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Abstract: The optimal water flow in fish breeding tanks is one of the crucial elements necessary for the
well-being and proper growth of fish, such as salmon or trout. Considering the round tanks and the
uneven distribution of water-flow velocity, ensuring a nearly optimal flow is an important task that
may be performed using various sensors installed to monitor the water flow. Nevertheless, observing
the rapid development of video analysis methods and considering the increasing availability of
relatively cheap cameras, the use of video feedback has become an interesting alternative that limits

the number of sensors inside the water tanks in accordance with the requirements of fish breeders.
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updates In this paper, an analysis of the use of optical flow algorithms for this purpose is performed and an
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proposed method are verified experimentally and compared with the measurement results obtained
using the professional water-flow meter, demonstrating a high correlation, exceeding 0.9, confirming
the proposed solution as a good alternative in comparison to the use of expensive sensors and meters.
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The application of video analysis has recently become one of the leading interdis-
ciplinary trends in modern aquaculture. Some of the evident reasons for this situation
are the increasingly available and affordable video cameras as well as the growth of the
computational power of the popular devices that, in some applications, may replace typical
personal computers, such as, e.g., Raspberry Pi, FPGA boards, nVidia Jetson Nano and
similar more sophisticated hardware platforms. An analogous situation also exists in the
automotive industry and some other areas of technology, which is typical for the rapid
development of Industry 4.0 solutions, which is becoming Agriculture 4.0 as well [1].

The most typical applications of video analysis in fish farming seem to be motion
tracking [2], as well as the recognition and classification of fish [3], which has recently also
utilized popular convolutional neural networks (CNNs) [4]. The application of such video
systems may also be helpful for the determination of fish behavior [5-8] as well as in the
development of intelligent feeding systems [9-11]. Another interesting area of research
related to these topics is water-quality monitoring [12]. Some other recent works focus on
the applications of artificial-intelligence methods, including mobile remote-control systems
and IoT solutions applied in fish farms [13,14].
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Many of these research areas are motivated by the willingness to limit the number
of sensors and additional equipment mounted inside the ponds or tanks, which is also
essential for economic reasons. Such video-based approaches do not affect fish directly,
reducing the possibility of injuring individual fish, additionally simplifying the hardware
architecture of systems containing sensors and their necessary connections. Therefore,
a similar approach may also be beneficiary in monitoring the water flow in recirculating
aquaculture systems (RAS).

Proper water flow in fish-farming ponds and tanks is one of the most crucial require-
ments in the fish-farming centers in which species such as salmon and trout are bred.
These fish behave in a specific way, positioning themselves parallel to the water current.
Therefore, the correct flow velocity of water determines the proper development of the
fish as well as the welfare of the whole group of them present in the pond. Much work
has been carried out in recent years to determine the optimal flow speeds for maintaining
overall fish health, but the water velocity distribution inside circular tanks is often very
heterogeneous, particularly near their walls (edges). Usually, these works are focused on
analyzing the effect of design parameters on the distribution of water velocities inside
circular aquaculture tanks [15]. An example of such a model can be found in the paper [16],
where the proposed model estimates the velocity distribution by determining the angular
momentum per unitary mass close to the tank wall and around the central axis. The model
depends on the water inlet and outlet flow rates, water inlet velocity, reservoir radius, water
depth, and three reservoir-specific parameters that must be determined experimentally. It
also takes into account the influence of the wall roughness, the characteristics of the water
inlet devices, and the presence of individual elements at the bottom of the tank causing
friction losses. However, it is not always necessary to use such advanced models, as in
most cases simplified models of flow distribution are sufficient.

The optical flow methods analyzed in this paper may also be used for the estimation
of the water-flow velocity in rivers [17-19], replacing previously used particle image ve-
locimetry (PIV) methods [20] as well as typical motion-tracking methods based on point
detectors [21]. Nevertheless, in such types of video recordings, there is no ground truth
data; hence, the evaluation of the obtained results may be conducted with the use of
trajectory reconstruction. In recent years, the accuracy and efficiency of such techniques
have improved significantly [22], making it also possible to apply some of the methods in
real-time applications [23]. Some of the proposed approaches utilize feature matching ap-
plied for orthorectification and velocimetry, such as airborne feature matching velocimetry
(AFMV) [18], whereas the applicability of the optical-flow methods has also been verified
in experimental irrigation stations. It led to promising results, with average relative errors
less than 6.5%, applying the time-averaged surface velocity of water flows based on the
Farneback optical flow method [24].

With an appropriate measuring environment, it is possible to prepare spatial dis-
tributions of the flow in the tank [25]. Unfortunately, breeders are usually opposed to
the excessive installation of sensors that can injure fish, so the most commonly available
information is the amount of water leaving the water pump supplying the fish-farming
tank. The spatial distribution is constant for the static configuration of the tank, that is: the
number and settings of nozzles, pump performance and the shape of the tank. It changes as
the amount of fish and floating biomass increases, which is problematic if it is not possible
to place the sensors in the water together with the fish.

The video measurement method developed and presented in the article is non-invasive,
with the quality of results comparable to those obtained by sensors immersed in the tank
and a flow meter measuring the performance of the pump feeding the tank.

2. Materials and Methods
2.1. Experimental Site

One of the essential parts of a system that uses vision feedback to determine the
behavior of fish in a breeding tank is the estimation of the water-flow velocity. Such studies
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can be carried out by various image analysis methods, which, however, require verification
with a calibrated water-flow meter used in experimental studies. To verify the suitability of
individual methods of video sequence analysis for this purpose, experimental tests were
carried out by recording video material for the determined values of water flows in a round
tank (SDK RT 29-68 type). The experiments were initially carried out without the fish in
the tank in order to prevent possible disturbance caused by their movements.

Due to the fact that the water in the tank is never perfectly clean and transparent,
visible small objects may appear on its surface, making it easier to estimate the flow velocity
thanks to their tracking. Additionally, it may be useful to have fixed elements of the tank
or other objects attached to it, or a reflection of the elements above the tank. The flow of
water at different speeds causes visible undulations in the shapes of these objects, while in
the case of small elements floating on the water surface, it is possible to estimate the flow
velocity on the basis of tracking their movement.

The experimental study was performed in a rainbow-trout farm located in Garnki in
the northern part of Poland about 35 km from the Baltic Sea coast. The reference measure-
ments were conducted using the electromagnetic water-flow meter MTF-10 and SonTek
FlowTracker2 in the above-mentioned fish tank, as illustrated in Figure 1. Video acqui-
sition took place using the color IP camera Dahua IPC-HFW2231T-Z5-27135-52 typically
applied in video surveillance and industrial monitoring systems. It is a varifocal IPC
camera of the Lite series that records frames of video sequences with FullHD resolution
(1920 x 1080 pixels) at the speed of 25 or 30 frames per second.

It has a two megapixel CMOS 1/2.8 inch Progressive Scan sensor with a sensitivity
of 0.002 lux/F 1.5. It also has the option of using an additional illuminator in the form of
4 IR LEDs with a range of 60 m and an automatic ICR infrared filter. It has the built-in
2.7-13.5 mm lens with a viewing angle of 28-109 degrees and a motorized zoom with
autofocus, which enables external, remote adjustment of the focal length level with the help
of a built-in electric motor, and also automatically adjusts the sharpness level. The native
format of data recording is Dahua’s DAYV, the camera also supports H.265+, H.265, H.264+
and MJPEG compression. The latter format, also referred to as Motion JPEG, may be used
in the applications where a high compression ratio is not necessary, as in this case the
video stream consists of a series of recorded frames compressed using a JPEG algorithm
without using inter-frame information in the compression process. The housing has an
IP67 tightness class, the camera supports 12 V DC or 48 V power supply using the Power
over Ethernet interface (PoE 10/100 Base-T 802.3af).

Additional functionalities and advantages of the camera are the following technologies:
3D NR (noise reduction system that allows the image to be transparent in the event of
changing signal levels, which protects the recordings against smudging), WDR (wide
dynamic range—extended dynamic range, important in places with different lighting
levels of the observed scene), BLC and HLC (back light compensation—important when
the camera is directed towards a strong light source—and high lighting compensation
to reduce the negative impact of point light sources, e.g., reflected in water), intelligent
infrared lighting function and region of interest (Rol) limitation to minimize the size of
saved files.

Due to some limitations of the local conditions, the camera was mounted directly
above the tank (about 1 m above the water surface), enabling the observation of a selected
part of the tank. One of the very important technical issues during the installation of the
camera was also to ensure proper image sharpness. Another, quite obvious, limitation of
the camera installation was the need to ensure the rigidity of the mount to prevent possible
camera vibrations. In order to be able to effectively use vision techniques to estimate the
water-flow velocity, it is necessary to ensure that the camera is stationary with respect to
the housing of the rearing tank.
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Figure 1. Location of the RAS fish farm and the equipment used in experiments: (a) location of Gar-
nki, Poland shown on the map; (b) fish tank type SDK-RT 29-68 mounted on site; (c) electromagnetic
water-flow meter MTF-10 (source: http:/ /www.mtfflow.pl accessed on 13 September 2022); (d) SonTek

FlowTracker2 Handheld-ADV (source: https://www.ysi.com/flowtracker2 accessed on 13 Septem-
ber 2022).

The set used in the research, consisting of a pump with an electromagnetic flow meter,
allowed the use of flows (understood as the expenditure of water inflow) in the range of
1.5-5.0 dm? per second. Taking into account the need to stabilize the water flow in the
entire reservoir, the recording of the video material was delayed in relation to the moment
of setting the desired flow. The sample frames from the recorded video sequences obtained
for various water flows are presented in Figure 2. Some changes are well visible even
in the individual frames due to the presence of reflections of ceiling beams in the water.
Some examples of the video frames captured in the presence of fish for various water-flow
velocities are illustrated in Figure 3.
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Figure 2. Sample video frames acquired for various measured water-flow velocities: (a) 1.86 dm?/s;
(b) 2.80 dm?3/s; () 3.96 dm3/s; and (d) 5.03 dm?/s.

© o )

Figure 3. Sample video frames acquired for various measured water flow velocities in the presence
of fish: (a) 2.35 dm3/s; (b) 2.99 dm3/s; (c) 3.62 dm?3/s; and (d) 4.01 dm>/s.

2.2. The Overview of the Applied Optical Flow Methods

The first of the considered approaches was the use of global entropy of the image
and its local values determined for individual frames of the video sequence. According to
the adopted assumption, for higher water-flow velocities, individual frames of the video
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sequence should be characterized by greater variability, and, thus, higher values of image
entropy. However, the observed changes in entropy for individual frames of the video
sequence did not allow to obtain satisfactory results, mainly due to the lack of use of
inter-frame information. Therefore, subsequent studies focused on estimating the motion
vectors between adjacent frames of the video sequence. For this purpose, it is possible to
use several methods from the optical flow family [26].

To estimate the value of optical flows for individual frames of recorded video se-
quences, three different methods were used:

e  Horn-Schunck (HS) method;
e  Farneback (F) method;
¢  Lucas—Kanade (LK) method.

Determining the optical flow between two frames of a video sequence requires solving
an equation with constraints:
L= I,o+1; )

where Iy, I, and I; are spatial and temporal (spatiotemporal) derivatives of image bright-
ness, and u and v are the values of the horizontal and vertical optical flow (horizontal and
vertical components of the vector), respectively.

The Horn-Schunck (HS) method is based on the assumption that the optical flow in
the image is smooth over the entire surface of the image; hence, the velocity vector field
[u v]T determined by this method should minimize the value of the equation:

2 ou\ > ou\ > v\ 2 v\ ?
E://(IXLH—va—i-It) dxdy%—oc-//[(zbc) + <8y> + <8x> + <8y> ]dxdy 2)

where the global coefficient & enables the selection of smoothness on the image surface,
whereas the individual partial derivatives are determined in relation to the image pixel
coordinates. Minimizing this expression in the HS method leads to the following relationships:

L (Lot + L9, + 1)

k+1 _ -k
Mx,y = Mx,y - a2 + I;% T I; ’ (3)
and
~k —k
ok Iy - (Ixuw + Iyoy, + It) @
wy = Dy ER P

The vector [uﬁ‘(,y Uﬁ,y} is an estimate of the flow velocity for a given image pixel with

coordinates (x,y), whereas [a’;,y 5];,y:| contains its average values from the defined neigh-

bourhood.

To determine the values of # and v flows, in the first step the gradient images I, and
I, should be determined using the well-known Sobel convolution filter for a standard
3 x 3 pixels mask. The I; value calculated as the difference between images is determined
using the [—1 1] mask, whereas the average velocity for each pixel (excluding it) is de-
termined using a convolution with a mask typical for 4-connected neighborhood (two
horizontal and two vertical neighbouring pixels). The determination of the values of flows
u and v in subsequent steps is iterative. The default value of the parameter « is 1.

The Farneback (F) method assumes the generation of an image pyramid in which each
level has a lower resolution compared to the previous level. Selecting a pyramid level
greater than 1, the algorithm can track points at multiple levels of resolution, starting from
the lowest level. An increase in the number of levels in the pyramid allows the algorithm to
detect larger displacements of points between frames, however, increasing the number of
necessary computations in this case. This is an example of a dense method that operates in
the HSV color space (after the conversion from RGB). The flow vectors are also visualized
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in the HSV space, where the angle (hue) corresponds to the direction of the vector and
the magnitude of the flow represented by the length of the vector is reflected by the value
(V) component.

Motion tracking starts at the lowest resolution level and continues until the conver-
gence is achieved. Point locations detected at this level are propagated as key points for
the next level. Therefore, the Farneback method makes it possible to increase the tracking
accuracy at each successive level. The decomposition of the pyramid enables the algorithm
to detect large pixel movements for distances greater than the size of the neighborhood
under consideration. The default number of levels in the pyramid is 3 with the scale factor
0.5 (split into 4 parts). By default, three iterations of the solution search are performed for
each level with the default neighborhood area of 5 pixels. The convolutional Gaussian filter
with the default 15 x 15 pixels mask is used as the averaging (smoothing) filter.

The most popular Lucas—Kanade (LK) method belongs to the group of sparse methods;
hence, full calculations are performed only for selected points of the image. In this method,
the image is divided into fragments in which a constant flow velocity is assumed. To find
a solution, a weighted least-squares fit of the optical flow limitation equation to the constant
model [u v]" for each Q section is performed by minimizing the expression:

%Wz(lxu+lyv+lt)2 ®)
xe

where W denotes a centrally weighted window function. The solution has the following form:

Y (wWA2) Y (WAL, u Y (WAL
Z(E/vhxly)) Z((W21§)> ] ' [ v } B { Zéwzlyng ] ' ©

Similarly to in the HS method, the I; value is determined between video frames
using the [—1 1] mask. To determine the values of flows u and v, the following actions
are performed:

*  Determining the values of the directional gradients I, and I, using the convolutional
filter with the mask [-1/12 2/3 0 —2/3 1/12] and its transposed version,
respectively;

e  Calculation of the differential I; value between the frames;

*  Smoothing the gradients I, I, and I; using the 5 x 5 pixels convolutional filter with
the mask type [1/16 1/4 3/8 1/4 1/16|;

*  Solving the system of two linear equations for each pixel:

A= [  d } S| Tl S @)
c d Y (W) ¥ (weE)
using the eigenvalues of the matrix A determined as Ay = %< + M and

Ay = € — 7W. Both those values are compared to the threshold 7 applied
for the reduction in the noise effect. If at least the threshold value 7 is obtained by
both eigenvalues, the system of equations can be solved by Cramer’s method. When
both eigenvalues are less than the threshold 7, the optical flow is zero, whereas if only
A1 > 7 (and Ay < 7), the matrix A is singular and the gradient flow is normalized to
calculate u and v values. The default threshold value is T = 0.0039.

One of the possible extensions of the LK method is the use of the additional temporal
filtering based on the application of the DoG filter, leading to the Lucas-Kanade derivative
of Gaussian (LKDoG) method. Nevertheless, during the conducted initial experiments,
this method led to significantly worse results and, therefore, further experiments focused
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on the application of three above-described algorithms, the implementation of which is
available, e.g., in MATLAB® and OpenCV library.

The illustration of the simplified flowchart of the method proposed in the paper is
shown in Figure 4.

Video recording -

system
~—— :

/RS

Optical flow
analysis

Feature 1 ~ Weight 1
Feature2 — Weight 2
. Feature3 | — Weight 3

Water flow / Correlation% ’ Estimated flow
measurements \| /4

Figure 4. The simplified flowchart illustrating the idea of the proposed approach.

2.3. Experiments

In the conducted experimental studies, the possibility of using the above optical flow
methods was verified in order to validate the features of video sequences based on various
methods of determining optical flows, characterized by the highest possible compliance
with the values of water flows measured with a water-flow meter. For this purpose, a set of
video sequences was recorded for fixed flow values, and then the optical flow values for
each frame, as well as their selected parameters, were calculated.

Due to the assumption of a constant value of the water flow in the tank during the
recording of individual video sequences, as well as the rigid mounting of the camera (fixed
in relation to the tank housing), it was assumed that the time-averaged and median values
determined for individual pixels would be subject to analysis. This assumption was made
despite the existence of certain differences between the values of optical flows represented
by the designated motion vectors for individual frames, although leading to reliable results
as presented later.

As the optical flow methods are based on the calculation of local gradients, global
changes in brightness have no effect on the obtained results. An opposite situation can only
take place in the case of very strong lighting or darkness, which is considered an emergency
state. The method proposed in the article was developed primarily for fish breeding farms
located in closed halls, where it is possible to maintain controlled lighting conditions. Due
to the fact that intensive fish fattening, justified for economic reasons, usually requires the
use of continuous 24-h lighting to intensify food intake by fish, the lighting used in this
case is sufficient for the proper functioning of the developed method.
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3. Discussion of the Experimental Results

Calculation of the individual flow maps was made with the use of the three methods
considered in the paper: Horn-Schunck, Farneback and Lucas—Kanade. Since all calcu-
lations were made for the recorded video sequences, the results obtained for individual
pixels were averaged. Sample results obtained with the use of the three above-listed meth-
ods for two exemplary water-flow velocities are illustrated in Figure 5. All the presented
flow maps demonstrate the highest values of detected optical flows for the reflections of
several elements located above the tank visible on the water surface (wooden roof boards,
electric extension cord, camera). Therefore, further analyses related to determining the flow
characteristics were carried out for the central parts of the visible area. Nevertheless, it is
worth noting that the presence of reflections on the water surface of solid elements of the
structure located above the tank is in fact beneficial for the methods applied to determine
the optical flows.

As noticed on the presented flow maps, the flow rates shown in the images did not
always follow expectations, which is well-visible, especially for the LK method. However,
in this case, the application of the Farneback method yielded water-flow estimates more
in line with the predictions. To improve the accuracy of the flow estimation, providing
a highly linear correlation with the velocities measured with an electromagnetic flow meter,
a set of features determined based on the obtained flow-velocity maps for the central parts
of the scene was selected. The goal of the application of these features is the efficient
utilization of the visual feedback for the detection of changes in the water-flow values
based on the continuous analysis of the video sequence. Thanks to such an approach, the
detection of some failures of, e.g., a pump or flow meter (significant non-compliance of
the value determined using the video sequence analysis with the values from the flow
meter) would be possible. Ultimately, after calibrating the system, it is also possible to use
the proposed vision approach for fish-farming tanks in situations when an installation of
a water-flow meter is impossible.

The achieved relationship, based on a non-linear combination of the three features
with the fitting curves obtained for the linear and quadratic functions, is shown in Figure 6.
The features used in this combination, which ensure the Pearson’s linear correlation coeffi-
cient greater than 0.9, are:

e Squared entropy of the motion vectors map for the Farneback method (Ent2);

e  Standard deviation of the motion vector map for the Lucas—Kanade method (std k);

*  Variance in the local entropy of the motion vector map for the Lucas—Kanade method
(varEntpg).

The final formula combining the three above features may be obtained using the
optimization of the weighting coefficients, finally leading to the following expression:

EStflow =A- (Ent% —12-stdpg + varEntLK) + B (8)

where the parameters A = 4.5 and B = —0.4 depend on the spatial configuration of the
camera and the tank and might be changed according to needs.

The dependence presented on the graph is approximately linear, however, one can
notice an increase in the flow estimation error with the increase in its value. For this reason,
the application of the proposed method in real conditions may be limited to lower flow
values, for which the linearity of the relationship between the estimated and measured
values is easily noticeable. However, additional verification and calibration is required if
a different type of tank is used.
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Figure 5. Sample averaged optical flows obtained for two different water flow velocities:
(a) Farneback method for 2.17 dm?3/s; (b) Farneback method for 5.03 dm?/s; (¢) HS method for

2.17 dm3/s; (d) HS method for 5.03 dm3/s; (e) LK method for 2.17 dm3/s; and (f) LK method for
5.03 dm3/s.
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Pearson linear correlation coefficient PCC = 0.9124

An additional factor affecting the results obtained in the video feedback loop is the
presence of fish; however, considering the fact that most of the time the fish do not move
significantly, it is possible to detect and filter out the detected sudden movements of the
fish. As verified experimentally by some other researchers [25,27,28], the presence of fish
may decrease the water velocity by 25-30% in comparison to the tank without fish, affecting
the flow pattern. However, it has been confirmed that trends of mean velocity in the radial
direction remain unchanged [25]. Therefore, as verified for some video sequences acquired
in the presence of fish, the method proposed in the paper also leads to similar conclusions
and results in the presence of fish biomass, assuming the necessary calibration, taking into
account the expected velocity decrease.

Nevertheless, it is also worth noting that a typical water flow used in fish farming
for such types of tanks does not exceed 3.7 dm?/s; hence, the proposed method may be
successfully applied for the typical velocity range from 1.5 to about 3.7 dm?3/s, ensuring
the Pearson linear correlation coefficient equal to 0.9868.

Pearson linear correlation coefficient PCC = 0.9868

45 w . 2_
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Figure 6. The relationships between the uncalibrated estimates achieved using the proposed method
and the velocities measured using the water-flow meter: (a) for the whole range 1.5-5.0 dm3/s; (b) for
the typical range 1.5-3.7 dm?3/s.

For further verification of the universality of the proposed solution in fish-farming
tanks, additional experiments were performed after recording several hours of video
sequences using five water-flow velocities in the presence of fish, as illustrated in Figure 3.
However, the proposed method requires the additional calibration in the presence of fish
and some changes in the parameters, also using a different camera location. In such cases,
very good experimental results were also obtained applying the fourth root of the entropy
of the motion vectors map for the Lucas—-Kanade method (Ent%lzf’ ) instead of the squared
entropy of the Farneback motion vectors map (with A = 30 and B = —55.5). Additionally,
in this case, there is no necessity to use the Farneback method at all, since all three features
originate from the Lucas-Kanade method. Therefore, an additional advantage of this
simplified approach is the decrease in the number of computations, preserving relatively
high correlation with measurement results (0.9847 in the experiments illustrated in Figure 7).
Similarly, considering the four measurements obtained for the water flows from 2.35 to
4.01 dm3/s, a high linearity of the obtained relationship may be noticed as well.
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Pearson linear correlation coefficient PCC = 0.9847
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Figure 7. The relationships between the uncalibrated estimates achieved using the proposed simpli-
fied approach utilizing the Lucas-Kanade method and the velocities measured using the water-flow
meter in the presence of fish.

4. Conclusions

The video feedback method presented in the paper makes it possible to monitor the
water flow in the RAS fish-farming tanks and even avoid the use of water flow meters
in some configurations. The possibility of the detection of potential failures of the water
pumps or water-flow meters makes the proposed solution not only an interesting alternative
to typical flow measurements but also a relatively cheap addition due to the increasing
availability of affordable high-resolution video cameras.

The proposed solution may also limit the necessity of mounting some underwater
sensors which may injure individual fish. The correctness of the water-flow estimation,
verified for typical velocities, also allows its application in some other tanks after the
necessary calibration of the algorithm’s parameters. As the proposed method is based
on the analysis of the local gradients, it is not sensitive to typical changes in lighting and
weather conditions.

Further research on this topic will concentrate on the verification of sensitivity-to-
lighting conditions as well as some other constraints, to achieve the higher universality
of the proposed approach, allowing it to work in some unexpected conditions. Another
direction of research will be related to extensions related to the combination of the proposed
method with fish-counting and fish-tracking methods.
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Abbreviations

The following abbreviations are used in this manuscript:

AFMV  Airborne feature matching velocimetry

BLC Back light compensation

CMOS  Complementary metal-oxide-semiconductor
CNN Convolutional neural network

DC direct current

FPGA Field-programmable gate array

HLC High light compensation

ICR Infrared cutfilter removal
IoT Internet of Things
IR Infrared

JPEG Joint Photographic Experts Group
LED Light-emitting diode
MJPEG Motion JPEG

PoE Power over Ethernet

PIV Particle image velocimetry

RAS Recirculating Aquaculture System
Rol Region of interest

WDR Wide dynamic range
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