred Embodiment of the
Invention

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

20 The particular <case of the observation from this
invention of a scene consisting of the inside of a furnished
room 1is considered, where several objects located at depths
ranging from 0.5 up to 4 meters from the position of the
camera can be distinguished as components.

25 Figure 1 schematically depicts the arrangement of an
aperture lens (1), a lenslet array (2) and a detecting surface
(3) included in the phase camera according to the invention.
Furthermore, the distance (5) from the converging lens to the
one focusing on a determined object of the object space, the

30 focal point (6) of each lenslet of the lenslet array, the
local angle of inclination of the wavefront (7) and the
displacement in the optical path (4) experienced by turbulent
wavefront with respect to another one that is not aberrated
are shown. The camera of the invention also comprises

35 processing means not depicted in the drawing.



25parallel 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 e_Ie%rognagnetic 30field is considered.

The particular case of an astrophysical observation with a telescope having a diameter
greater than the coherence diameter rc of the atmosphere (approximately 20 cm in the visible
range) is considered. Tite fBtHetE of e afNGEPhERS 35E41FEE S A'tosEST réSGIUtiGT i thigne
image obtained avithi the 116 telescape, i.€4 4039 of thedntesmiadion of high:spati@l mensional
frequencies. To preyent this, i manner,in which ing atmespheric tyrqulgnee degrades the,
wavefront of the Ilgﬁt coming from the ‘star under stua\y must be known. To that end, 5 natural
or artificial point'&taes whitFallow eharegterizingsthe! deformafibhartrbeuce’fbyaneembly of
atmesphere in theguavefiont papdeiuged-asa referenc®. there is an objective lens
Figuresschemafiealydepicisanpsiraphysical observation of.a S B)SING CRSSIG o1 azxay
multiconjugate i) adaptive optics in two layers of tirbulence in the a mosphere. Wlt%
multiconjugate dd&pthfe apticst & viavefrahit isHasedEHsor MEStISE used b eath defstittabied
mirror conjugated 1@ ar individuaplayer ©f turbulenced€:, twe differentphaseysersars QA/ES)
which must be aligned anpd.operated in parallel 15 and in_different positions of the optical
axis. The figuregggrﬁé%ngﬁélegcno%ueg a%%eﬁvtou\fv%‘lveof(%on%qs)ler’1soarrs1 11 Sang O(ﬁ Sé)so%{latet in
a é@njugated mapnEr#d eerdittrbdent Mgy er(@) and@ O)P RIS BHIV posEible 16 FeéSver a very

small number of indivigyal layets-etturbulense {three Jayers aithe 20 sest) with elassis, in

multiconjugate adaptive optics. The complexity of t caSJI ulations.and the need for speed,
since the atmostp}hlegreeéhaé%gfées 3vg%ulﬁ%ﬁ%<%%c%%@§ in %eq(/%i%?el ?asné:&rcgur?egr?t?yt r%Bak%e%rif
impossible to overcomecthieccdriedtion irnenlyctheee Eyers ob atmesphlend turbaleneeh®b for

According to the design_shown in figure,l, and the operation,ef which jn thigcase is shopn.ig

Figure 2, only one sensor is used, placed in a single position of the optical axis, with the
pr

2ent invention. Figure®2 skRenfiticiy shows SRR Ectording tatha! 88inventiehford

performing atmospheric:toraegtaphy in the astrophysical observation of a star (8) with
adaptive optics. The_individfa“la ers o% tuqlbsulen&glintthe aérgg&ggggen gorres J%ncdotro (% anqle
(20). In this case, the tele calpe 1) ftseif deScriBed abdve tunctions as the o jective lens. ,&
35lenslet array (2) (32x825 adount &)ocdsing eraw eONARDOR rator “Variance” for

estimating the quality of the focus, optimally adapted
20 for the same parallel computing hardware; and
recovering the distances by means of calculating the
optimal state on a random Markov field, for example,
propagation of the belief based on the re-weighting of
Kolmogorov trees, implemented in an optimized manner on
25 parallel computing hardware.
The depth map of the scene 1is obtained with the camera
and the method of the invention.
In a second practical embodiment of the invention the
measurement of the complex amplitude of the electromagnetic
30 field is considered.
The particular case of an astrophysical observation with
a telescope having a diameter greater than the coherence
diameter r, of the atmosphere (approximately 20 cm in the
visible range) is considered. The turbulence of the atmosphere

35 causes a loss of resolution in the image obtained with the



- 17 - model 512x512 pixel camera (3) is placed in its image space. The phase camera of the
invention allows scanning the complete cylinder of atmospheric turbulence (13) affecting the
final image of the telescope. The data are collected anI treated by 5means of a Virtex ML501
model FPGA previously adapted for performing by méeans of the following process: -
calculating the focal stack by means of the method of claim 1, where the square root of the
focal stack directhl sapphes thé redulds 8fthe EoriBRex ARTEIEHGE 10bf the eltHomagaétc
field at any point.efdhevolume ofithe ghjectapacea,applyingnan operator forithe generation iof
the gradients of the wavefront phase at any pagint of the valume of the ohject space, (Clark
and Lane operaﬁgﬁofg?f}&? rei(émp&ler), Lé%%nr%%oge(er%rga%eespk%a}{s% of the %f?e%‘roﬁ? o?ﬁ% Pine
associated electomagnétiofieldh forsddampleddy mcaAy of e nikhbd tith ah expaasioff -
complex expongatialss the,expansien assa fyngtion of Zernikenpelynamials otithe 20tudginng
algorithm. Unlike, previous techniques, in the method of the invention.the, oper for
generation of thfiagfjrad RS OF 1 th%nwé\%frr?)ﬁ{) ﬁﬁgi‘eg] is S%SIiea %Ocséﬁf\l%/? lrfé?thétrrbthtglr% to‘%t%wqée 9&;@1‘%
plenoptic imagecas whoteR5Asinghe ifeasiaement,subsequently processedas described,
allows the real-time aggysition ofithe thrgendimensiaRal mapmafdusbulences (€oonAexysical

amplitude of the Wavefrotnt% r?ssg%iated Wistjg atpe e@ire a&m&igheg? acosltirgn afxﬁ(i tilr%gotrpjeu ate
observation with Bur'té eslcope and of'the height d at Which these I%yers of turbufence are

lo¢dted, as welkaspie distanté end threecdifrertsionaliprofiid if cn artificialThSe P §ep was e -
Used-"18'CHW¥%%Snmlticonjugate adaptive optics, a wavefront phase sensor

must be used by each deformable mirror conjugated to an
individual layer of turbulence, i.e., two different phase
sensors (WFS) which must be aligned and operated in parallel

15 and in different positions of the optical axis. The figure
depicts a telescope (1) and two wavefront sensors (l1) and
(12) associated in a conjugated manner to each turbulent layer
(9) and (10). It is only possible to recover a very small
number of individual layers of turbulence (three layers at the

20 most) with classic multiconjugate adaptive optics. The
complexity of the calculations and the need for speed, since
the atmosphere changes every 10 milliseconds in the visible
range, currently makes it impossible to overcome the
correction in only three layers of atmospheric turbulence.

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

Figure 2 schematically shows a system according to the

30 invention for performing atmospheric tomography in the
astrophysical observation of a star (8) with adaptive optics.
The individual layers of turbulence 1in the atmosphere
correspond to (9) and (10). In this case, the telescope (1)
itself described above functions as the objective lens. A

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



A method for calculating a focal stack associated with an object space from the discrete
plenoptic function 5 thereof, firsJA), which comprises evaluating the photographic formation
integral as a sum along the length of planes in a 4D hypercube, said evaluation of the
photographic formation integral in turn comprising the following steps: at the start
of the computation, making the captured 10data, Psa,j,k), be equal to the transformed data up
to step 0, 7(r,v,t]KJ5Te.” (-0, K2 ¥kt kTS 2d Hhert ApBIAS f=id'N'times 1RE ol BRATS
partial transforn¥atmiZrsemednstts | QAMEE1+riv8ntl o0 241 twsi indvitsri-ng 1thitsnopnpg-et e

bits m-1-11 bits £9(R0Sr Obyels KMl o & AR K) IR, 0§ 31.L el e tAWY - T (Bidhsa

1, t, JA(p), kKA(p)) 15 2. A method for improving the resolution of the images of the focal
stack obtained BYA¥aris of the methsG®RTording 1Bactaint 16 wiidh R6HisH<E thE1BRGRTh Y
stegds: given animage ob thedodal stack als determired 20tistamee vhacks pyojectimgthe 0fd4)

rayS(ﬁthe”gknberforming by means of the following process:

- calculating the focal stack by means of the method of
claim 1, where the square root of the focal stack
directly supplies the modulus of the complex amplitude

10 of the electromagnetic field at any point of the volume

of the object space,

- applying an operator for the generation of the
gradients of the wavefront phase at any point of the
volume of the object space (Clarke and Lane operator,

15 for example), and

- recovering the phase of the wavefront of the associated
electromagnetic field, for example, by means of the
method with an expansion in complex exponentials, the
expansion as a function of Zernike polynomials or the

20 Hudgin algorithm.

Unlike previous techniques, in the method of the
invention the operator for the generation of the gradients of
the wavefront phase is applied locally, rather than to the
plenoptic image as a whole.

25 A single measurement, subsequently processed as
described, allows the real-time acquisition of the three-
dimensional map of turbulences (complex amplitude of the
wavefront) associated with the entire atmospheric column
affecting the observation with our telescope and of the height

30 at which these layers of turbulence are located, as well as
the distance and three-dimensional profile 1f an artificial

laser star was used.



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 25reflectance, and in the positions_ofgae_focal stack with super- resolution
where there are no redundancies, placing the value of the back-projected ray and where there
are - 19 -- redundancies, placing a representative value of the redundant rays, such as the
mean. 3. A method for the real-time measUr&REfE of distances in three-dimensional
scenes which comprises the following 5steps: obtaining an image of the object space with a
phase camera, calculajing ihe foegl stack by means ofiine method at glaig, 4. 10appIYng . q
focus quality measurement operator in the focal stac , andgca?culating the optimal state on a
random MarkovHild. an obaeThe fisthdd foithe Fu-tifreSmeistirerl&mobdistartegs tion
in thyee-dimensianal ssenesaacarding. 0 claine Siwhichein lhadditien eomprisestimpseviagithe
resolution of the images of the focal stack by means of the method of claim 2.

formation integral as a sum along the length of planes in a 4D

hypercube, said evaluation of the photographic formation

integral in turn comprising the following steps:

at the start of the computation, making the captured

10 data, f(s,t,j,k), be equal to the transformed data up to
step 0, [O(rs5.t,j,k), i.e.: fo(rstjk)=f(st,ik); and
2n
then applying n=1log,N times the following partial
transformation:

In—m~1 bitz

Fm+ly o . . .
f ( Tor ooy ?‘:m—-i_\’ T St s Sy s tm-élf Bty tn—i st ;{‘) -
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f™p, 0,5, Lt j, k+r, +A(p))+

™o, 1s, Lt, j 41, + Ap) k41 + A(P))
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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 1image of the focal stack at a determined

20 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

25 reflectance, and
in the positions of the focal stack with super-
resolution where there are no redundancies, placing the

value of the back-projected ray and where there are




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:
20obtaining 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 250f the electromagnetic field at any point of the volume of
the object space, applyirguariepetstor foP e §BrAeradtior ®F iifS gradiehts of tHe Wavefont the
phase at any point of theatglamerot-thespbjectispaser andrdlrecovering the phase of the

wavefront of the associated electromagnetic field., .., 8..The methad dqr the real-ne, oy,
tomographic measurement of the complex am|§litu e of the electromagnetic field associated

with a wavefront accbrdipg 18 @lans B Which fiF <20 - ddtifidn CERAPHdES impkdFingthelowing
reselution of thesimagges of the focal stack by means of the method of claim 2. 7.A

phase camera for the real-time acquisition, of the visug} information of tree-dimensional,p,. s.
scenes which comprises 5a com?erglng ens,
. camera,

calculating the focal stack by means of the method of

claim 1,

10 applying a focus quality measurement operator in the
focal stack, and

calculating the optimal state on a random Markov field.

4. The method for the real-time measurement of distances
in three-dimensional scenes according to claim 3 which in

15 addition comprises improving the resolution of the images of
the focal stack by means of the method of claim 2.

5. A method for the real-time tomographic measurement of
the complex amplitude of the electromagnetic field associated
with a wavefront which comprises the following steps:

20 obtaining an image of the object space with a phase
camera,

calculating the focal stack by means of the method of

claim 1, where the square root of the focal stack

directly supplies the modulus of the complex amplitude
25 of the electromagnetic field at any point of the volume
of the object space,

applying an operator for the generation of the gradients

of the wavefront phase at any point of the volume of the

object space, and
30 recovering the phase of the wavefront of the associated
electromagnetic field.

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

associated with a wavefront according to claim 5 which in



a lenslet array placed in a position of the image space of the converging lens and which forms
an image on a detecting surface for detecting sufficient resolution, and 10parallel computation
processing means adapted for calculating the focal_stggk associated with the object space
measured by the camera by means of the method of Claim 1,
obtainingthecomplexamplitudeofthe 15electromagnetic field (modulus and phase) and
obtaining the distédteiinrangpwsition of e sensed object spageutiong ofhd pRaddedfiera
for tf|1e real-timeraequisition ekthexvisyakivformation of threerdimensional scenes according to
20 claim 7, wherein the processing means are adapted for improving the resolution of

images of the focal staez:k l%/ rﬁggr% of ﬁwnéerrnaetr%é otgir:‘l?ain’llT % P_%l%g Tﬁ(éqﬁﬁefsle%grrﬁe%efo?e
the real-time acqbisitidn bh fles Distiad infofmiativpcolthrea-dimehsiGrarstendsigte oty s 25
claim 7, wherein the processing means argsadapted for obtaining the distance in any position

of the object space by maans of the method preiaim3. , 40 The phase gameralor g, ..
real-time acquisition of the ViSual information ofﬁree-dimeﬁsiqnafscenes accoralngg 30 to
claim 7, wherein the protessing frresies aieaddsted femebtaintg theedpléx arplitlfde Bt 2

the electromagnetic field fysneahs of the methed- of (aile bing 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
15 electromagnetic field (modulus and phase) and

- obtaining the distance 1in 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
20 claim 7, wherein the processing means are adapted for
improving the resolution of the images of the focal stack by
means of the method of claim 2.
9. The phase camera for the real-time acquisition of the
visual information of three-dimensional scenes according to
25 claim 7, wherein the processing means are adapted for
obtaining the distance in any position of the object space by
means of the method of claim 3.
10. The phase camera for the real-time acquisition of
the visual information of three-dimensional scenes according
30 to claim 7, wherein the processing means are adapted for
obtaining the complex amplitude of the electromagnetic field

by means of the method of claim 5.



