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Abstract—Using Digital Holographic Microscope (DHM) technology - as it alleviates the small depth of focus constraint of
the conventional microscopes - the fast screening of large fluid
sample volumes becomes achievable. We have developed and built
automatic DHM technology based fluid monitoring devices which
are able to determine the biological content of water samples.
These devices are capable for the detection, segmentation and
imaging of sparse, freely floating objects in hundred times larger
volumes than counterparts applying conventional microscopy
approches. The aimed automatic pattern recognition and object
classification requires high quality image reconstructions from
the acquired hologram of the objects. To fulfill this task, the
precise 3D position determination of the objects is required. This
means, proper auto-focusing and object segmentation algorithms
has to be applied. We outline the introduced algorithms, which
are based on the special, coherent imaging properties of the
applied in-line holographic systems. Thanks to the rapid development of the digital computer technology and the application
of parallel computing implementations the numercal evaluation
of the recorded holograms can be fulfilled close to real time.
Using stream processors (graphics processing unit, GPU) it is
possible to increase the algorithm speed considerably, without
any perceptible reconstruction accuracy loss.
Index Terms—Automation, Informatics, Digital Holographic
Microscopy.

I. I NTRODUCTION
Fast screening of fluid samples is a frequently requested
task. For example, determining the qualitative and quantitative
distribution of algae in water bodies can help to describe and
estimate the actual state of the ecosystem [1]. Furthermore, the
occurrence of some algae or microscopic worms in drinking
water wells can indicate the failure of the filtration, purification
process and warns the possible contamination of the water.
This, otherwise, can easily result in an emergency situation of
the public sanitation.
Although the automation of physical or chemical fluid
sample tests is relatively easy, but pattern recognition based,
automatic morphological examination of microscopic objects
was solved efficiently only for dense samples (e.g. blood etc.)
so far. In the case of sparse samples, we have to scan large
volumes to detect and collect the statistically requested number
of objects. Automation of sample condensation is hard. It is
usually a slow, multi step process and frequently destructs or
deteriorates the structure of the living, fragile objects in the

sample. Therefore, our goal was to construct a microscope that
is able to automatically monitor large volumes and find the
sparsely occurring objects in it at a high speed. The proposed
method does not imply any staining or labelling of the objects
originally, but later the use of some special (flurescent or other)
markers seems to be efficiently applicable.
Using conventional microscopes for the recognition of microscopic creatures - like algae or worms (size range of ∼10200µm) - the required and implemented high lateral resolution
(∼1µm) limits the achievable depth of focus considerably
(3-5µm). This way, only a very thin layer of the sample
can be imaged corretly, while the out of focus blur prevents
any pattern recognition of other parts of the volume. There
are smart, custom made flow through measuring chamber
designs [2], where a specially planned laminar flow is focusing
the sample into the focal plane of the microscope. This
kind of chambers can be applied for the measurement of
dense samples efficiently, as in this case the feeding and
the forwarding of the samples can be solved much more
easily. Notwithstanding, in this case the measured volume still
remains very small.
However, if we apply the principles of holography we can
avoid this annoying constraint of conventional microscopy.
In a hologram we can record all the diffracted information
of the coherently illuminated objects on the sensor surface.
Based on these data we can reconstruct the image of these
objects later, independent of their actual 3D position. This
way, from a single hologram we can achieve high resolution
image reconstruction of all the objects within the observed
volume. It has to note, that the numerical aperture slightly
changes with the actual position of the objects and limits the
achievable resolution. Namely, there is a trade off between the
size of the observable volume and the achievable resolution.
Therefore, we apply Digital Holographic Microscopy to
implement the high speed screening of sparse water samples.
Here, the holograms of microscopic objects are recorded by a
digital sensor (CCD, CMOS) and they are reconstructed later
using numeric simulations of the wave fileld propagation [3],
[4], [5]. The applied algorithm makes it possible to digitally set
the focus and reconstruct the objects at diverse depths within
the entire volume of the measured sample [6].

Using this method, we neither need any actuation of the target object, the sensor or the objective as it would be required in
the case of z-scan based conventional volumetric microscope
approaches, nor the otherwise required large number of image
acquisitions.
Using DHM technology we were able to construct a very
efficient, high speed fluid monitoring system [7]. Avoiding
the small depth of focus constraints, our multi color DHM
device [8] is able to monitor ∼100 times larger volume than its
conventional counterparts and provides high resolution color
image reconstructions of the occuring objects.
Here, we will present the introduced DHM architectures,
show the applied object segmentation, auto-focus and some
of the other applied image processing algorithms, which are
utilizing the special features of the coherent imaging. We
present here two different DHM constructions aiming the
monitoring objects of different size ranges and demonstrate
their achievable performances. Finally, we outline some other
possible application fields and some directions of the further
research and development.
II. O UR D IGITAL H OLOGRAPHIC M ICROSCOPE D ESIGN
In DHM implementations, when relatively high resolution,
large observable volume and simple optical setup are required,
usually an in-line holographic setup is applied. Furthermore,
this architecture provides a really efficient utilization of sensor
space bandwidth product [4], [9]. Especially, the application of
the conventional Gabor holographic architecture is preferred
[10], where coherent illumination is applied in a more or less
conventional digital microscope setup. This way, the illumination supplies the reference wave field too. This architecture
provides a really simple measuring setup (Fig 1) and it is
applicable whenever the diffracted wave field of the objects
can be regarded as small perturbation of the reference. That
is, sparse objects, with small absorption and refraction are
to be recorded [4], [11]. This is usually granted in the case
of microscopic organisms (like algae) floating in clear water
samples. Using such architectures, even lensless DHM systems
are realizable [12], [13]. We also apply a lensless setup, where
the pattern recognition demanded resolution is not a really
challanging task (see later in Section VII). Furthermore, this
architecture is really simple, its implementation is straightforward and ensures extremely large observable volumes.

For the correct classification of algae, besides the measured
morphological features, usually the color information is also
required. Therefore, we have constructed a multicolor DHM,
where we apply three different lasers and record the according
different holograms simultaneously. Proper coherent illumination is provided by fiber coupled lasers. The fiber ends emit
even, spherical wave field and this way we do not need any
spatial filtering as it was customary applied in some earlier
approaches [4], when pinholes were used. Due to the aimed
microscope imaging application, the use of lasers of relatively
small coherence lengths are satisfactory.
Nyquist sampling criteria can be accomplished much easier if we use optical magnification in our DHM system.
Otherwise, the pixel size and aperture of the applied high
resolution image sensor limit the achievable resolution of the
reconstructed images. Therefore microscope objectives were
applied to ensure the required, relatively small magnification.
As high resolutions are aimed we have to use lens of high
numerical apertures.
We used an afocal optical system, as it provides even
magnification in the whole volume. Although, such an afocal
magnification can be implemented using a single objective (it
is true only in the case when parallel illuminating wavefield
is applied) - utilizing the special property of the numerical
hologram reconstruction process, where usually a plane reconstructing wavefiled is applied - the proper positioning of
the sensor and calibration is much easier if we apply an afocal
optical setup.
Quality of the recorded holograms can be considerably
deteriorated by the diffractions on debris, deposits residing
on the walls of the flow-through cell or anywhere within the
optical system. To avoid the noise caused by the diffractions
of these contaminations in the reconstructions we use differential holograms. Namely, we subtract the steady, estimated
background from each measured hologram. This way all the
static diffraction patterns can be eliminated efficiently and
the diffraction of the floating, changing objects remains well
defined. This method can not be applied in the case of
conventional microscopy, where not the interference pattern of
the objects adds linearly but the image intensities. Fortunately,
in the case of conventional microscopes the debris and deposits
are usually out of focus so they cause only light intensity loss.
Using our DHM setup 3D tracking the objects within
the volume is also achievable [14]. Conversely to other approaches, every object can be reconstructed with their actual
3D positions from a single hologram, without the need of time
consuming, iterative processes [15].
III. H OLOGRAM AUTO - FOCUSING AND O BJECT
S EGMENTATION

Fig. 1. Optical setup of our Digital Holographic Microscope system.

The goal of the DHM device is to recognize the objects occurring within the flow-through measuring chamber. We fulfill
this task by making image reconstructions from the captured
differential holograms. This reconstruction is accomplished
object-wise. That is, in every step a single object is segmented,
reconstructed and its contribution to the measured differential

hologram is also recovered. This way, step by step, all the
objects and their corresponding in-line holograms are revealed.
To fulfill this task we apply a so called ’hologram object
detection’ algorithm. This algorithm finds the reconstruction
distance and support of all the objects constructing a hologram.
As the objects are usually in different depths within the
sample volume, therefore they have diverse reconstruction
distances. These, locally distinct depth keys can be exploited
to find and segment the objects efficiently. This way, object
segmentation of a volumetric in-line hologram is much easier,
than that of the conventional microscope images, where the
overlap of the objects and debris are obstructing the proper
segmentation considerably. To define the supports and the
reconstruction distances of the objects we digitally emulate
the reconstructions of the sub-sampled measured holograms in
different distances by simulating its wave field propagation.
For digital wave field propagation we applied the angular
spectrum method Eq. (1) [6], [16]. According to the angular
spectrum method [17], hd (.) denotes the d distance wave field
propagation operation:
hd (E(x, y)) = F −1 {F{E(x, y)}eikz (u,v)d },

(1)

−1

where F and F
denote the direct and inverse Fourier
transform operations, while
( q
2π λ12 − u2 − v 2 , if λ12 − u2 − v 2 > 0
kz (u, v) =
0,
otherwise.
The u and v symbols denote the Fourier frequencies in the
x and y directions respectively (the illuminating wavelength
is λ).
We use some local image quality measure (focus measure;
e.g. Tenengrad or Local energy of the gradient image [3]) to
detect whether the object is in focus or not [16]. Although
several alternative focus measures have been investigated
earlier [3], [18], but these were applied only for off-axis hologram reconstructions or conventional microscope images [19].
However, inherent twin image noise of the in-line holograms
can deteriorate the successfull application of these, earlier
proposed auto-focusing algorithms, as diffractions can produce
false extremes in the local focus measure values.
To avoid this problem we introduced the so-called ’in-line
hologram segmentation’ method [20]. It solves the porblem by
eliminating all the contributing diffraction patterns of the so far
reconstructed objects from the originally measured hologram.
It can be done by the proper utilization of the inner structure of
in-line holograms. To define the contribution of a segmented
object to the measured hologram we need only the support
and reconstruction distance parameters of the corresponding
object.
Our experiment shows that even a coarse approximation
of these parameters is sufficient for the correct operation
of the algorithm. We define these parameters object-wise.
Using the focus measure we generate two maps: the ’Focus
Maximum Map’ that contains the pixel-wise maximum of the
focus measure within the simulated wave field propagation

distances, and the corresponding ’Distance Map’ that shows
the distance, where this focus maxima are achieved [16]. As
a single object is in focus usually only in a special distance
from the hologram, therefore the support of the object can
be determined from the measured ’Distance Map’, while
the selection of the highest contrast object can be done by
using the ’Focus Maximum Map’. All these object selection
and segmentation can be done using properly sub-sampled
hologram. If we remove the object contributions from the
hologram - as we mentioned before - and recalculate these
maps we can segment and reconstruct, step by step, all the
objects within the volume.
To determine the individual objects contribution to the
measured hologram we developed [20] a simple non-iterative
hologram segmentation algorithm which is able to estimate
the contribution of the individual objects to the measured
hologram. Conversely to the earlier approaches [21], it does
not aim parallel, complete phase retrieval of all the objects
- which seems a really challenging task if high resolution
reconstructions of complex microscopic objects are aimed but only a simple straightforward estimation of the in-line
hologram of these objects are considered.
This algorithm is based on the inner structure of the in-line
holograms. It approximates the in-line hologram of the object
at high precision from the original hologram using only the
estimated support and reconstruction distance information. It
takes only four field propagation steps to fulfill the hologram
segmentation.
Summing up the proposed segmentation algorithm:
•
•
•
•
•
•
•

Reconstruct the object by simulated propagation of the
hologram.
Fill the unsupported part of the reconstructed object with
the background amplitude
Propagate backward this wave field to the hologram
plane.
Subtract twice the real part of the result from the original
hologram.
Propagate this modified hologram wave field to the object
plane.
Fill the unsupported part of the reconstruction with the
background amplitude.
Propagate backward this wave field to the hologram
plane and subtract it from the modified hologram.

Using the above delineated object segmentation method
including the introduced hologram segmentation technique we
are able to find and reconstruct all the objects recorded in
our DHM device. To demonstrate the device performance we
show a couple of measured holograms with the corresponding
reconstructions in Fig. 3.
IV. PARALLEL IMPLEMENTATION IN DHM PROCESSING
Digital reconstruction process requires immense computation power. Aiming high speed screening applications we have

Fig. 3. Using our color DHM setup and the proper reconstruction algorithm
we can reconstruct the image of microscopic objects ((b) and (d)) from the
corresponding measured holograms ((a) and (c)).

to provide the high speed implementation of the segmentation
and hologram reconstruction algorithms. Emulation of the
wave field propagation and so the hologram reconstruction
process is based on the convolution of the original hologram
with a complex propagation distance defined kernel. This way,
the recontructions of every objects within a volume requires
a big number of large size 2D Fourier transformations. This
task can be efficiently implemented on stream processors [22].
It is important to note, that using single precision is appropriate for these emulations and does not results in the
accumulation of the errors [16]. However, the calculation of
the proper propagation kernel has to be fulfilled using double
precision, otherwise the emulation of wavefield propagation
will be biased [16]. Fortunatelly, the determination of the
propagation kernel for unit distance has to be computed only
once, so it does not limit the speed of the reconstruction
process.
As the hologram auto-focusing and object segmentation
tasks require not only wavefield propagation but other image
processing steps, these were also implemented on stream
processors.

Fig. 2. From a measured hologram (a) we can define the ’Focus Maximum
Map’ (b) showing the highest focus measures during the different distance
reconstructions and the corresponding ’Distance Map’ (c). According to the
’Focus Maximum Map’ we can find an object, while the support of the object
(d) can be defined using the corresponding ’Distance Map’ values.

By the application of parallel computing hardware, especially stream processors (GPU), the processing was accelerated
considerably (10-20 times). This way, in our DHM implementations close to real time reconstruction speeds have been
achieved.

V. O BJECT CLASSIFICATION USING DHM
Based on high resolution, good quality reconstructions, the
miroscopic creatures can be classified efficiently. The used
pattern recognition algorithm applies the features extracted
from the reconstructed images and provides fair classification
performance (90-95%). These classification processes use a
special database that is constructed from earlier measurements
and classified by skilled experts of microbiology. The results
of the measurements and the classifications are stored and
can be followed up on the Web (see sample snapshot of the
reporting screens in Fig. 4) after proper authorization and
authentication. These systems are able to send alarm messages
if some parameters of the measurement reach the predefined
thresholds. This can help to prevent emergency situations (e.g.
public sanitation).

Fig. 5. Color Digital Holographic Water Monitoring Microscope aiming the
detection of microscopic organisms the size of ∼10-200µm (e.g. algae).

Fig. 4. After proper authorization and authentication, the results of the DHM
measurments can be followed up on the Web (sample screen shots).

VI. D ETECTION OF ALGAE BY DHM
We have developed a high resolution DHM water monitoring device that aims the detection and classification of
different kinds of algae. This device applies an afocal optical
setup which provides uniform magnification (x5) within the
whole observed volume. Thus the calibration of the setup
becomes much easier and the estimation of the exact size of the
reconstructed objects is much more simple. This optical setup
makes it possible to achieve sub-micron resolution within more
than a cubic millimeter large observed volume.
As color information seems essential for correct classification, we apply three different fiber coupled lasers (red,
green, blue) and record the corresponding holograms by a
color CMOS sensor simultaneously. Color crosstalk is reduced
by the application of special preprocessing of the acquired
raw sensor pixel data [8]. In Fig. 5 a prototype of the alga
monitoring device is shown.
Using this setup we are able to reconstruct micro organisms
of 10-200µm size range. A set of the measured microscopic
objects are shown in the next figure (Fig. 6).

Fig. 6. A set of different measured and reconstructed algae images demonstrates the resolution and imaging performance of the built DHM prototype
system (Scale bars are 20µm).

Although, this device is built to detect and classify algae,
it is able to detect larger microscopic objects (e.g. worms)
too. The performance of the built DHM prototype system is
demonstrated by some reconstructed images of algae (see in
Fig. 6). The developed prototype system can be efficiently
used for surveying the ecological state of water bodies or for
the continuous monitoring of the filtration efficiency in water
wells.
VII. D ETECTION OF WORMS BY DHM
There are fluid monitoring tasks, where larger objects are to
be detected, that have no special coloration. This can be solved
by a much more simple device. It uses only a single laser
and do not apply any kind of optics, but the magnification is
achieved only by the use of different illuminating (spherical)
and reconstructing (plane) wave fields. We have developed
and built such a lensless DHM that aims worm monitoring.
Fig. 7 show the prototype of the worm monitoring DHM
(WaterScope, Knot LLC) and in Fig. 8 a set of reconstructed
microscopic worms found in the flow through samples.

early warning environmental system. The preparation of this
presentation has also been supported by the INARMERA-ICT
project (Grant Agreement Nr. 294943, web: www.inarmeraict.eu).
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Fig. 7. WaterScope, Knot LLC, a water monitoring device aims high speed
worm detection using Digital Holographic Microscope technology.

Fig. 8. A set of different worm reconstructions demonstrates the imaging
performance of the WaterScope, Knot LLC device (Scale bars are 100µm).
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device is limited by the pixelsize of the applied sensor, which
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[20] L. Orzó, Z. Göröcs, A. Fehér, and S. Tőkés, “In-line hologram segmentation for volumetric samples,” Applied Optics, vol. 52, no. 1, pp.
A45–A55, 2013.
[21] L. Denis, C. Fournier, T. Fournel, and C. Ducottet, “Numerical suppression of the twin image in in-line holography of a volume of microobjects,” Measurement Science and Technology, vol. 19, p. 074004,
2008.
[22] T. Shimobaba, Y. Sato, J. Miura, M. Takenouchi, and T. Ito, “Realtime digital holographic microscopy using the graphic processing unit,”
Optics Express, vol. 16, no. 16, pp. 11 776–11 781, 2008.

