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Abstract

Real-time estimation of fish biomass at the pond-wide scale 1s critical for precision aquaculture management. However, the low water transparency commonly observed in pond
aquaculture environments severely limits the effectiveness of vision-based fish detection methods. To address this challenge, this study proposes a dynamic imaging sonar—based
noise-robust fish biomass estimation method tailored for pond aquaculture scenarios. Dynamic sonar image data were collected using an imaging sonar system (Lowrance HDS-9)
under typical pond conditions, and a benchmark dataset was constructed for model training, calibration, and validation. A frequency-dynamic convolution (FDConv) module was
embedded into the backbone of the YOLOv11n architecture to enable multi-band sonar feature modeling and noise suppression. Fish counting was performed through an integrated
pipeline consisting of detection, tracking, and region-based fusion, and the proposed method was further validated in real pond environments. In the model evaluation stage, the
proposed method achieved favorable detection performance, with a precision (P) of 0.886, an F1-score of 0.891, and an mAP@0.5 of 0.897, representing improvements of 2.5%,
1.2%, and 1.8%, respectively, over the baseline model. In field experiments conducted at typical pond observation points, the frame-level counting deviation ranged from 10.13% to
17.65%, with an average deviation of 13.98%, while the overall counting deviation was 15.5%. The results demonstrate that the proposed method enables stable perception and
reliable estimation of fish abundance in turbid pond waters, achieving effective pond-scale fish population statistics under visually degraded conditions. This study provides a
practical solution for fish biomass monitoring in precision pond aquaculture management.

Results

Real-time monitoring of fish biomass is critical for precision feeding, water quality control,
and disease prevention in smart pond aquaculture. However, high turbidity and low visibility " Detection Performance
in dense culture ponds severely degrade optical signals, making visible-light imaging Brecision F1 score mAP@0.5
1.00
ineffective for fish detection. Imaging sonar offers strong penetration and light independence, 0.886 0.891 0.897
0.95 i I’
making it suitable for turbid water. Yet low signal-to-noise ratio, target overlap, and strong =
: - sovam Relative to YOLOv11n
LET
background scattering cause frequent false detection and unstable counting. This study 085 | ey, . o Precision F1 score mAP@0.5
. . . . . . . . @ i t +2.5% t +1.2% T +1.8%
presents a dynamic anti-noise sonar imaging method for full-pond biomass estimation. By 5 0.80 ’ ’ ’
" (0,841 — 0.886) (0879 — 0.891) (0.BTY — 0.B9T)
integrating frequency-domain decomposition into YOLOvI11 and using cross-frame target -
o . _ . . i Interpretation
association, the approach suppresses noise, enhances fish features, and improves counting ——
251 oveTall periormance
oq e . . . . . . . 065 YOLOw Tn4F D one achieves the aghast Precisicn, F1 scorg, aind maiPEad 5
stability. It provides a reliable technical solution for real-time biomass assessment in smart , RN
060 Better target/background discrimination
a Higher Precision and F1 ndicale fewer falsa deteclions and beller saparalion
aquaculture a gr wh QET 1{:‘-—':"'-"' O oen ﬂtl'n':“i' -:I:|'- *1.:1..0""1' Dﬂ-‘-l"""" betwean fish and complex pond backgrounds
Stronger basis for downsiream counting
3]
Higher mAPEED. 5 dedriars moré reliable delachons 10 supdon acciirale and
o - Praci | Nz APE0S fobisl fish abundancs estimation
g Background and Motivation T B ) |
stocking transtOaV:ency Pisheiideg dSTdig‘em visLli‘ll\v;t " _
. . densit particles ISHIRENGs y Optical . .
Prechlan Ioeding ' = - ' The proposed YOLOvI1In+FDConv model outperforms other detectors, achieving the
ptimize feed input an * Limited penetration
improve feed conversion . . « Low contrast . L . .
— M R — ; Unstable appearance highest precision (0.886), F1 score (0.891), and mAP@0.5 (0.897), representing respective
£ss sensitive etier Ider spatia ore sultable
Water quality regulation to light penetration coverage for turbid ponds . . .
opm?meutmdp:ca&ﬁnand - improvements of 2.5%, 1.2%, and 1.8% over the baseline YOLOvI11n. These gains
maintain pon ea
ilgi2onag S : - -
_ . demonstrate enhanced fish-background discrimination and more reliable detections, layin
* Poor contrast * Vulnerable to low SNR Strong penetration 2
o Disease prevention‘ * Short effective range * Target overlap - gtigglcontfas'f
andreducedrisk ZB%?EF?Z_S%h{SEZir;”W “Hiblate couning R a stronger foundation for stable pond fish counting.
counting In turpia water
o Prod.uction.evgluation Study Combine dynamic imaging sonar with noise-robust
\ sQuupapnO!Zyds.;:ir;?(::i:aiin:;ssj idea deep learning and temporal-spatial counting strategies. F' Id v I'd t' d Wh I P d St t' t'
" e dlldation an ole-ron dlISTICS
The study aims to transform fish monitoring in turbid ponds _ ) )
from hard-to-see imagery to quantifiable biomass information. 1. Field Validation Summary
Per-puint Accuracy (Frame-level)
- n - - ¥ i 2 o : F r:a n:'lﬂ-lﬁ‘""ﬁ‘l F rﬂmﬂ'lﬂ'vﬂ'l . .
,'Study Objectives and Contributions 2 deviation range rasis s P1 82.79%-89.48% e—
X 10.13%-17.65% 82.35%—-89.87% .
¢ Objective 7o M ~ P2 83.21%-58.66% e—
To develop a ngisu-mmrlst c%ynamic imaging sonar framework for stable fish counting and pond-scale abundance Average accuracy Stable outputs across P31 82.35%-88.07%, So—
statistics in turbid pond aquaculture. oll four montloning palnts
o FDConv embedded into YOLOvi1n to elmegrated detection, cross-frame 9 Proposed region-based fusion for whole- & EE'DE‘:‘;‘] ;ﬁ;;ﬂ:{:::: P4 84.10%-80.877, —
suppress low-frequency background noise association weighted temporal fusion, pond estimation and validated the method 3 fr s e = N
and enhance fish-related mid/high- and time-domain filkering for more stable in a real pond environment.
frequency features, counting.
byt m Region-leveal
;s = B = ®-" . Crtee
.‘ = s . T . Weighted 2. Whole-Pond Fusion Statistics
— ; Fusion <
= " - : e - Left Region (P2, P1 Right Region (P3, P4)
e _;'3 Pt 'u--' Abundance b PR B P2 208fish P3 247 fish Ground truth 400 fish
; . e
m . [y - — : - P1 248 fish hﬂag;:: P4 221 fish Absolute error  15,5%
e o s > /T dopioyment | vaikdation | rellait . i Overall counti
ploy ty Left-region average Fusion Right-region average a:::f“;qun mgﬂ-‘-i.fﬁ"'u
228 fish B 234 fish
 From sonar percepion o Retiave Aouncince | Mppeiunul Mol LU TSR | Ponc-scate Abundance staistcs | -
Whole-pond
Direct Application Vale | e e | o oo e v 462 fh
MethOdS B Field validation across four monitoring points achieved stable frame-level accuracy of

4 Experimental Site and Sonar Data Acquisition 82.35-89.87%, averaging 86.02%. After region-based fusion, the whole-pond count

reached 462 fish, with an absolute error of 15.5% and overall counting accuracy of 84.5%

: - against the ground truth of 400 fish, demonstrating the method’s reliable biomass

estimation under low-SNR pond conditions.

Site; Pond Mo. 1, Huazhong Agricultural Water transparency: 12-15 cm = N
University aquaculiure base
Dateltime: 2025.08-20. 18:00 Fish stock: 400 grass carp 1 1
- Maode Scan Angle Frequenc Range Frame Rate
Pond size: 30 m = 15 m (rectangular Mean body weight: 460 + 20 g Scout 133 ! c:k"-"y 15 "i 101fps DlscuSSlOn
Siln'.pli:li;|Jui'|1.~.a: P1 (0, 7.5), P2 (0, 15), P3 (30, 15), P4 (30, 7.5)
Each point collected for 8 min, in order P1/P2 then P3/P4. Probe immersion depth: approximately 20-40 cm
Why the Method Works
- @) FDConv enhances fish-related mid/high-
"Dataset Construction and Model Design frequency features while suppressing low-
N S —— ~ frequency background noise.
oo | P |
. :i::m; ok acngteh Output o o o
N e - @) Temporal strategies improve consistency and
R rocon B t N . . . o
= reduce false accumulation from transient noise
- P s or static bright spots.
hancrec ]
B B== ey Suporess low-requency beckaroun
b g W0 || T &) Region-based fusion helpsmitigate overlap,
\ —/ blind zones,and cross-region

duplicatecounting.

Frequency-aware representation improves target/background separation under low-SNR sonar imaging.
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» It turns visually degradedpond scenes into

quantifiablefish abundance information.
This study collected sonar data in a turbid aquaculture pond using a Lowrance HDS-9 system,

building a 1000-image dataset via preprocessing and augmentation. An improved YOLOv11n > It provides a practical technicalpath for precision
with FDConv was trained to suppress background noise and enhance fish features. A multi- feeding,production evaluation, and smart aquaculture
stage tracking and fusion strategy then enabled stable fish detection and full-pond biomass management.

estimation under low-SNR conditions.



