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Abstract. In the course of studying the biomechanical characteristics of hydrobionts there appears a need to apply the
theory of similarity of living objects. Along with the theory of similarity, the theory of dimensions is observed. There is
considered the multiphysical similarity of hydrobionts of the same species, based on the theory of physical similarity
of A. A. Nedostup. One of the tasks of studying the mechanics and hydrodynamics of living systems (hydrobionts) in the
aquatic environment is to automate the collection of statistics with subsequent visualization of the characteristics of hy-
drobionts using augmented reality technologies. Based on the similarity theory, the rules of physical similarity have been
developed, similarity criteria have been obtained with respect to geometric, mechanical, hydroacoustic, hydrodynamic,
thermodynamic, and optical characteristics of hydrobionts. An important component of similarity is to preserve the phys-
ical nature of the original phenomena in the model. Based on the scale of the multiphysical similarity of hydrobionts, the
criteria for the similarity of hydrobionts are determined. There is considered the solution of the problems of describing the
biomechanics of hydrobionts in recirculation aquaculture systems, where only one species of hydrobionts is grown at the
same time. The importance of studies of biomechanics of aquatic organisms in certain habitat conditions, in our case in an
artificial enclosed space, with artificial lighting, feeding, cleaning system, etc., is explained by the need to increase fish
productivity and environmental friendliness of fish farming, which requires automation of the growing process. Automa-
tion tasks require a preliminary mathematical description of processes in order to build simulation models. In turn, for
a mathematical description of the growth process of a growing object, it is necessary to derive mathematical dependencies
linking the target characteristics of the hydrobionts with the initial data of breeding conditions and a set of characterizing
parameters of the object itself, including behavioral ones.
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AHHOTanms. B mpouecce uccnenoBanuii OMOMEXaHMYECKUX XAPAKTEPUCTHK T'MAPOOHMOHTOB BO3HUKAET HEOOXOAU-
MOCTb B IPUMEHEHHHU TeOPHH NOox00Ms XKHUBBIX 00bekToB. Hapsny ¢ Teopueii monobust cobroqaeTcest TeopHs pa3Mep-
Hoctell. PaccMarpuBaercs MynbTndu3ndeckoe nogobue rugpoOHOHTOB OJHOTO BHJA, OCHOBAaHHOE Ha TeOpHH (Hu3u-
yeckoro nopodus A. A. Henoctyna. OmHoi M3 3aay UCCIEIOBAHUS MEXAHUKH M THAPOAMHAMUKH XKHUBBIX CHCTEM
(ruapoOHOHTOB) B BOAHOU Cpelie SBISETCS aBTOMATH3aIMsl cOOpa CTaTUCTUKH C ITOCIENYIoNeH BU3yaln3aluei xa-
PaKTEepUCTHK THAPOOMOHTOB C NPUMEHEHHEM TEXHOJIOTHH JONMOIHEHHOI peasbHOCTH. Ha ocHOBaHMM Teopuu mOJO-
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6ust paspaboTaHbl MpaBmia HU3MIECKOTO MOJO0OMS, MOMYUCHEl KPUTEPUH MOAOOMS B OTHOIICHHH I€OMETPHUCCKHX,
MEXaHHYECKHX, IHAPOAKyCTHYCCKUX, THAPOANHAMIIECKHX, TEPMOAMHAMUYECCKUX, ONTHICCKHX XapaKTEPHCTHK THI-
pobuoHTOB. BaxkHas cocTaBsronias nogo0us COCTOMT B COXPAHCHUH Y MOJETN (GU3HIECKOH HPUPO/IBI SIBICHHUH OpH-
ruHaiga. Ha ocHOBaHMHM MacuITaboB MyJIbTH()U3NUECKOTO MOJO00US THIAPOOHOHTOB OIPE/C/ICHbl KPUTEPHH MOAO0OHS
ruapoOHoHTOB. PaccMoTpeHo pereHne 3aqa4 OMHCAHNs OHOMEXaHUKH TMAPOOHOHTOB B YCTAHOBKAX 3aMKHYTOTO BO-
JOCHAOXKEHHMS, TJIe OJHOBPEMEHHO BBIPAIIMBAIOTCS TUAPOOUOHTHI TOJBKO OJHOTO BHAA. 3HAYUMOCTDH MCCIICIOBaHHN
OGHOMEXaHUKH I'HAPOGHOHTOB B ONPE/ICICHHBIX YCIOBHAX OOMTAaHHsI, B HAIIEM ClIy4yae B HCKYCCTBEHHOM 3aMKHYTOM
HPOCTPAHCTBE, IIPU HCKYCCTBEHHBIX OCBELICHHH, KOPMIICHHH, CHCTEME OYUCTKHU U IIp., 00yCIaBInBaeTcs: HEOOX0mM-
MOCTBIO IOBBILICHHS PHIOONPOAYKTHBHOCTH U 3KOJOTHYHOCTH PHIOOBOJCTBA, YTO TpeOyeT aBTOMATH3alUK Hporecca
BBIpALMBaHKs. 3a1auil aBTOMATH3AlMK TPEOYIOT MPEABAPUTEIFHOTO MAaTEMAaTHYECKOTIO OMHCAHHs HPOLECCOB C Iie-
JIBIO TIOCTPOCHHMSI IMHUTALIMOHHBIX Moeneil. B cBoro odepenp, I MaTeMaTHIECKOTO OIHCAHHS TpoLiecca pocTa 00b-
€KTa BBIpAlIWBaHHs HEOOXOAMUM BBHIBOJ MATEMAaTHYECKHX 3aBHCHMOCTEH, CBA3BIBAIOLIMX LICJCBBIC XapaKTEPUCTHKU
HAPOOGHOHTA C UCXOHBIMHU JIAHHBIMH YCJIOBHH pa3Be/icHHs U HAaOOPOM XapaKTEePU3YIOIIUX NapaMeTpOB caMoro 00b-
€KTa, B TOM YHCJIC U OBEICHYCCKHUX.

KnroueBble cioBa: ruIpoOHOHT, YCTAaHOBKA 3aMKHYTOT'O BOJOCHAOXKEHUSI, aBTOMATH3AIMsI, IMUTAIIMOHHAsT MOJETb,
npaBHiIa GU3NIECKOTO NOR00HS, MyTETH(HUINIECKOE IT0J00He
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Introduction

Hydrobionts live in an aquatic environment, and to
a large extent their behavioral characteristics are inacces-
sible to us. They can be rarely observed directly. And yet
we need to know the factors that affect their growth,
movement and reproductive function, behavior, and how
these factors, in turn, affect the biomass. Our task is
to evaluate and manage fish farming. The lack of ma-
chine vision technologies with subsequent intelligent
analysis of the data obtained using mathematical models
describing the mechanics and hydrodynamics of living
systems (hydrobionts) in the aquatic environment, auto-
mation of statistics collection [1] with subsequent visual-
ization of the characteristics of hydrobionts using aug-
mented reality technologies is a scientific problem that
this study is aimed at solving. Studies of fish behavior
and the development of technologies for the cultivation
of aquatic organisms in the field of fisheries science re-
ceived special support from Fishgov [2]. Questions
of the behavior of hydrobionts have attracted many theo-
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rists and experimenters, engineers and biologists, fish
breeders and commercial fishermen, acoustics, that is,
those who work in industrial aquaculture. The recent
overexploitation and disappearance of several fish popu-
lations around the world, and the resulting social conse-
quences for many fish farmers have become a challenge.
Much attention in the last decade has been focused on
mathematical modeling of behavioral characteristics
of individual species, often ignoring a number of factors
that affect the growth and life expectancy of aquatic or-
ganisms. Undoubtedly, the study of fish behavior plays
a key role in understanding the variability of the results
of resource use, during monitoring surveys in the recir-
culation aquaculture systems (hereinafter referred to as
RAS), as well as in the development of technological
techniques to increase the productivity of RAS and
reduce the impact of hydrobionts waste on the RAS eco-
system.

A recirculation aquaculture system (RAS) is a tech-
nical system for growing fish (Fig. 1).
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Fig. 1. Recirculation aquaculture system
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The study of fish behavior can play an important
role in improving our understanding of the exploited
RAS ecosystem and adopting an ecosystem approach
to fish farming management [3].

Currently, researchers are studying the behavior
of fish [4-16], strive to provide broad international dis-
cussions for the global synthesis of scientific knowledge
about the behavior of fish in exploited ecosystems in
order to review and discuss advances in technology and
analytical methods used to study the behavior of fish in
RAS, and provide information to discuss how goals
related to fish behavior can be effectively included in
the assessment of the productivity of RAS.

The main attention should be paid not only to the
determination of the relationship between the behavior
of fish and the automation of RAS in terms of the vari-
ability of feed supply [17], water temperature [18], but
also to the development of more environmentally
friendly and comfortable RAS for habitat. With the use
of machine vision and hearing technologies, it is pos-
sible to study the behavior and physiology of fish, its
movements, light and sound perception in more depth
and in detail. Such studies have both practical applica-
tions and are fundamental in nature, influencing the
scientific assessment of the behavior of living organ-
isms in general and hydrobionts in particular.

Let's divide studies of the behavior of aquatic or-
ganisms into five groups.

1. Observation methods and experimental develop-
ments for studying fish behavior, including sampling
schemes, tools and methods of observation, qualitative
and quantitative assessment of fish behavior in RAS,
such as machine vision, machine hearing, biotelemetry
and other intrusive and non-intrusive technologies.

2. Physiological mechanisms of sensory organs
of hydrobionts and their role in fish behavior, including
methods used to measure morphological and physiologi-
cal aspects of fish behavior, biomechanics of sensory
organs, the role of hearing, smell, vision, their influence
on the behavioral characteristics of fish. Laboratory and
field studies of swimming abilities, location and move-
ment of aquatic organisms in the aquatic environment.

3. The influence of group behavior and behavioral
interactions in understanding the temporal and spatial
interactions of hydrobionts, the dynamics of hydrobionts,
including factors affecting clustering and aggregation,
aggression, territoriality, competition for food, reproduc-
tive behavior, migration and behavior in various habitats.

4. Studies of fish behavior under the influence
of multiphysical factors associated with stimuli, motiva-
tional effects and conflicts between hydrobionts. Taking
into account the above when developing environmental-
ly friendly RAS.

5. Physical, mathematical and simulation modeling
of fish behavior in ultrasound, including biomechani-
cal approaches. Modeling of fish accumulations in
RAS. Improvement of existing models. Development
of methods for automation of management of ultra-
sound and accumulation of statistical information us-
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ing machine vision technologies, big data, neuro-
technologies. Development of data collection technol-
ogies from surveillance devices, sensors, etc.

Problem statement

Fundamentals of biomechanics of hydrobionts are
a system analysis and a system synthesis of movements
based on quantitative and behavioral characteristics
of hydrobionts. Experimental biomechanics of hydrobi-
onts is considered. The essence of the system analysis
of biomechanics of hydrobionts is to study the trajecto-
ries of movement, speed, acceleration, etc., as well as the
reaction of fish to stimuli. The movement and behavioral
characteristics of hydrobionts are interconnected. At the
same time, it should be borne in mind that the behavior
of individual fishes differs from their behavior in a flock.
Within the flock, individuals move in concert.

The numerical experiment makes it possible to eval-
uate the effects of biotic, abiotic and anthropogenic fac-
tors on the efficiency of fish farming without conduct-
ing expensive field experiments. In order to construct an
adequate mathematical and simulation model, it is nec-
essary to clearly formulate the mathematical dependen-
cies of biomechanics of hydrobionts on various design
characteristics of RAS and other multiphysical factors.
The resulting model can be used both to predict the op-
timal parameters of the operation of RAS, and at the
initial stages of the development of RAS control sys-
tems and data collection, without resorting to the use
of full-scale systems for monitoring the state of RAS.

Understanding and ability to describe and predict
the behavior of fish in the RAS system through math-
ematical apparatus and computing base contributes
to the sustainable development of fish farming, its en-
vironmental friendliness, increased productivity and
safety of fish stocks.

Scientific studies have shown that fish demonstrate
a wide repertoire of reactions to both natural and an-
thropogenic stimuli. Hydrobionts are able to receive
and process a large number of different signals from
both other individuals and external ones, and are also
capable of learning [19]. As a result, fish can experi-
ence stress leading to behavioral deficits that can in-
crease their mortality. All this must be taken into ac-
count when developing the model.

Technologies that can be used to observe the behav-
ior of fish clusters have made significant progress. With
the use of a modern computing base, it is now possible
to widely introduce various machine vision and hearing
technologies. These technologies in more detail and in
a wide range will allow scientists and fish breeders
to observe and, in the future, effectively manage the
behavior of fish in RAS as a closed ecosystem, and de-
signers — to design effective RAS. The use of a complex
of various machine vision and hearing devices (video
recorders, acoustic sensors, listening devices, etc.) will
allow you to register and measure in real time many
parameters of fish farming facilities, ultrasound equip-
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ment and the environment, to identify the type of fish
based on specific noises made by fish, etc.

Studies of fish behavior will increase efficiency in
the automation of RAS testing, which in turn will con-
tribute to an increase in productive indicators and envi-
ronmental friendliness, reducing economic costs and
the cost of an aquaculture product for the end user.

Many studies of fish behavior related to the observa-
tion of dynamic and spatial patterns in RAS often remain
incomplete due to the lack of the possibility of testing the
hypotheses put forward. It is possible to solve the prob-
lem through interaction between ichthyologists, fish
breeders, ecologists, designers of RAS and specialists in
the information industry, which requires an interdiscipli-
nary approach to ongoing scientific research.

The world's natural fish stocks are being overex-
ploited and depleted. It is necessary to assess the impact
of this factor on the reproduction of fish stocks and en-
suring food security. To assess reproduction, it is neces-
sary to study the behavior of fish under the influence
of various external influences, to develop appropriate
mathematical and simulation behavioral models. It is
also necessary to solve the problem of artificial repro-
duction of fish stocks, including with the use of ultra-
sound. It is necessary to take into account risk factors
when moving hydrobionts from artificial to natural
habitat. These risks can be predicted on behavioral
models using computational tools.

The recirculation aquatic system is an unnatural hab-
itat for fish. The population density can be many times
higher than the density in the natural habitat, and the
living space is very limited. In this regard, the fish
population in RAS is experiencing stress, which con-
tributes to a decrease in the productivity of the fish farm
and the deterioration of its environmental friendliness.
Solving the problem of stress ability requires a special
approach to the design and operation of ultrasound, in-
cluding interdisciplinary. In addition, an increase in the
number of hydrobionts can lead to an additional load on
the ultrasonic system and, thereby, reduce its service life
and repair intervals.

According to the authors, the time has come to de-
velop new methods and technologies of fish farming
using technical means of RAS, taking into account
the modern development of computing technologies.
To review in a broader context and with greater atten-
tion the existing approaches to growing fish in RAS,
focusing on the use of machine vision and hearing
technologies, as well as technologies for automating
the cultivation of aquatic organisms.

The study of fish behavior can play an important
role in improving our understanding of the exploited
RAS ecosystem and adopting an ecosystem approach
to fish farming management. Currently, researchers are
studying fish behavior, seeking to provide broad inter-
national discussions for the global synthesis of scientific
knowledge about fish behavior in exploited ecosystems
of the RAS in order to review and discuss advances in
technology and analytical methods used to study fish
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behavior in RAS, and provide information for discus-
sion of how the goals related to behavior fish, can be
effectively included in the assessment of the productivi-
ty of ultrasound. The main attention should be paid not
only to determining the relationship between the behav-
ior of fish and the automation of RAS in terms of the
variability of feed supply, water temperature, but also
to the development of more environmentally friendly
and comfortable RAS for habitat. With the use of ma-
chine vision and hearing technologies, it is possible
to study the behavior and physiology of fish, its move-
ments, light and sound perception in more depth and in
detail. Such studies have both practical applications and
are fundamental in nature, influencing the scientific
assessment of the behavior of living organisms in gen-
eral and hydrobionts in particular.

Methods

Let's divide the studies of the behavior of hydrobi-
onts of one species in the field of physical modeling
into groups.

1. Methods of observation, laboratory and experi-
mental studies of one individual.

2. The influence of group behavior and behavioral
interactions in understanding the temporal and spatial
interactions of hydrobionts, the dynamics of hydrobionts.

3. Studies of fish behavior under the influence
of multiphysical factors associated with stimuli, moti-
vational effects and conflicts between hydrobionts.

4. Multiphysical modeling of characteristics and
processes of hydrobionts [20].

5. Assessment of the large-scale effect of mul-
tiphysical modeling of characteristics and processes
of hydrobionts.

Fundamentals of biomechanics of hydrobionts — sys-
tem analysis and system synthesis of movements based
on quantitative and behavioral characteristics of hydro-
bionts. Experimental biomechanics of hydrobionts is
considered. The essence of the system analysis of bio-
mechanics of hydrobionts is to study the trajectories
of movement, speed, acceleration, etc., as well as the
reaction of fish to stimuli. The movement and behavioral
characteristics of hydrobionts are interconnected. At the
same time, it should be borne in mind that the behavior
of individual fish individuals differs from their behavior
in a flock. Within the pack, individuals move in concert.

To substantiate the rules of physical similarity of hy-
drobionts of the same species, it is necessary to separate
the physical parameters and characteristics of hydrobi-
onts. When considering the similarity of biomechanics
of hydrobionts on the basis of the theory of dimension-
ality, the scales of similarity of hydrobionts with dynam-
ic similarity are obtained through the scale of geometric
characteristics of C;: mechanical, hydrodynamic, ther-
modynamic, light, acoustic, and optical values.

We are considering one type of hydrobionts. For
the nature “n” we take a mature fish, for the model
“m” a juvenile of a hydrobionts (Fig. 2).
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Fig. 2. Hydrobiont model (carp fingerling) (a) and full-size hydrobiont (mature carp fish) (b) of a hydrobionts

For the linear scale C;, we take the ratio of geomet-

ric characteristics of hydrobionts (Fig. 3).

Fig. 3. Geometric characteristics of the hydrobionts: /-2 — zoological body length (L);
1-3 —body length without tail fin, fishing length (/); 4-5 — the highest body height (H);
1-6 —head length (C); 7-8 — the greatest thickness body (2)

The scale of linear dimensions C; is determined
based on the expression

¢=L,/L,=1,/l,=H,/H,=C,/C,=2,]Z,.

In this case, the scale C; is determined by rate
of characteristics with “n” and “m” indexes. The scale
of the fish body density is equal to C, = 1.

The main scales of similarity of various physical
quantities of hydrobionts relative to the C; scale given
in [21-24]. The C, scale is a set parameter.

Results and discussion

The criteria of similarity of biomechanics of hydro-
bionts are determined on the basis of the theory of di-
mensionality of physical quantities. This method is sim-
ple and meets all the requirements for it. It is based on
reducing the dimensions of physical quantities. At the
same time, it ensures the fulfillment of the main condi-
tions — parameter relations. The main property of this
method is that in some cases the equations of processes
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occurring with hydrobionts are not known, not to men-
tion multiphysical processes, but the transformation
of a physical quantity through the scale of the geometric
characteristics of C; is known, and thus any number
of similarity criteria can be obtained. It is important
to define the main criteria of multiphysical similarity.

The Froude criterion Fr, taking into account the
scale of the acceleration of free fall Cg, affects the dy-
namic processes of hydrobionts. Since the condition
Cg =1, is observed on the Earth's surface, and it is not
possible to provide C; = C; %2, then, provided that the
Froude number Fr is self-similar, it is possible to ne-
glect this criterion.

To determine the scale of similarity and similarity
criteria, computer programs “Scales of multiphysical
similarity of fish farming processes” (Fig. 4) and “Cri-
teria of similarity of fish farming processes” (Fig. 5)
have been developed.
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Fig. 5. Computer program “Criteria of similarity of fish farming processes”

Fig. 6 shows simulation models of mature fishand  hydrobiont fingerlings.

Fig. 6. Simulation models of nature and hydrobiont fingerlings:
hydrobiont model (carp fingerling) (a); full-size hydrobiont (mature carp fish) (b)

Computer programs provide calculation of scales
and criteria of similarity of fish farming processes. C=C/C=(1+4)
Moreover, the ranges of using the scale of the frequen-
cy of water circulation (the number of revolutions per
second) are set in the range

where C, is the scale of the water flow velocity.
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Conclusion

The article considers the solution of the problems
of describing the biomechanics of hydrobionts in closed
water supply installations. In these installations, only one
species of hydrobionts are grown at the same time. For
example, sturgeon, carp, etc. The importance of studies
of biomechanics of aquatic organisms in certain habitat
conditions, in our case in an artificial enclosed space,
with artificial lighting, feeding, cleaning system, etc., is
due to the need to increase fish productivity and envi-
ronmental friendliness of fish farming, which requires
automation of the growing process.

Automation tasks require a preliminary mathemati-
cal description of processes in order to build simulation
models. In turn, for a mathematical description of the
growth process of a growing object, it is necessary
to derive mathematical dependencies linking the target
characteristics of the hydrobionts with the initial data
of breeding conditions and a set of characterizing pa-
rameters of the object itself, including behavioral ones.

In order to adequately determine the set of charac-
terizing parameters, it is necessary to conduct experi-
ments in full-scale conditions. Conducting field exper-
iments as part of the production cycle is difficult due
to the need to intervene in the process of fish breeding.
In this regard, the task of transferring full-scale exper-
iments to model ones becomes urgent. In relation
to the RAS, the problem can be solved by using a re-
duced physical model of the installation (part of it),
juveniles instead of adult fish as an object of research,
etc. Experiments on such a physical model of a full-

scale installation can be carried out in laboratory rather
than in-situ conditions, which simplifies access to the
experimental base, speeds up and reduces the cost
of the process of conducting experiments.

The output data obtained as a result of model exper-
iments must be brought to the corresponding full-scale
output data. To do this, the authors propose to use the
multiphysical similarity of hydrobionts of the same spe-
cies, the similarity of juvenile and adult fish, based on
the theory of physical similarity of A. A. Nedostup. The
essence of the multiphysical similarity of hydrobionts
of one species consists in describing the movement,
speed, acceleration, mass, size, response to stimuli, and
other characteristics of an individual, taking into ac-
count that the behavior of individual fish differs from
their behavior in a flock.

Based on the theory of dimensionality, the authors
obtained scales and similarity criteria for hydrobionts
with dynamic similarity through the scale of geometric
characteristics of C;: mechanical quantities; hydrody-
namic quantities; thermodynamic quantities; light
quantities; acoustic quantities; optical quantities. The
method is based on reducing the dimensions of physi-
cal quantities while ensuring the fulfillment of parame-
ter relations. The main property of this method is that
in some cases the equations of processes occurring
with hydrobionts are not known, not to mention mul-
tiphysical processes, but the transformation of a physi-
cal quantity through the scale of the geometric charac-
teristics of C; is known, and thus any number of simi-
larity criteria can be obtained.
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