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What kind of 3D display can holography give us? Properties of conventional holograms

Well- and widely-known properties:
AArbitrary number of viewers at arbitrary
locations, each with a unique perspective
Aviewer movement permitted

Amotion parallax both vertically and
horizontally, tilting head allowed

Aviewer can naturally focus at different

depths in scene (no accommodation/

convergence rivalry)

Goodman AFour

Aas with state-of-the-art:

autostereoscopic and video frame rates




Digital holography for 3D and 4D real-world objects’ 8
capture, processing, and (_‘_h\\_a
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Demonstrator 1

Macroscopic opaque objects

Six cameras in a partial circle arrangement

Video mode

Processing (dc, twin, speckle, registration, tilting, phase)
Compression, network transmission, decompression
Optoelectronic reconstruction

Infrared capture for large (human sized) objects

Objective: We will work towards eliminating the current
obstacles in achieving a fully functional holographic 3D video
capture and display paradigm for unrestricted viewing of real-
world objects.
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Demonstrator 2 Demonstrator 3
Microscopic reflective objects Microscopic transparent or semi-transparent objects
Video mode Tomography
Processing (dc, twin, speckle, phase unwrapping, EFI, tilted planes) Processing (e.g. point cloud generation, computer generated hologram)
Multiple wavelengths Optoelectronic reconstruction

Network transmission
Conventional stereo/multiview display




Demonstrator 4

Nonvisible objects captured in infrared

Microscopic structures (e.g silicon) with wavelengthrange 1.2-1 . 5 & m
Macroscopic objects (e.g organic po
Unique advantages (semiconductor, composite testing, scale)

Phase object preparation

Optoelectronic reconstruction

Brief overview of Description of Work

[ [

Capture Markgt
analysis

Display

Visual perception

AAdvanced signallimage processing techniques to appropriately condition the
data between capture and display

AAppropriate representation of the data to facilitate handling, processing,
transmission, and display

Brief overview of Description of Work

Market
. analysis
Display
Conditioning
Representation
Processing Vi i
Transmission (S (eI

ADesigning and/or constructing novel digital hologram capture devices
Aemploying multiple detectors and/or multiple wavelengths
Acapturing amplitude, phase, and mixed amplitude-phase objects
Ascalable to 360° range of perspectives for macroscopic moving objects
Atwo axis rotation for static objects

Amacroscopic and microscopic regimes, for both scientific and consumer

E applications

Brief overview of Description of Work

Capture
analysis
Conditioning
Representation
Processing
Transmission Visual perception

ADesigning novel digital hologram display devices
- based on full-field 3D display technology
- based on conventional 2D/autostereoscopic display technology

[ [




Brief overview of Description of Work

Brief overview of Description of Work

‘ Market
Capture A
analysis

Display
Conditioning
Representation
ransmisi i
Transmission

Astudies on visual perception of 3D data encoded in digital holograms

ADesigning methodologies to quantify 3D perception in holograms

B

Problems developing digital hologram
sensing and optoelectronic display system

ALarge camera pixel pitch (3um i 9 um) compared to holographic film (< 1 um)
Asmall sensor size (~1 cm?2) compared to holographic film (~1 m2)

ALarge display pixels (> 10 um)

ADifficulties associated with off-axis arrangements with minimal angles

ADifficulty of extracting true 3D information from a digital hologram (common
2.5D limitation)

A3D registration of nonoverlapping camera apertures (to map to arbitrary
configuration of display devices)

AMaintaining alignment and coherent superposition of multiple displayed fields

B
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\
Capture
Display
Conditioning
Representation
Processing " "
ThamEesta Visual perception

AMarket analysis and forecasts cognisant of technology roadmaps

AMarket preparation

AEncouraging industry to participate [defining standards, compiling a corpus of
sound technical data, technology package i combining some protected (for
exclusive licencing) & some free]

Demonstrator 1

Macroscopic opaque objects

Six cameras in a partial circle arrangement

Video mode

Processing (dc, twin, speckle, registration, tilting, phase)
Compression, network transmission, decompression
Optoelectronic reconstruction

Infrared capture for large (human sized) objects
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dc reduction twin reduction
tilted planes
defocusing
speckle reduction
amplitude equalisation




[ Compact digital hologram camera
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The schemes of (a) holographic data capture by multiple CCDs and (b) display using LCoS SLMs in 1 fi o
the circular configuration. ibretip

Allows for the manipulation of the reference wave with LCoS (phase
EI El shifting capabilities, varying object position in lensless Fourier
L sl e holography, correction of optical aberrations).

Compact digital hologram camera Processing

This project has a broad scope, however much of the
work relates to capturing 3D scenes using holographic
techniques and the optical or numerical display of this
data for end-user applications. While holographic
capture provides a method for accessing some 3D
information contained in an optical scene, there are
also several difficulties with the data that need to be
addressed; both by carefully designing the capture
and display architectures; and by performing
appropriate numerical processing of the captured data.
It is this later processing stage that is the focus of
NUIMs work. Here we discuss processing algorithms
to reduce the deleterious effects of the DC and
conjugate image terms, to improve the spatial
resolution of captured holograms using synthetic
aperture techniques, to describe and combat the
effects of speckle noise, and implementing fast
numerical algorithms to model the propagation of
wave fields in optical systems and to process these
propagated field.




Demonstrator 1

Processing

Synthesized 3D scene combining
multiple optically recorded digital
holograms of different objects.
Compositing moving 3D objects in a
dynamic 3D scene.

Video can be displayed and observed

in 3D. S
i
D.P. Kelly, D.S. Monaghan, N. Pandey, T. Kozacki, A. Michalkiewicz, G. Finke, B.M.
I I Hennelly, M Kuj awi nska, nDi-glectoait hol ographi c
reconstruction for 3D displays,® Hindawi |
L | L Broadcasting, article no. 759323, 2010. | | ﬁ
Parallax Optical reconstruction (HUD)

Composition of two flat objects separated by 30 mm
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Optical reconstruction (HUD) Optical reconstruction (HUD)

Optical reconstruction (HUD) Optical reconstruction (HUD)

9 Oy

-
Pictures of (a) SLMs and SLM Modules, (b) side view of the
setup, (c) cone mirror and (d) SLMs and beam splitter. =




Visual perception requirements Visual perception requirements

SLM optical reconstruction, at visible wavelength,

We have decided on a methodology for the visual perception experiments: using
of digital holograms acquired in the long IR region perceptual thresholds. By measuring perceptual thresholds it is
(10.6 &m).

possible to characterise perceptual display quality in a highly objective way.
Integrated recording-reconstruction of 3D object in
far IR region. We have defined requirements for the tests, and the basic metrics (contrast, depth
Paves the way to 3D vision in a spectral region information, recognition of objects).
that may be interesting for certain applications.
A set of detailed requirements for the 3D scenes has been drafted, at the scene level,
object level, physical requirements, properties to be avoided, dynamic properties.

Motivation: to inform designers of optoelectronic hologram display device, suggest suitable
test objects, compression guidelines, provide intermediary stereo display for holograms

1"
B ”

Visual perception requirements Visual perception requirements

. . . Compression ratio
Visually lossless compression of digital hologram sequences
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We find that numerical quality metrics such as the NRMS error, that has been extensively
used in similar studies, cannot predict reliably how visible the compression errors are.




Visual perception requirements ) ) )
Main technical achievements to date
Comparing numerical error and visual quality in reconstructions from In Demonstrator 1,

compressed digital holograms Aa compact hologram capture device has been developed,

CNT compiessod iowed qualty man oiginal Ahologram requirements have been specified to maximise viewer impact,

we A B +. —

w e Aa comprehensive report has been developed on numerical twin and

© Ll N v speckle reduction techniques with several examples implemented,
8 i
g ™ ! " 7 P acmut Athe best procedures for hologram processing have been identified,
g w sy 4 LRSS
E ® Ll 1ame) Ahologram video has been compressed,
g o A o" J Vi Do
§ e Athe display side components have been fully specified and evaluated
s A '-d" y 7 experimentally, and

.
2 w7y 4
1 {eor Avisual perception experiments have been designed.
we 1
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Demonstrator 2 Extended focus image

Microscopic reflective objects
Video mode o
Processing (dc, twin, speckle, phase unwrapping, EFI, tilted planes) )
Multiple wavelengths to extend longitudinal range

Network transmission

Conventional stereo/multiview display
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Preparation of the data for stereo display
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Preparation of the data for stereo display Microscopic objects

fibres on glass plate tilted in different angles
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Microscopic objects
fibres on glass plate tilted in different angles DISPLAYING HOLOGRAMS

50

- AThe other side of holography, reconstruction, can be performed:
A numerically by computer (2D or 2¥2D), displayed on 2D screens
2 A optoelectronically (full 3D field)

. ADrawbacks of optical reconstruction include speckle, cost, and
technological limitations of current SLMs

* ADrawbacks of any single digital reconstruction include
- —a —e—fiber_00 A speckle

—mfiber_20 A limited depth of field
2 fiber_40 A single perspective (occlusions not overcome) .
A calculation time grows superlinearly with hologram size
5 v * A not certain to give human a clear
AThe challenge is to utilise the convenience of digital
reconstruction while overcoming its drawbacks

600

n Disparity in pixels (depth)
8

Length in pixels

Preparation of the data for stereo display

D | S P LAYI N G H O LOG RAM S Optically captured digital holograms can be reconstructed either

(i) numerically and displayed on a computer screen in 2D, or
(ii) reconstructed optically and viewed directly by the eye in 3D.

© (@

Figure 1. Different perspectives. (a) showing the scene from left perspective, (b) showing
the scene from right perspective, (c) hologram data of left perspective, (d) hologram data of
right perspective
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RESULT: Increased detail visibility 1 effect

AOn vertical axis percentage of yes Details completely visib.IeI
: tai

responses to question
completely visiblemg
- - - A" - - Single average
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- <
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i o 260
Alncreased detail visibility i effect S
- more details visible in stereo &
image than average of the two 2
single images 540
- for some window sizes, even 5
more than each of the single 2
images <20 A

Window size

E : 64 128 256 512 768 1024
R B

Examples of computationally fused images
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Visual perception example

Left eye image

Right eye image

B

Experimental results

Cumulative distributions of sharpness matches at a viewing
distance of 150 cm for four observers.
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Stereoscopic depth estimation tool

Enhancement of 3D perception of numerical
hologram reconstructions by motion and stereo

Stereoscopic depth estimation tool

K562 leukaemia cell captured using a transmission
DHM T1000®) and provided by:

Tristan Colomb, Yves Emery
EL Lyncée Tec Inc, 1015 Lausanne, Switzerland
b 51

Stereoscopic depth estimation tool
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Enhancement of 3D perception of numerical
hologram reconstructions by motion and stereo

For the cell object presented as non-
stereo and with rotational back and forth
motion the matched stereoscopic depth
was 1.78 cm and when presented as
stereo and with motion it was 4.26 cm.
The true depth on the display was about
N e 5.8 cm.

Ced vere oaicn [N

Cot swerns wocce: D
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Gt dhvws wlikn

The difference between static and motion

Cetewrasie BN presentation was statistically highly
Ocpect co the vort NI 53 significant.
i vee 8.0 Note that without motion depth estimates

for the cell object, with or without
stereoscopic presentation, could not be
Depth (cm) produced. Thus, the interaction of motion
and stereo was particularly substantial in

E L this case.
L

oo 40 " 140




Enhancement of 3D perception of numerical Display on conventional 3D displays
hologram reconstructions by motion and stereo
In the basic research literature, nearly all studies of cue interaction seem to have used

synthetic computer generated objects. Our study with natural like complex objects
confirms the existence of the interaction of stereo and motion.

The haptic display (left) is
particularly interesting and we are
discussing possibilities of
exploitation and use with our
industrial consortium partners.
The present study clearly demonstrates that the viewing method can have a great
effect on depth perception of numerical hologram reconstructions presented on g o .
conventional displays. If depth cues are weak in holographic reconstructions, it will outlined here will involve synthesis
probably be highly beneficial for the observer to have a possibility to use both motion of conventional display

and stereo presentation in order to maximise 3D information. technlque_s. e'gj CU’“b'“'”Q
headtracking with stereo display.

The last stage of the research

This conclusion is particularly relevant in such cases where the objects viewed are Benefits of the work in general:
novel to the observer - as was in the case of the microscopic cell object of this study - Acan simulate all properties of conventional hologram (except vertical parallax,
and, therefore, the interpretation of image features and monocular depth cues can be accommodation-vergence rivalry)
difficult. AMore convenient way to illustrate 3D info (for microscopic data) with potential commercial
possibilities.
It also suggests that motion has a particularly strong relative additive effect on AConsumer electronics brings DH to a wider audience.
perceived depth when stereoscopic cues are weak or ambiguous 8 as in the case of Acan feedback into optoelectronic display (macroscopic objects) by allowing us to prepare
blur or when only high spatial frequencies are present. for their arrival, e.g. 3 publications attached to D8.3 on visual perception of holograms
E When the stereoscopic cues are strong the additive effect of motion is
. absent or small.

EXPERIMENTAL STUDY: MOBILE DEVICE
WITH INTERACTIVE TILT EXPERIMENTAL RESULTS WITH TILT

AHolograms used for 15t data set: . L X
ASubjective evaluations done by 9 test users

AEffect of noise was evaluated on scale 1=disturbs very little, 7=
disturbs very much

AEvaluations showed,
that using tilt decreases
the amount of
perceived noise.

ATilting supports
3D perception.

—e— TwoScrews —=— Wires

A Holograms used for 2M data set:

Average ratings (1-7)
- N W A o N

Noise_still objects Noise_active objects
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Main technical achievements to date

In Demonstrator 2,
Aholograms of microscopic objects have been captured with dual
wavelengths,

Athe data has been processed to admit extended focus images and
reconstructions on tilted planes,

Athe data has been conditioned for conventional stereo displays and to
allow efficient manipulation of 3D properties of scenes,

Aand visual perception experiments have been conducted.

B

Demonstrator 3

berme
tawe

A tomographic digital
holographic microscope
including object rotation on two
axes and beam scanning has
been built (Figure 1) and used
to record holograms that are
directly displayed on opto-
electronic device (SLM) or
used for tomographic
reconstruction (result on Figure
2).

Demonstrator 3

Microscopic transparent or semi-transparent objects

Tomography

Processing (e.g. point cloud generation, computer generated hologram)
Optoelectronic reconstruction

3D reconstruction of an amoeba

I. Bergo*nd, N. Pavillon, F. Charri
tomography with digital holographic

Lo Optical Microsystems, article no. 2310, Capri, Italy, 2009

Demonstrator 3

15



Demonstrator 3

. - -A software for tomographic

- reconstruction using
diffraction tomography [1] has been

- written, using both object rotation and
beam scanning. A direct model has also

- been implemented to compute

- diffracted fields from a given 3D object.
It has been used to numerically
generate fields for tomographic

¢ * ) reconstruction (Figure 3) and opto-

Demonstrator 3

| 1.5
1| x
| 2
{ £ )
18 2 Section of the 3D
vus B reconstruction of two red blood
g cells using 669 images.
o 1 & electronic display.
— - 12®

Three different views of the reconstructed object from simulated scattered fields. Internal
features and the refractive index distribution are well reconstructed.
UMNIVERSITY

A Optical Setup
Main technical achievements to date
In Demonstrator 3,
Athe two-axis rotation setup has been finalised and data has been
captured of transmissive biological specimens St S Qenen &1 0. L  be
1
Aon the processing side, a tomographic reconstruction algorithm has been ;
finalised to accurately obtain volumetric data L
s ey
Pty
Afor display, multi-colour holographic reconstructions from phase-only “ | e
SLMs have been obtained using LED illumination — ey
BE | | BE BE
-
- -
F.Yaras and L.Onural, fColor Holographic Reconst

I'llumination,o | S&T / SP-p2HanE20096andase)CACUSAmagi ng 2C

F. Yarak, H. Kang IyOcolor
system using LED illuminati oh532008pplied Optics 4

16



A Multiple SLMs under RGB LED lllumination
A Original 3D Computer Optical
Reconstruction Reconstruction

REAL-TIME COLOR HOLOGRAPHIC VIDEO DISPLAY SYSTEM, F. Yaras, H.
EI Kang and L. Onural. 3DTV-CONFERENCE 2009
o

EL Fahri Yarak and Levent Onural
R

Demonstrator 4 Demonstrator 4

Nonvisible objects captured in infrared

Microscopic structures (e.g silicon) with wavelengthrange 1.2-1 . 5 & m
Macroscopic objects (e.g. organic po
Unique advantages (semiconductor, composite testing, scale)

Phase object preparation

Optoelectronic reconstruction

Holograms of silicon micro-objects
have been recorded in transmission
using digital holographic microscopy
in infrared (1.5 microns). Internal
structures at several heights have
been identified by propagation of the
measured complex field from one
hologram.

Amplitude Scratches in a wafer a different depth Amplitude

Focusing the top (a) and bottom (b) scratches engraved into
two silicon wafers.

B

Phase Hologram




Main technical achievements to date

In Demonstrator 4,

Aholograms have been acquired in the infrared and promising novel
applications have been demonstrated such as capturing objects of
relatively large dimensions and silicon defect analysis

Aprocedures are available to optoelectronically display the resulting data
on versatile relatively-compact setups and on wider-viewing-angle setups
using multiple displays

For all publications, please go to www.digitalholography.eu/publications.html

Real 3D project, funded by the European Community's Seventh Framework
Programme FP7/2007-2013 under grant agreementn°216 105 (acronyn

Conclusion

A European Commission i funded project has begun in the area of digital holography
Microsystems technologies are used for both 3D imaging and 3D display

Objective: eliminating the current obstacles in achieving a fully functional holographic 3D video
capture and display paradigm for unrestricted viewing of real-world objects

A broad range of results have been achieved in the first year

Years 2 and 3 will focus on demonstrators of the full chains from capture, processing,
transmission, and display.

Real 3D project is funded by the

European Community's Seventh Framework
Programme FP7/2007-2013 under grant
agreement n° 216105

Extra material

18



(a) 2D unwrapped image of Fig. 2(b); (b) phase and (c)
amplitude EDOF images obtained from the
topography (a).

e

Microlens array imaged by (a) AFM and (b), (c)
DHM in (b) phase and (c) amplitude contrasts

with a 50 MO (NA ¥ 0:75) and with a

61 St Sy3GK 2F < o cyHYp

SR 1)
S

Amplitude (1) and phase (2)
reconstructions of a high aspect ratio
retroreflector (ns % 1:52) immersed in
distilled water (nm ¥ 1:332) measured
in transmission with a @OMO, NA % 1:3
for different reconstruction distances (a)
3:6 cm, (b) 6:6 cm, (c) 11:0 cm, and (d)
with the presented EDOF method.

E L TristanColomb NicolasPavillon Junas(unn EtienneCuche Christian
‘ YR 084

Depeursing& s Y $ NibfacusbPdigiiab y RS R IRSLIGKI |- ¢
K2f 23N} LKAO mmhﬂ)iﬂ-k:z h LG AN

Height profile computed from the phase measured along
white lines defined in Fig. 5 for different reconstruction
distances and for EDOF DHM.

=] Test target reconstructed waveﬂonts (a, c) amplltude and (b, d)
phase images or .
‘ to be nominally 375, 525, 975 1200 and 1275 nm hlgh The

rectangles in (a) correspond to the ROIs used for the spatial
averaging of complex data for RIs determination, the dashed
rectangle in (b) defines the ROI used for the phase
normalization.

DHM R1100® setup. Two lasers sources can be
alternatively switched on. The object wave Oi
passes through a condenser CL and a
microscope objective MO to illuminate the
sample with a collimated beam. The reflected
wave interferes with the reference wave Ri,
whose optical path length can be adjusted with
the optical path retarder OPR.

I Tristan Colomb, Stefan Krivec, Herbert Hutter, Ahmet Ata Akatay,
Nicolas Pavillon, Frédéric Montfort, Etienne Cuche, Jonas Kihn,

Christian Depeursinge, Yves Emery, fDigital hioligirraphi o
reflectometryd ,  Opt i c 98, £2000 es s, ah

w oW
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~a® ” (a) Typical acquired hologram with
the different diffraction orders well
"'. visible. (b) Magnified view showing

™ Yot v the overlapping among

interference fringes. i W
. -—te A (a) Recon;trucled intensity
map at a distance ZT/3 from

‘. the LN-ASF. (b) Reconstructed
in-focus virtual images and out
of focus real images for each
. diffracted order, for d=d1+d2
izpﬁl’":_z::ﬁlns;ﬁép used for (on the target plane). (c)
measurements and (b) close- Magnified view of the infocus
up of the main Er[;l)l]ltl—lmages [central part of
elements and distances. g

E L Melania Paturzo, Francesco Merola, and Pietro Ferraro,  fi Naging i

capabilties of a 2D diffraction grating in combination with digital
hol ogr ap hejt.p3s, 7,210

D =10 - KIS

3-layers (A”/S'OZ/SU S|MS sample reconstructed (a) Topographic image of SIMS crater sputtered in

wavefronts (a,c) amplitude andeldydsofshnnPAuaconm SiOPaEdesE (b)f

(a,b) and 02 (c,d). The das h prélie Eompatisnbekeen DHM [8 pikels averdge

the ROlused for phase normalization. profile along red line] and Tencor Alphastep 200
profilometer.

Topography of (a) low, and (c) high resolution test
targets; (b, d) respective profiles
. comparison between DHM [8 pixels average profile
along red line in (a,c)] and Tencor

. Alphastep 200 The standard
between the vertical lines are used to
v define the uncertainty in Table 1.

Tristan Colomb, Stefan Krivec, Herbert Hutter, Ahmet Ata Akatay,
Nicolas Pavillon, Frédéric Montfort, Etienne Cuche, Jonas Kuhn,

Christian Depeursinge, Yves Emery, ADigital Lholiegiraphi o
reflectometryd ,  Opt i ¢ 98,£2000 es s, ah
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(a,c) Topographic images of SIMS crater sputtered in
two layers of (a) 100 nnm and (c) 35 nm SiO2 and Si;
(b,d) profiles comparison between DHM [8 pixels
average profile along red line] and Tencor Alphastep
200 rofilometer.

SIMS sample reconstructed wavefronts (a,c) amplitude
and(bd) phase i mages for a1l
thicknesses are assumed to be respectively (a,b) 100
nm and (c,d) 35 nm. The dashed rectangles delineate
the ROI used for the spatial averaging for the phase
normalization and the plain line rectangles define the
ROI for bottom crater average values.

DHM issi i ion. CL: Collimating lens.
L1+ P + L2: reference beam cleaner. M: Mirrors. L3:
Condenser. S: Sample. MO: 10x 0.3NA Microscope
Objective. BS: Cube beam splitters. Cam:
InGaAs/CMOS hybrid IR Camera with 30em pixel pitch.

Fused silica micro-
lens. (a): hologram,
(b): reconstructed
amplitude, (c):
reconstructed phase,
‘ (d):unwrapped phase
to quantitative height
measurement.

2 stacked Si wafers with scratches. (a):
hologram, (b): amplitude and phase for
d

cm, (c): amplitude and phase for d

I = 1710cm.
Yves Delacréetaz and Christian Depeursinge, fiDi gi tal holographic

microscopy for silicon microsystiems imetrolod
7719, 77191M, 2010 =

I Tristan Colomb, Stefan Krivec, Herbert Hutter, Ahmet Ata Akatay,
Nicolas Pavillon, Frédéric Montfort, Etienne Cuche, Jonas Kihn,

L Christian Depeursinge, Yves Emery, fADigital .'hiolegirraphi o
reflectometryd , Opt i c 48, £20A0 es s, an
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(a) Optical microscope image of a typical PPLN with =

a square array of hexagonal reversed domains; (b), a5 L . =

(c) schematic views of the sample cross section Schematic view of the interferometric -

corresponding to the wave-like lenses regime and to - .

the separated lenses regime of the microlens array, cor}flgnfrallon. .PBS po\anzmg l:‘nea.rn 8. Profile of the

respectively. In both cases the temperature of the splitter; MO microscope objective; PH . ' - p}‘ase distribution
o is ing. The di between the pin-hole; M mirror; BS beam splitter. )

i . - during (a) heating
two regimes stands in the liquid thickness. The black

Two-dimensional representation of (a) the wrapped and (b) the
unwrapped phase map corresponding to 4x4 microlens array.

. ’ and (b) cooling;
arrows indicate the orientation of tha.~nantanacue i ) (c).(d) temperature
polarization. A dependence of the

focal length for the
heating and the
cooling process,
respectively, in
case of separated
lenses.

d Experimental and fitted 1D profiles of the .
sy "

phase
to (a) the heating and (b) cooling process; (c) (d)
focal length variation as a function of
temperature in case of the heating and the
cooling process, respectively.

Movies showing the evolution of the wrapped

mod 2° phase map during (a) the heati
(Media 1) and (b) the cooling process (Media

2).

L. Miccio, A. Finizio, S. Grill, V. Vespini, M. Paturzo, S. De Nicola, and
Pietro Ferraro, i T u n a hiiceleris armys in dlectrode-less
configuration and their accurate characterization by interference
microscopyd, Qf Llipe 870%B18,2608 s ,

L. Miccio, A. Finizio, S. Grill, V. Vespini, M. Paturzo, S. De Nicola, and

Pietro Ferraro, i T u n a hnficmleris argys in dlectrode-less

configuration and their accurate characterization by interference UMIVERSITY 2
microscopyo, Qf Llipe 870%B18,2608 s ,




(a) Measured phase
M  stibuionand
corresponding fitted
~ surface; surface
distribution of (c) the
focus term, (d) the
third order spherical
aberration, (¢) the
astigmatism at 45°
> ‘ 0 term, (f) the
astigmatism at 90°, (g)
the triangular
astigmatism on x

Movies of the wrapped phase distribution evaluated for a portion
of the lens array in case of separated lenses SRL (a) heating
(Media 3) and (b) cooling (Media 4).

’ 4 base (0 the — .
W triangular astigmatism = e |
v ¥ ke 72N
» A /l \  § T T T e
v R | | BN E—

(a) Measured and fitted phase profile; (b) list of the coefficient

Optical microscope movie ; |
values of the linear expansion resulting from the fitting process

(Media 5) of a single liquid
lens of an array of
separated lenses after
formation and successive
thermal tuning.

L. Miccio, A. Finizio, S. Grill, V. Vespini, M. Paturzo, S. De Nicola, and
Pietro Ferraro, i T u n a biiceleris armys in dlectrode-less
configuration and their accurate characterization by interference
microscopyad,

Q7 Llipm 8709BR18,12608 s ,

v wedmne ¥
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Transmittancé curves récorded
by FTIR spectroscopy

for a 400-nm-thick ITO film
deposed on a LiNbO3 substrate
by the depulsed and rf
technique, respectively.
Deposition settings for the
former are the same as those
given in the text except for
duration 20 min in this case,
A3 m coherent radiation beam is produced by a DFG process. While for the latter technique the
Then, a TAI s realized by propagation through a tunable, 2D list of optimized parameters is
phase grating. The latter consists of a domain-engineered Z-cupower

lithium niobate crystal covered with a couple of ITO electrodes. =100 W, temperature=300 °C,
The actual domain structure in a selected region of the PA  Ar flux=20 SCCM, pressure
sample is also shown. The following legend holds: =0.025 mbar, and duration=20
ECDL=external-cavity diode laser, EYDFA =erbiumytterbium- min. Absorption features due to
doped fiber amplifier, M=mirror, DM=dichroic mirror, atmospheric CO2 and OHT
AL=achromatic lens, L=lens, Gei F=germanium filter, and HVG present in LiNbO3 are also

=high-voltage generator. visible.

Optical transmission values
for three different ITO
thickness values as
measured by the DFG source
emitting at 3.07 m.

Triangles squares data points
correspond to the dc-pulsed
rf case; the ratio between
them exhibits a linear
behavior as a function of
thickness see inset.

ions

P. Maddaloni, M. Paturzo, P. Ferraro, P. Malara, P. De Natale, M.
Gioffré, G. Coppola, and M. lodice, fi Miinetared tunable two- ;

imensional Talbot array i loa2miosat or o,  Appl.
2009
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(a) Image of the PPLN sample used for ey - z+
the cylindrical lens. (b) Image of a part of
the domain wall used for single toroidal
lens. (c) Typical periodic hexagonal
structures used to form a microarray of F0S

toroidal lenses. Due to the strong ra
refractive index variation along the ~

domain walls, these are clearly visible
with an optical microscope.

-
(LG

Schematic pictures of the poled
region for (a) the PPLN sample and
(c) the single domain wall. Optical
microscope image of (b), Media 1]
cylindrical liquid lens and (d) toroidal
lens.

\f

(a) Wrapped phase distribution
(Media 2) and (b) unwrapped
phase distribution of the optical
wavefront of the final frame at
30° (Media 3). (c) Fitted
surface obtained by the two-
dimensional fitting procedure,
(d) focal length measurement
at the stationary condition.

Liquid microarray of liquid toroidal
structures. The liquid follows the
nonuniform geometry of each
hexagon. (b) DH setup based on a
Machi Zehnder interferometer

Lisa Miccio, Melania Paturzo, Simonetta Grilli, Veronica Vespini, and
Pietro Ferraro, fHemicylindrical and toroidal liquid microlens formed by
pyro-electro-we t t i n dett, 34Fp2009

[ [

Intensity distribution patterns
generated at different fractions of
the Talbot distance ZT=43 cm for a
fixed applied voltage V=6 kV. Each
frame in the upper row is shown
together with its corresponding
complementary in the same
column. The election of the
reported Talbot planes was

due to the fact that such planes
showed sharper intensity features.
For the sharpest distributions
planes 18/43ZT and 26/43ZT, a
power exceeding 60 W in each
spot is measured corresponding to
an optical intensity of about 100
mw/cm2.

' P. Maddaloni, M. Paturzo, P. Ferraro, P. Malara, P. De Natale, M.

o Gioffré, G. Coppola, and M. lodice, fi Miinetared tunable two- ;
dimensional Talbot array i |9,u2m08at 6r 3"
2009

M

Appl.
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T P view of a p! of a tek amoeba, in (a)
angular view and (b) x-y p . Colors il to refractive index value
range: Blue:

1.448-1.467, Green: 1.474-1.478, Yellow: 1.478-1.493, Red: 1.493-
1.513.White: refractive index of the immersion medium.

omogra i hol ographi-¢ lmicrosc

L 1. Bergoénd, N. Pavillon, . Charriere, C. Depeursinge, i Opt i cal &

al
Meeting on Optical Microsystems, article no. 2310, 2009

Phase reconstructions for (a) a1 and (b) a2; (c) phase difference. The phase
A is adjusted to have a mean value inside the white rectangle equal to -150
degrees. (d) Synthetic phase map obtained with unwrapping procedure.

Dual-wavelength DHM experimental

setup. &Z: half-waveplate; M: mirrors; et
PBS: polarizing beamsplitter; BS: non-

polarizing beamsplitter; DL: delay line, -

BE: beam-expander with pinhole-based Height measurement obtained from
spatial filtering; L: lens; CL: phase difference or after the
condenser lens; MO: achromatic application of the unwrapping
microscope objective; S: specimen; TL: procedure

tube lens.

evera micron range-n ticuesolutioa nt s wi t h sub
bytheuseofdualwavel ength digital holography and ver
Proc. SPIE vol. 7389, article no. 73891H, 2009 WHIVERSITT 25 ¢

[ Tristan Colomb, Jonas Kiihn, Christian Depeursinge and Yves Emery,

micron
bythe use of dualwavel ength digital holography and ver
Proc. SPIE vol. 7389, article no. 73891H, 2009 UNNERSITY

Tristan Colomb, Jonas Kiihn, Christian Depeursinge and Yves Emery,
I | N

Height measurement obtained from
vertical scan and unwrapping of the
synthetic phase and single
wavelength phase along the white
line drawn on Fig. 6b.

micron
bythe use of dualwav el ength digital holography and ver
Proc. SPIE vol. 7389, article no. 73891H, 2009 URAERSITY

Tristan Colomb, Jonas Kiihn, Christian Depeursinge and Yves Emery,
I | ! N

Behavior and limitations of
unwrapping algorithms. (a-d)
Successful 2-D unwrapping
on phase images of a micro-
corner cubes array,
respectively an aspherical
microlens; (e) Phase image of
aup to 1.2em high Silicium
goldcoated staircase sample
obtained in reflection with
clear phase ambiguities; (f)

Moiré pattern phenomena when
Erroneous 2-D unwrapping of ~ Mixing two different close-
(€) with phase ambiguities still ~ Wavelength signals. (a) Schematic

remaining and failures in of two sinusoids with close

some edge regions; (g) Phase ~ frequencies; (b) Resulting pattern
image of a moving ME! when superposing  the two signals
micro-mirror with phase jumps ~ Of (@), with high frequency

in presence of dust particles  0scillations modulated by a slowly-
and structure edges; (h) varying envelop.

Failing 2-D unwrapping of (g)

with white saturation region

removed for better visibilty.

-namomatscuesoiution nt s wi t h sub

b S
(a) vertical scan measurement; synthetic phase mapped
on vertical scan and (c) single phase mapped on (b).

-namematscuesolutioa Nt s wi t h sub
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- Wrapped phase image of a cantilever excited Wrapped phase image of a cantilever excited

» 3 — = at 4.5 kHz. The diagrams of the right part of at 87 kHz. The diagrams of the right part of the
B the figure show the axial and transverse figure show, after phase unwrapping, the axial
N 5 profile of the cantilever displacement after and transverse profiles of the cantilever

B Fused silica micro-lens. (a): phase image, (a): displacement
thickness profile line.

DHM transmission configuration. DFB: Distributed

feedback laser. CL: Collimating lens. L1+ P + L2:

reference beam cleaner. M: Mirrors. L3: Condenser. S:

Sample. MO: Microscope Objective. BS: Cube beam

splitters. Cam: InGaAs/CMOS hybrid IR Camera.

a) Synthetic phase images of the cantilever at various excitation frequencies. b)
Amplitude response as a function of excitation frequency

Christian Depeursinge, Isabelle Bergoénd, Nicolas Pavillon, Jonas

Kiihn, Tristan Colomb, Frédéric Montfort, Etienne Cuche, Yves Emery,
I Yves Delacrétaz, Isabelle Bergoénd and Christian Depeursinge, A Di gi t al I AMeasuring Shape and Surfaces down to the
ion in near

scopy for % Nanometer and Nanosecond scales by Digital Holographic
e infraredo, 3rd EOS Topical Meeting on Optlcalﬁ L Microscopyo, Fringe' 09, 6th International W“ﬁ
2302, 2009 Optical Metrology pp. 411-415, 2009

L7 COy lasw

- . o M . 2
o Amplitude reconstruction of @ square (4.49 line pair/mm)
3D representation of the topography of the cantilever Transmission setup and @;2 square (1.12 line pair/mm) of USAF test target.
at 87 kHz used for acquiring
holograms

Christian Depeursinge, Isabelle Bergond, Nicolas Pavillon, Jonas

Kiihn, Tristan Colomb, Frédéric Montfort, Etienne Cuche, Yves Emery,
AMeasuring Shape and Surfaces down to the Anna Pelagotti, Massimiliano Locatelli, Andrea Giovanni Geltrude, Pasquale
and scales by Digital do LisaMi
L o L

Poggi, Riccar ccio, ) o
croscopyo, Fringe' 09, 6th International GwStAlLOAtAGE 2F 05 LYF3IAYy3 o0& SAINGHCI2E23N
Optical Metrology pp. 411-415, 2009

Journal of Display Technology,10, 2010




—

€O, Laner

2.325cm

First reflection setup used.

Amplitude reconstruction of a 1 euro coin
hologram

CO, Lanar

Two test metal objects, one of
them Augustus) was sanded to
obtain a different surface.

Second reflection mode setup used.

L

Anna Pelagotti, Massimiliano Locatelli, Andrea Giovanni Geltrude, Pasquale
Poggi, Riccardo LisaMiccio, )
awStALOoAfAGE 2F o5 LYF3AYy3 o6& SAINGHE 223N
Journal of Display Technology,10, 2010 ]

4f-configuration with an a) Result obtained by

SLM in the
. . phase retrieval, b)
corresponding Fourier
comparison to
domain

interferometry.

4f-configuration with an SLM in the
corresponding Fourier domain

e
Hoowre

vbier €7y
4

el ped

Fourier transform (modulus) of e ool ' e o
a hologram captured a) with - ) . —

and b) without adapted Digital holographic sensor with adaptive reference wave
reference wave (inset: phase (left: photo of the system; right: corresponding layout).

ﬂ)f the SLM).
Claas Falldorf, Christoph von Kopylow, fLi quid Crystal Spatial Li

L Modul ators in Optical Metrologyo. . lilvnformati onﬁt
Euro-American Workshop on, pp.1-3, 2010. s

Speckle hologram achieved

» Amplitude
Third reflection setup with negative reconstruction of
lens Augustus

hologram with
reflection setup

o . I
]
L

Amplitude reconstructions of
the two metal objects

Anna Pelagotti, Massimiliano Locatelli, Andrea Giovanni Geltrude, Pasquale

Poggi, Riccardo qLisaMiccio, )

GwStAlLOAfAGE 2F o5 LYF3IAYy3 o0& SAINGHCIr2t23N
Journal of Display Technology,10, 2010

-
.-

The sustem geometry in the tilted plane algorith
Fo FE3I2NRGKY {[aQa y2!
. P SLM

N

The setup of a multi CCD digital capture

system.

[— Grzegorz Finke, Tomasz KozaWiei ,

Maggorzata Kuj
viewing angle holographic display with a multi spatial light modulator /11" v~ #.211 ¢ ﬁ
arrayo, Proc. 7733®AMD10v o | . 7723 c
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Arrangement of the two lenses L, and L, considering
the sampling theorem

Setup for capturing using two
concave lenses for reducing the
angle,

Numerical reconstruction of an off-axis
ensless Fourier transform hologram (left)
and of an off-axis Fresnel hologram (right)

Metrology, pp. 503504, 2009

Reconstruction of the hologram of a USAF test target. | - -
Amplitude reconstructed with (a) the standard method . - -
and (b) the iterative method. (c) Phase image —
reconstructed with the iterative procedure.

(a) Spectrum of the simulated speckle hologram, clearly
showing the zererder with twice the size compared to the
imaging orders. (b) Spectrum of the wavefield after iterative
reconstruction and (c) amplitude of the object where the
zeroorder has been suppressed by the iterative procedure.

Topographic phase profile along the dashed line of Fi
6(c) for the standard and iterative techniques, where &
strong artifacts can be identified in the case of the
standard technique, due to the zearder term.

(a) Spectrum of a
reflection hologram
on a Swiss coin
containing the
tSaaSNI at
with (b) its
reconstruction
performed with
standard method
and (c) spectrum
and (d) amplitude
after employing the

I iterative method.
i c d Cl

GLGSNY GA0S zmﬁusﬁmvﬁssmmm ESARRAIAGH (LIK2E 21N LK £ ﬁ
Optics Expresd8, 15, 2010

(a) Simulated hologram representing a structure similar to a USAF
test target and (b) its corresponding spectrum, where some overlap
between the zereorder and the imaging order can be identified,
especially on the dii fra

Reconstruction of the hologram of Fig. 1 with
(a) standard reconstruction and (b)

the iterative method. The spectrum of the
iterative reconstruction (c) shows no zeveder
in the wavefield.

.

This reconstruction is processed using the
same hologram as that used to produce
Figures 2 and 3. In this instance we forward
propagate the hologram by a distance + z. In
this instance the conjugate image is in focus
and the real image term is out of focus. (b)
This is the filter we use to remove the in-
focus conjugate image.

This reconstruction

is the same as
Figure 2, however
both the conjugate
image term and the
DC terms have
been removed using
numerical
processes
described in the text

3 cl
GLGSNI GABS -didedskpprissignaniedl ESAR RAIA G (LIK2 623N LKEE ﬁ
Optics Expresd8, 15, 2010

This reconstruction

is the same as
Figure 5, where
both the conjugate
image term and the
DC terms have
been removed.
Unlike in the
numerical
procedure used in
Figure 5, we have
applied a PSI
technique to
separate out the
real image term.

BryanM Hennell

Damien P. Kelly, Da a y i
aA 0Kl O, i 1y
G5AIAGHE 1 2€23INF LKAO / F LI d2NB

5 A & LIHihdawilétérnational Journal of Digital Multimedia Broadcasting,.. ' |

2010, Article No. 759323, 2010
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(a) Amplitude of a Synthetic Aperture digital hologram. Five recordings

have been stitched together. The resultant hologram
has clear discontinuities that would not be visible in the ideal case.
Stitching has also been implemented in the spatial frequency domain.
Approximately 300 pixels are added with each addition capture. The SA
DH has 2223 pixels in the x direction. In (b) we show the reconstruction of
SADH.

Removal o specide noise using a numerical
technique discussed in the text. We generate
14 different reconstructions from 1 hologram
by filtering in the Fourier domain with a
square aperture window of size 128 by 128
pixels. (a) One image, (b) Sum of 3
intensities, (c) Sum of 5 intensities, (d) Sum
of 7 intensities, (€) Sum of 10 intensities, (f)

Individual hologram size was 1040 x 1392 pixels, after stitching 5
holograms size was 1040 x 2223 pixels

Removal of speckle noise by

Sum of 14 intensities.

A frame
ATwoScrewso

NRMS
(b)

B

adding multiple reconstructed
digital hologram captures
together on an intensity basis.
For each capture a different
diffuse and random field is
used to illuminate our object.
() One image, (b) Sum of 3
ntensities, (c) Sum of 5
intensities, (d) Sum of 7
intensities, (€) Sum of 10
intensities, () Sum of 14
intensities.

Damien P. Kelly, D

aAOKI g,

Y
&BryanM Hennell

G5AIAGE L

12623NFLKAO
5 A & LJHihdawilaternational Journal of Digital Multimedia Broadcasting, ../ |

2010, Article No. 759323, 2010
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Emmanouil Darakis, Marcin Kowiel, Risto Nasénen, and Thomas J.
Na u g h tvieually lossless compression of mgnal ha\mgram
sP

(a)
ogram

cal

resul
Bequence,

/b L0 dNB

by R

the ACK D th
sequenccbfg&a of (a) the fACoilo and
AfwoScrewsd hol ogram sequences.

P am ". S

ts

(a)

sequencesd,

foRele& st T T oh&IY§BM (
respect 't‘f‘l%\ko)écrewsb

hol ogram
compressed to compression ratio of £5.5 :
1 using Dirac. According to the analysis the
ompression is visually lossless at this ratio.

WVEF
529, article no.

hLJuES(SOUNIYﬁ&v EL

sequ

Reconstruct 2
perspectives

.'**ﬂ'm-

Different perspectives: (a)
showing the scene from
left perspective, (b)
showing the scene from
right perspective, (c)
hologram data of left
perspective, (d) hologram
data of right perspective.

k#aho

Tomi Pit

7690, 769004, 2010

Compression ratio
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| pereenm)
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NRMS error

Mixlinn
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sequencesd,
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Segmentation of single object while ignoring the depth
variance: hologram numerically reconstructed at 333 mm,

Shasky) = £

DSI, segmentation mask, which is obtained by
thresholding, segmented reconstruction.

and

holograms for three-d i mensi onal

Dt

Multiple object
segmentation

Emmanouil Darakis, Marcin Kowiel, Risto Nésanen, and Thomas J.
Na u g h tvisually lossless compression Df mgna\ holcgram
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Multiplexed Amplitude Amplitude Amplitude
synthetic hologram ion of the of the reconstruction for
obtained adding multiplexed multiplexed one filtered

five rotated hologram in the hologram in the hologram in the
holograms. image plane. The BFP. The red image plane.

-
Amplitude and phase reconstructions

of one hologram as acquired by the
CCD.

frames indicate the
circular filtering
windows used to de-
multiplex the

inset shows the
Fourier transform
amplitude of the

same hologram.

Several replicas
of the reconstructed
image appear

Amplitude . Final amplitude and

reconstruction for ; N B phase

one filtered hologram reconstructions of

in the BFP. The same one filtered

mask employed in hologram after the

the de-multiplexing demultiplexing

process is applied to process by rotation

filter the replicas. in the hologram
plane.

M. Paturzo, P. Memmolo, A. Tulino, A. Finizio, and P. Ferraro,

filnvestigation of anmulbleingofigtat i pl exing and de

hol ograms recorded in microscofe configuratio

11, pp. 8709-8718, 2009 o) S UG

A

» - »
Final amplitude and phase
econstructions of one filtered
hologram after the demultiplexing
process by rotation in the image
plane.

, o M

LY L

Profiles concerning the phase reconstructions

obtained by the first (a) and the second (b) de-

multiplexing technique, respectively.
M. Paturzo, P. Memmolo, A. Tulino, A. Finizio, and P. Ferraro,

I'nvestigation of anmuliplexingofightat i pl exing and de

holograms recorded in microscole gonfiguratio
11, pp. 8709-8718, 2009 Lk L4

3
‘. 'll &

oot ot
Phase profiles across the wall of the hexagonal domain (along the line
in phase reconstructions in the left-corner inset) for holograms
multiplexed by rotating the CCD (a) and by the numerical multiplexing
(b). In the right-corner inset are shown the amplitude reconstructions.

The multiplexed holograms (a,b) and 1]
their amplitude reconstruction in the ’
image plane (c,d) and in the BFP (e,f)

obtained using the OM (a,c,e) and the

NM (b,d,f) technique,

respectively.

Graph of the phase standard
deviation vs. the number of
multiplexed holograms.

M. Paturzo, P. Memmolo, A. Tulino, A. Finizio, and P. Ferraro,

filnvestigation of an-gutileingoftigtat i pl exi ng and de
holograms recorded in microscole configuratio
11, pp. 8709-8718, 2009 deccd 3 1 LS

(a) Hologram as recorded and (b) with local deformation,
(c) moiré beating between the two holograms, (d)
reconstruction of hologram in (b) with the horizontal wire
) = ' and the eyelet in focus.

Reconstruction of a digital hologram as recorded (no
stretching) at different distances: (a) 100 mm, (b)
125 mm, and (c) 150 mm. For =1.1 the horizontal
wire is in focus at (d) 150 mm, and for =1.22 the
curved wire is in focus at (e) 150 mm. (f) Conceptual
draw of the stretching.

Quadratic deformation applied along the x axis to an

i - hologram of a tilted object. (a) First frame from the video
showing how EFI is get by the adaptively deformation
(Media 1). (b) EFl image. (c) Phase difference.
i

(a) Reconstruction at 100 mm for the original
hologram.
(b) Reconstruction of the adaptively deformed
hologram.
(c) Phase difference.
H I P. Ferraro, M. Paturzo, P. Memmolo, and A. Finizio, «Controlling depth

of focus in 3D image

reconstructions by flexible and adaptive deformation of digital Z
hol ogr amsi,34, B8p2009 R
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Numerical reconstruction of the
holograms for an object tilted with an
angle of 55 degrees after the
quadratic deformation.

Numerical reconstruction of the

Experimental set-up: BS, beam
holograms for an object tilted with an

splitter; MO, microscope
objectives; PH, pinhole.

angle of 55 degrees as acquired by
the CCD

Numerical
reconstruction of
the holograms for
an object tilted
with an angle of
75 degrees as
acquired by the
CCD (a) and after
the quadratic
deformation (b).

Melania Paturzo and Pietro Ferraro, A Creating an extended

object in Fourier

focus
‘Optics 3

digitall,2h2009 gr aphy o,

(a) Super-resolved image obtained by the method in [15,16] and (b)
by using self-assembling approach.

head at optical mi

Slice of flyds
reconstructed image without superresolution, (c) super-
resolved image.

eye

(a)

Melania Paturzo and Pietro Ferraro, «Correct self-assembling of spatial
frequenciesinsuperr esol ution synthetic apefiture
Opt. Lett., 34, 23, 2009

aron s [

(a) DH setup with a grating, (b)
(c) geometric scheme to show the

|a)

(o) lc)

NP, NP,
g - 4
i aal | a
oy A
e 4 - -
without a grating in selfassembling mode,

mode.

in the self-

Reconstructions adopting different
values d1,d2. Spatial frequencies are

wrongly a

sembled in (a) and (b) and

W

Melania Paturzo and Pietro Ferraro, «
frequencies in super-r e sol uti on
Opt. Lett, 34, 23, 2009

Computational performance of the
algorithms for a different number

of object points.

B

Hoonjong Kang, Fahri Yarax, and Levent Onural,

unit accelerated
computation

Reconstructions (a) without and (b) with the grating
(super-resolved image). In (c) profile of the 100 m along
the line in the inset of (a) showing that the grating is not
well resolved. (d), (e), and (f) Profiles of lines 1, 2, and
3rindicated in (b). < embing of spatial
apetitiure

synthetic

iad i

Parallel digital hologram computation methods on a
multi-
GPU platform. The gray levels indicate the associated

number: (a) fringe pattern partitioned according to the
available number of GPUs with each partition computed
on the assigned GPU and (b) each fringe of a fringe
sequence is computed on the assigned GPU.

Image difference
between the
ACPAS computed
using
double-precision
and single-
precision floating
points.

fiGraphics processing

UNIVERSIT T
of digital 4884,209r amso, Appli‘ed

Angllaﬁo

oﬁ
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Measured PSNR results corresponding to fringe
patterns generated by using the ACPAS and the
reconstruction from them. The dotted curve
indicates the PSNR between low- and high-
precision fringe patterns; the solid curve indicates
the PSNR between the reconstructions from these
low- and high-precision holograms. These
reconstructions are normalized to be %20; 255 by
using the lowest and highest values among their
fringe patterns. As the number of points increase,
other distortion and noise factors dominate the
computational noise that is due to lower precision.

B

unit accelerated
computation of

Contour plot of
1(ABCD,
JABCD,) for the
square aperture
case, where the
BOC marks the
location of the
first minima
parameterized in
terms of a and b.

Plot of the BOC for the
square aperture case,
showing the range of a
values for which each
segment of the BOC curve
is valid

Contour plot of |
14(ABCD, ,ABCD,)
parameterized in terms
of p and g, showing the
BOC for the circular
aperture case. Dashes
in an oval mark the
half-maximum contour.

E.L Jennifer E. Ward,

dimensional speckle size in generalized
apertureso,

Hoonjong Kang, Fahri Yara, and Levent Onural,

processing
1=
digital 488420 amso, Appli‘ed oﬁ

J . 26(Bppp.. 18851864, 2009m. A,
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]

wras ik rne

Horizontal central profiles of the reconstructed images that
correspond to a single object point.
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Schematic representation of (a) a
free space optical system,
(b) a single-lens system.

Damien P. kelly, and John T
optical systems with limiting IyeF

FINE I

et b pbe

N bt & Songls prske

Measured PSNR corresponding to different floating-point
precision and the high-precision ACPAS hologram. The
circles on the solid curve indicate the PSNR between the
reconstructions from the reference hologram and the high-
precision ACPAS hologram. The X on the solid curve

represents the PSNR between the reconstructions from the

reference hologram and the low-precision ACPAS
hologram. In both cases these reconstructions are
normalized by using the lowest and highest values among
their fringe patterns

The error that is due to the ACPAS approximation is
dominant; the additional error that is due to computational
noise as a consequence of lower precision is negligible.

unit accelerated
computation of

Longitudinal speckle size z as a
function of displacement x from
the optical axis for a square
aperture FST and a single-lens
system.

L Jennifer E. Ward,

apertureso,

.L Hoonjong Kang, Fahri Yarak, and Levent Onural,

Longitudinal speckle size z as a
function of displacement r from
the optical axis for a circular
aperture FST and a single lens
optical system.

dimensional speckle size in generalized optical systems with limiting |
0 26(Bppp.. 1885 1864, 2009 M.

Reconstruction of a random point cloud from (a) the reference
hologram, (b) the double-precision ACPAS, and (c) the
singleprecision

ACPAS.

fiGraphics processing

i |
digital 484,200 amso, Appli‘ed oﬁ

BOC for the circular aperture
case, showing the range of p
values for which each segment

of the BOC is valid.

Damien P. Kkelly, and John T
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Plot of Bx,X1 for different values of
camera extent D corresponding to the
three different regions: a where D
dominates the resolution of the
system, b intermediate region where
both and D limit the resolution, and ¢

Plot of us(X) 2 for (i) =0 solid
line, (ii) G=" /2 dashed line,
and (jii) (=" (dotted line).
Because (i) and (jii) are
imaged at different locations
they have been displaced so

where the limits the resolution. that the three plots can be
over-layed on top of each
other for comparative

purposes.

The effect varying has on the
perceived resolution of the DH system.
A specific region from Fig. 4 was
examined see the white box for
diferent values of D, : (a) D, & 4.489
mm, (b) D, & 3.367 mm, 75% of (a); (c)
D, 42.245 mm, 50% of (a); and (d) D,
41.123 mm, 25% of (a),

Damien P. Kelly, Bryan M. Hennelly, Nitesh Pandey , Thomas J.
d

Naughton and William T. Rhodes,
holographic systems &9 ar@lpnoi 095801, En g.ilneeriing:

2009
~ [ ™ —
3 ot - -
T e . - .

Flowcharts for adapting the zoom
algorithm for magnifying the object: (i)

AResol ution | i

Reconstruction of

captured hologram.
The reconstructed
imagehas a size
2048x2048 pixels. For
ease of viewing, we
show a section of size
626x701 pixels. The
bars of element 6 of
group (G4 E6) can just
be resolved in this
reconstruction.

Using a low pass filter between two
chirps will mean that energy from the
signal outside the magnified region that
we wish to image will be set to zero and
will no

longer be a source of noise; (i) we can
introduce a linear phase to make the low
pass filter into a bandpass filter and thus
we can magnify different regions of the
object

I Bryan Hennelly, Damien Kelly, Nitesh Pandey, David Monaghan,
fiZooming Al gorithms

Zooming in with the adapted
low pass filtering technique
implemented before applying
the zoom algorithm. In this
case we also show the effect

of using a linear phase

at the input to scan the object.
The numbers on the figure
indicate the width of the image
inmm

Optics, IOP Journal of Physics: Conference Series vol. 206, article no.

012027, 2009

Effect varying T on the
resolvable detail in a

Effect varying T on the
resolvable detail in a

The effect varying T on the
resolvable detail in a

The region is the same as
that in Fig. 4; however, the  that in Fig. 5; however,
sampling rate along the x
direction has been
reduced so that T&=2T.

hologram. hologram. hologram.
The region is the same as

that in Fig. 5; however, the

sampling rate along the x

The region is the same as

the sampling rate along
the x; direction has been
reduced so that T 63T

direction has been
reduced so that T #4T.

- - We are looking at group 4 and examining how varying the pixel
size 26 effects the resolvable detail in a reconstructed hologram:

.

Implementation of the algorithms on contiguous pixels: the output value
of the focusing algorithm is computed in a N x N region around a pixel
(i]). The value for the pixel (i+1,) is computed msme aregion of the
same size overlapping the previous one. Here N =

= = = 3
weighted averaging. d:
Tenengrad. e: Pieper-
Korpel. f: Gradient. g:
=
= Eltoukhy. h:
Daubechies wavelets

gital Holographyo, E EL

(a) 264, (b) 264 2T, (¢) 264 4T, and (d) 264 6T. Note the
increase in blurting over the horizontal bars for the elements 3
and 4 as one increases the finite pixel size.

Damien P. Kelly, Bryan M. Hennelly, Nitesh Pandey , Thomas J.
Naughton and William T. Rhodes, fAResolution |
holographic systems a9 ar@pnoi 095801, En g.ilneeriing,
2009

-

One partially focused
image (unwrapped
phase) of the stack.
The object is a testate
amoeba.

Focused phase images
of an amoeba. a: Sum
of modified Laplacian.
b: Standard deviation.
c: Local variance

with high quality and

medium level filtering.

N = 15, excepted for e
nd h

a: Focused amplitude image of two small
balls of 1 em, showing diffraction rings. b:
Focused phase image detail of an amoeba,
showing a double edge due to diffraction at
bottom left.

Isabelle Bergoénd, Tristan Colomb Nicolas Pavillon, Yues Emery and
cmsuan D nd 3|

digital \ogr phi mlcruscon\ﬂo
Melmlogy\l Proc SPIEVO\ 7390, amcle no. 73901C 2009

Madelling
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Result of rings cancelling in phase images. (a) One image
of the stack, with limited depth-of-field. (b) Image with
extended depth-of-focus, algorithm B with N = 15. (c)
Image with extended depth-of-focus and averaging of the
consecutive images two by two, longitudinal step of 78 nm.
(d) Image with extended depth-of-focus and averaging of
the consecutive images two by two, longitudinal step of 10
em, too large compared to the depth-of-field.

Variations of phase in the diffraction rings with
increasing distance of reconstruction, not
including the increasing phase term due to
propagation. a: Near focus small ball. Radial
distances from the center of the diffraction
pattern: R1=0.8 em, R2=2.26 em, R3=2.74 em.
b: Out-of-focus small ball. R4=10 em, R5=18.9
em, R6=23.2em.

B -‘
] ; ;
« | 3D representation of small balls in a gel.
. Focusing algorithm used: standard
e oL deviation with N = 15. Longitudinal
' - distances are relative to the position of the
stack.
I Isabelle Bergoénd, Tristan Colomb, Nicolas Pavillon, Yves Emery and
o ‘Chrlsuan D¢ i D-ef-fie and 3D

in digital holographic microscopyd ;i Madeling
Metrology II, Proc. SPIE vol. 7390, article no. 73901C, 2009

Comparison of numerical
results for intraframe
(GOP size=1) and
interframe (GOP size=2,
5, and 7) compression for
the stormtrooper hologram
sequence.

NRMS vs compression
rate numerical results for
the holograms

EL Emmanouil Darakisand Thomas J. Naughton, ACompression

. hologram sequences using MPEG-4 6, Hol ography: Advianiels ~and ﬁ
Modern Trends Proc. SPIE vol. 7358, article no. 735811, 2009

Reconstructi
ons of the
hologram
sequences
used for the

— e )dd - < 4o o
v
' i |
. ‘
.
' numerical

- analysis.

(@) (), (e),
and (g) are
reconstructi
ons from the
uncompress
ed data and

(b). (d). ().
and (h) are

reconstructi

ons from the

compressed

5 sequences.
.

E[— Emmanouil Darakisand Thomas J. Naughton, ACompression
‘ hologram sequences using MPEG-4 0, Ho | aphy: Adwvianicels ~anid

0g
Modern Trends Proc. SPIE vol. 7358, article no. 735811, 2009

Simplified block diagram of a block-based motion compensated
hubrid coder.

First
Column:
Number of
angles
representing
the chirp (top
to bottom)
full, 512, 256,
64,16,8 and 4
angles.
Second
column:
Image of the
real part of
the chirp
showing the
subsequent
quantization.
Third
column:
Intensity of
the

N e

Nt B Wt by

- g | gy
k15 Ve AT P

NRMS error for the
reconstructed images

NRMS error for the
reconstructed images reconstructed

image.

Nitesh Pandey, Damien P. Kelly, Thomas J. Naughton and Bryan M.
Hennelly, Spieed up of Fresnel transforms for digital holography

using precomputed c hi rp and GPU ,ProcoSPiEsak i ng. o
7442, article no. 744205, 2009 ?
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Size of compressed chirp

Variance of a section of the hologram as a function of

distance of reconstruction. The variance is highest when

the object is in focus. (i) 4 level chirp, (ii) 16 level chirp,
Time taken to load and (i) 256 level chirp and (iv) full chirp
decompress the chirp

Hennelly, Spieed up of Fresnel transforms for digital holography
using precomputed c hi rp and GPU ,ProcoSPiEsati ng. o
7442, article no. 744205, 2009

I Nitesh Pandey, Damien P. Kelly, Thomas J. Naughton and Bryan M.

o Twcloews & Ween

-

e vl tach Fene_cbvw otecs

Objects TwoScrews (left) and Wires (right).

Subjectively evaluated disturbance of noise for visual

ion of hologram On vertical axis
average rating of nine viewers for disturbance of noise
is shown, from |, disturbs very little, to 7, disturbs very
much). On horizontal axis is Noise_still objects
evaluation without tilt functionality and Noise_active
objects evaluation with tilt functionality.

Taina M. Lehtimaki, Kirsti Saaskilahti, Marcin Kowiel, Thomas J.
Naughton, fADisplaying-wadlddjetsaia hol ograms of real

b mobile device using tiith as ed i nteractiono Information Opti
2010 9th Euro-American Workshop on, pp.1-3, 2010. 2354

o
o

L Nicolas Aspert, i Giecelerated dual-wavelength digital
holographyo, 38th SPEERRbMawe ks hoip ion (High

Computing, Lausanne, Switzerland , 2009

b uf i

Speckle filtered reconstructions from two
different perspectives: (a) intensity of the
left perspective reconstruction, (b) intensity
of the right perspective reconstruction, and
(c) anaglyph made from (a) and (b)

b digital holograms for

Example of mirror stereoscope display,
‘Wheatstone apparatus. Observer sees two
different images from displays D1 and D2,
which are multiplexed with mirrors to one
image

conventional, 3D display

L Tomi Pitk®aho and Thomas J Naughton, ﬁNumele

(WIO), 2010 9th Euro-American Workshop on, pp.1-3, 2010,
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SmartNav

Web camera

EL Tomi Pitk*aho and Thomas J. Naughton, ANumer i
b digital holograms for conventional 3D display

(WIO), 2010 9th Euro-American Workshop on, pp.1-3, 2010,

(a) Picture of a LCoS SLM produced by
HOLOEYE [8] (b) Discontinuous field of view
due the frame.

o | | -
— - i

Field of view for (a) single éLM, (b) multiple SLMs in
planar configuration, (c) multiple SLMs in circular 7

Top view of the experimental setup.

Fahri Yaras, Hoonjong Kang, and LeventOnural, A Ci rcul ar hol ographic
video display Systl®my2010ptics Express, |-

//.......

Y

EL Tomi Pitk®aho and Thomas J. Naughton, fANumeri
T digital holograms for conventional 3D display

(WIO), 2010 9th Euro-American Workshop on, pp.1-3, 2010,

(a) Side view of the experimental setup. (b) Vertical and
horizontal illumination.

Pictures of (a) SLMs and
SLM Modules, (b) side view
of the setup, (c) cone mirror
and (d) SLMs and beam
splitter.

E[- Fahri Yaras, Hoonjong Kang, and Levent Onural, A Ci rcul ar holographic
U

i
video display Systl®mh2010ptics Expres
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Single frame of the video of the 3D
horse model (courtesy of
www.sharecg.com).

EL Fahri Yaras, Hoonjong
video

isp

(left) Scheme of the movement (back
andHorth along the zaxis) performed by
a single object through subsequent
deformations of the same hologram;
(right) numerical reconstruction of the
hologram after its stretching with a
deformation parameter of 0.8, 1, 1.2,
respectively, the distance of
reconstruction is fixed at the recording
distance

EI . M. Paturzo, P. Memm

3D Researchl, 2,pp- 31-35, 2010

Optical reconstructions for a single frame for (a) 0 degree, (b) 12 degrees
and (c) 24 degrees. (The business card with the rectangular aperture is
placed both as a size reference and to block distracting optical component
views.)

Kang, and LeventOnural, @ Circular holographic
lay Systl®m®2010ptics Express,

Holograms acquired during the object rotatior

Numerical reconstructions of four different digital holograms
recorded while the object rotates by 38@round its vertical
axis from a fixed position . {llovie2) Four frames of the
optical reconstruction projected on a screen using a
SLMLCOS.

olo, A. Finizio , R. Nasanen T.J. NaughtorFanchR.

E L Onural Yarasand Kang Proc IEEE98, 12, pp114,2010

3D scene with more than one object reconstructed optically using a
SLMLCOS: (a) Scheme of the movements performed by the two ob,
(back and forth along the-axis with rotation); (EMovie3) optically

reconstructed scene projected on a fixed screen.

Holograms acquired during the object
rotation: (a)Numerical
reconstructions of three different
digital holograms. (b) Three frames of
the optically reconstructed 3D scene,
created by the projection of the
geometrical deformed holograms

M. Paturzo, P. Memmolo, A. Finizio , R. Nasanen T.J. NaughtorFancaR.
3D Researchl, 2,pp- 31-35, 2010
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(b

(a) Photo of the Perseus statue. (b) Experimental setup for the
recording and reconstruction processes: M, mirror; L, lens; BS,
beam splitter; MO, microscope objective; SLM, spatial light
modulator; SF, spatial filter.

Fig. 2. A spectator observing the
acquired hologram SLM optical
reconstructions, projected on a scree
The size of the image reconstructed i
visible wavelength was about 30 cm,

(a), (Media 2) comparable to the original object size

Numerical

reconstruction

obtained

through the Fourier

method. (b), (Media

3) SLM optical

reconstruction

performed at a visible

wavelength.

Melania Paturzo, Anna Pelagotti, Andrea Finizio, Lisa Miccio, Massimiliano

Locatelli, Andrea Gertrude, Pasquale Poggi, Riccardo Meucci, and Pietro

Ferraro, ©ptical reconstruction of digital holograms recorded at 18 ¥

NRdzi§ F2NJ o5 AYF3IAy3 | (Let ByLB2080y F NI Nsh 61@St Syl

The scheme of a reconstruction configuration with

The scheme of a reconstruction configuration with PN
parallel illumination (setup 2)

illumination along LC SLMs' normals (Setup 1).

Comparison of reconstructions
of a synthetics hologram with
and without tilted plane
algorithm, captured with a CCD
camera

Grzegorz Finke, Tomasz KozaWiei, Maggorzata Kuj
viewing angle holographic display with a muli spana] ngm modulator /1| i
arrayo, . 773304210V 0 723,

Optical
reconstruction of
holographic data
with SLM:
reconstruction of
intensity
hologram.

[ [

The scheme of

Removal of speckle noise in
optoelectronic reconstruction by
CCD integration of reconstructed
images: (a) reconstruction from one

Optoelectronic reconstruction from image, (b) reconstruction from ten

phase of real object beam obtained
with: (a) numerical method of real
object beam filtering from single
hologram, (b) 4 frames PSI
technique of real object beam
filtering.

Reconstruction of synthetic aperture
hologram.

Damien P. Kelly, D: y
ahiOKI D, & BryanM Hennell
G5AIAGHE 12 23NF LKAO /| LI dNB +yR hLJu25f§0uN2y§g

5 A & LIHihdawilét@national Journal of Digital Multimedia Broadcasting, /| |
2010, Article No. 759323, 2010

pirhoin

-

reconstruction systemhafith two LC SL

wave plate; L1 - collimating lens; L2 - converging lens (eyepiece); BS - beam
splitters; LCoS - HEO 1080P.

Optical reconstruction of the hologram viewed through an eyepiece and captured by a digital camera located
at different horizontal positions

B

Grzegorz Finke, Tomasz KozaWdei , Maggorzata Kuj
viewing angle holographic display with a muli spatial light modulator /1| i
arrayo, Proc. 778RABIOVOl . 7723,
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Increase in the field of view

Increase in the l
when multiple SLMs are used

reconstruction space
when multiple SLMs ]
are U
used
b Pt Increase in the quality when
multiple SLMs are used. Only
those SLM pixels within the
dotted cone contributed to the

ponces

The scheme of reconstruct tem withhafwo LC SLMs
wave plate; L1 converging Optical reconstructions of the hologram viewed at an asymmetrical

diffuser and captured by a digital camera located at B '
different horizontal positionslenses; BS - beam spliters; LCoS - HEO 1080P; AD - asymmetrical - | >
diffuser. y . S i
Field of view (a) Top view of the
increases
Opical reconstructions of the when object setup (b) Front
hologram viewed at an asymmetrical ) view of the tiled
diffuser and captured by a digital gets closer to SLMs
camera located at different horizontal the SLM.
ositions
s Optical
reconstructions:

(a) left, (b) front
and (c) right view.
I Fahri Yaras,, Hoonjong Kang, Levent Onural, i MASIMT |
HOLOGRAPHIC DISPLAY SYSTEM WITH PLANAR
L CONFI GURAT | Odnferer@edTh¥ True Vision - Capture, I
Transmission and Display of 3D Video (3DTV-CON), 2010

L Grzegorz Finke, Tomasz KozaWiei , Maggorzata Kuj
. viewing angle holographic display with a multi spatial light modulator TS|
arrayo, Proc. 778®A210v o | . 7723,

.
3
Computer reconstruction
using the ACPAS
algorithm.

Single color
reconstruction (a)
by green laser (b)
by green LED.

Rigid color 3D object.

S

Overall setup: BE, beam expander;
R, red SLM; B, blue SLM; G, green
SLM; D, driver unit of SLMs; N,

network; BS, nonpolarized beam - -~
splitters.

lllustration of N-point DFT

as a weighted sum of
complex
sinusoids.

L Fahri Yarak, Hoonjong Kang, and Levent Onural, i Riesphase-
L only color holographic video di/slplayl system
Applied Optics, 48, 34, pp. H48-H53, 2009

Optical reconstruction of a
single frame of the 3D
object.

[— Fahri Yarak, Hoonjong Kang, and Levent Onural, i Riesphase-
‘ o olor holographic video dilslplayl system
Applied Optics, 48, 34, pp. H48-HS53, 2009
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Pipelined computation using GPUs.

L

End-to-end system.

Fahri Yarak, Hoonjong Kang, and Levent Onural, i Rimesphase-
only color holographic video disiplaylisystem
Applied Optics, 48, 34, pp. H48-HS53, 2009

3D model Fresnel hologram ACPAS
. -
. . -
- -
. - .
. . - =
) N - . e
| = niv VP AT -

L

Calculation-time comparison between CPU-based and GPU-
based implementations

Hoonjong Kang,Fahri Yaras, Levent Onural, and Hiroshi Yoshikawa,
ARetailme Fringe Pattern GerOSAati on/llwithi tHigh Q
Technical Digest, article no. DTuB7, 2009

Color phase hologram, containing red,
green and blue channel information

Computer reconstruction from phase
hologram

Optical setup. BE: Beam Expander

Optical reconstruction from phase hologram

[— Fahri Yaras, LeventOnural, A Col or Holographic Reconstructi
. Multiple SLMs and WVaRBIT Y
LED Illuminationd, Proc. SPIE vol. 7237 “rarti

Perception experiment: the observer looks
at two windows. The one on the right
shows the video clip (Media 8) while the
other on the left shows a random-pattern Perception experiment: In the
stereoscopic image. stereoscopic image there was a central
rectangle whose
perceptual distance in depth could be
adjusted by changing the disparity
between the images
seen by the left and the right eye using a
graphical slider

Melania Paturzo, Pasquale Memmolo, Andrea Finizio, Risto Nasénen,
Thomas J. Naughton and PietroF e r r ar o, fiSynthesis and display

e dynamic holographic 3D scenes with real-wo r | d  obj ect s 0,/ Optigs ﬁ
Exipress 18, 8, 2010

37



(Shown on the left.) Results for perceived noise,
blur, perception of depth, and quality shown
separately for each of the five holograms (Hologram
1 on top and Hologram 5 on the bottom). Quality is
measured using a scale from 1 to 5 (right vertical
axis) and the other atributes are measured as
percentage of responses (left vertical axis). The
square window size from 64 to 1024 measured in
pixels is on the horizontal axis.

Left and right reconstructions for the stereo
stimuli of the Hologram 2 from window size
64x64 (top) to 1 024x 1024 pixels (bottom).

Taina M. Lehtiméiki, Kirsti Sazskilahti, Tomi Pitkaaho, Thomas J

Na u g h tEeakationf perceived quality attributes of digital

holograms viewed with a stereoscopic displayo
(WIO), 2010 9th Euro-American Workshop on, pp.1-3, 2010, :

Amount of perceived focus in the back
object (upper) and front object (lower)
in the left and right individual
reconstructions, and in the
stereoscopically viewed pair, for each
of nine stereo pairs. Average grades
of all subjects plotted. Perceived focus
in stereo is at least as good as the
average of the in and out of focus

versions.
L T. M.Lehtimakj K.SaaskilahtiR Nasanert y R ¢ ® Wo b I G*AA4dz
L perception of digital holograms aautostereoscopi® A & LI & & £ £ t/NR O 1{it. L9

7329, article no. 73290C, 2009

Left and right perspectives of a scene where
almost all parts of the scene are in focus.

-

'
Disbalanced stereo pair: top, back of scene .

Reconstructed stereo pairs using different window sizes from a particular digital
hologram: (a) 64 x 64 pixels, (b) 128 x 128 pixels, (c) 256 x 256 pixels, (d) 512 x
512 pixels, (€) 768 x 768 pixels, and (f) 1024 x 1024 pixels.

The percieved quality of
holograms using scale 1i 5: ()
. for individual holograms, and

in focus; bottom, front of scene in focus. 4 (b) averages over all
. holograms. The quali
i increases linearly from window

size 64 x 64 pixels to size 512
x 512 pixels, after which size
the quality remains constant.

E.L T. M.Lehtimakj K.SaaskilahfiR Nésanert Y R ¢ ® Wo bt dzAKG2y
B

perception of digital holograms amutostereoscopidR A & LX | @ a4 £ = /N,
7329, article no. 73290C, 2009
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Matched stereoscopic depths (cm) for different
objects in different conditions. The two dark grey
areas at the right ends of the bars show the +1
standard error.

Risto Nasanen, Tristan Colomb, Yves Emery, Thomas J Naughton,

L perception of numerical hologram reconstructions enhanced by motion

L and stereoo, Informati onAn@pcan cs (W O) il 2010 9&5
Workshop on, pp.1-3, 2010.
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A 8

Example of the stimuli shown to the test subjects: Hologram 1,
compression method DFT, compression level 6. On the left Ais
the reconstruction taken from compressed hologram and on the
right B the original reconstruction. On the top the unique
stimulus number (14) was displayed.

Result for DFT algorithm for each
five holograms for perceived lower
quality in the compressed
reconstruction.

On the horizontal axis is the
numerical error and on the vertical
axis the percentage of responses.
Trendlines are fitted for easier
comparison between holograms.

Taina M. Lehtiméki, Kirsti Saéskilahti, Tomi Pitkaaho, and Thomas J.
Na u g h tComparingnumerical error and visual quality in

econs

Result for QNT algorithm for each of the five holograms for
perceived lower quality in the compressed reconstruction. On the
horizontal axis is the numerical error and on the vertical axis the
percentage of responses. Trendlines are fitted for easier
comparison between holograms.

reconstructions from compressed digital holog
7690, article no. 769012, 2010 y

Compressed image is not recognizable responses
for QNT algorithm. On horizontal axis the
numerical error and on the horizontal axis the
percentage of responses for when the
compressed image was not recognizable. The
results are shown for each of the five holograms
and trend lines are fitted for easier comparison.

0" comormiics egorme

..
1 .

I i v
| . .
1 -t & .
{ '

Complete comparison results for DFT algorithm. On the
horizontal axis is the numerical error and on the vertical
axis the percentage of responses. Results show the
distribution of all response options for all holograms,
and for all compression levels for each hologram. The
three response options for comparing the quality of the
compressed and original image were: same quality,
compressed lower, and original lower.

ONT corpeston sgssne

Complete comparison results for QNT algorithm. On the
horizontal axis is the numerical error and on the vertical
axis the percentage of responses. Results show the
distribution of all response options for all holograms,
and for all compression levels for each hologram. The
three response options for comparing the quality of the
compressed and original image were: same quality,
compressed lower, and original lower.

Taina M. Lehtimaki, Kirsti Saskilahti, Tomi Pitkaaho, and Thomas J.
Na u g h tComparingnumerical error and visual quality in

tructions from compressed digital hol ool
7690, article no. 769012, 2010 .

h recons

7 - ARV § ottt

Compressed image is not recognisable responses for DFT
algorithm. On horizontal axis the numerical error and on the
: vertical axis the percentage of responses for when the
— image was not The results are shown
for each of the five holograms separately and trend lines are
fitted for easier comparison

Na u g h tComparingnumerical error and visual quality in
b reconstructions from compressed digital
7690, article no. 769012, 2010 :

I Taina M. Lehtimki, Kirsti Saaskilahti, Tomi Pitkaaho, and Thomas J.

hol og

Comparisons between single images (left and right reconstructions) and corresponding

stereo images for different window sizes. MIN corresponds to single left or right image

that got the l|least Ayeso responses (MAX is most
percentage of fAyeso responses to: fADoes noise d
fyesd responses to: fAre details completely vis
scale 1-5 (1= very poor, 5=very good quality).

I Taina M. Lehtimaki, Kirsti Saaskilahti, Risto Nasénen and Thomas J
Naughton, fiStereo perception of reconstructions
L ofrealwor | d obj ec o Worksho on I pfierimat i oh Op|

tso, P
of Physics: Conference Series vol. 206 article no. 012030, 2009
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