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ABSTRACT This paper introduces AlINet, a novel deep learning architecture designed for detecting
camouflaged objects in complex and diverse environments. The objective of this work is to design an end-
to-end camouflaged object detection architecture that simultaneously captures long-range dependencies and
refines subtle camouflage cues, improving segmentation accuracy and boundary delineation across both
standard COD benchmarks and real-world agricultural scenarios. AINet leverages the strengths of Mamba,
an efficient sequential state model for capturing long-range dependencies, and the Convolutional Block
Attention Module (CBAM) for feature refinement through attention mechanisms. Detecting camouflaged
objects is a significant challenge across a wide range of real-world applications, including surveillance,
security, medical imaging, and autonomous systems, where objects of interest may blend into their
backgrounds and evade conventional detection methods. To demonstrate its effectiveness, AINet is evaluated
on multiple datasets, including standard camouflaged object detection benchmarks such as CAMO,
CODI10K, and NC4K, as well as domain-specific datasets (such as pest and fruit detection). Experimental
results show that AINet outperforms existing state-of-the-art models. The implementation is publicly
available on GitHub for reproducibility: https://cod-espol.github.io/AINet/

INDEX TERMS Camouflaged object detection, pest detection, fruit harvest, mamba, precision agriculture.

I. INTRODUCTION

Detecting camouflaged objects remains a persistent and
challenging problem in computer vision [47]. Camou-
flaged objects are characterized by their ability to blend
seamlessly into their surroundings, making them difficult
to distinguish using conventional detection methods [30].
This challenge is prevalent in a wide array of real-world
scenarios, including surveillance, security, medical imaging,
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autonomous vehicles, and environmental monitoring, where
accurate identification of hidden or obscured objects is
critical for decision-making and safety [21], [42]. Moreover,
camouflaged object detection not only demands robustness
to variations in illumination, scale, and background clutter,
but also the capacity to infer subtle semantic and structural
differences that may not be immediately apparent at the pixel
level, thereby pushing current detection paradigms to their
limits.

Traditional object detection algorithms often struggle
with camouflaged targets due to the minimal contrast
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and ambiguous boundaries between the object and its
background [9], [43]. Recent advances in deep learning
have led to significant improvements in object detection and
segmentation; however, the unique nature of camouflage still
poses obstacles [6]. Addressing these challenges requires
models capable of capturing both global context and fine-
grained details, as well as mechanisms to focus attention on
subtle cues that differentiate camouflaged objects from their
environments [4].

This paper presents AlNet, a novel deep learning archi-
tecture specifically designed to improve the detection of
camouflaged objects. AINet integrates two powerful com-
ponents: Mamba [11], an efficient sequential state model
capable of modeling long-range dependencies, and the
Convolutional Block Attention Module (CBAM) [46], which
refines feature representations using spatial and per-channel
attention mechanisms. By combining these elements, AINet
can effectively highlight and segment camouflaged objects,
even in highly complex scenes.

The key contributions of this work include:

¢ A COD-oriented encoder—decoder architecture, referred
to as AlNet, is proposed; it integrates selective
state-space modeling (Mamba) for efficient long-range
dependency modeling with attention-based feature
refinement (CBAM) to emphasize subtle camouflage
cues.

o A comprehensive evaluation of COD standard bench-
marks (CAMO, COD10K, NC4K) and agricultural case
studies is offered, including quantitative, qualitative, and
ablation analyses to validate the contribution of each
component.

« An extensive ablation studies is provided, it demon-
strates that the synergy of Mamba and CBAM modules,
as well as multi-level deep supervision, is critical
for optimal segmentation accuracy and robust edge
delineation.

« A validation process across multiple datasets and evalua-
tion metrics, demonstrating substantial improvements in
accuracy, boundary precision, and overall segmentation
mask quality.

The manuscript is organized as follows. Section II intro-
duces related work, recent SOTA COD techniques, and meth-
ods that address the problem of the COD approach. Section III
presents the proposed architecture. Then, Section IV shows
the experimental results on different datasets, and an in-depth
ablation study is presented in Section V. Finally, discussion
and conclusions are given in Section VI and Section VII
respectively.

Il. RELATED WORKS

This section reviews key computer vision-based methods
for camouflaged object detection (COD), analyzing their
contributions and limitations across diverse application
domains.
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Detecting camouflaged objects is a persistent challenge
in computer vision, as these objects are characterized by
their ability to blend seamlessly into complex backgrounds,
making them difficult to distinguish using conventional
detection techniques. Recent advances in deep learning have
significantly improved image segmentation and object detec-
tion, enabling more accurate and efficient identification of
camouflaged targets in a variety of real-world scenarios, such
as surveillance, security, medical imaging, environmental
monitoring, and autonomous systems.

One of the pioneering state-of-the-art COD techniques
is the Search Identification Network (SINet) [10], which
introduces a two-stage framework inspired by predator
hunting behavior, consisting of a Search Module (SM) and
an Identification Module (IM). SINet presents a simple
yet effective end-to-end architecture based on the richly
annotated COD10K dataset, achieving visually appealing
results compared to existing baselines. Building on this,
SINet-V2 [9] enhances the original design by incorporating
densely connected layers and a receptive field component
to better capture multi-level features. This improved archi-
tecture demonstrates competitive performance and broader
applicability, including potential use in military, security,
and wildlife conservation, where the detection of concealed
objects is essential [17].

Another notable contribution is the SegMaR tech-
nique [20], which introduces a multistage iterative refinement
framework for camouflaged object detection, simulating
the coarse-to-fine detection process of the human visual
system. The framework consists of three core steps: Segment,
Magnify, and Reiterate. Initially, a camouflaged segmentation
network generates a preliminary mask for the object. The
Magnify module then adaptively enlarges the object region
using attention-based sampling, making it more distinct
within the image. Finally, the Reiterate module refines
the segmentation through iterative feedback, progressively
capturing finer details, especially for small or highly
camouflaged objects. The architecture also incorporates a
distraction module to disentangle foreground and background
features, and employs parallel decoders to focus on key object
regions and contours. However, SegMaR cannot be trained
end-to-end [14], which restricts its adaptability in certain
scenarios.

COD approaches face two primary challenges: (1) intrin-
sic similarity (IS), where objects visually resemble the
background, and (2) edge disruption (ED), which results
in unclear boundaries. Biologically inspired methods like
SINet [10] and SegMaR [20] attempt to address these
by mimicking predator hunting behavior or human visual
cognition through multistage processing. However, these
approaches often struggle with complex camouflage patterns
and may fail to capture the subtle cues needed to resolve
IS and ED effectively. To address these limitations, the
FEature Decomposition and Edge Reconstruction (FEDER)
technique [12] adopts a targeted two-stage strategy. It uses
learnable wavelets to decompose image features and identify
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the most informative frequency bands via a frequency
attention and feature aggregation module. To address ED,
it introduces an auxiliary edge reconstruction task inspired
by differential equations, improving boundary precision
and overall detection accuracy. Despite promising results,
FEDER’s reliance on edge reconstruction may be less effec-
tive when camouflaged objects have very similar textures to
their surroundings, leading to potential false negatives.

The field of COD has seen remarkable progress in recent
years. Foundational work by Qin et al. [39] on salient
object detection has profoundly influenced the evolution
of COD methodologies. In 2022, Chen et al. [2] proposed
a context-aware cross-level fusion approach that enhanced
camouflaged object identification accuracy, while Chen et al.
[3] introduced a boundary-guided network to improve edge
and feature detection. Liu et al. [29] further advanced the field
by addressing aleatoric uncertainty modeling in COD. More
recently, high-resolution iterative feedback networks [16],
edge-aware networks [40], and deep gradient learning
techniques [ 18] have contributed to significant improvements
in detection efficiency and accuracy. The scope of COD
research continues to expand, with recent work such as
PlantCamo [51] targeting specialized applications in plant
camouflage detection.

While much of the research has focused on general-
purpose COD, these advances have also been adapted to
address domain-specific challenges. For example, in agri-
cultural environments, camouflage plays a critical role in
both pest and fruit detection, complicating monitoring and
management tasks [26]. Recent studies have explored the use
of advanced deep learning architectures for these applica-
tions. Meng et al. [36] addressed camouflaged pest instance
segmentation by combining Pyramid Vision Transformer
(PVT) and Mask R-CNN, leveraging PVT’s hierarchical
feature extraction and Mask R-CNN’s instance-level segmen-
tation capabilities. Similarly, Evangelista et al. [6] introduced
FCNet, a transformer-based, context-aware segmentation
framework for detecting camouflaged fruits in complex
orchard environments. These works demonstrate the potential
of adapting general COD methodologies to agriculture,
though challenges remain regarding generalization to diverse
conditions and the need for large labeled datasets.

Collectively, these advances have established more robust
and accurate camouflaged object detection systems, setting
new benchmarks in the field and paving the way for future
research and practical implementations. In the following,
we highlight how these general advances have been adapted
and extended to address specific challenges in agricultural
environments, such as pest and fruit detection.

Ill. PROPOSED AINET

Consistent with recent advances in COD [9], [10], [22], [37],
[56], an encoder-decoder pipeline is adopted for the proposed
AlNet architecture. The framework is designed to be end-to-
end trainable, as illustrated in Fig. 1.
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A. OVERALL ARCHITECTURE

AlNet is constructed by integrating Mamba and CBAM
modules within an encoder-decoder design tailored for COD.
The selective state space modeling capabilities of Mamba
are combined with the feature refinement provided by the
Convolutional Block Attention Module (CBAM), enabling
effective identification of objects that visually blend into their
surroundings.

1) ENCODER

A PVTv2-B2 backbone [44] is employed as the encoder,
providing hierarchical feature representations at multiple
scales. From the input RGB image I € RI*W>3 feature
maps at four different resolutions are extracted, capturing
both low-level details and high-level semantic information
necessary for camouflaged object detection.

PVTv2-B2 is adopted as the encoder because COD
demands both fine-grained, multi-scale detail extraction and
global context modeling to distinguish targets that blend
into the background. In addition, several representative
COD pipelines that rely on ResNet50-family backbones,
as reported in Table 4 (e.g., LSR, MGL, PFNet, TINet,
UGTR), achieve lower benchmark accuracy than the pro-
posed AINet on CAMO, CODI10K, and NC4K. Although
overall performance depends on the full architecture rather
than the backbone alone, these results support using a modern
hierarchical encoder for this task.

2) DECODER

A progressive refinement strategy is utilized in the decoder,
where Decoder Blocks upsample features from the previous
stage and aggregate them with skip connections from the
encoder. Feature Aggregation is performed using 1 x 1 and
3 x 3 convolutions. Multiple segmentation heads at different
decoder levels are incorporated to provide deep supervision,
enhancing gradient flow and feature learning.

3) LOSS FUNCTION
The loss function proposed by [45] is adopted, following
established practices [9], [41] (see Equation 1). The predic-
tions generated by the decoder are denoted by {P,~}i3=0. During
training, each prediction Pi is resized to the original input
size and supervised using a combination of weighted binary
cross-entropy (BCE) loss [5] and weighted intersection-over-
union (IoU) loss [34]. A weight parameter w is defined.
The total loss is computed by summing the losses from all
decoder stages, as follows, where GT denotes the ground
truth annotation:
3
L(P.GT)= D> w- Loce(Pi, GT) +w- Liou(P;, GT).
i=0

ey

To further enhance feature learning at different scales, deep
supervision with multiple segmentation heads is employed.
Each decoder level produces a segmentation map supervised
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FIGURE 1. The overall architecture of the proposed AlNet.

by the ground truth, and the final prediction is obtained
by averaging the outputs from all levels. This multi-level
supervision strategy enables the learning of robust features
for detecting camouflaged objects across varying scales and
concealment levels.

B. MAMBA AND CBAM BLOCKS

A core component of AINet is the Mamba Block, in which
residual learning is combined with state space modeling [11],
following the approach in [32]. The Mamba Block is
composed of Residual Blocks (two consecutive blocks with
instance normalization and LeakyReLU activation to enhance
feature representation while preserving spatial information);
Dual-Branch Processing, including a Mamba Branch (pro-
cessing features via linear projection, 1D convolution, and
the Mamba state space model to capture long-range depen-
dencies) and an Activation Branch (applying SiLU activation
for local information preservation); and a Hadamard Product,
where outputs from both branches are combined through
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element-wise multiplication for adaptive feature fusion.
Figure 1 illustrates the Mamba Block.

On the other hand, the Convolutional Block Attention
Module (CBAM) [46] is also incorporated to refine features
by applying both channel and spatial attention. Channel
attention is computed using average and max pooling,
followed by a shared MLP to generate channel-wise attention
weights, while spatial attention is generated through channel
pooling and convolution to produce a spatial attention map.

C. IMPLEMENTATION DETAILS

AlNet has been implemented using the PyTorch library.
The encoder is initialized with a PVTv2-B2 backbone [44]
pretrained on ImageNet. AdamW is used for optimization,
with a weight decay of 1e~*. The initial learning rate is set to
le™* and is scheduled using cosine annealing. Input images
are resized to 352 x 352 for both training and inference. The
model is trained end-to-end for 150 epochs with a batch size
of 16 on an NVIDIA TESLA P100 GPU. All experiments
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TABLE 1. Distribution of the datasets used in experimental results.

Number of images

Type Dataset Train  Val Test
CAMO [25], [48] 797 203 250
Benchmark  CODI10K [9], [10] 2435 605 2026
NC4K [31] - - 4121

Agriculture Cotton Bollworm [36] 856 161 56
Mango [24] 1944 486 230

are conducted on the Kaggle platform,! code for training is
available on the GitHub page.

1) DATASETS

To comprehensively evaluate the effectiveness and general-
ization of AINet, experiments have been conducted on both
standard benchmark datasets and domain-specific agricul-
tural datasets. For general COD evaluation, three widely rec-
ognized benchmark datasets have been utilized: CAMO [25],
[48], which contains 2,500 images balanced between cam-
ouflaged and non-camouflaged objects; COD10K [9], [10],
which offers 5,066 camouflaged, 3,000 background, and
1,934 non-camouflaged images; and NC4K [31], contributing
4,121 images exclusively for testing.

Following established protocols by [10] and [37], we use
1,000 images from CAMO and 3,040 images from COD10K
for model development (train4-val). Specifically, as sum-
marized in Table 1, CAMO uses 797/203/250 images for
train/val/test, and COD10K uses 2,435/605/2,026 images for
train/val/test. NC4K is used exclusively for testing (4,121
images).

To further assess the applicability of AINet, two case stud-
ies in agricultural scenarios have been selected. Hence, two
domain-specific datasets are included: the Cotton Bollworm
dataset [36], which contains 1,073 camouflaged pest images,
and the Mango dataset [24], comprising 2,660 patch images
for fruit detection. Figure 2 presents sample images from
benchmark and agricultural datasets. The distribution of all
datasets used in this study is summarized in Table 1.

2) METRICS

This study employs five widely recognized evaluation metrics
to evaluate COD performance. These metrics provide a
comprehensive assessment criterion for analyzing detection
accuracy and effectiveness across different models. The
Structure-measure (Sy) [7], weighted F-measure (F/g”) [33],

Mean Absolute Error (M) [38], E-measure (Ey) [8], and
F-measure (Fg) [1]. The S, metric quantifies the struc-
tural similarity between prediction and GT maps. The FE’
represents an enhanced evaluation metric that extends the
traditional Fg by incorporating spatial weights, providing
a better assessment of segmentation quality with emphasis
on boundary accuracy and location-based importance of
detected pixels. The M metric focuses on pixel-level error

1 https://www.kaggle.com/
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evaluation between the normalized prediction and GT. The Ej,
metric simultaneously evaluates the global and local accuracy
of COD based on human visual perception mechanisms. The
Fg provides a synthetic measure that considers both precision
and recall components. For both F-measure and E-measure
metrics, different scores can be obtained according to
different precision-recall pairs. This leads to the computation
of mean F-measure (F7'*“"). Similarly, the E-measure utilizes
mean variants, denoted as E gm’”, which are also employed as
evaluation metrics.

3) TRAINING DETAILS

This subsection summarizes the training configuration used
across all COD techniques used to compare with AINet.
Table 2 reports the optimizer, learning rate, batch size,
number of epochs, scheduler, and loss functions employed
per model.

IV. RESULTS

This section presents a comprehensive evaluation of AINet,
focusing first on standard SOTA COD benchmarks and
subsequently on agricultural datasets as a specialized case
study. Both quantitative and qualitative analyses are provided,
along with ablation studies to assess the contribution of key
architectural components.

A. QUANTITATIVE EVALUATION

Table 3 introduces the deployment-oriented efficiency eval-
uation, reporting FLOPs, inference time, and parameters.
Under a consistent input resolution, these results provide a
practical view of AINet’s computational footprint relative to
representative COD baselines.

To validate the level of generalization, the proposed AINet
has been compared with 26 SOTA COD models, which
are listed in Table 4 (Ist column). All prediction results
for CAMO [25], [48], COD10k [9], [10], and NC4K [31]
datasets are either directly obtained from the original papers
for fair evaluation. As shown in Table 4, the proposed AINet
architecture outperforms all 26 SOTA techniques across all
three benchmark datasets and evaluation metrics. Taking into
account the top 3 best techniques in different metrics, AINet
surpasses techniques such as SINet-V2 [9], SegMaR [20],
BGNet [3], OCENet [29], DGNet [18], FEDER [12], and
UJSCOD-V2 [27]. Among the SOTA techniques, AINet
outperforms recent approaches such as GenSAM [15], which
employs cross-modal chains of thought prompting to generate
visual prompts (e.g., CLIP and BLIP2) and progressively pro-
duces masks, iteratively refining detection results. Another
recent method that AINet surpasses is UCOS-DA [54], which
implements source-free unsupervised domain adaptation
using DINO through a foreground-background contrastive
self-adversarial approach.

Unlike CAMO, COD10k, or NC4K, the prediction results
for the Cotton Bollworm and Mango datasets are generated
using architectures with codes and weights available from the
official author pages; for this case, the default configuration,
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CAMO

COD10K

Cotton Bollworm NC4K

FIGURE 2. Example images of the benchmark datasets (CAMO [25], [48], COD10K [9], [10], NC4K [31]) and agricultural datasets (Cotton Bollworm [36]
and Mango [24]) used as case studies.

TABLE 2. Details of the training parameters used in evaluated SOTA COD techniques. Learning rate (LR); Batch size (BS).

Technique | Optimizer LR BS  Epochs Scheduler Loss function

BASNet [39] Adam le-3 8 1000 ReduceLROnPlateau BCE + SSIM + IOU (multi-stage fusion)

SINet-v2 [9] Adam le-4 16 150 Custom (Adjust LR) Structure loss (weighted BCE + weighted IOU)

BGNet [3] Adam le-4 12 100 Custom (Poly LR) Structure loss (weighted BCE + weighted IOU) + Dice loss (edge)
C2F-Net [2] AdaXW le-4 32 50 Custom (Poly LR) Structure loss (weighted BCE + weighted IOU)
OCENet [29] Adam le-5 4 50 StepLR Uncertainty aware structure loss (weighted BCE + weighted IOU)
DGNet [18] AdamW Se-5 16 150 CosineAnnealinglL R Hybrid loss (weighted BCE + weighted IOU) + MSE loss (grad)
PCNet [51] AdamW le-4 8 150 Custom (Adjust LR) Structure loss (weighted BCE + weighted IOU)

AlNet (Ours) AdamW le-4 16 150 CosineAnnealingLR Structure loss (weighted BCE + weighted IOU)

TABLE 3. Comparison of architectural and efficiency characteristics of competing methods, including publication venue (source and type), input
resolution, computational cost (FLOPs), inference time, and number of parameters.

Technique | Source Source Type  Image Size (px) FLOPs(G) Inference time (ms)  # Params. (M)
BASNet [39] CVPR Conference 256%256 18.29 58.13 87.06
SINet-v2 [9] TPAMI Journal 352x352 4.96 41.20 24.93
BGNet [3] IJCAI Conference 416x416 16.93 51.28 77.80
C2F-Net [2] TCSVT Conference 352x352 5.30 38.10 26.36
OCENet [29] WACV Conference 352x352 12.22 60.67 58.17
DGNet [18] MIR Journal 352x352 2.63 33.27 8.30
PCNet [51] arXiv - 352x352 5.65 65.94 27.66
AlNet (Ours) | IEEE Access Journal 352x352 7.78 55.92 36.05
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training, and inference code published by the authors are
followed.

AlNet demonstrates exceptional performance for pest
detection applications, as evidenced by Table 5, which shows
experimental results from the proposed AINet architecture
compared to existing SOTA COD techniques on the Cotton
Bollworm dataset. AINet achieves remarkable metrics with a
structure measure (Sy) of 0.9208, F-measure (F}‘gv) 0f 0.9197,
and the lowest MAE (M) at 0.0076. Notably, our approach
excels in enhanced boundary detection with the highest
E-measure scores (Ef;dp of 0.9838 and Ejj'“"" of 0.9820) and

F-measure values (ngp of 0.9092 and Fj*" of 0.9156).
These results surpass well-established methods like SINet-
v2 [9], BGNet [3], DGNet [18], and PCNet [51], positioning
AlNet as the most effective solution for cotton bollworm
detection, with significant improvements in both accuracy
and boundary precision.

Finally, Table 6 on the Mango dataset used for the
harvesting tasks. This architecture achieves superior results,
obtaining first place in Sy, F' E’ .M, ngp , and E;dp metrics.
AlNet’s consistent top-tier performance across multiple eval-
uation criteria makes it particularly well-suited for automated
fruit detection and harvesting systems, where reliable object
identification is crucial for agricultural robotics. The results
confirm that AINet’s architecture provides the robust and
consistent performance required for real-world agricultural
scenarios.

B. QUALITATIVE EVALUATION

Figure 3 presents the results of the evaluation of our
AlNet and six previous SOTA techniques on classical COD
benchmark datasets-i.e., CAMO-Test, COD10K-Test, and
NC4K. To visually identify which technique presents the
best performance, the GT is compared with the predicted
mask for each image. Successful matches between GT and
predicted masks are painted with white color; False positive
regions with red color (over-segmentation); and false negative
regions with green color (miss-segmentation). As can be seen
in the example images, AINet presents exceptional results
in terms of the delimitation of the camouflaged object area,
as well as not presenting excessive over-segmentation or
miss-segmentation, clearly surpassing recent SOTA COD
techniques.

Figure 4 shows the comparative results on the Cotton
Bollworm dataset [36]. The third column shows the results
of AlNet, which demonstrates significantly more accurate
detection compared to other methods, correctly identifying
the shape and location of cotton bollworms in various
environments. AINet is observed to produce sharper and
more complete masks, with better edge delineation and
fewer false positives. Particularly in difficult cases where
the insect is camouflaged with the plant background,
AlNet maintains high segmentation accuracy, highlighting its
effectiveness for this specific application of agricultural pest
detection.
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On the other hand, the qualitative results on the Mango
dataset strongly demonstrate the superiority of AINet as a
leading architecture for automated fruit harvesting applica-
tions. AINet exhibits exceptional performance in accurately
detecting multiple mangoes, achieving defined contours and
minimal false positives compared to established methods
such as PCNet, DGNet, and other SOTA approaches as shown
in Fig. 5.

Finally, AINet’s robustness is evident in its ability to
maintain consistent and accurate detections under diverse
lighting conditions, from bright natural light to shadowed
areas, while producing significantly cleaner detection maps
with fewer artifacts and noise than its competitors. The edges
detected by AINet are noticeably smoother and more precise.
While other methods show considerable variability in their
results, AINet maintains superior stability across different
scenarios, establishing itself as the most reliable and effective
solution for real-world applications.

V. ABLATION STUDY

To systematically assess the contribution of each component
within AINet, an extensive ablation analysis is performed
on three standard COD benchmarks (CAMO, COD10K, and
NC4K) as well as two domain-specific agricultural datasets
(Cotton Bollworm and Mango). On the benchmark datasets,
the study examines: (i) the effect of integrating Mamba and
CBAM (module combinations), (ii) the impact of multi-level
deep supervision through different output-fusion strategies,
and (iii) model interpretability via Grad-CAM visualizations
computed from the segmentation heads.

A. CAMO ABLATIONS

Table 7 reports the performance obtained with different mod-
ule combinations on CAMO. The complete design (Mamba +
CBAM) provides the best overall results, improving segmen-
tation accuracy and reducing the pixel-wise error compared
with single-module variants. This indicates that long-range
dependency modeling (Mamba) and attention-based refine-
ment (CBAM) play complementary roles when dealing
with low-contrast camouflage. The qualitative examples in
Fig. 6 support this observation, where Mamba + CBAM
yields cleaner masks and sharper boundaries than using only
Mamba or only CBAM.

Table 8 analyzes different output-fusion settings derived
from the multi-level segmentation heads. Although the
simple averaging baseline (Avg) attains a relatively high
S«, it is less consistent across complementary measures.
In contrast, fusing multiple supervised outputs (notably
M1/M2) leads to a more balanced behavior, improving the
F-measure while reducing MAE (e.g., M2 achieves Fé” =
0.7898 and M = 0.0566). Figure 7 visually reinforces
these findings: incorporating multiple outputs produces more
complete object regions and more coherent contours, which
is particularly beneficial for small targets and ambiguous
boundaries.
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FIGURE 3. Quantitative results for six SOTA COD techniques and the proposed AlNet architecture, evaluated on example images from benchmark
datasets. Successful matches between GT and predicted masks (white areas); False positive regions (red areas, over-segmentation); and false negative
regions (green areas, miss-segmentation).
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TABLE 5. Quantitative results for SOTA COD techniques and AlNet on testing set of the cotton bollworm dataset [36]. The best three performing results

are highlighted using color: first, second, and third respectively.

Technique Sa T Fg T M|

F;dl’ T Fgw(m T E:;dl’ T Egﬂmn T

BASNet [39] | 0.8335 0.7500  0.0242
SINet-v2 [9] 0.9010 0.8677 0.0136
BGNet [3] 0.8953 = 0.8769 0.0133
C2F-Net [2] 0.8861 0.7758  0.0178
OCENet [29] | 0.9071 0.8692  0.0108
DGNet [18] 0.9001  0.8725 0.0104
PCNet [51] 0.9000 0.8652  0.0125
AlNet (Ours) | 0.9208 09197  0.0076

0.7538 0.7702  0.9270 0.9049
0.8483 0.8685  0.9668 0.9662
0.8757 0.8864 0.9708 0.9635
0.8369 0.8571  0.9483 0.9341
0.8431 0.8674  0.9586 0.9622
0.8525 0.8747  0.9615 0.9590
0.8532 0.8657  0.9651 0.9647
0.9092 09156  0.9838 0.9820

RGB Ours PCNet DGNet

OCENet C2?F-Net BGNet SINet-v2 BASNet

i~ [~ [~~~ [~ AR~
-------
:
ISR

NN
NN
HEEEEEEEE
r rrlr s rlrlr
1 A

FIGURE 4. Qualitative results of seven SOTA COD techniques and AlNet, evaluated on some images from the Cotton Bollworm dataset [36]. Successful
matches between GT and predicted masks (white areas); False positive regions (red areas, over-segmentation); and false negative regions (green

areas, miss-segmentation).

Beyond accuracy, we examine where the network focuses
when segmenting camouflaged objects. Figure 8 shows
Grad-CAM responses for the segmentation heads on CAMO,
where the activation maps consistently concentrate on the true
target regions rather than on background clutter. In addition,
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different heads exhibit complementary attention patterns,
with some emphasizing coarse localization and others
highlighting finer structures and boundaries. This behavior is
consistent with the intended multi-level design and supports
the effectiveness of the proposed feature refinement strategy.
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TABLE 6. Quantitative results for SOTA COD techniques and AlNet on testing set of the Mango dataset [24]. The best three performing results are

highlighted using color: first, second, and third respectively.

Technique | Sat  Fyt ML FgP4 Fpeny SV preans
BASNet[39] | 0.8508 0.8011 00119 07954  0.8224 09422  0.9336
SINet-v2[9] | 0.8543 0.8194 00106 0.7854  0.8290 0.9400 [IN0I9562
BGNet[3] | 0.8578 ~ 0.8278 0.0117 | 0.8200 [NOB366M 09513  0.9535
C?F-Net[2] | 0.8659 0.8234 00112 08167  0.8348 NOO5450 0.9532
OCENet [29] | 0.8505 0.8094 0.0111 0.8078  0.8301 = 09532  0.9452
DGNet [18] | 0.8595 0.8000 00116 07621  0.8106 09284  0.9499
PCNet[51] | 0.8582 0.8205 | 0.0103 0.7996  0.8310 0.9487 | 0.9558
AlNet (Ours) [JJOISG620/8280/0 0.0100 0182225 0.8285 [NOI9S45) 0.9558
GT Ours PCNet DGNet  OCENet C?F-Net BGNet  SINet-v2  BASNet

FIGURE 5. Qualitative results of seven SOTA COD techniques and AlNet, evaluated on some images from the Mango dataset [24]. Successful matches
between GT and predicted masks (white areas); False positive regions (red areas, over-segmentation); and false negative regions (green areas,
miss-segmentation).

B. COD10K ABLATIONS

Table 9 reports the same module-combination study
on CODI0K. The Mamba + CBAM configuration
remains the strongest, outperforming both only-Mamba
and only-CBAM across the evaluated metrics. Qualitative

VOLUME 14, 2026

comparisons in Fig. 9 confirm that the combined design
better preserves object completeness and reduces missed
regions on highly camouflaged samples, demonstrating that
the observed synergy extends to large-scale benchmark
data.
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TABLE 7. Metric evaluation with different module combinations (e.g., Mamba and CBAM) on testing set of the CAMO dataset [25], [48]. The best results
by each metric are highlighted in bold.

Module | Sat Pyt M Fg"" T Fgen s Eg"” + o Epeant
Mamba + CBAM | 0.8380 0.7896 0.0567 0.8149  0.8144 09104  0.9080
only Mamba 0.8366 07861 0.0595 0.8120 08116 0.9079  0.9057
only CBAM 0.8285 0.7782 0.0622 08112 08113 09008  0.8983

GT

Mamba + CBAM

only Mamba

FIGURE 6. Qualitative results of different module combinations used, evaluated on some images from the CAMO dataset [25], [48].
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TABLE 8. Metric evaluation with different outputs on testing set of the CAMO dataset [25], [48]. The best three performing results are highlighted using
color: first, second, and third respectively.

VOLUME 14, 2026

Name ~ Output | Sat  FRt ML FEPt Fpeny ESP4 preant
Avg  Avg 084890 07669 0.0632 0.7962  0.7990 0.8964  0.8899
My Po+P1+Pa+Ps+Avg | 08380 07896 0.0567 [NOBI49N 0.8144 [NOII04NIN09080
My Pi+Py+P3+Avg 0.8404 | 07898 0.0566 0.8147 | 08150 09101  0.9079
M3 Py+ Ps+Avg 0.8419 07879 0.0570 08125 08139 09086  0.9069
My P3+Avg 0.8445 07835 0.0581 0.8080  0.8111 09055  0.9038

44

b

<t

=

FIGURE 7. Qualitative results of different deep supervision outputs, evaluated on some images from the CAMO

dataset [25], [48].
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FIGURE 8. Grad-CAM visualization using segmentation heads outputs, evaluated on some images from the CAMO dataset [25], [48].
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TABLE 9. Metric evaluation with different module combinations (e.g., Mamba and CBAM) on testing set of the COD10K dataset [9], [10]. The best results

by each metric are highlighted in bold.

Module \ Sa T F4T M Fg”” T Fgeany Eg”" T Epean
Mamba + CBAM | 0.8352 07371 0.0283 07522  0.7568 09110  0.9131
only Mamba 0.8267 07222 00316 07374 07420 0.8990  0.9010
only CBAM 0.8289 07242 00307 07430  0.7499 09030  0.9070

RGB

GT

Mamba + CBAM

only Mamba

only CBAM

-

FIGURE 9. Qualitative results of different module combinations used, evaluated on some images from the COD10K dataset [9], [10].
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Table 10 evaluates the role of deep supervision through
different output-fusion strategies. While Avg achieves a high
S, richer fusion with multi-level supervision (particularly
M1) yields improved segmentation quality and lower error
(M1: Fg =0.7371,M = 0.0283 vs. Avg: Flg" =0.7145,M =
0.0316). Figure 10 illustrates that multi-level fusion provides
more reliable masks, especially when the target shares texture
and color with the background.

Figure 11 provides Grad-CAM visualizations for the
segmentation heads on COD10K. The heatmaps remain well
aligned with the true object locations even under strong
camouflage. Moreover, the heads again show complementary
attention: earlier heads tend to capture broader localization
cues, whereas deeper heads emphasize boundary-sensitive
details, which is consistent with the role of multi-level
supervision in improving robustness.

C. NC4K ABLATIONS

Table 11 reports the module ablation on NC4K. As in the
previous benchmarks, integrating Mamba + CBAM achieves
the best overall performance compared to only-Mamba
and only-CBAM. The qualitative examples in Fig. 12
further show that the full configuration improves boundary
delineation while reducing both missing parts and spurious
detections in complex natural scenes.

Table 12 analyzes different output-fusion variants on
NC4K. Although Avg obtains a higher Sy, multi-level fusion
(M1) offers a better trade-off across metrics by improving
F-measure and reducing MAE (M1: FEV = 0.8204, M =
0.0361 vs. Avg: Fg’ = 0.8007, M = 0.0404). As shown in
Fig. 13, multi-level fusion tends to produce more complete
and stable segmentations, particularly for thin structures and
low-contrast regions where reduced supervision may lead to
fragmented masks.

Figure 14 visualizes Grad-CAM responses for the segmen-
tation heads on NC4K. The activations consistently align with
the camouflaged targets across diverse scenes, indicating that
predictions are driven by meaningful object cues rather than
background artifacts. The complementary evidence across
heads further supports the multi-level decoding strategy as
a mechanism to aggregate distinct spatial cues for improved
final segmentation.

D. COTTON BOLLWORM ABLATIONS

Table 13 reports the effect of different module combinations
on the Cotton Bollworm dataset. The full configuration
(Mamba + CBAM) achieves the strongest performance,
whereas single-module variants are consistently weaker
(e.g., only Mamba: S, = 0.9131; only CBAM: S, =
0.9118). This gap indicates that Mamba and CBAM
contribute complementary benefits in agricultural scenes:
Mamba strengthens long-range contextual modeling, while
CBAM refines discriminative features to better separate
camouflaged pests from visually similar plant textures. The
qualitative examples in Fig. 15 reinforce this outcome,
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where Mamba + CBAM produces sharper boundaries
and fewer false positives under challenging camouflage
conditions.

Table 14 analyzes the role of multi-level deep supervi-
sion through different output-fusion settings. Although Avg
attains a slightly higher S,, (0.9261), it is less consistent across
the remaining metrics. In contrast, multi-output fusion (e.g.,
Mi: Py + Py + P, + P3 + Avg) provides a more stable
trade-off, achieving the best overall balance (S, = 0.9208,
Fg = 0.9197). As illustrated in Fig. 16, multi-level fusion
tends to yield more complete and coherent pest regions,
whereas reduced-supervision variants (e.g., M3, M4) more
often lead to fragmented or partially missing segmentation.

Figure 17 presents Grad-CAM visualizations for the
segmentation heads on the Cotton Bollworm dataset. The
activation maps consistently align with the pest regions, even
when insects are partially occluded or strongly blended with
the plant background, suggesting that predictions are driven
by meaningful object cues rather than background artifacts.
In addition, the heads exhibit complementary attention
patterns, where some heads emphasize coarse localization
and others highlight fine structures and boundary-sensitive
areas, supporting the intended multi-level decoding behavior.

E. MANGO ABLATIONS

Table 15 reports the module-combination study on the Mango
dataset. The combined design (Mamba + CBAM) again
achieves the strongest performance (e.g., S, = 0.8662,
Fg = 0.8280), outperforming single-module alternatives.
The qualitative results in Fig. 18 further show that integrating
both modules improves mask completeness and preserves
fruit contours under variable illumination and cluttered
foliage.

Table 16 evaluates multi-level deep supervision through
different output-fusion strategies on Mango. Multi-output
fusion provides a clear advantage over simple averag-
ing, improving robustness and yielding stronger overall
segmentation quality (e.g., best S, = 0.8662 vs. Avg with
Se = 0.8478). Figure 19 corroborates this trend, where
multi-level fusion reduces both over-segmentation and under-
segmentation in difficult cases with strong background
similarity and partial occlusions.

Figure 20 provides Grad-CAM visualizations for the
segmentation heads on the Mango dataset. The heatmaps
remain well aligned with fruit regions across challeng-
ing scenarios, indicating that the model focuses on
target-relevant cues. Similar to the other datasets, the
heads show complementary attention behavior: earlier heads
capture broader localization patterns, while deeper heads
emphasize finer details and boundary regions, which is
consistent with the purpose of multi-level supervision and
staged decoding.

In summary, the ablation study demonstrates that (i) inte-
grating Mamba and CBAM and (ii) employing multi-level
deep supervision are both key to achieving strong and stable
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TABLE 10. Metric evaluation with different outputs on testing set of the COD10k dataset [9], [10]. The best three performing results are highlighted using
color: first, second, and third respectively.
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Name ~ Output Sat  Fyt ML FiPy Fpeeny g prey
Avg  Avg 084300 07145 00316 07135 07453  0.8794  0.8992
M1 Po+Pi+Pay+Ps+Avg | 08352 [OF37INN0:028300:752200:7568 0011009131
My Pi+Py+P3+Avg 0.8364 07356 0.0285 07465 07554 09078  0.9127
M3 Py+ Ps+Avg 0.8368 07320 0.0289 07395 07527 09032 09111
My P3+Avg 0.8389 07275 0.0295 07293 07505 0.8952  0.9084

<t

=

=
-
-
-
-
-
—

FIGURE 10. Qualitative results of different deep supervision outputs, evaluated on some images from the COD10K

dataset [9], [10].
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Prediction

seg_heads_2

S5—

seg_heads_3

FIGURE 11. Grad-CAM visualization using segmentation heads outputs, evaluated on some images from the COD10K dataset [9], [10].
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TABLE 11. Metric evaluation with different module combinations (e.g., Mamba and CBAM) on testing set of the NC4K dataset [31]. The best results by

each metric are highlighted in bold.

Module \ Sa T F4T M Fg”’” T Fgeany Eg”" T Epean
Mamba + CBAM | 0.8672 0.8204 0.0361 0.8387  0.8392 09287  0.9276
only Mamba 0.8611 0.8093 00390 0.8270  0.8280 0.9207  0.9199
only CBAM 0.8605 0.8078 0.0394 0.8306  0.8323 09220  0.9210

GT

Mamba + CBAM

only Mamba

‘%

only CBAM

FIGURE 12. Qualitative results of different module combinations used, evaluated on some images from the NC4K dataset [31].
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TABLE 12. Metric evaluation with different outputs on testing set of the NC4K dataset [31]. The best three performing results are highlighted using color:
first, second, and third respectively.

34308

Name  Output Sat  Fyt ML FiPy Fpeeny g prey
Avg  Avg 087561 0.8007 0.0404 08165 08273 09136 09151
M1 Po+Pi+Py+P3+Avg | 08672 [JOS20400:0361010:8387010:83921110:9289 01019276
My Py+Py+Ps+Avg 0.8681  0.8188 00365 08358 08381 09275  0.9269
Mz Py+P3+Avg 0.8680 08163 00369 08322 08363 09257  0.9259
My Ps+Avg 0.8711 08125 00377 08270  0.8341 09225  0.9238

=

FIGURE 13. Qualitative results of different deep supervision outputs, evaluated on some images from the NC4K

dataset [31].
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FIGURE 14. Grad-CAM visualization using segmentation heads outputs, evaluated on some images from the NC4K dataset [31].
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TABLE 13. Metric evaluation with different module combinations (e.g., Mamba and CBAM) on testing set of the cotton bollworm dataset [36]. The best

results by each metric are highlighted in bold.

Module Sa T F4T M Fg"” T Fgeany E;"" + o Epeant
Mamba + CBAM | 0.9208 09197 0.0076 0.9092  0.9156 0.9838  0.9820
only Mamba 09131 0.8953 0.0084 0.8877 08932 09788  0.9784
only CBAM 09118 0.8950 0.0087 0.8877  0.8923 09748  0.9744

GT

Mamba + CBAM

only Mamba

g

| AN .7 b, ) N
o
.

.!

FIGURE 15. Qualitative results of different module combinations used, evaluated on some images from the Cotton Bollworm dataset [36].

performance. Their combined effect yields more accurate,
reliable, and generalizable camouflaged object segmentation

34310

on standard benchmarks and in challenging agricultural

imagery.
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TABLE 14. Metric evaluation with different outputs on testing set of the Cotton Bollworm dataset [36]. The best three performing results are highlighted

using color: first, second, and third respectively.

) adp n adp mean
Name  Output Sa T FE‘ 1T M| FBI T Fg’“’” 1T E¢ T E¢ 1T
Avg Avg 0.9261 | 0.9137 0.0082  0.8885 09121  0.9795 0.9799
My Po +P1+ P+ P3+Avg | 09208 | 09197 0.0076  0.9092 09156  0.9838 0.9820
Mo Py + P2 + P3 + Avg 0.9206 = 0.9177 0.0077 0.9054 09132 0.9829 0.9817
M3 P2 + P3 + Avg 0.9210 09161 0.0078 0.9017 09117  0.9821 0.9813
My P3 + Avg 0.9215 09131 0.0080 0.8946 0.9093  0.9804 0.9807

Y

RGB

4

=

FIGURE 16. Qualitative results of different deep supervision outputs, evaluated on some images from the cotton

bollworm dataset [36].
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Prediction

seg_heads_3

FIGURE 17. Grad-CAM visualization using segmentation heads outputs, evaluated on some images from the cotton bollworm dataset [36].
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TABLE 15. Metric evaluation with different module combinations (e.g., Mamba and CBAM) on testing set of the Mango dataset [24]. The best results by
each metric are highlighted in bold.

<t

=

Module Sa T F4T M Fg"” T Fgeany E;"" + o Epeant
Mamba + CBAM | 0.8662 0.8280 0.0100 0.8222  0.8285 09545  0.9558
only Mamba 0.8646 0.8131 00108 08113 08174 09494  0.9507
only CBAM 0.8511 07936 0.0119 07921  0.8013 09457  0.9497

FIGURE 18. Qualitative results of different module combinations used, evaluated on some images from the mango dataset [24].
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TABLE 16. Metric evaluation with different outputs on testing set of the Mango dataset [24]. The best three performing results are highlighted using
color: first, second, and third respectively.

p w adp mean adp mean
Name  Output Sa T FST M| FB T FB 1T E¢ T Ed? 1T
Avg Avg 0.8478  0.8080 0.0113  0.7703 0.8199  0.9260 0.9491
My Po+P1+ P+ P3+Avg | 0.8662 | 0.8280 0.0100  0.8222 0.8285  0.9544 0.9557
Mo Py + P2 + P3 + Avg 0.8671  0.8263 0.0101  0.8146 0.8263  0.9510 0.9548
M3 P2 + P3 + Avg 0.8663 0.8235 0.0103  0.8059 0.8240  0.9471 0.9539
My P3 + Avg 0.8634 0.8167 0.0107 0.7913 0.8208  0.9396 0.9541

\

FIGURE 19. Qualitative results of different deep supervision outputs, evaluated on some images from the mango dataset [24].
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FIGURE 20. Grad-CAM visualization using segmentation heads outputs, evaluated on some images from the mango dataset [24].
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FIGURE 21. Analysis of AlNet failure cases using two example images on standard COD benchmarks (CAMO [25], [48], COD10K [9], [10] and NC4K [31]
datasets), as well as Cotton Bollworm [36] and Mango [24] datasets, summarizing common error patterns.

VI. DISCUSSION

The experimental results demonstrate that AINet achieves
state-of-the-art performance on both standard COD bench-
marks and specialized agricultural datasets. The model’s
consistent superiority across diverse datasets underscores
the effectiveness of integrating sequential state modeling
(Mamba) with attention-based feature refinement (CBAM).
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This synergy enables AINet to capture long-range dependen-
cies and focus on subtle visual cues, which are essential for
detecting camouflaged objects in complex backgrounds.
The strong results on agricultural datasets highlight
AlNet’s adaptability to real-world applications beyond
generic COD tasks. Accurate detection of camouflaged pests
and fruits is vital for precision agriculture, where reliable
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object identification supports automated monitoring and
harvesting systems. The case study results suggest that AINet
can be effectively deployed in such domains, offering both
high accuracy and robustness under challenging conditions.

Despite these advances, some challenges remain. The
reliance on large annotated datasets for training may limit
the applicability of AINet in domains with scarce labeled
data. Furthermore, while the model demonstrates strong
generalization, future work should explore its performance
in even more diverse and dynamic environments, as well
as investigate strategies for reducing data requirements and
improving real-time inference.

Despite the strong overall performance, AINet can still fail
in extremely challenging camouflage scenarios. Figure 21
shows representative failure cases in which the target object
exhibits near-identical texture/color to the background or
appears very small and fragmented, making boundary cues
ambiguous. In such cases, the model may produce false
negatives (missed regions) due to insufficient discriminative
contrast, or false positives when background structures mimic
object-like patterns. These observations indicate that COD
remains fundamentally difficult when both intrinsic similarity
and edge disruption are simultaneously extreme. Addressing
these cases may require incorporating additional cues (e.g.,
multi-modal data, stronger boundary priors, or specialized
augmentation) and further improving robustness under
scarce-label regimes.

In summary, AINet sets a new benchmark for camouflaged
object detection, offering a versatile and high-performing
solution for both academic research and practical deployment
in fields such as agriculture, surveillance, and environmental
monitoring.

VII. CONCLUSION

This work introduces AlINet, a novel architecture for camou-
flaged object detection that sets a new standard across both
general benchmarks and agricultural case studies. On widely
recognized benchmark datasets, AINet consistently achieves
state-of-the-art results, surpassing existing methods in all
evaluated metrics. The model demonstrates superior segmen-
tation accuracy and edge delineation, effectively detecting a
wide range of camouflaged objects and establishing itself as
a leading solution for challenging COD scenarios.

Beyond general benchmarks, AlINet’s effectiveness is
further validated through comprehensive case studies on
agricultural datasets. On the Cotton Bollworm dataset, AINet
excels in pest detection, delivering highly accurate identi-
fication and producing sharp, reliable segmentation masks
even in complex backgrounds where pests are difficult to
distinguish from vegetation. Similarly, on the Mango dataset,
AlNet achieves outstanding fruit detection performance,
maintaining precise contours and minimal false positives
under diverse illumination conditions—key requirements for
automated fruit harvesting and monitoring systems.

The results demonstrate that AINet not only advances
the state of the art in generic camouflaged object detection

VOLUME 14, 2026

but also offers significant benefits for precision agricul-
ture. Its robust performance across both benchmark and
agricultural datasets highlights its versatility and potential
impact, supporting more effective pest management, reducing
crop losses, and enabling the development of intelligent,
automated systems for modern farming.

In summary, AINet emerges as a powerful and general-
izable solution for camouflaged object detection, delivering
substantial improvements in accuracy and boundary precision
across diverse real-world applications.
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