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High-Speed Optical 3-D Measurements 
for Shape Representation
Martin Schaffer, Marcus Große, Bastian Harendt and Richard Kowarschik

Optical 3-D shape measurements 
with structured illumination are 

old hat. � ey deliver accurate shape rep-
resentations of nearly arbitrary objects 
and have become an indispensable tool 
in industries where multiple camera ap-
proaches inspect various kinds of objects 
(e.g., teeth, car doors, archaeological 
samples) for replication, conservation or 
quality control. 

But facing high measurements rates—
more than 1 3Dfps (3-D shape measure-
ment per second)—many approaches 
lack the suitable projection device, and 
the common DMD-projector technique 
is widely used to project phase-shifted 
stripes at a maximum rate of 60-255 Hz. 
Our group thought about concepts for 
addressing the projection bottleneck 
for fast 3-D shape measurement, since 
cameras can off er image rates of up 
to 10,000 Hz. We published an idea 
for creating faster patterns by coher-
ently scattering laser light at a diff user 
surface.1 � e concept is based on an un-
common but valuable way for solving the 
correspondence problem by the temporal 
correlation2 of statistical patterns.3 

Instead of projecting exactly shifted 
stripe patterns in combination with 
gray-code images, objective speckle 
patterns illuminate the object under 
test. � ese patterns cover the object 
and are camera-independent. Diff erent 
structures or speckle patterns are now 
generated by changing the incident laser 
beam direction at rates of unprecedented 
speed (a). � is is done by an acousto-
optical defl ector (AOD), which diff racts 
75 percent of the laser light into the fi rst 
diff raction order that propagates at an 
angle determined by the grating period. 

Because the diff raction grating period 
can be switched with up to 205,000 Hz, 
diff erent spots on the diff user can be 
illuminated at this rate, as can the object 
with objective speckle-patterns. By syn-
chronizing this speckle-pattern-creator 

with high-speed cameras, we could 
theoretically acquire 8,540 3Dfps using 
24 images for a single 3-D reconstruction 
with temporal correlation (b). However, 
as the available cameras had a maximum 
frame rate of 4,700 Hz, we obtained 3-D 
movies with a rate of 193 3Dfps and a 
point localization accuracy of 35 µm, 
which has been determined by calculating 
the standard deviation of the 3-D points 
about a fi tted reference plane. As the 
supplementary online media shows, mov-
ing objects can be acquired, and separate 
arbitrary textured objects can be recon-
structed accurately. We presume this tech-
nique will enable new applications and 

(a) Setup for stereo-photogrammetric shape measurement with speckle projection: Two 
cameras, laser, acousto-optical de� ector, lens, diffuser and the object in distance z. (b) 
Scheme of temporal correlation. Corresponding pixels share the same gray-value sequence 
in time (N images). (c) An accurate 3-D measurement of a circuit board in pseudo-colors, 
with a measurement time of 5 ms. (d) Static snapshot from the 3-D movie media showing a 
table tennis ball in a 20 3 20 3 20 cm3 measurement volume.

fi elds such as inline inspection at assembly 
lines or multimedia 3-D acquisition.

In contrast to other concepts for 
high-speed 3-D shape measurements 
with structured illumination, such as bi-
nary pattern defocusing,4 this approach 
does not change its fundamentals or 
restrict the class of objects measurable; 
therefore, it delivers similar accuracy 
as slower pendants (relative accuracy, 
approximately 1 3 10–4). Summarizing 
this, the accuracy is not a function of 
speed and henceforth the camera ac-
quisition rate limits the maximum 3-D 
shape measurement rate. t
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Full Parallax 3-D TV with 
Programmable Display Parameters
Manuel Martínez-Corral, Héctor Navarro, Raúl Martínez-Cuenca, Genaro Saavedra and Bahram Javidi

S tereoscopic or auto-stereoscopic 
television monitors usually produce 

visual fatigue among viewers due to the 
convergence-accommodation confl ict. 
An attractive alternative to these tech-
niques is the so-called integral photog-
raphy approach (also known as integral 
imaging, or InI) that was proposed by 
Lippmann in 19081–the notion that 
one can record in a 2-D matrix sen-
sor many elemental images of a 3-D 
scene, each of which stores information 
from a diff erent perspective. When this 
information is projected onto a display 
device placed in front of an array of 
micro lenses, any pixel generates a coni-
cal ray-bundle. � e intersection of these 
bundles produces the local concentra-
tion of light density that permits the 
3-D reconstruction of the scene—with-
out special goggles, with full parallax 
and without visual fatigue.2

� e Lippmann concept was resur-
rected about two decades ago due to 
the fast development of optoelectronic 
image sensors and displays. One impor-
tant challenge of the approach is fi gur-
ing out how to address the structural 
diff erences between the capture setup 
and the display monitor. To tackle this, 
we developed an algorithm, called the 
smart pseudoscopic-to-orthoscopic 
conversion (SPOC), which permits the 
calculation of new sets of synthetic 
integral images that are fully adapted 
to the display monitor characteristics. 
Specifi cally, this global pixel-mapping 
algorithm permits one to select the dis-
play parameters such as the pitch, focal 
length and size of the microlens array 
(MLA), the depth position and size of 
the reconstructed images, and even the 
geometry of the MLA.3

� e algorithm is the result of applying 
three processes in cascade: a simulated 
display, a synthetic capture and the ho-
mogeneous scaling. To demonstrate the 
utility of the algorithm, we generated the 

synthetic integral image ready to be dis-
played on a monitor whose parameters are 
very diff erent from the ones used in the 
capture. For the capture of the elemen-
tal images, we prepared the 3-D scene 
shown in (a) and picked up the elemen-
tal images with only one digital camera 
that was mechanically translated. In (b), 
we show the captured image, which was 
composed of 31 3 21 elemental images 
with 51 3 51 pixels each.

Our aim was to produce a synthetic 
integral image for display in an MP4 
device that had a matrix display with 
900 3 600 pixels of 79.0 mm each. We 
calculated a matrix of 75 3 50 elemental 
images with 12 3 12 pixels each. In (c), 

(a) Experimental setup; (b) Integral image obtained experimentally; (c) Collection of synthetic 
elemental images ready to produce a real orthoscopic image; (d) Reconstruction of the 
orthoscopic, � oating 3-D image through an MP4 device.

(a)

we show the calculated integral im-
age. Finally, we displayed the synthetic 
integral image in the matrix display of 
the MP4 device over which we placed 
the microlens array. In order to avoid a 
braiding eff ect, we took care to ensure 
that the distance between the screen and 
the microlenses was equal to their focal 
length.4 As we show in (d), the display 
produced an orthoscopic fl oating 3-D 
reconstruction of the 3-D scene that 
can be observed with full parallax. t

� is research has been supported in part by the 
Grant FIS2009-9135, Ministerio de Ciencia 
e Innovación, Spain. 
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In a recent Nature article, we demon-
strated 3-D holographic telepresence 

using photorefractive (PR) polymers,1 
which are among the few rewritable ho-
lographic recording materials. � ey are 
also self developing and can be cast onto 
large surfaces such as plastics. � e index 
of refraction of PR polymers can be 
changed upon illumination. � e mecha-
nism is fully reversible since it involves 
the redistribution of charge particles. 
� ere is no need for post-processing to 
reveal the hologram. Recent improve-
ments in the material and geometry of 
the device have boosted the performance 
of PR materials and their applications as 
holographic 3-D display media.2

Up until now, 3-D displays have 
struggled to reproduce all the informa-
tion present in natural scenes. Most 
current displays rely on stereoscopy, 
requiring the viewer to wear special 
eyewear, and they present only a small 
number of perspectives. In such systems, 
the vergence accommodation confl ict 
leads to physiological eff ects such as 
eye strain, headache and motion sick-
ness. Holography, on the other hand, 
is known to reproduce the entire light 
fi eld: amplitude and phase. � is means 
all the optical cues can be recreated for 
a display. 

Usually, the PR display devices are 
built as multilayer structures with the 
active material sandwiched between 
two transparent ITO-glass electrodes. 
� e electric fi eld, applied between those 
electrodes, runs along the thickness of 
the PR polymer, which is not the best 
confi guration since the grating vector 
and poling fi elds are parallel to each 
other; this leads to the use of slanted 
geometry to obtain the highest dif-
fraction effi  ciency, making the system 
design complicated and requiring higher 
laser powers for hologram writing. � e 
theory of PR materials predicts a much 

more effi  cient device provided that the 
external electric fi eld was applied parallel 
to the surface of the device. To do so, we 
patterned the electrodes as two inter-
penetrating combs.3 Printed on the top 
of the PR fi lm, now the fi eld points from 
one tooth of the comb to next, and its 
horizontal component is dominant. We 
demonstrated an increase in sensitivity 
up to fi ve times with coplanar electrodes 
as compared with the perpendicular 
electrode design, leading to bright im-
ages for our holographic 3-D display 
with reduced laser writing power.

So far, we have demonstrated that a 
PR-based holographic 3-D display can 
reproduce full color and full parallax.1 
It displays correct cues in both accom-
modation and vergence. � e largest dis-
play we made had a 12 3 12 in. screen 
and resolution of 250 µm, comparable 
to HD TVs. By using the principle of 
integral imaging, a system based on 

(Top) Interdigitated coplanar electrodes geometry. (Bottom) Pictures of the holograms 
recorded with the 3-D holographic telepresence system.  

16 cameras was used to capture a live 
scene, transmit the information over 
the Internet and print the hologram in 
a matter of seconds. t

� is work was done in collaboration with R. 
Voorakaranam, C. Greenlee, W. Lin, T. Gu, 
D. Flore, P. Wang, W.-Y. Hsieh, M. Kathape-
rumal, B. Rachwal, O. Siddiqui, J. � omas, 
R.A. Norwood, B. Lynn, St. Hilaire and 
L.J. LaComb, Jr. � e research was funded by 
NSF through the Engineering Research Center 
for Integrated Access Networks, DARPA, Air 
Force Offi  ce of Scientifi c Research, and IARPA 
(Director of National Intelligence). 

N. Peyghambarian (nnp@u.arizona.edu), P.A. 
Blanche, A. Bablumyan, C.W. Christenson and 
R.A. Norwood are with the College of Optical Sci-
ences, University of Arizona, Tucson, Ariz., U.S.A. 
M. Yamamoto is with Nitto Denko Technical in 
Oceanside, Calif., U.S.A.

References

1. P.-A. Blanche et al. Nature 468(7320), 80 (2010).

2. S. Tay et al. Nature 451, 694 (2008).

3. C. W. Christenson et al. Opt. Lett. 36, 3377 (2011).

Photorefractive Polymers for 
Holographic 3-D Display
N. Peyghambarian, P. A. Blanche, A. Bablumyan, 
C. W. Christenson, R. A. Norwood and M. Yamamoto



52 | OPN Optics & Photonics News www.osa-opn.org

3
-D

 R
E

C
O

R
D

IN
G

 A
N

D
 D

IS
P

L
A
Y

Confocal Rainbow Volume 
Holographic Imaging
J.M. Castro, P.J. Gelsinger-Austin, J.K. Barton and R.K. Kostuk

H igh-resolution three-dimensional 
optical imaging instruments such 

as confocal microscopes and optical 
coherence tomography systems are 
important tools in biomedical research.1 
Volume holographic spatial-spectral 
imaging represents a diff erent approach 
to subsurface tissue imaging.2 In this 
method, a multiplexed hologram is re-
corded with each hologram, correspond-
ing to a diff erent depth within a tissue 
sample. When the tissue is illuminated, 
one can simultaneously project images 
from diff erent tissue depths onto a cam-
era surface. Lateral spatial resolution is 
determined by the imaging properties of 
a high-NA microscope objective. 

� e system has been used with laser 
illumination and one-axis scanning as 
well as with a broadband illumination 
source such as an LED. In the former 
case, scanning is required to set the fi eld 
of view (FOV), making it diffi  cult to 
use in clinical settings. In the latter case, 
one determines the FOV by the spectral 
bandwidth; however, the wavefront se-
lectivity capability of the system is com-
promised due to a position-wavelength 
degeneracy that develops in object space. 
Multiple images can still be obtained 
through contrast enhancement but the 
background level remains high. 

Sun and Barbastathis suggested using 
a second illumination grating to break 
the position-wavelength degeneracy by 
spreading out the wavelengths from a 
broadband source across the object space.2 
However, this approach had very coarse 
depth sectioning properties (~200 µm) 
that would not be useful for cellular im-
aging. A new and elegant approach is to 
use the same highly selective multiplexed 
hologram for imaging and to control the 
illumination spectrum.3 

A multiplexed hologram is formed 
with each hologram collecting light 
from a diff erent depth within the tissue 
sample. � is hologram has high angular 

(~0.02°) resolution that results in high 
wavefront selectivity when used with 
narrow band illumination. When the 
multiplexed hologram is illuminated 
with a broadband source, the wave-
lengths are dispersed. � e objective lens 
focuses diff erent wavelengths to vary-
ing positions in the object fi eld, thereby 
breaking the position-wavelength degen-
eracy. In addition, this is accomplished 
for each multiplexed grating at diff erent 
imaging depths within the tissue sample. 
� e high selectivity of the hologram acts 
similarly to a confocal imaging eff ect; 
however, it is eff ective at multiple depths 
within the tissue sample. 

� e system used a 0.55 NA imaging 
lens in combination with a 650 nm LED 
with a 30-nm bandwidth. � e resulting 
z-psf FWHM was approximately 15 µm 
—which will allow imaging of typical 
biological cells (~20 µm). � e lateral 
FOV was 300 3 100 µm and the group 

(a) Schematic of the confocal rainbow volume holographic imaging system showing the 
multiplexed hologram that is used for illumination and imaging. Each hologram collects light 
from a different depth in the tissue sample. Wavelengths are dispersed across the lateral 
object � eld. (b) Image energy as a function of depth (z) in the sample. FWHM with z is 15 µm.

7, element 6 feature of the AF Resolution 
target was resolved (2.5 µm).

� e confocal rainbow volume holo-
graphic imaging system achieves a major 
step in subsurface tissue imaging by 
realizing high resolution depth selectiv-
ity in a compact, non-scanning instru-
ment. � e simplicity and high image 
resolution of this technique will make 
a tremendous advance in many clinical 
imaging applications. t

� is work was supported by the National Insti-
tute of Health Grant RO1CA134424.
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