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ABSTRACT 

A submersible digital holographic camera for measuring plankton and other particles is described. The camera provides 
underwater recording of digital holograms of water volume containing plankton followed by automatic restoration of 
holographic images of plankton species, determination of their sizes, shapes, and concentrations, and their recognition 
and classification. Particles with sizes of 200 µm and larger are analyzed. The water volume registered per exposure is 
about 1 L. The special features of the software for automatic information retrieval from digital holograms are discussed. 
Examples of application of the camera as an integral part of the hardware-software complex for field measurements are 
given. Prospects for application of this complex for ecological monitoring are discussed. The recognition criterion of the 
digital holographic camera and the data volume and the averaging time required for obtaining statistically reliable data 
on plankton species are also given.   
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1. INTRODUCTION 
The plankton in the world ocean is an important factor of biodiversity conservation, and its use as a bioindicator in the 
habitat allows the stability of the environment against the action of various unfavorable factors associated, for example, 
with human economic activity to be estimated. By virtue of this, a study of the plankton diversity is one of the main 
components of monitoring of the world ocean. In the process of monitoring of water areas in regions of human economic 
activity (mining sites, oil platforms, ports, and gas pipelines), a problem arises of studying other particles as well, 
including settling particles of various origin, oil drops, and gas bubbles. 

To solve these problems, we suggest the DHC technology based on the application of the digital holographic camera [1–
5] that allows data on the plankton and other particles to be obtained without sampling. In this case, we obviate the 
necessity of the routine and labor-consuming stage of plankton trapping, fixation, and storage and processing of samples 
of plankton or other particles in vitro.  

The DHC technology suggested here includes in situ recording of digital holograms of the medium with subsequent 
automatic restoration of holographic images of plankton species and other particles, determination of their sizes, shapes, 
concentrations, their recognition, and classification. A distinctive feature of our technical solution is the volume of the 
medium investigated per exposure equal approximately to 1 L. 

In the present work, technical features and capabilities of the developed complex are considered based on materials of 
field sea missions in different water areas. In this case, the main problem in recognition and further classification of 
particles is the recognition of particle shapes; to this end, laboratory and field data are analyzed in the present study. 

2. INTRODUCTION  
Figure 1 shows optical schemes of two DHC modifications – with linear radiation passage through the investigated 
volume of the medium (a) and with folded optical system (b) [1, 2]. For brevity, below we call the first realization linear, 
and the second realization folded. The last scheme is used to reduce the overall dimensions of the complex and to 
provide quite large investigated volume. The folded scheme is provided by a mirror and prism system (prism 6 in Fig. 1). 

 

*dyomin@mail.tsu.ru; phone +79039143975 

Practical Holography XXXIII: Displays, Materials, and Applications, edited by Hans I. Bjelkhagen, 
V. Michael Bove, Proc. of SPIE Vol. 10944, 109440L · © 2019 SPIE

CCC code: 0277-786X/19/$18 · doi: 10.1117/12.2512030

Proc. of SPIE Vol. 10944  109440L-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12 Nov 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Tomsk State University Repository

https://core.ac.uk/display/336872093?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 

 

At the same time, both schemes are intended for in-line digital hologram recording. Indeed, light from laser source (1) 
passes in both schemes through a collimator, forms the beam with desired cross section, passes through the investigated 
volume with particles and the receiving objective, and is then incident at CCD (CMOS) camera (5). In this case, as it is 
typical for in-line scheme, the part of radiation scattered by the particles represents the objective wave, and the part of 
radiation passed by the particles is the reference wave. As a result, camera (5) records the interference pattern of these 
two coherent waves, which is the digital hologram of the investigated volume.  

This digital hologram represents a two-dimensional discrete array of quantized intensities for the interference pattern 
formed by the reference and objective waves and is subsequently used as the initial field distribution for restoration of 
the image of the investigated volume. 

 
a 

 
b 

Figure 1. In-line schemes of recording digital holograms in the investigated volume with linear (a) and folded configurations 
(b). Here I is lighting module, II is registration module, 1 is semiconductor laser, 2 is collimating/receiving objective, 3 is 
window, 4 indicates the position of test objects, 5 is CMOS camera, and 6 is prism. 

Subsequent mathematical processing is performed on a computer. It includes preliminary hologram processing [6] to 
eliminate the edge effects and to unify the background, calculation of the diffraction integral for level-by-level 
restoration of the image of the investigated volume of the medium, refinement of the restored holographic image, and 
retrieval of the desired information. Thus, the DHC technology allows us to record digital holograms of the investigated 
volume of the medium with particles, to restore the image of each particle, to determine the spatial distribution of 
particles in the investigated volume (three-dimensional coordinates of each particle), particle sizes, shapes, speed and 
direction of motion of each particle, and also to recognize them. All operations listed above are performed using the 
basic software of the DHC technology and allow virtual 3D image of the volume with investigated particles to be 
obtained. 

Figure 2 shows external view of the folded scheme of the DHC. The main parts of the DHC in this photograph are the 
laser lighting module and the registration module connected with a synchronization line (a cable). The modules are 
placed into two rugged deep-water housings with windows and sockets. One of the housing is intended for placing of the 
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Figure 5. Dependence of the criterion ( )200sδ  for triangular particle shape recognition on the distance between the window 
of the recording module and the test object for different DHC configurations (orange curve is for the folded scheme, and 
blue curve is for the linear scheme). Here 1–7 are binarized images of the total areas erroneously included in or excluded 
from the figure for the corresponding points of the plots. Solid curves show approximation by fourth degree polynomials. 

 
Figure 6. Dependence of the criterion ( )200lδ  of triangular particle image shape recognition on the distance between the 
window of the recording module and the test object for different DHC configurations (orange curve is for the folded scheme, 
and blue curve is for the linear scheme). Solid curves show the approximation by fourth degree polynomials. 

Such difference is a payment for the reduced mass and dimensions of the folded holography scheme. The application of 
the reflective prisms significantly complicated the optical scheme. According to the design documentation, the non-
flatness tolerance for the executive prism surfaces is ∼0.08 µm. The presence of six reflective prism sides caused 
significant residual wave aberrations that in this case can easily be estimated by summation of random independent 
errors for each surface; it is equal to 0.45 µm. This value is by a factor of 4.5 worse than the value of the Rayleigh 

criterion ( 1.0
4
≈

λ  µm) for diffraction-limited optical systems to which the linear scheme belongs. 

5. OPTIMAL VOLUME AND TIME FOR DHC TECHNOLOGY RESEARCH 
The recognition criteria introduced in the previous Section allow us to estimate the volume investigated with the DHC of 
the corresponding configuration per single exposure when solving a specific problem. This is important for both 
biodiversity research and ecological monitoring of water areas. Indeed, in both cases it is necessary to provide the 
possibility of statistical filtration of noise inevitable under field conditions and the representativeness of samples of 
investigated particles by summation (averaging) of the data for species of different types to retrieve their size and space 
distributions. Moreover, each subsequent measurement should correspond to the set of particles different from that of the 
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previous measurement. Considering that sizes of the volume registered with the DHC at preset recognition criterion are 
constant, the representativeness can be provided by the displacement of the measuring volume or by the summation of 
different temporal plankton realizations. The accumulated experience of DHC application in various missions has shown 
that measurements performed when the vessel is moving (the measuring volume is displaced) represents a technically 
complex problem; therefore, it is most expedient to perform summation (averaging) when the vessel is parked stationary 
by means of successive hologram recording. 

In this case, the desired number of holograms can be estimated when the received information reaches the stationary 
regime, and each subsequent set of values insignificantly (by 5–10%) changes the average result. Here the result (or the 
obtained information) is taken to mean, for example, the particle size distribution, concentration of particles of various 
types, etc. 

For example, Fig. 7 shows the dependence of the average concentrations of Copepoda, Appendicularia, and Cladocera 
species, respectively, on the number of holograms used for averaging and their approximations by fourth degree 
polynomials. The data were obtained during testing of the folded scheme the DHC  under field conditions in the Black 
Sea on the marine stationary platform near the Katsiveli Settlement. The software developed by us for automatic taxon 
classification of particles with application of the morphological parameter [6] was used. From the plots it can be seen 
that starting from 35 holograms for Appendicularia and Cladocera taxons, the average concentration remains practically 
unchanged with further increase in the number of holograms used for averaging, and for the Copepoda taxon, this is 
observed starting from 20 holograms. Therefore, it is possible to state that in these conditions, the statistically reliable 
sample for estimation of plankton concentration within the chosen taxons is obtained for averaging of 35 holograms, 
which for the recognition criteria ( ) 2.0200 =sδ  and ( ) 2.0200 =lδ  set in the previous Section corresponds to the 
investigated volume of about 21 L. 

 
Figure 7. Average value of the concentration of Copepoda (blue diamonds), Appendicularia (orange squares), and 
Cladocera species (black triangles) depending on the number N of holograms used for averaging. Here the dashed, dotted, 
and solid curves show approximations of the obtained values by fourth degree polynomials. 

One of the most important characteristics of the DHC is the rate of hologram processing; moreover, the main goal here is 
the information retrieval in real time. As a rule, limitation arises caused by the weight and dimensional characteristics, 
significant computing resources, and performance characteristics of the communication channel. At the same time, it 
should be noted that the concept of real time should be defined proceeding from the specificity of the object of research 
and rates of the investigated processes. For example, Fig. 8 shows the results of experiment on DHC application for 
investigation of diurnal variations of the concentration of plankton species of the indicated types. The data were obtained 
under field conditions, in the Black Sea, on the marine stationary platform near the Katsiveli Settlement, using the 
software developed by us for automatic classification of particles over taxons with application of the morphological 
parameter [6].  

From the plots shown in Fig. 8 it can be seen that the diurnal dynamics of the plankton is cyclic in character, with a 
period of about 10 h. Based on these data, we suggest that digitization period of DHC counts for the parking regime 
should not be greater than 0.5 h, that is, about 50 counts a day. Thus, in this case the regime of real time is taken to mean 
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that 35 holograms with volume of 0.6 L must be recorded within 0.5 h, which corresponds to the fact that one count 
averaged over 21 L should be processed. 

 

 
Figure 8. Variations of the concentration of species (Copepoda, Cladocera, Copelata, Rotifera, and Chaetognatha taxons) 
caused by diurnal migrations of mesoplankton in the Black Sea (near Katsiveli Settlement) in August, 2018. Here solid 
curves show approximations by fourth degree polynomials. 

6. CONCLUSIONS 
In the present work, two modifications of the submersible digital holographic camera (DHC) and their design features 
have been described. The special realization of the test object and the recognition criteria were suggested for estimation 
of the capabilities of the DHC technology on recognition and classification of plankton and other particles. It was shown 
how the assignment of these criteria allowed us to estimate the depth of holographed scenes for the concrete optical DHC 
scheme and the minimal sizes of the investigated particles, to evaluate the number of holograms that must be recorded to 
obtain the representative information on the plankton and to estimate the concept of the real time when studying the 
plankton and other particles.  
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