
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Zhenghong Yu,
Guangdong Polytechnic of Science and
Technology, China

REVIEWED BY

Jing Yao,
Chinese Academy of Sciences (CAS), China
Tianyu Liu,
Hunan Agricultural University, China

*CORRESPONDENCE

Jie Zhou
jiezhou@shzu.edu.cn

†These authors have contributed equally to
this work

RECEIVED 01 June 2025
ACCEPTED 27 August 2025
PUBLISHED 30 September 2025

CITATION

Ma P, Lian N, Dong L, Luo Y, Sun Z,
Zhu Y, Chen Z and Zhou J (2025)
CNATNet: a convolution-attention hybrid
network for saf�ower classi�cation.
Front. Plant Sci. 16:1639269.
doi: 10.3389/fpls.2025.1639269

COPYRIGHT

© 2025 Ma, Lian, Dong, Luo, Sun, Zhu, Chen
and Zhou. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research
PUBLISHED 30 September 2025
DOI 10.3389/fpls.2025.1639269
CNATNet: a convolution-
attention hybrid network
for saf� ower classi� cation
Pengwei Ma†, Nan Lian†, Leilei Dong, Yunchen Luo, Zheng Sun,
Yuanjiao Zhu, Zefang Chen and Jie Zhou*

College of Information Science and Technology, Shihezi University, Shihezi, China
Saf�ower (Carthamus tinctorius L.) is an important medicinal and economic crop,
where ef�cient and accurate �lament grading is essential for quality control in
agricultural and pharmaceutical applications. However, current methods rely on
manual inspection, which is time-consuming and dif�cult to scale. A coarse-to-
�ne grading framework is established, consisting of cluster-level classi�cation for
rapid assessment and �lament-level �ne-grained classi�cation. To implement
this framework, a lightweight hybrid network, CNATNet, is designed by
integrating convolutional operations and attention mechanisms. The classical
C2f feature extraction module is optimized into two components: C2S2, a
lightweight convolutional variant with cascaded split connections, and AnC2f,
an n-order local attention mechanism. A depthwise separable convolution-
based head (DWClassify) is further employed to accelerate inference while
maintaining accuracy. Experiments on a high-resolution saf�ower �lament
dataset indicate that CNATNet achieves 98.6% accuracy at the cluster level and
95.6% at the �lament level, with an average latency of 1.9 ms per image.
Compared with representative baselines such as YOLOv11m and RT-DETRv2s,
CNATNet consistently yields higher accuracy with reduced latency. Moreover,
deployment on the Jetson Orin Nano demonstrates real-time performance at 63
FPS under 15 W, con�rming its feasibility for embedded agricultural grading in
resource-constrained environments. These results suggest that CNATNet
provides a task-speci�c lightweight solution balancing accuracy and ef�ciency,
with strong potential for practical saf�ower quality classi�cation.
KEYWORDS
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1 Introduction

Ef�cient classi�cation of saf�ower �laments is a key challenge in modern agricultural
quality control, given their signi�cant economic and medicinal value. Saf�ower (Carthamus
tinctorius L.) is widely recognized for its pharmacological effects, including promoting
blood circulation, anti-in�ammation, and antioxidation (Pu et al., 2019). Bene�ting from
favorable climatic conditions, Xinjiang Province accounts for more than 75% of China’s
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fpls.2025.1639269/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1639269/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1639269/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1639269&domain=pdf&date_stamp=2025-09-30
mailto:jiezhou@shzu.edu.cn
https://doi.org/10.3389/fpls.2025.1639269
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1639269
https://www.frontiersin.org/journals/plant-science


Ma et al. 10.3389/fpls.2025.1639269
saf�ower production, producing �laments with high active
compound content, bright color, and intact structure (Lin et al.,
2020). In practical production scenarios, �lament color, texture, and
integrity are critical indicators for assessing saf�ower quality.
However, large-scale �lament grading still relies on manual visual
inspection, which suffers from high labor intensity, subjectivity, and
limited scalability, failing to meet the demands of standardized and
ef�cient production.

To address these limitations, researchers have explored various
analytical techniques for saf�ower-speci�c applications. For
instance, hyperspectral imaging combined with machine learning
models has been successfully applied to monitor drought stress in
saf�ower, enabling precise classi�cation of plant health states (Salek
et al., 2024). Similarly, computer-aided decision-making systems
based on spectral re�ectance data have been developed to optimize
irrigation strategies and assess saf�ower quality, demonstrating the
feasibility of intelligent agricultural management (Karadag�, 2022).
In terms of product safety and quality control, machine learning-
assisted surface-enhanced Raman spectroscopy (SERS) sensors have
been employed for rapid detection of illegal dye additives in
saf�ower products, facilitating highly sensitive and on-site
hazardous substance analysis (Lin et al., 2024). Furthermore, a
practical “indistinct” evaluation method, integrating bioactivity
assays with visual character analysis, has been proposed to
establish ef�cient and low-cost quality grading standards for
saf�ower (Zhou et al., 2023). While these saf�ower-related studies
have achieved notable progress, complementary research on saffron
(Crocus sativus L.) provides valuable technical references. Methods
such as E-nose combined with gas chromatography-mass
spectrometry (GC-MS) (Sun et al., 2022) and UHPLC-HRMS/
MS-based metabolomics (Ryparova Kvirencova et al., 2023) have
shown effectiveness in detecting adulteration and ensuring product
authenticity. However, these approaches often rely on sophisticated
instrumentation and complex work�ows, which limit their
applicability for real-time, large-scale saf�ower classi�cation tasks.

In recent years, vision-based deep learning has shown strong
potential in automated plant phenotype analysis and quality
evaluation. Deep neural networks have been successfully applied to
tasks such as saf�ower germplasm classi�cation, demonstrating high
accuracy under �eld conditions (Van et al., 2025). For �ne-grained
tasks like �lament-level analysis, CNN models designed for
unstructured environments have also shown promising results
(Chen et al., 2024a). However, the visual complexity of saf�ower
�laments—including subtle textures, shape variability, and frequent
overlaps—poses challenges for real-time and precise classi�cation.
These factors often lead to a trade-off between accuracy and inference
speed, limiting the practical deployment of current models in large-
scale agricultural systems. To improve feature extraction and reduce
model complexity, several studies have proposed lightweight
modi�cations to core network modules. For example, Wang and
Liu (2024) introduced a GhostConv-based variant of the C2f module,
which signi�cantly reduced parameter counts while maintaining
detection accuracy. In another study, Wang et al. (2025) proposed a
pyramid-style C2f structure to enhance multi-scale feature learning
and improve computational ef�ciency. Meanwhile, efforts have also
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focused on integrating attention mechanisms into feature fusion
designs. Miao et al. (2025) developed a dynamic convolution and
spatial attention architecture to better capture both local and global
semantics. In the �eld of crop quality grading, Zhao et al. (2024)
presented an attention-enhanced classi�cation framework that
substantially improved prediction accuracy in complex agricultural
scenarios. In addition, lightweight detection heads have been proposed
to reduce computation costs during inference, particularly for use in
embedded or resource-constrained agricultural environments (Qing
et al., 2024; Wang et al., 2025). Despite these advancements, existing
approaches remain focused on general object detection and often fail
to address the �ne-grained structural characteristics of saf�ower
�laments. Attention modules tend to emphasize global context
while overlooking local morphological cues such as edge continuity
and curvature. Furthermore, decoupled classi�cation heads may
introduce information loss, reducing model reliability in detail-
sensitive tasks. These limitations underscore the need for a model
that is both lightweight and capable of �ne-structure modeling,
speci�cally tailored for real-time �lament-level classi�cation in
agricultural applications.

Beyond CNN- and attention-based lightweight designs, recent
alternative paradigms have emerged. For hyperspectral scenarios,
SpectralMamba (Yao et al., 2024) adopts a state-space-model
backbone that combines gated spatial–spectral interaction with
ef�cient sequential modeling to balance accuracy and ef�ciency.
Complementarily, SPECIAL (Pang et al., 2025) presents a CLIP-
based zero-shot pipeline that interpolates HSI into RGB bands to
obtain pseudo-labels and then re�nes them via noisy-label learning.
While our study targets RGB-based saf�ower �lament grading
under a supervised setting, these principles—ef�cient state–space
feature interaction and label-ef�cient supervision—outline
promising directions for future lightweight classi�cation systems
in spectral or multi-modal agricultural applications.

To address these challenges, this study proposes CNATNet, a
lightweight convolution-attention hybrid model designed for
ef�cient and accurate saf�ower �lament classi�cation. CNATNet
integrates multi-branch feature extraction, attention-enhanced
feature fusion, and lightweight prediction modules to ensure high
classi�cation accuracy while meeting practical requirements for low
latency and limited computational resources. Speci�cally,
CNATNet is tailored to the morphological characteristics of
saf�ower �laments, adopting a coarse-to-�ne recognition strategy
that progressively re�nes feature representations from cluster-level
patterns to �lament-level details. The model architecture builds
upon established lightweight designs, including MobileNetV2
(Sandler et al., 2018), MobileNetV3 (Howard et al., 2019), and
GhostViT (Cao et al., 2024), achieving an effective balance between
recognition performance and computational ef�ciency. On this
basis, CNATNet introduces the following key contributions:
1. C2S2 convolution module: To enhance feature extraction
ef�ciency, a novel C2S2 module is designed by partitioning
feature channels into multiple lightweight parallel
branches, enabling ef�cient convolution operations. The
cascaded connection structure further strengthens the
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module’s capacity to capture �lament directionality,
preserve curvature continuity, and maintain edge
integrity. This lightweight design allows the network to
effectively represent �ne-grained morphological features
critical for accurate �lament classi�cation under complex
visual conditions.

2. AnC2f attention module: To better cope with the �ne-
grained texture and overlapping structures of saf�ower, an
attention mechanism is incorporated. AnC2f enhances the
model’s sensitivity to key spatial regions and multi-scale
cues by gradually stacking lightweight attention modules in
the residual fusion path. This design improves the
network’s ability to capture subtle structural changes,
enabling more accurate distinction between high-quality
and ordinary-grade �laments.

3. DWClassify lightweight classi�cation head: By decoupling
spatial and channel features through depthwise separable
convolut ion, DWClassi fy substantia l ly reduces
computational complexity without sacri�cing prediction
accuracy. This ensures that the model can achieve real-
time inference not only on high-performance GPUs but
also on resource-constrained embedded platforms,
reinforcing its lightweight nature.

4. Deployment on Jetson Orin Nano: The optimized
CNATNet model was deployed on the Jetson Orin Nano,
a high-performance yet power-ef�cient embedded
platform. Real-time inference was achieved for saf�ower
�lament and cluster classi�cation at 63 FPS under 15 W,
mainta in ing high accuracy under constra ined
computational budgets. These results con�rm that
CNATNet is not only accurate but also lightweight and
deployment-ready, providing a practical and scalable
solution for intelligent plant quality assessment in
modern agriculture.
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2 Materials and methods

2.1 Data collection

Xinjiang is the largest saf�ower-producing region in China, with
its favorable climate and soil conditions contributing to �laments
that are superior in color, texture, and bioactive compound content
compared to those from other regions. The experimental sites for
this study were located in the main saf�ower production areas of
Changji Hui Autonomous Prefecture, including Changji City,
Manas County, and Hutubi County. The collected samples from
these areas were characterized by vivid coloration, �ne and intact
�lament structure, and high medicinal and economic value.

Traditionally, saf�ower classi�cation relies on quantifying active
constituents such as saf�ower yellow pigment. However, these
methods are time-consuming and involve complex chemical
operations, making them unsuitable for real-time classi�cation or
automated sorting systems. To meet the demands of automation,
this study adopts a visual classi�cation standard based on the
appearance of saf�ower �laments. By combining �eld observations
and expert feedback from local growers, the �laments were
categorized into two major quality classes: premium-grade
�laments suitable for medicinal applications, and regular-grade
�laments intended for auxiliary uses. Premium-grade �laments are
de�ned by their bright color, compact structure, and high �ber
integrity, making them ideal for clinical or health-related purposes.
In contrast, regular-grade �laments exhibit dimmer coloration,
inconsistent thickness, and lower �ber quality, and are better
suited for daily health care, soaking, or pigment extraction. This
classi�cation standard is practical for both manual annotation and
automated model training and effectively captures intrinsic quality
differences. Figure 1 presents representative examples of premium-
grade and regular-grade single saf�ower �laments, illustrating their
visual distinctions in color, texture, and structural integrity.
FIGURE 1

Visual comparison of saf�ower �laments across different quality grades. (A) High-quality Carthamus tinctorius (L.) �lament. (B) Common-quality
Carthamus tinctorius (L.) �lament.
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