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Abstract: We overview an approach to providing automated three-dimensional (3D)
sensing and recognition of biological micro/nanoorganisms integrating Gabor digital
holographic microscopy and statistical sampling methods. For 3D data acquisition of
biological specimens, a coherent beam propagates through the specimen and its
transversely and longitudinally magnified diffraction pattern observed by the microscope
objective is optically recorded with an image sensor array interfaced with a computer. 3D
visualization of the biological specimen from the magnified diffraction pattern is
accomplished by using the computational Fresnel propagation algorithm. For 3D
recognition of the biological specimen, a watershed image segmentation algorithm is
applied to automatically remove the unnecessary background parts in the reconstructed
holographic image. Statistical estimation and inference algorithms are developed to the
automatically segmented holographic image. Overviews of preliminary experimental
results illustrate how the holographic image reconstructed from the Gabor digital hologram
of biological specimen contains important information for microbial recognition.

Keywords: digital holography; 3D microscopy; cell analysis; statistical pattern
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1. Introduction

Optical imaging systems using digital holography under coherent illumination have been studied in
three-dimensional (3D) display, medical diagnosis, 3D microscopy, robotics, defense, and
security [1-19]. Digital holography [7] is attractive technique for the acquisition of 3D information for
these varied applications.

Recently, information photonics-based optical sensing/imaging systems have been investigated for
continuous, automated detection and identification of biological specimens [20-23]. The development
of reliable, rapid and low-cost methods for sensing and identification of biological specimens is
imperative. Such systems can be applied to medical diagnostics, environmental monitoring, food safety,
early detection of biological weapons in security and defense.

Most conventional methods used to inspect and identify biological specimens typically involve time-
consuming and labor-intensive biochemical assays or imaging and digital processing. Many imaging
methods identify microorganisms based on specific two-dimensional (2D) shape information, image
intensity color profile, and/or aggregation size and reaction time. However, a number of specimens such
as protozoan cell structures, bacteria, and sperm tails are essentially fully transparent unless stained. This
staining process is invasive for biological cells so that their viability can be adversely affected, which can
be undesirable for certain studies of biological specimens. In addition, imaging methods often fail to
recognize very minute differences in thickness, size, and shape. To overcome these obstacles,
interferometry-based bio-sensing/imaging techniques have been developed to study biological specimens.
In these techniques, the phase of a passing coherent light beam is changed by the differing densities and
compositions within a biological specimen. Phase information can be recorded interferometrically,
allowing for the study of biological specimens that would otherwise die from staining or be invisible to
conventional imaging means. Here, optical sensing/imaging system integrated with information
photonics for rapid, reliable sensing and identification of biological specimens is reviewed. This paper is
an overview of the work we have done in real time identification of micro/nanoorganisms using 3D
computational holographic imaging [20-23].

The Gabor digital holographic microscopy [24] described in this paper may be best method for
obtaining the diffraction patterns of biological specimens with dynamic events, since it only
requires a single exposure. It also automatically produces focused holographic images from the
Gabor digital holograms of biological specimens without any mechanical scanning, as needed in
conventional microscopy.

For the phase information acquisition of biological specimens, the magnified diffraction patterns of
biological specimens are optically recorded by the presented Gabor digital holographic microscopy
interfaced with a computer. Next, the magnified 3D image or stack of 2D images of a biological
specimen is numerically reconstructed from the Gabor digital hologram by using the Huygens-Fresnel
principle integral [25]. Since Gabor digital holographic microscopy provides the numerical
reconstruction of many wave-fronts or sectional images of a biological specimen along the propagation
direction using a single digital hologram, it is possible to obtain the information about how a biological
specimen grows and migrates in the 3D space. Moreover, the better classification of biological
specimens may be provided because both magnitude and phase information of them are reconstructed
by the Gabor digital holographic microscopy.
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For the automatic identification of biological specimens, the segmented areas of the reconstructed
holographic images are used for selection of random test pixels used to build up the test statistic for
recognition. It is more efficient to first filter out the unnecessary background from computationally
reconstructed holographic images before feeding them into recognition modules. The segmentation
helps finding regions of interest before processing for recognition. In this overview paper, the
watershed image segmentation algorithm [26] is applied to the holographic images. Then, parametric
or nonparametric inference algorithms are applied with the sample segment features randomly
extracted from the segmented holographic image of the biological specimens.

These statistical sampling techniques allow for fast microbial identification and are found to be
much more suitable in identifying the minute and morphologically simple species that are similar in
their thickness, size and/or shape. Also, statistical hypothesis testing with the statistical sampling
datasets can be applied to distinguish between different classes of biological microorganisms. These
samples are processed using statistical inference algorithms for the equality of dispersions between the
sampling segments of the reference and unknown input class holographic images. Statistical
parametric and nonparametric estimators [27,28] can be used to analyze the difference of the ratio of
variances of two populations, respectively.

The interferometery-based microscope discussed in this overview paper enables thickness
measurements to be made that are not subject to these particular limitations, because with this
technique the phase-change in the wavefront modulated by the specimen can be measured very
accurately. Therefore the phase information for the specimens, which depends on the refractive index
distribution of cellular cytoplasmic content and thickness of the specimen, can be measured in digital
holographic microscopy. We believe, as our experiments show repeatedly, that biological organisms
have their own unique characteristic phase distributions that can be exploited for their
automatic identification.

2. Gabor Digital Holographic Microscopy

Gabor digital holographic microscopy [24] is described in the following section. The Gabor digital
hologram or interference pattern of a biological specimen is recorded by a CCD (Charge-Coupled
Device) array, as shown in Figure 1. Coherent light from an argon laser (center wavelength
of 514.5 nm) is used as a source of illumination. A spatial filter and a collimating lens provide the
spatial coherence. The planar coherent wavefront illuminates the biological specimen. Since biological
specimens are semitransparent, the ballistic photons pass through the biological specimen without any
scattering, which provides a reference beam for interferometry. The microscope objective captures and
magnifies the reference beam and the transmitted diffracted wavefront on the hologram plane. The
image sensor array at the location of the hologram plane captures the interference of the reference
wave and the diffracted wavefronts from the biological specimen. The resulting interference patterns
contain both the magnitude and phase information of the biological specimen.

After recording the Gabor digital hologram, a number of methods can be used for computational
reconstruction of original bio-specimens including convolution and angular spectrum approaches [29].
In this overview paper, the angular spectrum method is applied to the Gabor digital hologram for 3D
reconstruction of bio-specimens.
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Figure 1. Experimental setup for recording the Gabor digital hologram of bio-specimens.
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Let the field distribution of a biological specimen O(X',y’;z) at the hologram plane or the Fresnel
diffraction domain be given as [16]:

d+6/2{ej2ﬂm (% + S (x24y'?) —ji—”(xx'+yy’
e z

— g 4 y)O(x’,y';z)ejﬂZ
jAz

0, (%, ) = A(x, y)e s = [[ |

d-6/2

)dzdx'dy’} 1)

Equation (1) represents the Fresnel transformation over a distance d with optical path difference &
along z-axis. The reference wave at the hologram plane is given as:

R(X,y) = A (X, y)expLjg, (x, )] ()

The interference pattern or Gabor digital hologram recorded at the CCD plane or hologram plane is
represented as follows:

(%, Y) =1 O, (X, )+ R(X, ¥) = A (X, ¥)* + AT+ 2A,(X, Y) A cos[¢, (X, ¥) — 4] 3)

where first term can be dropped because |Ah(x, y)|<< A, and the second term can be assumed as a

constant. With the conjugate component of the Gabor digital hologram, ref. [30] demonstrated that
crosstalk between real and conjugate terms are bound to low spatial frequencies in Fresnel Gabor
digital holographic microscopy. Also ref. [23] showed that the conjugate component in the Gabor
digital holographic microscopy can be neglected if many more fringe patterns of the biological
specimen are captured by the CCD detector. Because of this condition, it can be assumed that the
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original focused image from the Gabor digital hologram is strongly dominant, whereas the defocused
twin image overlapping the focused image is much weaker. Therefore, the field distribution of the
original biological specimen from the Gabor digital hologram pattern can be calculated numerically by
the following inverse Fresenl transformation or angular spectrum method with two Fourier transforms,
which cancels the scale factor between the input and output:

u? V2

BN (AyNyf]}] “

OX,y)=IFrT{l(x,y)}=IFT (FT{I (x, y)}xexp{jzid,[

where dy is reconstruction distance, u and v denote transverse discrete spatial frequencies, (Ax,Ay) is

resolution at the hologram plane, and Ny and Ny are the whole hologram size in the x, y direction,
respectively. Therefore, many wavefronts at arbitrary depth along the z-axis, including the one
representing the biological specimen in focus, are computed from a single Gabor digital hologram. As
we mentioned above, the reconstructed image from the Gabor digital hologram originally contains a
conjugate image which degrades the quality of the reconstructed image. However, the some conjugate
component in the background part of the reconstructed holographic image can be removed by using
image segmentation algorithms. In addition the intrinsic defocused conjugate image also contains 3D
information of the biological specimen for microbial identification purpose. As an additional merit,
Gabor digital holographic microscopy allows one to obtain a dynamic time-varying scene digitally
restored on the computer for monitoring and recognizing moving and growing micro/nano biological
organisms. Our digital holographic microscopic system requires only a single exposure recorded for
obtaining the diffracted pattern of a biological specimen. Therefore, the Gabor digital holographic
microscopy can be suitable for recognizing moving biological cells and is robust to external noise
factors such as fluctuation and vibration.

3. Statistical Sampling Method for 3D Identification of Biological Specimens

In the following, the design procedure to evaluate the microbial identification performance of the
3D sensing system based on Gabor digital holographic microscopy is described. For the automatic
identification of bio-specimens, the segmented areas of the reconstructed holographic images are used
for selection of random test pixels used to build up the test statistic for recognition. It is more efficient
to first filter out the unnecessary background from computationally reconstructed holographic images
before feeding them into recognition modules. The segmentation helps finding regions of interest
before processing for recognition. In this overview paper, the watershed image segmentation algorithm
has been used to efficiently remove the background part of the reconstructed image on the computer.
Then, we randomly extract n pixels m times in the segmented holographic image. Each trial sampling
segment consists of n complex values. Finally, parametric or nonparametric statistical inference
algorithms are developed to identify biological specimens.

These statistical sampling methods allow for fast microbial identification and are found to be much
more suitable in identifying the minute and morphologically simple species that are similar in their
thickness, size and/or shape. Also, statistical hypothesis testing with the statistical sampling datasets
can be applied to distinguish between different classes of biological microorganisms.
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Our purpose of this overview paper is to illustrate that the digital holographic image or complex
signal modulated by the specimen contains a rich data set for quantitative characterization and
recognition of bio-specimens by using the statistical sampling methods and statistical hypothesis
testing. Meanwhile, the advanced image recognition algorithms can be developed in order to improve
the microbial identification performance. The statistical methodology for identification of biological
specimens using digital holographic images is described in Figure 2 [22].

Figure 2. Statistical methodology to implement the presented three-dimensional microbial
sensing/recognition system [22].
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3.1. Parametric statistical inference algorithm

From the histogram analysis of the real and imaginary parts of the digital holographic image, it is
assumed that the random variables (real or imaginary parts of the segmented holographic image) in the
sampling segment nearly follow Gaussian distribution [22].

The statistical sampling distributions for the difference of parameters between the sample segment
features of the reference and unknown input class digital holographic images can be calculated by
using statistical estimation algorithms. The parametric statistical methods [27] are applied to the digital
holographic images for a preliminary evaluation of the presented microbial identification system.

For comparing dispersion parameters, the sampling distribution of the ratio between two sample
variances is computed. It is assumed that random variables r and i which are elements inside the
reference and unknown input class sampling segments are statistically independent with identical
Normal distribution N(z,,o”) and N(x,57). Also let r be independent of i. It is noted that the
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random variables r and i can be elements of the real part or the imaginary part of the reconstructed
holographic image, so two separate univariate hypothesis testings [27] are performed.

For comparing the dispersion parameters between two sampling segments, we assume that all four
statistical parameters are unknown and 8= (y,,u,0°,0°). The ratio of the dispersions of two
independent normal populations can be represented as follows [27]:

- {0, (0, ~DNI)/ o7
(ne=1).(ni-1) — {ni /(ni _1)}\/ [|]/(7|2

(5)

where n_and n, stand for sample size of the real part or the imaginary part of the reconstructed
holographic image, respectively, V[] is sample variance, and the F distribution has n, -1 and n, -1
degrees of freedom. Finally, a null hypothesis H, and an alterative hypothesis H, are defined

as follows:
H,:0?=0’, H,:0? %0’ (6)

where the null hypothesis means that there is no difference between two population variances. Then
for null hypothesis H,, Equation (5) can be given as [27]:

F _{n./(n ~DV[r] _VIr] )
(n,—1),(ng—1) {ns /(nS _1)}V [S] \7[3]

On the basis of a two-tailed test at a level of significance « , the following decision rules are
defined [27]:

VIr]

a) Accept H, if the statistics, VIs] is placed inside the interval F, )\ 1.2 00 Fo 0 9102
s T A ' r U ¥

b) Reject H, otherwise.

The upper 100x (c/2)% point of the F, ,, ., ., distribution denotes F, , . /.- This decision
rule implies that H, is true if the F distribution occurs between percentile value F,,, and F_,,, given

the probability density function of the F distribution. a can be adjusted so that the probability of
correct detection is 100x(1—a/2)%. This is the area under the F distribution between F, ,, and

F._.,/»- Thus the following probability can be claimed [27]:

. , .
P{F* o VI o e VI 1 g ®)
(np-1),(ng-1),a/2 V [S] o (np-1),(ng—1)1-a /2 V [S]

Finally, the statistical p-value is computed by empirical Monte Carlo techniques for the statistical
decision to classify the specimen. It is a common practice to reject the null hypothesis if the calculated
statistical p-value is less than 0.05. However, other cut-off p-values are also applicable, for example
0.01 or 0.10.

3.2. Nonparametric statistical inference algorithm

In the following, a statistical distribution-free test (KS-test) [28] is also employed for the
comparison of two populations as nonparametric statistical test. In the previous section, it is assumed
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that the random variables (real or imaginary parts of the segmented complex holographic image) in the
sampling segment nearly follow a Gaussian distribution. In this section, however, we use a
nonparametric statistical test without any assumptions about the shapes of the underlying population
distributions. The empirical cumulative density function (ECDF) can be obtained by the pixel values of
the randomly selected n test pixel points. The test statistic for a null hypothesis is defined
respectively by:

/~\=E[(f'(u)—f‘(u))2} ©)

where f"(u) and f"(u) are the ECDF obtained by the pixel values of the randomly selected n test

pixel points from the reference holographic image. The possible values of | f"(u) - fr(u) are in the
range, 0<|f"(u)- fr(u) <1. Similarly, the test statistic between a reference and unknown input class

is defined by:
A:E[(fr(u)—f‘(u))z} (10)

where f'(u) is the ECDF obtained by the pixel values of the randomly selected n test pixel points
from the unknown input class holographic image. In order to obtain the statistical sampling distribution
of the test statistics, the fr(u) and f'(u) are actually formed a number of times and then calculate the
statistical distribution of the test statistics A and A. It is noted that A is the criterion discriminant
function (CDF) appropriate for the null hypothesis. Finally, a statistical p-value is computed, i.e., the
probability that the variable with a probability density function for the null hypothesis is larger than the
calculated statistic A for the statistical decision to identify biological specimens.

4. Experimental Results

In the following, the 3D visualization of micro/nano biological organisms using Gabor digital
holographic microscopy is presented. In the experiments biological specimens were around several um
in size. Their Gabor digital holograms were recorded with a CCD array of 2,048 %< 2,048 pixels and a
pixel size of 9 um x 9 um, where the biological specimen was sandwiched between two transparent
cover slips.

Figures 3(a,c) show Oscillatoria bacteria and Diatom alga holographic images reconstructed at the
distances of 25 um from their Gabor digital holograms, respectively, which were used to test the
presented recognition system. For recognition purposes, a watershed image segmentation algorithm
was used to remove the background parts in the reconstructed complex image. Figures 3(b,d) show the
binary windows for targets (Oscillatoria bacteria and Diatom alga) obtained by using the watershed
image segmentation algorithm.

Figures 4(a,b) shows the statistical distributions obtained from the parametric test statistic (F-test)
for checking the equality of the variance between the reference (Oscillatoria bacteria) and the
unknown input class (Oscillatoria bacteria or Diatom alga), where different specimen of same
biological organism was tested for the true class. In order to measure the central tendency of the
statistical sampling distribution of the parametric test statistic, 200 test pixel points were randomly
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selected from the segmented holographic dataset and then the trial sampling segments were
generated 100 times for empirical Monte-Carlo experiments. Finally, two univariate F-test (real and
Imaginary parts in the reconstructed complex image) with the reference and unknown input class
sampling segments have been separately conducted. As shown in Figures 4(a,b), it is noted that the
parametric test statistic can discriminate between the two different datasets with 100% accuracy as the
sample size was 200.

Figure 3. The microbial holographic images reconstructed at the distance 25um from their
Gabor digital holograms and binary windows for targets obtained by using a watershed
image segmentation algorithm. (a) Oscillatoria bacteria. (b) Binary window for target
(Oscillatoria bacteria). (c) Diatom alga. (d) Binary window for target (Diatom alga).
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Figure 4. Parametric F-test results for the equality of two variances. 200 test pixel points
were selected from segmented holographic image. (a) real part and (b) imaginary part in
the reconstructed image. Reference: Oscillatoria bacteria. False class: Diatom alga.
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For preliminary evaluation of the recognition performance, a hypothesis testing [null hypothesis:
Ho (ai = af, = ¢%)] on the basis of a two-tailed test with a specific level of significance has been
conducted with the parametric F-test values. It is shown in Figure 5 that the percentage of the correct
matched sampling segments by the decision rule with 0.01 significance level for the null hypothesis
(true class) was 100%, while for the false class was 0% when 200 random data samples selected from
their own segmented holographic images. It is noted that the parametric test statistic can discriminate
between the two different datasets with 100% accuracy as the sample size increase. These preliminary
experimental results statistically illustrate that biological organisms have their own unique
characteristic phase distributions that can be exploited for their automatic identification.

Figure 5. The average statistical p-value calculated from the parametric F-test. (a) real part
and (b) imaginary part in the reconstructed image. Reference: Oscillatoria bacteria. False
class: Diatom alga.
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Figures 6(a,b) show the statistical distributions obtained from the nonparametric test statistic
(KS-test) for checking the equality of the variance between the reference (Oscillatoria bacteria) and
the unknown input class (Oscillatoria bacteria or Diatom alga). In order to measure the central
tendency of the statistical sampling distribution of the test statistic, 200 test pixel points were randomly
selected from the holographic dataset and then the trial sampling segments were 100 times generated
for empirical Monte-Carlo experiments. Finally, two univariate KS-test (real and imaginary parts in the
reconstructed holographic image) with the reference and unknown input class sampling segments have
been separately conducted.

For preliminary evaluation of the recognition performance, a hypothesis testing [null hypothesis:
Ho (ai = azy = ¢%)] has been conducted with the nonparametric KS-test values. It is shown in Figure 7
that the percentage of the correct matched sampling segments by the decision rule
with 0.01 significance level for the null hypothesis was 100%, while for the false class was over 90%
when 200 random data samples selected from their own segmented holographic images. As a result, it
is noted that the parametric F-test can provide better performance to distinguish two different sampling
segments than the KS-test.
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Figure 6. Nonparametric KS-test results for the equality of two variances. 200 test pixel
points were selected from segmented holographic image. (a) real part and (b) imaginary
part in the reconstructed image. Reference: Oscillatoria bacteria. False class: Diatom alga.
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Figure 7. The average statistical p-value calculated from the nonparametric KS-test.
(a) real part and (b) imaginary part in the reconstructed image. Reference: Oscillatoria
bacteria. False class: Diatom alga.
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Figures 8(a,b) show the ROC curve results between the reference (Oscillatoria bacteria) and false
class (Diatom alga) statistical sampling distributions obtained from the parametric test statistic (F-test).
The number of the test pixel points varies from 50 to 200. The well-focused holographic images for the
reference and the false class were reconstructed from their Gabor digital holograms, respectively. The
accuracy of the parametric test statistic depends on how well the test separates the two groups into
those with similar properties or dissimilar ones. The closer the curve follows the left-hand border and
then top border of ROC space, the more accurate the test. As shown in Figure 8, the area under the
ROC curve approached 1, which signifies a perfect test as the sample size increased.
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Figure 8. The ROC-curve results between reference and false class statistical distributions.
The distributions are generated from the test statistic F-test and KS-test. Sampling
segments are obtained from both real and imaginary parts in the reconstructed complex
image. (a) ROC-curve result for real part in the complex image with F-test. (b) ROC-curve
result for imaginary part in the complex image with F-test. (¢) ROC-curve result for real
part in the complex image with KS-test. (d) ROC-curve result for imaginary part in the
complex image with KS-test. Reference: Oscillatoria bacteria. False class: Diatom alga.
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Figures 8(c,d) show the ROC curve results between the reference (Oscillatoria bacteria) and false
class (Diatom alga) statistical sampling distributions generated by using the nonparametric KS-test
statistic. The number of the test pixel points varies from 50 to 200. The well-focused holographic
images for the reference and the false class were reconstructed from their Gabor digital holograms,
respectively. As shown in Figures 8(c,d), the area under the ROC curve approached 1, which signifies
a perfect test as the sample size increased. It is illustrated, as our experiments show repeatedly, that
digital holographic image modulated by the specimen contains a rich data set for quantitative
characterization and recognition of biological specimens with the statistical sampling methods. We
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have directly applied parametric or nonparametric statistical algorithms on the sample segment
features of the segmented holographic image of the biological specimens for their identification. These
statistical techniques are found to be much more suitable in identifying the minute and
morphologically simple species that are similar in their thickness, size and/or shape. We believe that
Gabor digital holography based automated microbial identification system which interweaves the
complex amplitude wavefront modulated by the specimen with statistical methodology leads to fast
and reliable differentiation of transparent biological specimens.

5. Conclusions

Automated micro/nano biological organism sensing and recognition system using Gabor digital
holographic microscopy and a statistical inference has been overviewed. 3D sensing is based on Gabor
digital holographic microscopy. In order to evaluate the recognition performance of the presented
microbial sensing system, the Gabor digital holograms of biological specimens have been optically
measured and then the complex holographic images of the original biological specimens have been
digitally reconstructed with the recorded Gabor digital hologram. Target sampling segments have been
extracted in the segmented holographic image after applying watershed image segmentation algorithm
to the reconstructed holographic image. The sampling probability distribution of the difference of the
ratio of the dispersions have been calculated between the reference and unknown input class sampling
segments varying the sample size of sampling segment. Finally, the presented sensing system has been
tested by performing hypothesis tests for the difference of the ratio of variances with a statistical
decision rules. It has been shown in preliminary experiments that the holographic image reconstructed
from only a single Gabor digital hologram of biological specimen contains important information for
recognition and classification and they may be identified using a statistical estimation and inference
algorithms. The shapes of some bacteria and algae are filamentous, spherical, and branched. They may
look similar in terms of shape. This approach allows the presented system to be tolerant of shape in
recognizing biological specimens like bacteria or algae.

Acknowledgements

This research was supported in part by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology
(2009-0088195). This research was supported in part by the Korea Research Foundation Grant funded
by the Korean Government (KRF-2010-L030102-06B2005)

References

1. Javidi, B.; Okano, F.; Son, J.-Y. Three-Dimensional Imaging, Visualization, and Display (Signals
and Communication Technology), 1st ed.; Springer-Verlag: New York, NY, USA, 2008.

2. Benton, S.A.; Bove, V.M. Holographic Imaging; Wiley-Interscience: New York, NY, USA, 2008.

3. Dubois, F.; Yourassowsky, C.; Monnom, O.; Legros, J.C.; Debeir, O.; van Ham, P.; Kiss, R.;
Decaestecker, C. Digital holographic microscopy for the three-dimensional dynamic analysis of in
vitro cancer cell migration. J. Biomed. Opt. 2006, 11, 054032.



Sensors 2010, 10 8450

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Osten, W.; Baumbach, T.; Juptner, W. Comparative digital holography. Opt. Lett. 2002, 27,
1764-1766.

Xu, W.; Jericho, M.; Meinertzhagen, |.; Kreuzer, H. Digital in-line holography for biological
applications. Proc. Natl. Acad. Sci. 2001, 98, 11301-11305.

Frauel, Y.; Naughton, T.; Matoba, O.; Tahajuerce, E.; Javidi, B. Three dimensional imaging and
display using computational holographic imaging. Proc. IEEE 2006, 94, 636-654.

Yamaguchi, I.; Zhang, T. Phase-shifting digital holography. Opt. Lett. 1997, 22, 1268-1270.
Gopinathan, U.; Pedrini, G.; Osten, W. Coherence effects in digital in-line holographic
microscopy. J. Opt. Soc. Amer. A 2008, 25, 2459-2466.

Kuhn, J.; Montfort, F.; Colomb, T.; Rappaz, B.; Moratal, C.; Pavillon, N.; Marquet, P.;
Depeursinge, C. Submicrometer tomography of cells by multiple-wavelength digital holographic
microscopy in reflection. Opt. Lett. 2009, 34, 653-655.

Ferraro, P.; Grilli, S.; Alfieri, D.; Nicola, S.; Finizio, D.A.; Pierattini, G.; Javidi, B.; Coppola, G.;
Striano, V. Extended focused image in microscopy by digital holography. Opt. Express 2005, 13,
6738-6749.

Mico, V.; Zalevsky, Z.; Ferreira, C.; Garc &, J. Superresolution digital holographic microscopy for
three-dimensional samples. Opt. Express 2008, 16, 19260-19270.

Shimobaba, T.; Sato, Y.; Miura, J.; Takenouchi, M.; Ito, T. Real-time digital holographic
microscopy using the graphic processing unit. Opt. Express 2008, 16, 11776-11781.
Langehanenberg, P.; Kemper, B.; Dirksen, D.; Bally, G. Autofocusing in digital holographic
phase contrast microscopy on pure phase objects for live cell imaging. Appl. Opt. 2008, 47,
D176-D182.

Garcia, J.; Xu, W.; Jericho, S.; Klages, P.; Jericho, M.; Kreuzer, J. Digital in-line holographic
microscopy. Appl. Opt. 2006, 45, 836-850.

Kemper, B.; Bally, G. Digital holographic microscopy for live cell applications and technical
inspection. Appl. Opt. 2008, 47, A52—-A61.

Dubois, F.; Callens, N.; Yourassowsky, C.; Hoyos, M.; Kurowski, P.; Monnom, O. Digital
holographic microscopy with reduced spatial coherence for three-dimensional particle flow
analysis. Appl. Opt. 2006, 45, 864-871.

Verrier, N.; Remacha, C.; Brunel, M.; Lebrun, D.; Co&mellec, S. Micropipe flow visualization
using digital in-line holographic microscopy. Opt. Express 2010, 18, 7807—78109.

Sheng, J.; Malkiel, E.; Katz, J. Digital holographic microscope for measuring three-dimensional
particle distributions and motions. Appl. Opt. 2006, 45, 3893-3901.

Anand, A.; Javidi, B. Three-dimensional microscopy with single-beam wavefront sensing and
reconstruction from speckle fields. Opt. Lett. 2010, 35, 766—768.

Moon, I.; Daneshpanah, M.; Javidi, B.; Stern, A. Automated three-dimensional identification and
tracking of micro/nanobiological organisms by computational holographic microscopy. Proc.
IEEE 2009, 97, 990-1010.

Javidi, B.; Moon, I.; Yeom, S.; Carapezza, E. Three-dimensional imaging and recognition of
microorganism using single-exposure on-line (SEOL) digital holography. Opt. Exp. 2005, 13,
4492-4506.



Sensors 2010, 10 8451

22.

23.

24.

25.

26.

27.

28.

29.

30.

Moon, I.; Javidi, B. Shape tolerant three-dimensional recognition of biological microorganisms
using digital holography. Opt. Exp. 2005, 13, 9612-9622.

Moon, 1.; Javidi, B. 3D visualization and identification of biological microorganisms using
partially temporal incoherent light in-line computational holographic imaging. IEEE Trans. Med.
Imag. 2008, 27, 1782-1790.

Gabor, D. A new microscopic principle. Nature 1948, 161, 777-778.

Goodman, J.W. Introduction to Fourier Optics, 2nd ed.; McGraw-Hill: Boston, MA, USA, 1996.
Gonzalez, R.C.; Woods, R.E. Digital Imaging Processing; Prentice Hall: New York, NY,
USA, 2002.

Mukhopadhyay, N. Probability and Statistical Inference; Marcel Dekker: New York, NY,
USA 2000.

Hollander, M.; Wolfe, D.A. Nonparametric Statistical Methods; Wiley: New York, NY,
USA, 1999.

Schnars, U.; Juptner, W. Digital recording and numerical reconstruction of holograms. Meas. Sci.
Technol. 2002, 13, R85-R101.

Stern, A.; Javidi, B. Theoretical analysis of three-dimensional imaging and recognition of
microorganism technique using single-exposure on-line (SEOL) digital holography. J. Opt. Soc.
Amer. A 2007, 24, 163-168.

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



