WAVEFRONT ABERRATION AND DISTANCE MEASUREMENT PHASE CAMERA Object of the
Invention The system of the invention consists of a phase camera 5 with microlenses placed in the
focal point of a converging lens, wherein the camera data, processed using a combined Fourier "Slice"
and fast Fourier transform edge detection technique, provide both a three-dimensional wavefront map
and a real scene depth map within a broad range of volumes. 10 This invention is suitable for use in
any field where wavefronts need to be determined, such as earth-based astronomical observation,
ophthalmology, etc.aselhas iR felds FaUNrRIMSHAIAME G IS BEIFRARS Sufkk POASRINY.
automobile mechaniTs; €tc. The nvention 1S applied 1o the I5particuiar case of atmospheric
tomography using ELTs (large- diameter telescopes: 50 or 100 metres). Field of the Art The
invention is composgddn the figld of :opticsiand image processing. 20Background of the Invention

The present inventio_n ref%tees Stosbcoé[rigl th% ngbﬁcei fgr obtatini(g}g a, g}lrseleé(]j_i@%n@ioanal kvlvasveefrg% era _
measurement associated to an'\il optlca? pro ity is essential (e.g. for 5|agn05|s)

em in which Image qua
and t& the need for &btalfiing A 2556ficiehfiyeliabile AR8 pfeciaé depitmapiwithirrambreadi@mge of
volumes, from a fevhEjcrans LPite sexerakkilpetersta, Prokeh Hha genaray appreasibeasde
applied to other fi%Ids the angl ses,pog%%ctegagqccu%on large acperturg telesc%%%s acﬂedE on.scene depth

urie ce ourie ransrform &
measurement. 30 Ciage of the Art
technique, provide both a three-dimensional wavefront map and

a real scene depth map within a broad range of volumes.

10 This invention is suitable for use in any field where
wavefronts need to be determined, such as earth-based
astronomical observation, ophthalmology, etc., as well as in
fields reqguiring metrology, e.g. real scenes, CCD polishing,
automobile mechanics, etc. The invention is applied to the

15 particular case of atmospheric tomography using ELTs (large-
diameter telescopes: 50 or 100 metres).

Field of the Art

The invention is comprised in the field of optics and
image processing.

20 Background of the Invention

The present invention relates to both the need for
obtaining a three-dimensional wavefront measurement assoclated
to any optical problem in which image quality is essential
(e.g. for diagnosis) and to the need for obtaining a

25 sufficiently reliable and precise depth map within a broad
range of volumes, from a few microns up to several kilometers.

Though the general approach can be applied to other
fields, the analyses conducted focus on large aperture
telescopes and on scene depth measurement.

30 State of the Art

Atmospheric tomography

For present large-diameter telescopes (GRANTECAN,
Keck,..) and future giant telescopes (50 or 100 metres in
diameter), the adaptive optics system has taken the course of

35 measuring the three-dimensional distribution of the



Atmospheric tomography For presentlarge-diametertelescopes(GRANTECAN, Keck,...) and
future giant telescopes (50 or 100 metres in diameter), the adaptive optics system has taken the
course of 35measuringthethree-dimensionaldistributionofthe atmospheric phase by using a form of
tomography called multiconjugate adaptive optics. The absence of a sufficient number of natural point
sources in the sky, such that there is always one present within the field of vision of the object
50bserved by the telescope, makes it necessary to use artificial point sources, e.g. Na stars (90 km

hgh).  In order g soriectihe entre-atmospherewhich afsgts theriohheam.aging ey dhe

object in the sky (avoiding focal anisoplanatism), it is necessary to use several of these 10 artificial
stars (at least 5). TbrdEPTY BEeh el B4th Ut thEf refifre $258PhigH resofkiibhlardHigh
powered pulsed lasenhavhich transiatas pioran hiediddy expensivektechnotbgyhktrtheemeore safter

such a high cost, the multiganiugate adaptive ppfics £an pnly measutg (e, 15aynaspheric,phase

associated to at most three horizontal turbulence layers (with three phase sensors measuring
simulfaneously), PES#&&shs & nintRepropdtesh Gtthe tRERdimensioR&CaATRIY affettingtfe image.
They also recoves anigstinatiopgfitbesahase witheCalculationsthat eve R0 30 gamplicated that they
seriously compromise tt&ena%%gg\ée %grrection o{ tht%gptei%%l.beam withinhtge sta ili%tig}efce)f tchse
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atmosphere in the visible spectrum (10 ms). The techn|quel|c1>:reop“(’})s%asl)?erelfrﬁ3 will however allow: being

limited to a singletfreasiBhermeail @Pasgl€rom the object in the sky (avoiding

focal anisoplanatism), it is necessary to use several of these

10 artificial stars (at least 5). In order to be generated, each
of them requires a very high resolution and high powered
pulsed laser, which translates into an incredibly expensive
technology. Furthermore, after such a high cost, the
multiconijugate adaptive optics can only measure the

15 atmospheric phase associated to at most three horizontal
turbulence layers (with three phase sensors measuring
simultaneously), i.e., it scans a minute proportion of the
three~-dimensional cylinder affecting the image. They also
recover an estimation of the phase with calculations that are

20 so complicated that they seriously compromise the adaptive
correction of the optical beam within the stability time of
the atmosphere in the visible spectrum (10 ms).

The technique proposed herein will however allow:

-being limited to a single measurement and to a single

25 sensor, within each atmospheric stability time.

-a recovery of the phase associated to each turbulent
horizontal layer, i.e., tomography of the entire atmosphere,
by means of an algorithm based on Fourier transform, which in
and of itself is fast but can be accelerated with an

30 intelligent adaptation thereof to graphics processing units
(GPU) or to electronic hardware units, such as FPGA (Field
Programmable Gate Arrays).

~preventing the need to use artificial laser stars, as

it will recover in real time the image of the object upon its

35 arrival to the Earth’s atmosphere, since this new technique



25sensor, within each atmospheric stability time. a recovery of the phase associated to each’
turbulent horizontal layer, i.e., tomography of the entire atmosphere, by means of an algorithm based
on Fourier transform, which in and of itself is fast but can be accelerated with an 30 intelligent
adaptation thereof to graphics processing units (GPU) or to electronic hardware units, such as FPGA
(Field Programmable Gate Arrays). -preventingsthe need to use artificial laser stars, as it will
recover in real time the image of the object upon its 35arrival to the Earth's atmosphere, since this new
technique does ngtJequise caliyation with 4,pgint signal 4 therbe,decopyglited. Human eye
tomography The main interest in performing human eye tomography is 5 essentially based on
obtaining and havifigdV&ibTe for medical specialists a clear image of the retinal fundus of the patient,
in order to make matereliable-dimgnosasy The aqueous humor, the vitreous humor and the lens

behave in the eye as means which aheuale fhe image that an be ghtained from, the 18refinal fundus.

In fact, it does not require taking measurements as frequently as in the Earth's atmosphere (one every

10 ms), because 38 P &tabie HefbAnafion Roweke? i'ddss régdireRaifficient aieklaiensibral
resolution to not erlyiahiainadhgadd ttnageafdhe retingd futdus,outaalsadd deiectthe spatial
location of possible peular lesjons, ., Thefey.aythors who. within;the mentioned, felds, haye placed
microlenses in the focal point do not use the Fourier "Slice™ technique to take the measurement of the
optical humor, the vitreous humor and the lens behave in the eye as

means which aberrate the image that can be obtained from the
10 retinal fundus.

In fact, it does not require taking measurements as
frequently as in the Earth’s atmosphere (one every 10 ms),
because it is a stable deformation; however it does require
sufficient three-dimensional resolution to not only obtain a

15 good image of the retinal fundus, but also to detect the
spatial location of possible ocular lesions.

The few authors who, within the mentioned fields, have
placed microlenses in the focal point do not use the Fourier
“Slice” technique to take the measurement of the optical

20 aberration, or to correct the image, or to obtain distances.
In addition, the Fourier “Slice” technique associated to
microlenses in the focal point has only been used to obtain
focused photographs of real scenes within ranges of a few
cubic metres of volume, with a quality that apparently exceeds

25 the common depth of field technique. In summary, these
contributions of other authors have nothing to do with the
patent herein described.

Description of the Invention

A single array of microlenses, forming an image on a CCD

30 with sufficient resolution and placed in the focal point

position of a converging lens allows taking tomographic
measurements of target three-dimensional space.

The measurements are taken once only, i.e., a single

image contains sufficient information to recover the three-

35 dimensional environment. Such image can be understood as being



20 aberration, or to correct the image, or to obtain distances. In addition, the Fourier "Slice" technique
associated to microlenses in the focal point has only been used to obtain focused photographs of real
scenes within ranges of a few cubic metres of volume, with a quality that apparently exceeds 25 the
common depth of field technique. In summary, these contributions of other authors have nothing to do
with the patent herein described. Description of the Invention A single array of
microlenses, forming an image on a CCD 30with sufficient resolution and placed in the focal point

position of a conveging lens.2pys Jakingduiographic, Measiements ohargetihiee gimensional

space. The measurements are taken once only, I.e., a single image contains sufficient
information to recb9erthg threel S5 dRfensisinl BhGFERRRNL. Bieh ifage rbecGRAE R868%s being
made up of 4 dimessinnisidw® eeorchrates e the GGEPrassasiated to the inside of each microlens and
two other coordinates asgociated to the aray | of microlenses., The grogoseg techr&qulije |§ll?Las%p on the
Generalized 5 Fourier " |ce pr]ﬁeorem The |magg taken yt %CD IS Founer transtform In four
dimerssions, then Etotafién and “Slice™ tsatator iStppifepe *%F‘\Wﬁﬂ:lﬁle‘ék%§% déptfPatwhich the
object will be recaviesad yiehreducesothe pieklems of fsdimensions toruisk 2i Ihe ghjectiva oféhis
invention is to 10 find o§1t the depths at) '%h th% obj eé:ts are Iocact{ed to that eng by )évorklng in the
transformed domamn an 5entsfy|n the o jects with the getec%on gorltﬁ% }(1h|gh spatla]n
frequencies), it is Possibhe &5 ideniiifyl the comperiesits df ﬂiéiscé?@u@ﬁﬁ/hléhen i® pe&viosly kndwn at

what distance theyilRareiloeatad, just 2. The objective of this invention is to
10 find out the depths at which the objects are located; to that
end, by working in the transformed domain and identifying the
objects with the edge detection algorithm (high spatial
frequencies), it is possible to identify the components of the
scene of which it is previously known at what distance they

15 are located.

In addition, a Shack-Hartmann sensor consists of an
assembly of lenses placed in array form to form the same
number of images in a two-dimensional detector. The
displacement of each of them in relation to the position

20 corresponding to a planar wavefront measures the local
gradient of the wavefront. It 1is possible to recover the
original wavefront through numerical processes. The proposed
phase camera contains a Shack-Hartmann in the focal point of a
converging lens, which is why the design is also a wavefront

25 phase camera, but placed in the focal point of a lens, with a
completely different data processing than what has been
associated up until now to the Shack-Hartmann sensor. It is
then possible to recover both depths and wavefront phases.

Description of the Drawings

30 Figure 1: Diagram of the arrangement of the aperture
lens (1), of the lenses (2), and of the CCD (3) forming the
phase camera. (5) is the focal point of the converging lens.
(6) is the focal of each microlens of the array of lenses. {(7)
is the local tilt angle of the wavefront. (4) is the optical

35 path displacement experienced by the turbulent wavefront in



In addition, a Shack-Hartmann sensor consists of an assembly of lenses placed in array form to form
the same number of images in a two-dimensional detector. The displacement of each of them in
relation to the position 20 corresponding to a planar wavefront measures the local gradient of the
wavefront. It is possible to recover the original wavefront through numerical processes. The proposed
phase camera contains a Shack-Hartmann in the focal point of a converging lens, which is why the
design is also a wavefront 25 phase camera, but placed in the focal point of a lens, with a completely
different data pro%%ﬁigg Otga oWhlal.t jegsrb%%n av§lsg$i(§i&%d L{pe%ggl naw to the Shack-Hartmann sensor.
It is then possible to recover oth c?eptﬁs and wavefront p ases.tDesc'ription of the Drawings 30Figure
1: Diagram of the arrandérfight of thé eperkireaferdi@grentel|ctsesi@yeand Bf tRerdeer(HForming
the phase camera. (5} és the feeal peintof the convgsgingdens. (8) s dhe fogal of epghaviaiolens of the
array of lenses. (Zl)tisoth Igg%tilggngle of ﬁhe wav% rgntél %)]:IOS l'}?esol gﬁal g.t'g)g)eartgadci%lgc% ent
experienced by the TrdRient wavetront ir rélation t another 6ne without aberration. igure 2:
Conceptual diagrafsf thé inverition spplieditcea telestope withea |amyL ficdh Mirr 1L berBTming

atmospheric tomagrppRy in 1hg iastraphysica ghservation-of 3 star(8) with agaptiveogpticsnd he

individual turbulence layers within the altmosphere correspond to (9) an (t10). Th Ph se camera
. tﬁ ase C merf al ]pw% SCﬁnnlr%g Tihe % \’:“h é/' I’% ert (%
allows scanning thé complete cylinder of atmospheric tdrbulence which affects thethe t€lescope.
10Figure 3: atmospheric turbulence (13) which affects the final image of
the telescope.
10 Figure 3: Conceptual diagram of a classic astrophysical
observation of a star (8) using the adaptive optics

multiconjugated to two turbulence layers in the atmosphere (9)

and (10). It can only recover a very small number of
individual turbulence layers (three layers at most). (11) and
15 (12) indicate the wavefront sensors conjugately associated to

each turbulent layer. (1) corresponds to the telescope.

Preferred Embodiment of the Invention

The particular case of an astrophysical observation with
a telescope having a diameter exceeding the diameter of

20 coherence ry of the atmosphere (approximately 20 cm in the
visible spectrum) is considered. The turbulence of the
atmosphere causes a loss of resolution in the image obtained
with the telescope, i.e., loss of high spatial frequencies
information. To prevent this loss, it i1s necessary to know the

25 manner in which the atmospheric turbulence degrades the
wavefront of the 1light coming from the star under study.
Natural or artificial point starts which allow characterizing
the deformation that +the atmosphere introduces in the
wavefront can be used to that end.

30 With classic multiconjugate adaptive optics (Figure 3),
a wavefront phase sensor must be used for each deformable
mirror conjugated to an individual turbulence layer, i.e. two
different phase sensors (WFS) which must be aligned and placed
in operation in parallel and in different positions of the

35 optical axis. The complexity of the calculations and the need



observation of a star (8) using the adaptive optics multiconjugated to two turbulence layers in the
atmosphere (9) and (10). It can only recover a very small number of individual turbulence layers (three
layers at most). (11) and 15(12) indicate the wavefront sensors conjugately associated to each
turbulent layer. (1) corresponds to the telescope. Preferred Embodiment of the Invention The
particular case of an astrophysical observation with a-tefescope having a diameter exceeding the
diameter of 20 coherence ro of the atmosphere (approximately 20 cm in the visible spectrum) is
;:r(])nmdered. Th.e tg%l%uler\gﬁl%fctpg ya_tmgisglggre cayses gtlr%gpq{ erggoluté%rglj%é@e m@g&gbtmpgd with

e telescope, i.e., loss of high spatial frequencies information. To prevent this loss, It isSThecessary to
know the 25 mariietid $f5ieAdhe BimbaphEdie thdsulsmes e gFad @S #fs wabefiBRP8F iR igittoming
from the star understueymdNatura) oraaitifictal peint stadts,whigh alawchanacteriziagnibegdeformation
that the atmosphecrg]:iﬂHngchs in the wavefront can be used to that end. 30With classic
multiconjugate adaptive optics (Figure 3), a wavefront phase sensor must be used for each
deformable mirror conjuffated tehgn MdivRIuarRSBUIdIce kY ef . MR diferdRiPhase $éM861S (WFS)
which must be alignedrandsplasedinceperation in parallet and indifiesent pasitions.ef the 35aptical
axis. The compleg’tﬁ;:eof ghe ggllrculggiongs%%d thg nleC%d fsgr vSeI(%cit)_(.L g,ince1 Zglhe gtmionspgeresghagges every
10 milliseconds in the visible spectrum, makes i?lmpossfbl}e?o ovércdme the correction toagy at only
three atmospheri®anblerce tdyershsWithttheaphase tamernHavihg tHedésigmshswrrircRigure 1,
and vyholse ommﬂegsﬂ%c&h@ﬁ@{a isshovs éré(!figlbk@ 2, pelygne gensbocrﬂg useleuwhéqh s&;&g&és placed
in a single position of the optical axis, and a single measurement, subsequently. processe eans
of e Eoutier SICE 10 Sk il SN oS ANGIS (o RS T RSB hrbentes
(wavefront phasetyabsoeted td theehtive tatbamres) amosghetewhich Bffecenthierebselvation with

the telescope of the invertioneas walk as the alitudeatwhich-thase bibylance layers agg dogated. 15

of the invention, as well as the altitude at which these
turbulence layers are located.

15



CLAIMS 1.-A phase camera for obtaining in real time the three-dimensional map of a wavefront
and the depth map of a three-dimensional space, comprising 5a converging lens, an array of
microlenses placed in the focal point of the converging lens, a CCD device, and real time processing
means adapted to 10- obtain the focal stack of the three-dimensional space by applying a Fourier Slice
algorithm, and - identify the components for each depth of the focal stack of such three-dimensional
space by means of a fast Fourier transform edge detection 15algorithm. 2.- The phase camera for
obtaining in real time the three-dimensional map of gy@Mgéront and the depth map of a
three-dimensional space according to claim 1, characterized in that the processing means comprise a
GPO unit. 203.- The phase amBia for6B&iRingdh r8Rr A e thfed HirhehsiBhat Map Bf 8Svavefront
and the depth magiofea thirgeadinepsionalkspacedcoordirgdo claemderdiaraeterizedan thatthe

processing meang cQmprise, an EBGA deyvice, i sing 4.- A process for obtaining in real time the

three- .
5 a converging lens,

an array of microlenses placed in the focal point of the

converging lens,

a CCD device, and

real time processing means adapted to

10 - obtain the focal stack of the three-dimensional

space by applying a Fourier Slice algorithm, and

- identify the components for each depth of the
focal stack of such three-dimensional space by
means of a fast Fourier transform edge detection

15 algorithm.

2.- The phase camera for obtaining in real time the
three-dimensional map of a wavefront and the depth map of a
three~dimensional space according to claim 1, characterized in
that the processing means comprise a GPU unit.

20 3.~ The phase camera for obtaining in real time the
three-dimensional map of a wavefront and the depth map of a
three—-dimensional space according to claim 1, characterized in
that the processing means comprise an FPGA device.

4.- A process for obtaining in real time the three-

25 dimensional map of a wavefront and the depth map of a three-
dimensional space, comprising the following steps:

obtaining an image of the three-dimensional space with a

prhase camera;

obtaining the focal stack of the three-dimensional space

30 by applying a Fourier Slice algorithm; and

identifying the components for each depth of the focal

stack of such three-dimensional space by means of a fast

Fourier transform edge detection algorithm.

5.- A process for obtaining in real time the three-

35 dimensional map of a wavefront and the depth map of a three-



25dimensional map of a wavefront and the depth map of a three- dimensional space, comprising the
following steps: obtaining an image of the three-dimensional space with a phase camera;

obtaining the focal stack of the three-dimensional space 30by applying a Fourier Slice algorithm; and
identifying the components for each depth of the focal stack of such three-dimensional space by
means of a fast Fourier transform edge detection algorithm. 5.- A process for obtaining in
real time the three- 35dimensional map of a wavefront and the depth map of a three- _ 8 _
dimensional spacg;agcarding fo dlaim 4, whesein;the three-dimensipnal map.of,a wavefrgptand the
depth map of a three-dimensional space is applied to an observation selected from the group of an
astronomical obsENVAdT AU OpMHRIMSIoYicH 5 oh8EvatiB, tears&dte BBBeR/AtidN-4h Tbservation
of a surface of a GG antoan bbseration=of ppurfade ob aanecharieabparin selected from

the group of an astronomical observation, an ophthalmological
5 observation, a real scene observation, an observation of a

surface of a CCD and an observation of a surface of a

mechanical part.



