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ABSTRACT

Previous generations of 3D displays (e.g. stergoedatisplays, autostereoscopic displays) had vienitdd number of
views, and thus limited parallax. In contrast, #merging light field (LF) displays support hundi®d¢f views with
acceptable spatial resolution thereby enabling semealistic representation of 3D scenes, for thieepof high data
throughput, complex data acquisition (sensing) ahigh demand of computational power. Thus, tharopation of the
content representation is of crucial importancetierperformance of the whole display system. is plaper, we discuss
the requirements for LF based processing of 3Dertrfor representation on the new generation eéukalistic LF
displays. We analyze the overall processing chaimfsensing (acquisition) through LF based modelam
representation up to visualization on the consilelisplays. By analyzing the visualization capéiefii of a given LF
display using spatial and frequency domain anglysesdraw guidelines on how to properly acquire ribguired data
(scene sensing) and repurpose it based on thaadrdisplay. We show that by taking into accouset phoperties of the
display during scene sensing and during LF prongssi good visual representation of 3D content givan display
can be achieved with a minimalistic capture sefupe overall process is demonstrated on the statleeoért displays
produced by Holografika.
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1. INTRODUCTION

3D displays are the next big step in immersive netbgy. Although, the quality of the current gerirna off-the-shelf
3D displays is still not good enough for a perfdsual merge between the physical and artificiatidjathe 3D display
technology reached a point at which 3D displayobex part of our everyday life (e.g. projection afwvies in cinemas
and living rooms, visualization of research dataeamlining production and design). Today's massdpced 3D
displays are developed around two approach&rst approach is based on 3D displays with gigs$hese displays
create a 3D visualization of a scene by a comhlonadf a screen that sends alternately (spatiallynoe multiplexed)
images to be received by the left and right eyee $éparation of images at the viewer side is aeldidy glasses —
typically shutter or polarization glasses. In thiay each eye sees a slightly different, propergppred (pre-processed)
image thereby enabling the illusion of 3D visiomeTsecond approach is based on autostereoscoplaydisin such
displays, each pixel on the screen is visible dniyn a specific observation points in front of ttisplay. This is
typically achieved by adding in front of the pix€Il=T matrix) either a parallax barrier or a lentar sheet. In this way,
each eye sees a different set of pixels (and coesgky a different image), again enabling a 3Dsilun of the scene
assuming that the data presented on the displaypserly prepared.

Unfortunately, both of those approaches have limits. The glasses-based displays require a vitwverear glasses
(source of discomfort) and are capable of repradua@nly two views of a scene (identical two views aisible
independently of the position of the observer). @htostereoscopic displays reproduce typically ftamm to 20+ views
(enabling different perspective of a scene), butesver has to position himself / herself preciseith respect to the
screen (each eye has to be in the center of a vietherwise, due to the crosstalk between the adjagews (view
overlapping) the 3D illusion is lost and, moreovére views seen by the viewer can become very ribisty.
Furthermore, due to the low number of views geeeraty an autostereoscopic display (mostly limitgdHe maximum
size of a TFT matrix that can be produced by toslagthnology), the realism of the scene (e.g. ngp@round the
scene) is still lacking.

The ultimate aim of a 3D display is to recreategperfect’ 3D visualization of a scene. Here, ‘perfémplies that a
human observer cannot differentiate a scene vimalby a display from the real one. In practicé theans that a
display should be capable of reconstructing thetiocoaus light field (LF), as emitted by the scerfimm each



observation point and not just from two observapoints like in the case of displays with glassesaveral observation
points like in the case of autostereoscopic displdycontinuous reconstruction of the LF describiihg scene would
enable an observer to see an uninterrupted vistiaizof the scene when moving in the front of dieplay (continuous
parallax)®. This would be similar to observing the real scene

There are two major problems that have to be resolu order to reach an ultra-realistic visualiaatof a 3D scene.
The first problem lies in the display technologyeif. A ‘perfect’ 3D display has to be capable afitting a large
number of rays, that is, it must have large numifemultiview pixels (pixels with directional visiliy — different
information represented by the pixel is seen dejpgndn observation direction). The most promisiagdidates, as of
today, to achieve this are so-called projectioretdsr displays. These displays are built from pg® engines (ray
generators) and a custom-build holographic scr&irth displays, although not perfect, are capablaadbieving
acceptable spatial resolution and a good enougliomearallax (angular resolution). The second poblies in the
large amount of data required for driving ‘perfegD displays. The large amount of data describiregsicene has to be
captured, properly processed, stored, transmittedet display, and finally visualized on the digpllhereby making the
overall process computationally very intensive. lEad those two problems must be solved, either reggly or
simultaneously, before displays capable of ultisic representation of 3D scenes will become ainstream
technology.

Since today’s LF displays are not perfect, it iparitant to understand the capabilities and limotadi of such displays.
Knowing display’s limitations, the 3D content thate wants to visualize can be tailored to a givispldy, thereby
achieving the best possible visualization of aritety content on a given display.

In an earlier work* we have shown how to estimate the passband oftiview display, that is, the ‘visual’ bandwidth
(amount of information) that a multiview displayncahow without or with acceptable distortion. Imtast to® that
presented a technique for estimating the displaglpend for autostereoscopic displays, the proposetiods irf® are
measurement based thereby taking into accountusanmmnlinear distortions that different parts oé tisplay can
introduce but that cannot be easily modeled. Adlitbe seen in this paper, in comparison to awesiscopic displays
where the ray-space parameterization of the LFniform (consequence of the way how the rays aregeed) and
therefore it is quite straightforward to analyzectsuisplays (as well as pre-process data to beaNigmd on such
displays), in projection-based LF displays theritistion is nonuniform. This makes the overall digpanalysis more
complex.

In this paper we will analyze the current generatib projection-based LF displays and discuss Wt of data can be
represented on such displays and what the necessatiyre setup looks like for getting the best ibswisualization of
the scene on a given projection-based LF displagomparison to the measurement-based analysif didplays that
has been presented inhere we will look into an analytical approachymedy, we will analyze projection-based LF
displays in ray-space. We will express the 3D Jigation capability of a display in terms of angulkend spatial
resolution through its effective display bandwidithis will give a better understanding about thateat that can be
represented on the display and we will be ablestimate the minimalistic capture setup (number position of
cameras with a given properties) that is requioeddcording that content.

The outline of the paper is as follows. In Sectibthe description of the plenoptic function is giwsith the emphasis
being on the 4D LF parameterization. The projechased LF displays are explained in Section 3.fohmalization of

the LF in ray space (spatial and frequency domfain).F displays is presented in Section 4. Therojgation approach
for deriving minimalistic camera capture setup dogiven display is discussed in Section 5 with iBacé showing a
typical use case. Finally, concluding remarks &ergin Section 7.

2. PLENOPTIC FUNCTION AND LIGHT FIELD

Every point on an object surface emits light intorsunding space, either being an active sourckgbf or merely
reflecting incoming light. The light propagatiorr@ligh space can be described, in the most comfuete by wave-
optics theory or, in a simpler form, by ray-opttbgory. In this paper we will formalize the lightrough its geometric
behavior as described by the ray-optics theorythtnray-optics theory, it is assumed that everynpii space emits
infinite number of directional rays. Mathematicalllis is expressed through the notion of the gdindunction (PFY.
PF is a 7D continuous function that describes theuat of light through every point in space in gvéirection and can
be denoted as
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where (V,,V,,V;) is a location in the 3D spac@, ¢) are directions (angles) of observatidnis wavelength, and is
time (see also Figure 1 for illustration). Impligjtthe PF describes the underlying LF.
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Figure 1. lllustration of the 7D PF.

Although the continuous 7D PF is the most comp{ftemal) description of a LF, it is not really uskfn practice due
to the enormous amount of data required for itemdigson that cannot be efficiently captured, pres®d, or reproduced.
Therefore, several simplifications of the 7D PF énéeen introduced. By considering only static ssereplacing the
wavelength with RGB components (only visible wawnegfias are of interest), and limiting the scene alf Bpace one
ends up with a discrete 4D function which is thestimopular practical representation of the PF. #ibifunction can be
represented either by using a two-plane paramaeteyiz L(x,y,s,t) or one plane and direction parameterization
L(x,y,,0), as illustrated in Figure 2%
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Figure 2. 4D PF parameterizations. (a) Two-plane parametaizab) One plane and direction parameterization.

Due to practical (technical) limitations, most dfttoday’s 3D displays support horizontal paraltesty (HPO) and
ignore vertical parallax. The benefit of an HPOpthy over a full-parallax one is in the consideyatdduced amount of
data (rays) that has to be recorded and reprod@eddiscussion in this paper assumes HPO displeysever it can
be easily extended to full-parallax displays. Igngrthe vertical parallax allows omitting the paetersy andé in the
(x,y,p,0) parameterizationy(andt in the (x, y, s, t) parameterization) as all rays behave in the same alongy —
axis. Consequently, the two parameterizations fragure 2 are simplified to their 2D versions illged in Figure 3.
The relation between those tw, s) and(x, ¢), is given by

s=ltang (2)
with [ = 1 being a typical choice fdrandx being the same in both representations.
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Figure 3. HPO LF parameterizations. (a) Two-plane paramet@izafb) One plane and direction parameterization.

The propagation of the LE from one plane (Plane 1) to second plane (Plantha)are distance apart can be
expressed as

L[5 =t () =t TsD: ®

with Ly (x4, so) andL, (x,,s;) being the LFs on first and second plane, respagtisee Figure 4). In essence, this means
that the rays building the LF keep their intensityd direction while their position on theaxis gets re-arranged based
on the distance between planes under consideriongh a linear transformation that depends ondgalirection and
distance. The linear transformation, given in {8)a shifting operation along theaxis (also referred to as shearing in
the LF context). This is illustrated in Figure Sm8ar relation holds for the case of,§) parameterization though the
transform as in (3) is not linear due to the relatbetweers and¢ as indicated by (2).
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Figure 4. Light (ray) propagation — Representation on twitedgnt planes.
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Figure 5. LF at different planes (positions). (a) 10 (on the surface of a flat object). (b) Bed,. (c) Ford=2d,.
The PF and its lower-dimensional approximationsanetinuous functions. In order to process lightdiyital means

one has to have acquisition, computational, andalization tools built upon proper sampling andorestruction of the
LF. This is discussed in the following section.



2.1 Plenoptic sampling

In general, sampling of multi-dimensional functiofdlows the Shannon theorem assuming that thetifumadnto
guestion belongs to the class of functions withtkeh frequency support. LFs originating from 3Duakscenes are not
strictly band-limited. They are formed by objectsd#ferent depths with sharp transitions at edgad occlusions
depending on the viewing ray directions. Still, ttdimited sampling theory has played an importate in studying the
plenoptic sampling. Strictly speaking, a band-ledit_LF would arise from a scene with no occlusiaikgpints in the
scene are visible from all observation points),chhalso satisfies the Lambertian property (a pmirgpace has same
color and intensity from all observation angleshds been shown that for such scenes samplingaitealong axes in
the used LF parameterization can be directly rélatih and interpreted in terms of camera spagablution, camera-
to-camera spacing, and the number of depth plaesdved. A detail analysis of sampling and recarcsimng such
scenes can be found i Here, we will emphasize only few points relategtenoptic sampling that are needed in the
context of this paper.

Consider a Lambertian scene without occlusionshasvs in Figure 6(a). The continuous frequency suppb such
scene, when using the two-plane parameterizat®gjvien by blue cones in Figure 6(b). It shouldnio¢ed that the
support is limited only by the minimat,,;,,, and maximalz,,,.,., distance of the object from the camera planghén
extreme case, for objects at infinity or at thealoglane, the spectral support is limited to theegrcones. Sampling
leads to replication of this spectrum determinedh®ysampling frequencies alorg@nds. Therefore, before sampling,
the spectrum should be limited in order to avoidsahg. The frequency support (only base spectinntfhe discrete
domain is shown in Figure 6(c). Assuming the twanpls are co-located with the camera plane and foeale
respectively, the repetition of the LF spectrunthia horizontal direction depends on the densitgasfieras and in the
vertical direction it depends on the horizontal eamresolution. In order to reconstruct the corirsuspectrum out of
the discrete one, the sampling density must be #atlthe spectral replicas do not overlap withlithge spectrum.
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Figure 6. Example of a Lambertian scene without occlusjghScene. (b) Continuous frequency support (two-plangmpeterization). (c)
Frequency support in the discrete domain (two-plavameterization).

Another factor that has to be taken into accounerwkampling a scene, is the technique that willubed for
reconstruction. Depending on the additional knogtedbout the scene (e.g. depth values of pointheénscene),
different number of images is required as illugtdain Figure 72 The more information about depth we possess, the
fewer images are needed for scene reconstruction.
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Figure 7. Plenoptic sampling — minimum sampling rate.



If only one reconstruction plane is used (e.g. tusimplicity or lack of information related to dajp the optimal

reconstruction plane,, as shown in Figure 6(a), can be estimated framimimum and maximum depths in the scene
as

2

Zy = ———————.
1 1 4
. (4)
Zmin Zmax
When more layers for rendering are used, then deaggr can be treated in a similar manner. Moregerimodels for
scene description are required for reconstructfstenes with occlusiortd*®*’

From a display perspective, the scenes to be recoted by the display are considered band limitdgere is a twofold

reason for this assumption. Fist, the display egmaduce a finite number of discrete rays. Secondrder to create a
continuous LF out of discrete set of rays, it mé8 some kind of discrete-to-analog converter witichmost cases is
considered as a low-pass filter. Both factors lithie bandwidth of the LF that can be reconstrudttgdhe display.

Therefore, in order to adapt the content creatiofstto the display requirements, one has to atth@multidimensional

sampling theory for band limited signals and enghed the sampling configuration is adequate tordnstruction

one.

3. PRINCIPLES OF OPERATION OF PROJECTION-BASED LIGHT-F IELD DISPLAYS

Projection-based LF displays use multi-projectiorih@ir core to achieve a high number of light raymt is, a large
number of projection engines are used in paralleich project light rays from slightly different péical positions, and
are usually stacked in an equidistant linear orsatap (linear setups are considered in this pegesimplicity). The
main advantage of such distributed projection systescalability — novel light ray directions cae &dded, increasing
thereby the total number of pixels (rays), by idtroing more projection engines, without sacrificthg resolution of
the existing directions. This is in sharp contraigh 3D displays which use a single light modulatdth a fixed pixel
count (e.g. a flat panel) as sources of light raysl thus have a tradeoff between directions aswlugon per direction.
The sum of directions covered by light rays forims displays’ field of view (FOV), which shows theghe under which
a 3D image is visible on the screen.

Beside projection engines, the second importarit gfaa projection-based LF display is the hologiaptreen. This
screen is located on the front side of the displag this is the plane where the desired LF getsnstoucted out of
discrete rays. Light rays hit this screen from iipldtangles at various positions, and the scre@rtiese light rays pass
through without changing their direction creatingh@row angular beam. The holographic screen doehave an
explicit pixel structure and taking a finite areaig one can see it emits different light raygifferent directions. This
is an essential property of any glasses-free (germsscopic) display, as any LF that representsraflat scene must
have direction selective light emission (see Fig)re
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Figure 8. Comparison of light rays emitted from a 2D displag a 3D display. 2D displays emit the same col@lltdirections from a
single pixel (left). 3D displays must emit differemiors to different directions to show a 3D sceigh(}. Notice direction selective light
emission on the “3D pixels” marked with grey circles.

This approach can be implemented in front-projededback-projected configuration (using a refleetivolographic
screen in the front projected case), as it has Hegronstrated in various prototype and commerdtatlisplays'®.

The image of a single engine is projected all dhervisible screen area, thus light rays hitting slareen at different
horizontal positions propagate (diverge) into diéfe directions. As a consequence, a viewer's @yenever see such
an image in its entirety from a single positiorattts, a single projection engine is not projectintyiew” in the sense



typically used in 3D display terminology. Ratheisiagle 2D image as perceived by one eye of theefiés made up of
light rays emitted from multiple sources (see Fegay.
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Figure 9. Light rays emitted by a single projection engin@¢kirays) are not seen from a single position, @g dlne emitted at different
screen positions and different directions. The imsggn by a single eye is made up of light rays matiyig from many sources.

As LF displays use a limited number of projectiomiees acting as light sources, the directionsterhivia a single
point on the screen are discretized. The hologtaghieen creates a continuous LF from the adjaagint rays.
Direction selectivity (angular resolution) of a Lldisplay is a design parameter, which is scalabletauphysical
implementation limits — practical displays targetangular resolution of less than one degree. ifh@ses a certain
bandwidth of the LF reconstructed by the display.

LF displays today reproduce HPO: as viewer's eyes displaced horizontally, and viewers are typicatoving
horizontally in front of the screen, the practiedfects of missing vertical parallax are negligiblestead, the same
image is shown when observing the screen fromrdiffieheights (the image follows the viewer). Thisrao theoretical
limitation to extend this principle to vertical p#iax, however the complexity and price of suchtays is considered
prohibitive today.

To put these principles in perspective, some exasifdr typical design parameters are provided ksifs: the number
of projection engines ranges from 32 to 128; thedisplay's FOV ranges from 30 degrees up to 180redeyy the
resolution of individual projection engines varfesm VGA to HD; and the total light ray count eritt by the display
ranges from 10 to 80 Mpixels (Mrays). More detailsout the projection-based LF displays, includimmgiples,

implementation, computational background and appibos, are given iff.

4. DISPLAY SPECIFIC LIGHT FIELD FORMALIZATION

For determining the capabilities of projection-tthé€ displays in visualizing 3D content, in theléoling sections we
will perform a frequency domain analysis of sucptiys.

4.1 Ray distribution of an light-field display

An HPO projection-based LF display consists of s@v@rojection engines (light ray generators) andpecial

holographic screen. In this paper we assume a basar setup of the projection engines as illusttan Figure 10. In
the figure,N,, stands for the number of projection engir@V,,,,; denotes an engine’s field of view, is the distance
between the light ray sources and the screendans the (horizontal) size of the screen. The pitigacengines are
equidistantly distributed with the distance betwbeo adjacent units being

x, =d,/(N, — 1). (5)
Each projection engine is capable of generalipgays over the horizont&0V,,,,;. However, as seen from the figure,
the projection engines towards the edges of thgsatntribute with a smaller number of rays du¢ht finite size of
the screen (only the rays crossing the surfacehefscreen are of interest). It is worth pointing that all these
parameters are fixed by the display setup and ¢dyeohanged by a display user.
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Figure 10. LF display setup.

For the analysis in this paper we assume thatdhe from one projection engine hit the screen pknequidistant
points thereby generating pixels of equal widthllastrated in Figure 11. Consequently, the angdiatribution of the
rays is nonuniform — angular distance between tays fis larger at the center BOV,,.,; and smaller at the edges of

FOV,,,;. Nevertheless, for smafloV,,,,;, this nonunifomity can be ignored.
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Figure 11. Example of ray distribution ovét0V,,,,; in one projection engine (light ray generator).
The position of a ray at a distarefrom its generator can be evaluated by

x" = x4 ztan(p™) (6)

with ¢ ™ being the angle of the ray under consideratioitiestrated in Figure 10. The ray keeps the samectlbn as
at the origin but appears on a different place glilvex coordinate as it propagates in thdirection away from origin.
Consequently, the distribution of rays will be dint at different planes perpendicular to zldrection. It should be
noted that although the rays from one projectiogiregenerate a uniform grid, this is not the daseays originating
from different projection engines as discusseddatidn 3.

4.2 Ray-space representation of the light field generatl by the display

As discussed in Section 3, projection-based LFlayspgenerate continuous LF from a set of discrajesources.
Following the LF representations described in ®&cf, one can opt for three coordinate systemseforesenting the
generating rays as depicted in Figure'f2.



Figure 12. LF ray-space parameterizations. (a) Ray angle vitiggogb) Two-planes with second plane being at distance. (c) Two-
planes with second plane being at the screen distanc

First option is to have samples on the @) system (Figure 12a), thus indexing the rays thnothgeir position and
direction (angle). The second option, as in Figl2b, is to consider théx, tan(¢)) coordinate system. It corresponds
to a classical two-plane parameterization withgbeond plane located at unit distance away fronfitsieone (c.f. Eq.
(2)). The third option corresponds to tle, z, tan(¢)) system (Figure 12c), which is essentially a twangl
parameterization with the second plane locatetieastreen level (c.f. Figure 10). Although all thaescribe the same
LF, they offer different computational features whdealing with propagation of discrete rays (sasple the
corresponding spaces). The first option yields lamoat uniform initial grid of samples. The grid ksechanging quite
isotropically when considering the ray propagaticom the projecting engines plane to the screenepldhe second
option yields a perfect rectangular grid for0, however, there is a big difference in valuesveen the two axes —
typical values otan(¢™) are much smaller than one and values afe greater than or approximately equal to one.
This imposes quite anisotropic sampling grids @& ghanes of interest and subsequently, requiresesmonding
anisotropic sampling and reconstruction kernelmil@r problem appears with the third option, speelfy when one
tries to match the sampling grids arising from tlieplay ray generators and from cameras aimed atdpfture. This
issue will be further clarified in Section 5. Thieme, (x, ¢) is our choice for a ray-space, as illustrated guFeé 13(a).
As seen in the figure, fa=0, the ray space representation has samples oificanurgrid. These are individual rays as
generated by the projecting engines. Upon propagathe rays form nonuniform grids for other valudsz, as
illustrated in Figure 13(b). It is worth mentionitigat in practice, the grid is not perfectly unifoeven forz=0 with the
‘amount’ of nonuniformity being proportional to tH&V,,,. However, this nonuniformity is minor for typicalke
scenario and as such does not influence the prepest the LF. Therefore, for considerations irstpaper we can
assume that the grid is uniform fpr 0, that is, rays are equidistantly distributed tigioout the FOV of the projection
engines.

@ (b)

Figure 13 Ray-space example for an HPO system. (a) Ray spac®a(b) Ray space at distance

As discussed in Section 2, the PF describing thésLd continuous function. However, a projectiosdzh LF display
can only generate a finite number of rays. Thisliespthat the discrete LF generated by projectiaseldl LF displays
represents a sampled version of the underlyingimootis PF. Due to the nonuniform structure of thmles in the ray
space, the first problem to be solved (analyzedp idetermine which kind of PF can be properly espnted by the
available rays (LF samples) as generated by a §Blalj. For this we will analyze the behavior ofs@jongz direction
(distance from projection engines) in the frequedicgnain.

4.3 Frequency domain analysis of the ray-space represttion

The ray space gives the relation between the angegalution and the spatial (horizontal) resolutibat a LF display
can generate at a certain distande®m the projection engines. The nonuniform ragespsampling grid (distribution of



rays at a given plane) directly depends on thdaljsgetup. Assuming that the projection engineg eslatively uniform
angular-wise distribution of rays, the samplingdgat every plane is nonuniform but regular. Duthtoregularity of the
sampling grid, a sampling pattern can be identifi§eé know from the nonuniform sampling thedtyhat for such grid
we can estimate the corresponding frequency domgiport (characteristic), which in turn, defines #imgular and
spatial data throughput of the display. This wéldlaborated in more detail next.

Let us assume an arbitrary two-dimensional nonumifoegular sampling pattern, as shown by green iofSigure
14(a). The dots are at positiong, §) for k| e Z, with Z being the set of integers. In the sampling thethrg,points of
such regular sampling pattern can be expressedighrthe notion of latticé, that is, as linear combinations with
integer coefficients of two linearly independenttegs inR?:

A = {nv, + n,v,|ny, n, € Z} (7)
with (v, v,) being a set of basis vectors. If the basis vecm®xpressed in a sampling matrix form as

v, @ p,®
v, » v, »)

(8)

then the corresponding lattice is definedAas LAT(V). For a given sampling pattern, the sampling maifis not
unique sinc@AT(V) = LAT(EV) whereE is any integer matrix withdetE| = 1.

V=[v ’72]=[

(b)

Figure 14. Nonuniform sampling pattern (lattice) and correspamitloronoi) cell. (a) Spatial domain. (b) Fourier doma

A unit cell P of a given lattice), is a set irR? such that the union of sets centered on eachdattint covers the whole
sampling space without overlapping. As with the glamg matrix, the unit cell is not unique. One b&tpossible unit

cells is the Voronoi cefl’. The Voronoi cell is a set iR? such that all elements of the set are closer ¢(baseEuclidean

distance) to the one lattice point than is inskiedell than to any other lattice point. See Fiduté) for illustration.

The question here is what kind of continuous (bamtiéd) function can be sampled (represented) bseoonstructed
from such pattern. This can be evaluated in thetsggFourier) domain. The Fourier transform afantinuous signal

f(x,y) is given by

F(Wy,wy) = f f f-(x, y)e T Cwatywy) dydy (9)

with w, andw, being the spatial frequencies>randy direction, respectively. Similarly, for a discreggnal f (x,y)
with (x,y) € A, the discrete (lattice) Fourier transform is

Fugwy) = ) fxy)e /ameamstn) (10)
(x.y)EA
The lattice Fourier transform is periodic. For aegi sampling pattern defined with lattiéeand a sampling matriX as
defined by (8), the periodicity of the Fourier tsform (position of replicas in the frequency domasndefined through
the reciprocal lattica* , that can be evaluated as (S&fr more details)



A* = LAT((VT)™) (112)
and is illustrated in Figure 14(b). Due to peridtgicF (w,, w,) is uniquely defined by its values in a unit cdllAo, e.g.

Voronoi cell as shown in Figure 14(b). Consequerttig unit cell represents the bandwidth of theticoous signal that
can be represented by (reconstructed from) thengiaenpling pattern.

The effect of sampling a continuous signal withctpen F. with sampling structure given by lattidein the frequency
domain can be written as

1
F(wx,wy) = m}; F.(w,, w, + k). (12)
As seen from this formula, the discrete spectrumtaios the continuous spectruf (for k=0) and its replicas
positioned on points defined by lattid&. If there is a non-zero overlapping betwégfw,, w,) andF, (w,,w, + k) for
anyk other thark=0, than aliasing occurred. In order to avoid afigsthe spectrum df. has to be bandlimited to a unit
cell P of A*.

At the reconstructions stage, a continuous bantisiiunctionf. can be reconstructed from its sampled versioased
on the multidimensional sampling theorem appliethto dimensions as

fy)= Y fEDAE-Ty-7) 13)
(X,¥)EA
with
By =d@) [ ePmemermu,aw, 14
P*

being the impulse response of an ideal lowpassofitouction) filter with passban®. The main purpose of the
reconstruction filter is to remove or spectrum iegd and keep only the baseband of the signal.

As mentioned before, the unit cell is not uniquaisTmeans, that signals with different frequencgperties can be
reconstructed from a given discrete representatiora grid described by a lattide This assumes that during the
reconstruction, the reconstruction filter is ta@ldrto the unit cell — in an ideal case it shouldeqeal to the one given by
(14), but in practice an approximation of the ideaé has to be used. As described in SectiontBeiicase of projection
based LF displays, the holographic screen is pmifay the discrete to continuous transformation. réfoge, the
reconstruction filter is defined with the reconstian properties of the holographic screen. Sirfwe reconstruction
function of the screen is approximately rectangwih some Gaussian type weighs in this paper we will use the
Voronoi cell as the unit cell describing the bandiwiof the display. The properties of the Voronell,cas mentioned
earlier, will ensure that we get the most compait cell thereby threating both directions (varghin 2D space) in a
similar way.

Finally, as discussed above, for a given samplattem, there is a one-to-one correspondence bettheeVoronoi cell
in the Frequency domain (that in turn is the awddandwidth of the display) and Voronoi cell iretspatial domain.
Therefore, without loss of generality, when estingithe optimal camera setup we will compare (matabronoi cells

of the display and camera rays in spatial domains Thakes the overall optimization procedure, dbedrin the

following sections, faster. The frequency suppart be easily estimated once the matching critesicatisfied.

In the case under consideration, namely a projediased LF display, we look into the ray-spaceeasgmtation — angle
of rays vs. position. Out of this, we will be altte estimate the required angular and spatial résoldor the given
display. In ray space, the propagation of the hanges the sampling grid based on the geometityea$ystem, thus
changing the frequency support. These changeseamrizeived as rotation of Voronoi cells and consat]y rotation
of the frequency support. This is illustrated igutie 15. We will do the matching on the distana torresponds to the
position of the holographic screen, since thahéplace at which the image is formed, that is,sitreen serves as the
discrete to continuous reconstruction filter.
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Figure 15. Example of ray-space vs. distance expressed thnoigtion of Voronoi cells — data for three differergtedinces is depicted.

After determining the frequency support of the tigpwe can have a look at behavior of other pafrthe system under
consideration, that is, the desired camera setugrder to optimize the overall system, from captiardisplay.

5. LF DISPLAY SPECIFIC CAMERA OPTIMIZATION
5.1 Display — camera (viewer) setup

In this paper we consider the whole system — froans capture through visualization on an LF disptathe observer
with the goal of determining a minimalistic captwetup that will provide enough data (informatiémr) best possible
representation of a scene on a given projectiorébdd= display. A simplified illustration of the ggsn under
consideration is shown in Figure 16. The three gdaof interest are the ray-generators plane (piojeengine plane),
the screen plane, and the viewing / camera plahe.pbsition of the planes is defined through tdétance from the
ray generators. In the whole system, in additioth&olight-ray generators, we also added the casnedevices that will
capture the LF. From the ray distribution pointvaw, rays entering the cameras behave in the segeas rays living
the ray generators — both of those sets of rayevidhe expression given by (6).

(0,0)
Ray generators s Np X
plane eoe
dps
dg
Screen
plane
FOVCam
dcs —
Viewing / ooo
camera v L—J' v
plane 1 Xc N,
Lz

Figure 16. Display — camera (viewer) setup.

The projection engines generate a finite numbeags. These rays have to be reconstructed fromaaysired by the
cameras that correspond to a discrete version eflif generated by the scene under consideratioe. raly
reconstruction itself is an interpolation probleim.the optimal case, for each projected ray, we ldidike to have a
camera ray thereby making the interpolation a sengple to one mapping. Since this might requireparsgée camera for
every ray, such solution, although desirable, ispnactical. Therefore, we have to look into s@o# where we can use



a finite (as small as possible) number of cameras @iven resolution and still being able to penfoigood
reconstruction of rays that can be generated bptbjection engines.

Following the discussion of the previous sectior,kmow how to estimate the spatial and anguladuden (passband)
that a given display is capable to produce. Weaaa apply the same bandwidth estimation for aitrarly camera
setup. Furthermore, due to the special properfigeenscreen (see Section 3), the formation ofitiege is indirectly
done on the screen (screen plane). Therefore wmastly interested in the capability of the disptayreconstruct the
3D content around the screen level. In practids, ritteans that we want to match as well as postikeldandwidth of
the display to the bandwidth of the cameras astineen plane. Assuming a variable camera setugaweptimize the
camera position with the goal to minimize the oapping between the camera and display bandwidtts Whl be
shown in the following section.

5.2 Camera optimization limitations

As seen in the previous section, there are thrgerrparts to be taken into consideration when ojziimg the capture
and visualization of 3D content on a projectiondth&F display. All of them are influenced primarlhy the display
configuration (display design). The design of tieplhy predefines following parameters:

e Projection engine’s spatial resolutions &tV
o Distance between the projection engines
o Distance of the projection engines to screen péantkviewing plane

Those parameters will uniquely define the bandwaftthe display as well as the geometrical confidjon of rays that
have to be reconstructed from available camera rays

In a theoretical consideration, the optical canmsstup could be quite arbitrary. However, for pitipurposes, the
camera setup can be limited by following assumygtion

e All cameras are identical — safR®V,,,, and spatial resolutions

e Practical (arbitrary or fixed) camera resolutionsve do not want one pixel cameras nor cameras with
impractically large number of pixels (non-existisgnsor size)

e FOVcmequal or larger thaROV,

e Limited minimum camera-to-camera distance — cameaasiot be too close to each other (in practice ithi
limited by the physical size of a camera)

e Camera plane and viewer plane are the same (satamck from screen) — no scaling required betwaptume
and visualization

The optimal camera setup is the one that would mizei the overlap between the spectra of the ragergéed by the
display and spectra of the rays captured by theecarsetup. Accordingly, the optimization problemadind the best
camera setup for a given display by changing tmeca-to-camera spacing and camera resolution taktogaccount
aforementioned limitations.

5.3 Camera optimization criteria

Due to the correspondence between Voronoi cell$uated for a given nonuniform regular sampling gaidd its
spectral (frequency) support, as discussed in @eeti3, we do the similarity estimation in the sdafray-space)
domain, that is, we are comparing Voronoi cellsles@d from the grids generated by the projectiogiges and
cameras. If two sampling grids have similar shagerbnoi cells (spatial offset between the cellsiismportant), then
those two will have similar frequency support. iistpaper we used a simple three-part similaritgida E given as:

E= |Acam - Aproj' + |Axcam - Axproj' + |A§0cam - A@proj'l (15)

whereA stands for the area of the Voronoi calt, is the width of the Voronoi cell (related to thgasial resolution) and
A is the height of the Voronoi cell (related to alaguresolution). Subscriptsam and proj refer to camera and
projection engines, respectively. These parametersllustrated in Figure 17. In the optimal c&should be equal to
zero. Please note thBtdoes not have a physical meaning since it is ddfes a sum of differences of different units



(area, angle, and distance). It is only a simiamieasure that we want to minimize, that is, thalemthe value of,
the better is the match between the camera andqpiaj engine ray grid.

4

X
Figure 17. Similarity criteria parameters for Voronoi cells.

After determining the camera-to-camera distancentmber of required cameras is determined by &selime that the
cameras have to cover and the camera-to-cameemdéstthat is, more cameras are required whenithdivcameras
are closer to each other since the required cabze@ine is fixed by the display.

The overall methodology for estimating the optintapture for visualization of 3D content on a LFpiiy can be
summarized as follows:

1. Based on the display setup, determine the display space sampling grid at the screen plane

2. Calculate the corresponding Voronoi cell descrititmgydisplay-based sampling grid

3. Find an optimal camera configuration by varying esanpositions and resolutions and minimizing (15).
4. Convert a captured scene to the one with estingiéchal camera parameters.

This will be illustrated, in the following sectioby means of an example for a typical LF projecti@sed display.
Before that, there are two things that should hiatpd out at this point. First, as discussed irowar places’, a typical
real scene is not bandlimited. Therefore we caronbt record the scene with the capture setup tesrdaned in Step 3
of the algorithm. Instead, we have to ensure prepéraliasing capture, that in practice means sampling the scene
(using more cameras than estimated) and then dmepdownsampling to the desired number of cam&asond, the
estimated resolution in Step 2 corresponds to ideslution the display should be able to recowsthased on the
sampling pattern. This would assume that the hajagc screen (see Section 3) has a reconstrugliendqual to the
estimated bandwidth of the display. However, incpca the reconstruction filter has a more rectéarguesponse that is
more restrictive than the estimated dfieThis means that the display itself will smoothitfier the data we provide.
Nevertheless, this is not an issue since pre-figethe data to the estimated bandwidth will eliatenall frequencies that
cannot be properly treated by the real screen staartion filter.

6. EXAMPLE

In this section we will show the evaluation of gtimal camera setup for a typical projection-basEdlisplay with 112
projection engines generating a total of 65 MR&s. such display configuration, the ray-space regmeations for the
three planes shown in Figure 16 are depicted inurgigl8. From the three planes under consideratiom,most
interesting one is the screen plane. The correspgndoronoi cells for the screen plane are showirigure 19. As
discussed earlier, for practical purposes we asdhiateall those cells are identical, that is, agkncell defines the
angular-spatial bandwidth of the display.
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Figure 18 Ray-space representation of a projection-baseddfay at different planes. (a) Ray-generators pléneviewer plane. (c)
Screen plane. (d) Screen plane — zoomed in version.
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Figure 19. Voronoi cells for a projection-based LF display in space at the screen plane.

In the optimization procedure we are matching tloeovioi cells evaluated from the display’s rays ¢spen supported
by the display) to Voronoi cells evaluated from tBameras’ rays (spectrum captured by cameras).tWhefree
parameters are camera-to-camera distagand the camera resolution. Since this is a vemlim@ar optimization
problem, we evaluated the similarity measure gibgr{15) on a dense grid for various valuexofl < x. < 40) and
camera resolutions (50px < res < 1600px). The tesol the optimization are shown in Figure 20. Fmtter
visualization, all values of the similarity critaft above one have been thresholded to one sinceenvendyr interested

in combinations ok, and camera resolutions that result in small vafube similarity criteria.



Based on these results, two observations can be.rk&dt, there are many good combinations of carspacing and
camera resolution that can be used for achieviggaal capture setup for the given display (the sirtit measure has
many local minima). Second, optimal camera-to-canmsgacing depends on camera resolution. This caseée in

Figure 21(a) that shows how the smallest valudefsimilarity measure changes depending on a ge®oiution, and

Figure 21(b) that shows what the optimal camereaimera distance is for a given camera resolutibe.changes of the
error (similarity measure) with camera-to-camerstatice for a given camera resolution are showngaré 22. It is

obvious that for a given camera resolution, theeranto-camera distance has to be carefully adjusted

px
(b)

Figure 21 Camera optimization — compromise between camecaittera spacing and camera resolution. (a) Smallegvatie similarity
measure for a given resolution. (b) Optimal cameraatoera spacing for a given resolution.
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The optimized solution for camera horizontal reioluof 1240 pixels is shown in Figure 23. The tigfs sampling
grid’s Voronoi cell is almost perfectly matched kvithe cameras’ sampling grid Voronoi cell. Consedjye the

sampling patterns are very well aligned — the samgpdlensity along the camera rays and display imys$milar. This
shows that a good match between the display ancereanays can be obtained making the camera toagisply
interpolation efficient — using a minimalistic stcamera rays and maximizing the amount of infaromathe display

can visualize.
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Figure 23. Optimized solution for. = 22.36 mm and 1240 pixel horizontal camera reswiuti display rays (blue, solid line / crosses) and
camera rays (red, dashed line / dots) at screen gi@néoronoi cells. (b) Sampling grids.

7. CONCLUDING REMARKS

In this paper we put emphasize on projection-ba$edisplays with a linear configuration of projemsti engines — the
main reason for this being the existence of thidewertheless, similar concepts can be applied yoo#tmer display that
recreates the LF. At the core, the analysis inghjger only assumes that there are light genereémable of generating
a finite number of rays on a regular (not necessaiform) grid. The configuration of such light geators will put

limits on the LF that a display can create, andseguently, following a similar analysis as presentethis paper, put

limits on the required scene capture setup.
We used a very simple algorithm for determiningikirities between the Voronoi cells obtained frdm tay-space grid

generated by the display (ray generators) and @snéris obvious that this might result in somemmatches. We plan
to look into more robust algorithms in the futuhatt will ensure more reliable similarity comparisout at the same

time still keep the complexity of the similarity asure as low as possible.
The final step, after determining the required miglistic camera setup for a given display is totgapa scene and

process the captured data (evaluate the displayaatyof the captured camera rays). Two things Ishioe: taken under
consideration when doing this. First, it should dmsured, by some means, that the desired scenbecamrrectly’



captured by the estimated camera setup (e.g. héthiésired level of detail and without aliasing)practice this would
require proper anti-aliasing filters during captarecapturing the scene with a higher sampling eatg then properly
downsampling it. Second, the interpolation betwirencamera rays and rays available in the dispdayth be executed
properly. Optimally, we need to do a nonuniformnitanuniform interpolation with spectra of both sinhmited as
estimated by the ray-space analysis — effectivdlg, would be a custom resampling algorithm tadote the capture
and display setup. This can be done either ondheeca plane or the screen plane. Both approaclvescoas and pros.
We will discuss this in more detail in the futurenk.

Finally, it should be evaluated which of the locainima (combination of camera resolution and careeamera
spacing) gives best visual result. The proposedlasity criterion is a quantitative criterion thdbes not take into
account the properties of the human visual systemmpre generally a human itself). This will havebe evaluated by
subjective experiments that should show what isenftoportant — camera resolution or camera-to-carmlistance.
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