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The project D-HYDROFLEX - Digital solutions for improving the sustainability performance and FLEXibility
potential of HYDROpower is funded through the European Union's HORIZON Research and Innovation
Action under the topic HORIZON-CL5-2022-D3-03-08/Development of digital solutions for existing
hydropower operation and maintenance and responds to the Call HORIZON-CL5-2022-D3-03/Sustainable,
secure and competitive energy supply.

The European energy system is undergoing a significant transformation: decarbonization, security of supply,
deployment of renewables and their integration into the market, generating significant opportunities and
challenges for energy stakeholders. Despite all energy efficiency efforts, overall demand for decarbonized
electricity is set to be significantly higher in 2050 than today due to the decarbonization of the heating,
cooling, transport and many industrial sectors, which can only be achieved via efficient and smart
electrification.

Hydropower is a key technology in supporting the European pathway to a decarbonized energy system and
to achieving global leadership in renewable energy generation. It consists of a renewable and highly
sustainable electricity resource and can supply the European power system with stability and valuable
flexibility. In addition, hydropower reduces the EU’s dependency on fossil imports and renders multiple extra
benefits for society in the river basins such as support to irrigation, water supply and flood control.

The D-HYDROFLEX project aims to advance excellence in research on digital technology for hydropower
paving the way towards more efficient, more sustainable, and more competitive hydropower plants in
modern power markets.

To this end, D-HYDROFLEX will develop a toolkit for digitally ‘renovating’ the existing hydroelectric power
plants based on sensors, digital twins, Al algorithms, hybridization modelling (power-to-hydrogen), cloud-
edge computing and image processing.

The core pillars of the project are:
o digitalization, (i.e., digital twins for hydro dams and machinery, weather and flow forecasts, cyber
resilience tools),
o flexibility, (i.e., coordination with hydrogen, storage and VPP operation) and
e sustainability, (i.e., biodiversity and environmental indicators monitoring).

Validation will take place in 7 hydro plants operated by EDF (France), TEE (Poland), PPC (Greece), TASGA
(Spain) and INTEX (Romania), covering different geographical areas of Europe.

D-HYDROFLEX is a 36-month long project started in September 2023.
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The D-HYDROFLEX project aims to enhance biodiversity and environmental impact monitoring in
hydropower plants using advanced digital technologies, specifically acoustic cameras (AC). This project,
supported by EDF in France, focuses on developing and testing algorithms for studying fish species in rivers,
addressing the ecological impacts of hydropower plants such as flow regime alteration, habitat degradation,
and fish injuries.

Key Objectives:
¢ Monitoring and Identification: Utilize AC to continuously monitor fish without handling, overcoming
challenges like species identification and data analysis time.
e Automatic Detection and Analysis: Develop methods to automatically detect, count, and identify
fish species using computer vision and image processing algorithms.
e Biodiversity Index Tool: Create a tool capable of detecting various fish species based on
morphological analysis and swimming patterns.

Technological Advancements:
e Acoustic Cameras: High-frequency multi-beam sonars provide detailed video-like data, capturing
fish morphology and behavior.
e Fish Swimming Classification: Classify fish swimming modes based on body deformation and
kinematic characteristics.

Demonstration Sites:
e Mauzac HPP - Dordogne River: Focuses on protecting silver eels during downstream migration.
e Selune River—Ducey City: Monitors migration dynamics of diadromous species before and after dam
removal.

Tools and Methods:
e RecoFish Tool: Analyzes and identifies fish species using AC data, tested for detecting and identifying
fish species.
e Eels Counter Tool: Detects and counts silver eels to improve turbine management, using computer
vision algorithms for morphological analysis and tracking.

Future Development:
e Software Expansion: Develop user-friendly software for automatic fish counting and identification,
expanding to other fish species.
e Improving Classification: Enhance classification performance with a larger database and
consideration of environmental conditions.

The D-HYDROFLEX project represents a significant step towards sustainable hydropower management,
providing valuable insights into fish migration and biodiversity through innovative digital monitoring tools.

Funded by
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1.1 Scope

The biodiversity and environmental impact monitoring through digital technology is supported by
acoustic and image cameras to collect/analyse data, respective algorithms for studying the fish species
in the rivers are developed and tested in real-world hydro plant in France by EDF.

The most common ecological impacts of hydropower plants (HPP) are flowing regime alteration, loss of
longitudinal connectivity, fish injuries, habitat degradation, fish community composition simplification
and water depletion in the bypass reach. Concerning impact on ecological continuity, different methods
(e.g., capture by trap or net, telemetry, hydroacoustics) are used to evaluate the efficiency of fish passes
to estimate the migratory species abundance and analyse changes in their within-river distributions.
Among these methods, hydroacoustics is non-intrusive, allowing long-term observation and description
of fish populations based on physical properties of sound in water. However, the main limit to
hydroacoustic tools is their difficulty in identifying species. Within D-HYDROFLEX, acoustic cameras
(ACQ) are used to continuously monitor fish without any handling, at higher range than optical devices and
with low dependency to environmental conditions, such as water turbidity and light. However, the high
amount of data recorded by the AC makes their analysis very time-consuming for the operators.
Developing an automatic method to detect, count and identify fish from those data is a key issue to fully
exploit the AC’ capacities. Many characteristics that help to identify fish species (such as their color, their
global shape, the position and number of their tails, their swimming pattern etc), cannot be extracted
from acoustic camera data because of the nature and resolution of the video they record. Within D-
HYDROFLEX, an automatic method to identify fish species or groups of species thanks to the extraction
of their global shape and their swimming patterns are developed. This method is based on computer
vision and image processing algorithms. The developed approach is tested with 2 different AC ensuring
its applicability to different models, such as ARIS and Blueview.

By the end of the project, the biodiversity index tool will be able to detect different fish species, such as
eels, salmon, catfish and large species of Cyprinids, based on a morphological analysis using image-
processing tools, and to provide insights to the plant operator about the fish passage from the hydro
turbine (Figure 21). In addition, D-HYDROFLEX project will increase the knowledge of the dynamics of
the fish migration by delivering numerical models that couple innovative sensors and digital models for
the management of hydropower production and the monitoring of plants’ environmental impact.

1.2 Structure of the document

This document is the deliverable D4.4 — “Biodiversity index calculation model”, of the D-HYDROFLEX
project. The document offers a detailed overview of the initial version of the HYDRO-RecoFish tool,
which provides an automatic method to identify fish species or groups of species thanks to the extraction
of their global shape and their swimming patterns. The purpose of this document is to present the
technical aspects of HYDRO-RecoFish, including assumptions, analyses and calculation results, focusing
on the use of AC for fish monitoring and identification.

The document is structured as follows: After the introduction chapter, Chapter 2. Acoustic Video and Fish
Swimming, discusses the advancements in sonar technology and the classification of fish swimming
types. Next in Chapter 3. Selected demonstration sites, the two selected demonstration sites (Mauzac
HPP and Selune River), where the tools are tested, are described. Chapter 4. Advanced Biodiversity
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Analysis and Fish Species Detection Tool details the steps involved in the automatic analysis and
identification of fish species using the RecoFish tool, while Chapter 5. Eels Counter Tool explains the
specific tool developed for detecting and counting silver eels. Afterwards, Chapter 6. Innovative Fish
Detection Using Acoustic Imagery provides an in-depth look at the algorithms and methods used for fish
identification, presents the results of testing the method on a dataset of four fish species and summarizes
the findings and discusses future directions for the project. Finally, Chapter 7. RecoFish software and
future development describes software development and future plans for expanding the tool to other fish
species.

1.3 Dependencies

The current deliverable extends the definition of HYDRO-RecoFish, according to D3.2 —“D-HYDROFLEX
toolkit conceptualization”, and discusses HYDRO-RecoFish in more detail, highlighting its core technical
aspects.

The upcoming deliverables that directly relate to this document comes as follows:

o Deliverable D5.1 - "D-HYDROFLEX Hydropower 4.0 Toolkit Final Release,” will build upon this
document by providing the final version of HYDRO-RecoFish and outlining its role within the D-
HYDROFLEX architecture.

e Deliverable Ds.2 - "D-HYDROFLEX M&D Centre visualization board” develops the services that
enable user interaction with D-HYDROFLEX toolkit. Additionally, it addresses HYDRO-
RecoFish’s integration activities, building on the foundations established in this document to
support the upcoming integration process.

e Deliverable D6.2 -"Evaluation of D-HYDROFLEX results and impact assessment” is a report on the
evaluation of demo results and the D-HYDROLFEX toolkit. This document will be used during
the validation of the use cases to facilitate the understanding of HYDRO-RecoFish's services and
usage.

o Deliverable Dy.3—"First version of the DHYDRPOFLEX exploitation plan and exploitation strategy”
will take information from this document to identify the fundamental concepts that will establish
HYDRO-RecoFish as a key exploitable result (KER) of D-HYDROFLEX, which is accompanied by
the definition of the relevant Intellectual Property Right.

In a more general context, the successful implementation of the D-HYDROFLEX project relies on several
dependencies, including:

e Collaboration with Other Tasks and Work Packages (WPs): The project is interconnected with
other tasks and WPs within the HORIZON Research and Innovation Action framework. This
includes data sharing, methodological alignment, and integration of findings.

e Technological Dependencies: The project depends on the availability and functionality of high-
frequency multi-beam sonars (ACs) and the associated software for data analysis.

e Environmental Data: Accurate environmental data, such as water velocity, river flow, and
temperature, are crucial for the analysis and interpretation of fish behavior and migration
patterns.

e Expertise and Review: The project requires the expertise of experienced operators and
researchers to review and validate the data collected from the ACs.
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e Funding and Support: The project is funded by the European Union's HORIZON Research and
Innovation Action, which provides the necessary financial support and resources for its
execution.

These dependencies ensure the project's alignment with broader research goals and its ability to deliver
accurate and reliable results.
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2. Acoustic video and fish swimming

This section discusses the use of acoustic videos and images for fish monitoring and identification. It
highlights the advancements in sonar technology, leading to the development of high-frequency multi-
beam sonars, known as AC. These ACs provide detailed video-like data, capturing fish morphology and
behavior.

2.1 Acousticimages and videos

Since the development of the first types of sonar, many technological evolutions have been made (Figure
1), improving the capacity of the sonars to collect information [ (Martignac, Daroux, Bagliniere,
Ombredane, & Guillard, 2015)]. Among the last technological evolutions, high-frequency multi-beam
sonars, called AC, register video-like data.

1YV

Single-beam Dual beam Gpln -beam Multi-beam

(a) (c) (d)

Figure 1: Scheme of the different technological evolutions of the sonars, from the former sonars (single-beam (a),
dual-beam (b), split-beam (c)) to the multi-beam sonars (d), from [ (Martignac, Daroux, Bagliniére, Ombredane, &
Guillard, 2015)].

Each acoustic image, or frame, of an acoustic video (Figure 2) is a two-dimension representation of all
the echoes reflected by the objects that the acoustic signals of each beam meet and receive.
Consequently, the frame can be seen as a top-view image of the volume on which the AC emits the

acoustic signal and records the consecutive echoes.
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Figure 2: Acoustic camera frame capturing salmon passages by RSC/Reeds Sonar Consultancy LTD. The video has
been recorded using an ARIS Explorer 3000 from 0.7 to 2.9 meters.© Ocean Marine Industries Inc.

The ACrange depends on the acquisition settings and on the ACtypes. The AC acoustic signalis reflected
by every part of the fish body, and each detected echo is displayed on the acoustic frame by a level of
brightness that is proportional to its intensity. Thus, the acoustic videos allow a direct observation of the
fish morphology, from its head to the end of its tail, as well as its movement and behavior. Consequently,
acoustic imaging provides a new way to discriminate fish from other objects compared to former sonars
echograms, making them promising tools for fish monitoring even in turbid waters. However, fish species
identification is applicable with confidence only to a small number of species with large sizes and
distinctive morphological features.

AC are today used for many different fish monitoring applications such as: abundance estimation,
migration behavior, movement within habitats and antipredator behaviors. Even if AC presents a lot of
advantages for fish migration monitoring, Data storage and Data processing are two of the main
constraints of AC: in the aim of long-term monitoring. Besides, operator effect on the analysis is an
important element to consider. Many studies discuss the potential bias an operator can bring during its
acoustic videos visualization, regarding the counting or the fish body length measurement. The
development of an unbiased automatic method to analyze acoustic imaging through species counting,
identification and behavior analysis is thus a key step to reach in order to extract all the information
available on AC data.

The analysis of acoustic videos is a challenge that is currently addressed in the literature. (Mueller,
Mulligan, & Withler, 2008) and (Boswell, Wilson, & Cowan, 2008) have been the firsts to offer a computer-
vision based pipeline to analyze them as optical videos. Following these pioneer approaches, other
pipelines have been developed. As a first step to analysis, different semi-automatic or fully automatic
fish counting methods, and for some of them sizing methods as well, have been designed using the
software EchoView (Helminen & Linnansaari, 2021) or using implemented computer-vision methods
(Shen, Peng, & Zhang, 2023). To go further in the acoustic videos analysis, (Kandimalla, 2022) and
(Fernandez Garcia, 2023) developed a method of fish identification based on deep learning algorithms:
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the aim was to distinguish fish from debris or other non-fish objects. It can be considered as a first step
to focus on the passage of interest prior to species classification. (Connolly, 2022) achieved similar
objectives by applying deep learning classification on both fish images and fish shadow images.

Hence, automatic fish species identification is another key step to fully exploit the acoustic imaging
capacities. According to their specific morphology, most studies focus on the discrimination of eels from
debris or other non-anguilliform fish, through morphological analysis ( (Mueller, Mulligan, & Withler,
2008) and (Bothmann, 2016)), or deep learning classification ( (Yin, 2020), (Zang, 2021)). Other studies
proposed species classification through templates matching, using acoustic shadows (Langkau, 2012) or
through high-resolution images (Yu, 2016). On the other hand, retrieving high quality images with
detailed fish aspects requires limiting the AC range to two meters.

Although allowing fish images with fin and aspect body details, the recording constraints are important
and do not seem to be applicable on fish migration monitoring for which an operator wants to cover the
widest stretch of the river. Species classification from AC data is therefore challenging due to the nature
of the frames. On optical images, a certain degree of detail is available for species classification: colors,
number and position of the tails, body aspect and swimming locomotion, i.e., how the fish deforms its
body to move. On AC data, many of these details are not available. Color cannot be retrieved as the
frames are reconstructed from echoes intensity. Only the swimming locomotion and the global shape of
the fish can be visualized, with no details on the body aspect or on the pectoral and dorsal fins because
of their low thickness and the poor resolution of acoustic frames.

2.2 Fish swimming types

Fish locomotion corresponds to the body deformation of the fish due to the physical forces that apply on
him in a water environment (Lindsey, 1978). It is used to classify species depending on their kinematic
characteristics. (Lindsey, 1978), (Sfakiotakis, 1999) and (Webb, 1984) review the different types of
swimming mode (Figure 3).
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Figure 3: Scheme of fish swimming modes. The vertical axis shows the propulsive contributions of body and fins while
the horizontal axis displays swimming mode from serpentine undulation to oscillation, from (Lindsey, 1978).

This classification does not consider any taxonomic affinities, it only relies on the swimming locomotion
of fish and on some morphological considerations. Hence, fish from different taxonomic groups can
therefore correspond to the same swimming mode (Lindsey, 1978), such as the European eel from the
Anguillidae family and the European catfish from the Siluridae family, which both have an anguilliform
swimming mode. If swimming locomotion modes have been classified in the four classes (Di Santo, 2021)
highlight potential overlapping between them with a lot of individual and intra-specific variability. Fish
locomotion and fish morphology may therefore provide useful information for species identification.
Automatically extracting that information from acoustic videos requires to apply computer-vision
methods initially developed for optical video analysis and to adapt them to the AC data properties and

resolution.
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3. Selected demonstration sites

Two demo-sites have been selected to test the tools that are being developed under T4.4 of the D-
HYDROFLEX project (Figure 4):

e The Dordogne River site that will focus on improving HPP management with the aim to protect
silver eels during their downstream migration season;

e The Sélune River site from which the historic and ongoing data will be used to replicate the
developed tools for other fish species.

Oir Cance

La Roche-Qui-Boit

(b)

(c)

Nouvelle
0 150 300 450 km

—
A Monitoring site  —— Main course
Secondary site Tributary
. Dam Mauzac Vézére

@ Removed dam Bergerac

Tuiliéres

Figure 4: Location of the two monitoring sites (a). The watershed of the Sélune River is displayed as well as the
monitoring site of Ducey (green triangle) and the two former dams of La Roche-Qui-Boit and Vezins (blue circles)
which were removed in 2018-2022 (b). The watershed of the Dordogne River is displayed as well as the monitoring
site of Mauzac (green triangle) and the three dams of Bergerac, Tuiliéres and Mauzac (black squares) (c).

In this section, these two demonstration sites are presented in detail.

3.1 Mauzac HPP — Dordogne River

The Mauzac hydropower plant study site is located in the South-West of France, on the Dordogne River.
With a total length of 483 km, the Dordogne River has a watershed that covers 24 0oo km2. Located 162
kilometers from the Gironde estuary, the dam of Mauzac is the first obstacle of the upstream part of the
watershed that European eels encounter on their way to the sea.

Mauzac facility is equipped with three fish ways: one on each riverbank of the dam (a vertical slot fish
way and a one-baffle fish way) and a third fish way at the hydropower plant (a vertical slot fish way)
(Figure 5). Mauzac inlet canal is almost one Kilometer long and 50 meters wide and is located on the left
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bank upstream to the hydropower plant. The dam remains closed as long as the river flow is inferior to
the hydropower plant design flow of 300 m3/s. Above this value, the dam is progressively opened as the
water flow increases, corresponding to the action of spillage.

A —] v

i Dams -
% 'Hﬁfbpdwer )

Downstream

Figure 5: Aerial view of the Mauzac site. The dam and the powerhouse are indicated in orange. The inlet canal is
displayed in blue and the 3 fishways in white. The location of the AC is symbolized in black at the entry of the inlet
canal.

First, an ARIS 1800 camera has recorded continuously for three migration periods: from November 2014
to January 2015, from December 2015 to June 2016 and in December 2018. Secondly, a BV camera has
then been installed for the last monitored migration period (2018 and 2024-2025) (Figure 6). Cameras
recorded data perpendicularly to the flow direction up to 10 meters for BV and to 9.4 meters for ARIS
1800. BV having a wider field of view (FOV) opening than ARIS 1800, it covers a wider water volume. In
the Mauzac configuration, BV covers 15 times the volume covered by the ARIS 1800 (= 5oom3 vs. 34m3)
(De Oliveira, 2022). However, the two devices cover a common proportion of the water section.
Considering the first portion of the inlet canal width (15 meters), the ARIS 1800 and the BV respectively

cover 32% and 29% of the water section.
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(a) (b)
Figure 6: Acquisition device of the AC. (a): Scheme of the device - The dam of Mauzac is located on the right bank. The
two AC have been installed on the left bank, at the entry of the inlet canal. The ARIS 1800 is fixed to the bank while
the BV is fixed to a floating stationary platform. From [Le Quinio et al., 2023]. (b) Picture of the floating platform, on
which the BlueView camera is fixed (left red ellipse) and of the support of the ARIS 1800 (right red ellipse).

3.2 Selune River — Ducey city

The Ducey study site is located in the North-West of France, on the Sélune River. With a total length of
85 km, the Sélune River has a watershed that covers 1038 km2. Situated at the downstream part of the
river at about 10 km from the Baie du Mont Saint-Michel, Ducey is downstream the two former dams of
La Roche-Qui-Boit and Vezins. These two dams have been recently removed (2018-2022) to restore the
river continuum.

AC are used here in Ducey to quantify migration dynamics of diadromous species before and after the
removal of the dams [Martignac, 2016]. Many diadromous fish species can be observed at Ducey
[Martignac, 2016], including the anadromous Atlantic salmon (Salmo salar), Sea trout (Salmo trutta),
European River lamprey (Lampetra fluviatilis), Sea lamprey (Petromyzon marinus), Allis shad (Alosa
alosa), twaite shad (Alosa fallax), and the catadromous European eel (Anguilla anguilla) and Thinlip Grey
mullet (Chelon ramada). Other freshwater fish species are also observed: the European catfish (Silurus
glanis), the Common carp (Cyprinus carpio), the Common bream (Abramis brama), the pikeperch
(Sander lucioperca) and the Northern pike (Esox lucius). Continuous monitoring started in August 2013
(Martignac F. 2016), allows the researchers to gather a consequent set of information on those species.
An ARIS 3000 has been set up for a few months in 2017 and 2019 (F). The camera has recorded
continuously at low frequency mode (1.8 MHz). At the camera’s location, the Sélune is 18 m wide and 1.8
m deep maximum. The ARIS 3000 unit has been tilted from 5° to 6° so that the beams do not hit the
surface preventing videos from being disturbed by water surface echoes or floating objects such as leaves
but it consequently hits the bottom of the river (

Figure 7). To cover a maximum of the water section, the detection beam of the ARIS 3000 was fixed, from
2 t0 16.4 meters, corresponding to almost 85% of the water section.
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Figure 7: Site of Ducey. The AC is installed on the right bank and covers up to 16.4 m of the river (18 m).
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4. Advanced Biodiversity Analysis and Fish Species
Detection Tool

This section describes in detail the steps involved in the automatic analysis and identification of fish
species using the RecoFish tool. More specifically, a digital solution for data analysis and biodiversity
index calculation including image management software is developed and AC are tested for detecting,
identifying (the species or family) and counting the number of different fish species in a river section,
performing a real world (in situ) case study for silver eels. In the interests of clarity and simplicity, we
describe in this document the main steps of the tool, which has been described, in detail, in the
publications (Le Quinio A, 2023) and (Le Quinio A., 2024) and the PhD manuscript (Le Quinio A., 2023).

First, a specific tool and application have been dedicated to the European Eel (Anguilla anguilla). This
tool is tested on the HPP of Mauzac in operational conditions. Secondly, a generic tool dedicated to the
large fish species, such as salmon, trout, catfish and large Cyprinid, is under development.

Manufacturer E> Parameters values |:> ~ Real-time !i> Video
selection (angle, frequency) recording conversion

Report (history graph, csv file) Shecies
class' i
Remote alert system (execution errors) assfication

Frame
Analysis

Figure 8:Workflow of the RecoFish Tool

The automatic analysis is composed of successive steps that use configuration and decision thresholds
to carry out the detection and identification. For the 2 tools, the steps to detect and select candidates
are common: conversion to AVI; detection of the frames of interest and selection of the candidates.

4.1 Stepa: AVI conversion

The first challenge concerns the conversion of each raw file of the datasets from its proprietary format
(.ARIS, .SON, .OCULUS...) to a standard and open video format (.AVI) using 2 methods: a home-made
program written in Python based on a digital tool possibly provided by the camera manufacturer
(Software Development Kit) or otherwise a real-time video capture method. This step is crucial because
this conversion must be performed in real time without any degradation of the image resolution.
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W BlueView

Figure 9: Real-time screen capture + Sonar frame frequency detection + .avi file generation

4.2 Step2: Detection of the frames of interest

Intervals of frames of interest were then extracted from the videos, i.e. the frames on which moving
discontinuities were passing through the camera field of view. The discontinuities correspond to moving
objects that disturb the initial background of the frames. Detection of those frames was carried out from
echograms based on ratios of singular values. These echograms were generated by analyzing the video
frame-by-frame. The aim was to reduce the method computation time by carrying out the next steps of
the analysis only on these targeted frames. They were an alternative by calculating the standard
deviation of the echoes intensity. Hence, our tests on the development dataset videos highlight that the
second and third SV explain the main part of the discontinuities. The third SV explains fewer
discontinuities than the second one but focuses on the elongated property of the discontinuities.
Analyzing the second and third ratios in a complementary way, thus allows us to get the precise intervals
of time where elongated discontinuities were passing through and thus to target the corresponding
frames.

4.3 Step3: Detection of the candidates

Moving objects are isolated by smoothing the acoustic image and subtracting the background. Dilation
was then applied to identify the area of interest and extract the target’s binary image. However, the
image of a target’s body is often defined as several clusters of pixels instead of a continuous
representation. To maximize image information, we developed a method to restore the target’s images
using a sequence of mathematical morphological filters.
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Figure 10: Method used to restore the target’s image. The (a) original image (red circle) was first processed using the
method of [34]. Restoration begins with (b) the binary image after background subtraction. (c) Noise was filtered, and
occlusion attenuated through opening followed by closing before applying (d) oriented dilation to the resulting binary

image. The (e) targeted image is calculated as the intersection of the binary image and the clustered image. The (f)

processed image is restored by dilating and eroding the targeted image. mesh.

First, a vignette with the binary image is extracted by applying the background-subtraction filter (Fig.
10b). Then, a denoised image is obtained by removing small noise, and small occlusion through opening
followed by closing, using a small (5 x 5 mm) structuring element (Fig. 10c). A clustered image is then
obtained by applying oriented dilation, whose structuring element has a shape that is set to follow the
orientation of the target as much as possible, whether horizontal, vertical or diagonal (Fig. 10d). Applying
these three structuring elements to an example cluster of pixels, corresponding to a fish image with 65°
orientation, highlights the benefit of using oriented dilation to exclude nearby noise (Fig. 10). The
resulting noise-free targeted image corresponds to the intersection of the binary image and denoised
image (Fig. 10e). The processed image is restored through dilation of image using a structuring element,
as a function of the frame resolution (Fig. 10f).

Funded by
the European Union Page 23



D4.4: BIODIVERSITY INDEX CALCULATION MODEL

(a) (b)

100
150

200

0 100 200 0 100 200

50
100 100
150 150

200

0 100 200 0 100 200

Figure 11: Example of (a) a noise-free vignette dilated with three structuring elements: (b) square, (c) lying rectangle or
(d) standing rectangle. Because the target’s orientation target is 65°, oriented dilation is performed using the square
structuring element (i.e., 45°).

Objects corresponding to the discontinuities highlighted at the previous step are extracted from the

frames using a combination of image processing filters (F).:

e a mean filter (kernel) followed by a Gaussian Mixture-based Background/Foreground
Segmentation Algorithm [38,39] are applied to the frame in order to smooth local variations to
reduce noise before isolating moving objects from the background.

e adilation (kernel [40]) is then performed on the whole resulting image. The aim is to group the
objects that are close to each other making it possible to identify and isolate the regions to be
studied. It will prevent an object from appearing in several areas of interest and thus prevent it
from being analysed several times.

These successive treatments led to the generation of a binary image of the frame on which the different
objects of interest are represented by distinct pixel regions. Objects whose main axis length was less than
25% of minimum body length (informed by user), were removed because they were considered too short
to be an eel. The rest, called “candidates”, were individually extracted in a thumbnail.
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This section describes the work undertaken for detecting and counting silver eels in HPP operational
conditions. Recordings of silver passages by acoustic cameras upstream will be used in a hydropower
plant help to improve turbine management by adapting it to an almost immediate observation of eel
passage and thus enhance the escapement rate (turbine passage during downstream migration or
movement). An automatic computer vision algorithm has been developed to detect and identify
anguilliform fish, based on a morphological analysis using image-processing tools.

The first method has been published in 2023 in Plos One (Le Quinio A, 2023) with a detailed description
of the method. The following method has been developed using Python programming language and
especially the opencv (Bradski G., 2000) and skimage (Van der Walt S, 2014) packages. The automatic
analysis was decomposed in successive steps that used configuration and decision thresholds to carry
out the detection, identification, and count of anguilliform fish. Those thresholds were defined
empirically from the development dataset. They are adjustable and were based on four metrics: mean
pixel intensity of the reference image (i.e. an empty image without any object passing through), pixel
resolution r (mm), the frame rate fps (both imported from the recording settings) and the minimum
length of the fish, which was set by the operator before the analysis.

5.1 Stepi: Morphological analysis specific to Eel Counter

In order to classify those candidates as eels or not, each of them was further processed by studying its
physical characteristics. Its area (mm3), orientation and overall eccentricity were calculated. Eccentricity
is @ measure of the non-circularity of the ellipse fitting the candidate shape and corresponding to the
ellipse focal distance divided by the length of its major axis. Its body length was estimated from its
“skeleton” image, which was reconstructed for fragmented targets. Because the defining characteristic
of anguilliform fish is their serpentine shape, with a uniform body distribution, the shape of its body was
quantified by segmenting it using k-means clustering [41]. This method minimized the squared-error
function based on the position of body pixels and cluster centroids. The body of the object was divided
into three sections (k = 3), as a simplistic representation of the undulation of anguilliform fish with a
minimum number of divisions of their body (Fig 10b and 10e). The eccentricity of each section was
calculated (Fig 10c and 10f) describing the shape of the body over its entire length.

(a) (b) (c)
-
(d) (¢) )

Figure 12: Steps used to calculate the shape of an echo of an eel (top) or non-eel fish (bottom) pass extracted from an
ARIS camera image: (a, d) binary image, (b, e) segmentation using k-means clustering and (c, f) division of the fish
body into three sections to calculate eccentricity.
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5.2 Step2: Tracking from frame to frame

The candidates were then tracked frame-by-frame during their entire pass through the camera FOV. It
was essential to avoid counting the same candidate more than once. Tracking also provided new and
valuable information by identifying changes in the physical characteristics of the object in the successive
frames in which it was detected, as well as its trajectory and velocity, among other information. To
handle the tracking, the candidate’s neighborhood as well as the consistency of its orientation from one
detection to another (8diff < 25°), were analyzed for a short period after its last detection to determine
whether an object that appeared in subsequent frames was the same candidate.

5.3 Step3: Classification process

Finally, candidates were classified as “anguilliform” or “non-anguilliform” based on characteristics
calculated throughout the process. Each candidate was first classified in each frame before considering
its entire track. A candidate was classified as an anguilliform fish if it met all the decision rules in at least
five frames of its track. As for other decision rules, the minimum of five frames was set up from the
development database. It corresponds to the trade-off between allowing very short passage to be
considered while having enough information to carry out a reliable classification. It could be modified by
the user depending on how restrictive he or she wants the classification to be. All candidates classified as
eels were listed in a.CSV output file in the directory that contained the raw dataset and correspond to
the automatic counting. Several characteristics were listed for each predicted anguilliform fish (each
line): the video filename, mean time of passage, detection frames, detection ranges, total number of
detections and the measured length of one fish per detection frame.

Funded by
the European Union Page 26



D-HYDR{®FLEX D4.4: BIODIVERSITY INDEX CALCULATION MODEL

6. Innovative Fish Detection Using Acoustic Imagery

This section presents the algorithms and methods used for fish identification, as well as the results of
testing the method on a dataset of four fish species. It also summarizes the findings and discusses future
directions for the project.

6.1 Fish identification method

Fish identification algorithms are based on acoustic imagery data bank. Based on the Eel Counter, the
developed approach will be adapted and performed to other fish species or family. Image processing
algorithms will be designed to handle the high amount of video, by filtering the short video clips of
interest; and by then detecting, tracking, and extracting images of the object of interest that needs to be
identified. In the interests of clarity and simplicity, we describe in this document the main steps of the
method, which has been described in detail, in the publication (Le Quinio A., 2024).

The species identification method focuses on morphological properties of fish and on swimming
locomotion. The global shape of the fish is analyzed using morphological analysis that retrieves multiple
information using image processing tools. A method to characterize the fish body deformation along
their movement has been developed and a deformation model (of the contours of the fish echo area for
each of its detections in the camera field of view) has been implemented. The deformation from one
detection to the other is analyzed using signal processing tools to improve fish species distinguishment,
thanks to repeating and discriminant patterns.

Eachimage of a fish is pre-processed to remove discontinuities and restore the entire fish body as a single
cluster of pixels. The set of pixels is then tracked to retrieve movement, independent of the displacement
of the fish, using a mesh and a solid deformable model. The deformation to which the mesh is subjected
between each pair of frames (i.e., deformation of the fish body) is summarized in a deformation map for
each fish passage. Testing the method using a dataset of four species strongly suggested that
deformation maps are species dependent. These results must be extended to other species to confirm
the effectiveness of the method for automatic identification of fish species and characterization of their
behavior using acoustic camera records.

To use a deformable model, the mesh to deform is first generated as a triangular mesh using the contour
points of the binary shape. First, all coordinate points of the mesh are summarized in the scalar V. From
the mesh, the N points on the outer edge of the mesh (Vb) are differentiated from the M points on the
inside of the mesh (Vinner) (Fig. 10).

Wy
sdi,'.‘. ."‘3' Iy

Q’ “5\

i;'

Figure 13: Definition of the scalars on the outer edge (Vb) (blue) and inside (Vinner) (pink) of the fish-image contour as well as the 2-
column matrix ED. The black line corresponds to the zth item of the ED matrix such as EDz = (vn vm).

Then, the model of deformation deforms the mesh by minimizing the energy of deformation based on
constraints set (publie Azenor). The contour’s points that correspond to the curve’s points of the mesh
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are identified by calculating the curvilinear distance of each point to the mesh’s origin and (ii) each point
of the contour’s origin.

(@)

(b)
Figure 14: Deformation: (a) Graph of the curvilinear distance (pink) for the points (dark blue) of curve A (light blue). (b) Matching of
the curve’s mesh between two successive frames.

Each deformation process is performed after the targets have been tracked. The mesh isinitialized based
on the target’s successive images before the deformation begins. The shape used for initialization
influences the mesh'’s definition. To keep the method generic (i.e., disconnect the mesh’s definition from
the target to deform to), an initial mesh is generated from an ellipse whose major and minor axes equal
the maximum lengths of those of the target’s images (Fig. 14a). Next, the mesh is deformed to fit the
target’s reference (i.e., most representative) image (Fig. 14 b, c). This image corresponds to the one
whose target’s length equals the 3rd quartile of the target length of allimages. The resulting coordinates
of the mesh define the first step, which is then used to initialize the deformation process (l.e. each
successive frames), and the process continues until it reaches the last detected image of the target.

Figure 15: Steps used to initialize the model: (a) a mesh is generated from the ellipse, (b) the mesh is deformed to fit the contours of
the reference image, (c) and the deformed mesh is used to initialize the matrices of the energy of deformation.
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A deformable modelis not designed to address large differences, such as translation or rotation, between
iterations. When these differences exist, they must be addressed separately before beginning the
deformation process. First, one calculates the overall orientation of the object compared to the
horizontal axis, which corresponds to the ellipse that best fits the object. The object is then rotated using
a matrix (the corresponding matrix R) and translated so that its centroid matches that in the previous
time steps.

Before quantifying the deformation, the common area of the object at two successive frames is
maximized by translation to avoid incorrectly quantifying deformation due to a lack of precision during
the previous iteration. Deformation between 2 frames can be quantified by calculating the scalar, which
equals the distance between each of the curve’s points at the previous frame.

Figure 16: Example of 2 distances between two sets of points (of 2 successive frames)

Calculating d for each iteration generates a matrix, which is the deformation map of the method. Its
vertical axis equals the number of detections (i.e., the time axis), while its horizontal axis equals the points
on the upper curve from the head to the tail of the target plus those on the lower curve from the tail to
the head. Finally, the deformation map is decomposed using principal component analysis, whose first
two components are used to reconstruct the map. Doing so removes secondary components and focuses
on the predominant modes that explain more than 90% of the variance in deformation maps of the entire
dataset. Combining the three signal-processing steps yields a smoother signal to process.
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Figure 17: (a-c) Three successive images of a fish on which the mesh (red) is superposed and the corresponding one-row images of
deformation from (d) Frame 1 to Frame 2 and (e) Frame 2 to Frame 3. The left side of the one-row image corresponds to points on the
lower curve of the fish silhouette, while the right side corresponds to points on the upper curve.

6.2 Pre-validation on a real data set

Four species or group of species have been chosen to develop and test the method: the European eel (A.
anguilla, EEL), Atlantic salmon (Salmo salar, SAT), European catfish (Silurus glanis, SIL) and a cyprinid
fish (CYP) that was either a common bream (Abramis brama) or common carp (Cyprinus carpio). Their
differing morphology and swimming locomotion provided the operator with a high degree of confidence.
From the highest-quality videos of passages (i.e., the fish was easily distinguishable from the
background), one individual of each species or group of species was selected, that swam perpendicular
to the AC beams, which helped to capture body undulation in the largest number of consecutive frames.
The first small video(data) set has been constructed with 4 individuals. The data were recorded at the
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two monitoring sites: the Sélune River and the intake canal of the Mauzac HPP with Two ARIS models:
ARIS 1800 (96 beams) and an ARIS 3000 (128 beams). Although they had the same acquisition frequency,
they had different resolutions and recording windows (9 and 14 m wide, respectively). An experienced
operator reviewed all videos to identify the species or group of species of each individual that crossed the
ACFOV by analyzing its morphological and behavioral characteristics.

(a) (b) (c)

BT T T SO

Common carp

{tlantic salmon

ropean eel i
European e¢ European catfish

Figure 18: Example of acoustic videos captured using acoustic cameras by species: (a) EEL, (b) SAT, (c) SIL and (d) CYP.

The deformation values of each point of the curve along the detection frames are displayed per each
individual, as box plots (Figure 18) and represent the first step of the morphological analysis. From these
box plots, it can be noticed that the range of deformation is similar for all the four groups of species.
Besides, by reading the extreme points of the deformation distribution, box plots highlight that
European eels and European catfish are moving their head less compared to the fish from the SAT, CYP
and PRED groups of species. Besides, the fish from those last groups are deforming their whole body
when swimming, high deformation is observed between the points number -10 and 10. In contrast, the
deformation of the European eels and European catfish bodies seem to be more centered on the last
third of the body, around the caudal fin.
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Figure 19: Box plots of the post-processed maps of deformation of the EEL (a), SAT (b), SIL (c) and CYP (d) groups of species. The box
extremities correspond to the minimum, without the outliers, the first quartile, the third quartile and the maximum, without the
outliers. The median of each box is represented as an orange horizontal line and the outliers are represented as circle.

Body deformation varied among the four individuals presented at Figure 17. For each image in which fish
are detected, the deformation is calculated at each point of the mesh contour and collected for all points
in a one-dimensional array. Visually, the array corresponds to a one-row image whose color becomes
brighter as the deformation increases. When the deformation is towards the top of the image (i.e., the
mesh point was higher in the previous image, the color tends towards yellow, and when the deformation
is towards the bottom of the image, the color tends towards blue. The one-row image can be read from
the center outwards: its left side corresponds to points on the upper curve of the fish silhouette (from
head to tail), while its right side corresponds to points on the lower curve (from tail to head). The middle
of the row thus corresponds to the caudal fin, while the ends correspond to the head. All one-row images
are stacked along the time axis, which creates a deformation map that describes how a fish’'s movement
deforms its body. The deformation maps are then post-processed to analyze them. For Visual
assessment of the deformation maps (Fig. 123, ¢, d, e, g) extended these initial observations, revealing
that the center of the body of SAT and CYP regularly deformed in the direction opposite to that of the
head and tail. The deformation of both individuals thus appeared similar to a beat cycle, although the
CYP cycle was more heterogeneous. Conversely, each cycle of body deformation of SIL and EEL
appeared to propagate, undulating along the body to the tip of the tail. The EEL cycle was longer, which
reflected undulation with a larger amplitude. In addition, the deformation patterns differed between EEL
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and SIL (the latter more V-shaped) and between SAT and CYP (the former more diamond-shaped),
although each pair had the same swimming modes.
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Figure 20: Deformation maps for (a)European eel (EEL), (b) Atlantic salmon (SAT), (c) Europeancatfish (SIL) and cyprinid fish (d)
CYP.

6.3 Conclusion and perspectives: fish swimming approach

Swimming locomotion is one of the main parameters with morphology that can distinguish one species
from another on acoustic videos. The method we developed extracts swimming locomotion features
using computer-vision methods, while applying the theory of deformable solids to acoustic images of
fish. Computer-vision methods have been used for acoustic images [27], [32], like studies of optical
images. To the best of our knowledge, the swimming locomotion of fish in acoustic videos has never
been used to identify species, despite the relevant information it can provide. Shape modelling has been
considered for optical images but has not been explored to study deformation [68]. Although deep-
learning methods have been widely applied to opticalimagesin recent years, their application to acoustic
images remains limited, mainly due to the latter’s low quality [30] and few clear details.
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FAdditional work is required to develop the classification model. At each detection of a target on the
acoustic videos, all the features are extracted. These results are associated with environmental
conditions (water velocity, river flow, season, daytime, temperature) and integrating a priori knowledge
can be integrated in the classification. This step must be improved during the project.

Increase the performance of the classification

First, to increase the fish identification performance of the tool, a large acoustic videos database is
necessary, on the one hand to reduce the uncertainty of the fish identification and on the other hand to
explore other methods, such deep learning. We have selected two approaches:

e Sharing the acoustic video (with properties — fish identification) between the users of AC,

e Providing acoustic videos in laboratory conditions. The objective is to make acquisitions with AC
of fish swimming (4 mains species group) in a flume with different water velocity conditions and
turbulence.

Considering the environmental conditions

Secondly, exploiting data provided by the acoustic cameras cannot be done without considering the
environmental conditions and in particular water velocity. Hence, the fish's speed, orientation and
behavior highly rely on the water flow. At high water flow, a downstream fish will swim faster to cross
the ACFOV, and its velocity and trajectory could be altered compared with low water flow. Similarly, the
velocity and therefore the water flow influence how the fish deforms its body to swim. Moreover, if the
fish swims in the direction of the current (downstream movement), the fish can drift, particularly in the
case of high flows, or can actively swim. On the contrary, if the fish swims against the current (upstream
movement), this swimming behavior will differ and will depend on the water flow encountered.

Considering the trajectory of the fish passage in the beams

The acoustic videos are reconstructed through a 2D representation of the echoes insonifying a water
volume and reflected to the AC. The image restoration step is therefore essential to correctly analyze the
target’s detections and retrieve reliable morphological and body deformation features. Depending on
the position and orientation of the target towards the camera beams, its acoustic image will differ.
Hence, if a target swims perpendicularly to the beams from one side of the FOV to the other, its whole
body reflects the echoes and its whole body appears in the acoustic image. Conversely, if standing along
the beams height or facing the beams or diagonally to the beams, only a part of its body is likely to appear
on the image. Morphological characteristics may then be distorted and must be carefully integrated in
the identification process. A pre-analysis should be carried out to only select the most relevant images
from a target passage and according to the trajectory of the passage in the FOV of the AC.
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Figure 21: Pipeline of the numerical tool with the different steps of the process displayed [1]
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This section describes software development and future plans for expanding the tool to other fish species.

The automatic analysis is composed of successive steps that use configuration and decision thresholds
to carry out the detection and identification. A first attempt dedicated to eels is now operational and
running on file during the migration season 2024-2025 on the site of Mauzac HPP.

The tool is being developed collaboratively, with the user interface delivered by a subcontractor. All
existing and planned developments for both tools are implemented in Python, using widely adopted
open-source libraries (e.g.,, OpenCV). The use of open-source technologies inherently facilitates
potential further developments or extensions by third parties. Further details will be provided in
deliverable D8.3 ‘Final version of the D-HYDROFLEX exploitation plan’.

7.1 Eel counter software

The aim of this tool was to provide an automatic counting of anguilliform fish, on both ARIS and BlueView
cameras. To enableits use by a larger number of users without the need of specific informatic knowledge,
the pipeline was embedded in a human-machine interface, based on algorithms. The resulting interface
allows the operator to get a graphical interface. He can fill in the different elements required for the
analysis:

e the ACmodel,
e minimum and maximum ranges of the window length,
e FOV opening and the value of LTarget (minimum length of the fish targeted)

Furthermore, the operator indicates the folder containing the raw videos to be analyzed and the
maximum processors he wants to allocate to the analysis. Progression bar is displayed and updated to
inform the operator on which videos are currently processed and at which steps of the progress they
respectively are. Results of the counting are recorded in a CSV file, one for each day of monitoring, which
is progressively updated as videos are analyzed. In addition, a graph is displayed in the interface to allow
the operator an almost real-time monitoring.
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Figure 22: Snapshot of the eelCounter interface.

This tool is running on site (Muazac HPP) in real time from December 2024.

7.2

RecoFish software

The final and generic tool dedicated to other large species such as salmon, trout, catfish, and large
Cyprinid is under development. The development activities include:

Software Development and Testing

Algorithm Enhancement: Improve existing algorithms for fish detection and identification,
ensuring they can handle a variety of species with different morphological and behavioral
characteristics.

Integration of New Features: Incorporate additional features such as real-time data processing,
enhanced image resolution, and improved user interface for easier operation.

Testing and Validation: Conduct extensive testing and validation of the software using data from
different acoustic cameras and various environmental conditions to ensure robustness and
accuracy.

Data Collection and Analysis

Field Data Collection: Gather data from multiple demonstration sites, including the Mauzac HPP
and Selune River, to build a comprehensive database of fish species and their behaviors.
Laboratory Experiments: Perform controlled experiments in laboratory settings to collect high-
quality acoustic video data of fish swimming under different water velocity conditions and
turbulence.

Data Sharing and Collaboration: Collaborate with other users of acoustic cameras to share data
and insights, enhance the overall database and improving the software's performance.

Environmental Considerations

Environmental Data Integration: Integrate environmental data such as water velocity, river flow,
and temperature into the software to improve the accuracy of fish behavior analysis.
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e Behavioral Analysis: Study the impact of different environmental conditions on fish behavior,
including their speed, orientation, and swimming patterns, to refine the identification
algorithms.

User Interface and Experience

e User-Friendly Interface: Develop a graphical user interface (GUI) that allows operators to easily
configure and run the software without requiring extensive technical knowledge.

e Real-Time Monitoring: Implement features for real-time monitoring and analysis, providing
immediate feedback to operators about fish passage and behavior.

e Customization Options: Allow users to customize analysis parameters such as minimum fish
length, detection ranges, and field of view settings to suit specific monitoring needs.

Future Development and Expansion

e Species Expansion: Extend the software's capabilities to identify and monitor additional fish
species beyond the initial target groups.

e Deep Learning Integration: Explore the use of deep learning techniques to enhance fish
identification accuracy and reduce uncertainty.

e Continuous Improvement: Regularly update the software based on user feedback and new
research findings, ensuring it remains at the forefront of fish monitoring technology.

Open-Source Perspective

e Open-Source Release: Plan to release the RecoFish software as an open-source project, making
it freely available to the global research community.

e Community Contributions: Encourage contributions from researchers, developers, and users
worldwide to enhance the software's features, fix bugs, and improve performance.

e Collaborative Development: Foster a collaborative development environment where users can
share their modifications, improvements, and new algorithms with the community.

e Transparency and Accessibility: Ensure that the software's codebase, documentation, and
development process are transparent and accessible, promoting widespread adoption and
innovation.

e Support and Training: Provide support and training resources to help users effectively utilize the
software and contribute to its development.

By focusing on these activities, the RecoFish software aims to provide a comprehensive and reliable tool
for monitoring fish species in various aquatic environments, contributing to the sustainable management
of hydropower plants and the preservation of biodiversity. The open-source approach will further
enhance the software's development, ensuring it benefits from the collective expertise and innovation
of the global community.
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