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| ABSTRACT

Sensor-driven autonomy represents a transformative paradigm in modern agriculture, addressing critical challenges including
labor shortages, resource inefficiency, and the imperative for sustainable intensification of food production. This comprehensive
article examines the integration of multi-modal sensing technologies—cameras, LIDAR, and radar systems—in agricultural
applications, demonstrating how their synergistic combination enables unprecedented levels of automation and precision in
farming operations. The convergence of computer vision, three-dimensional mapping, and weather-resistant detection
capabilities creates robust perception systems that surpass human capabilities in continuous monitoring and decision-making.
Through detailed technical evaluation of sensor characteristics, fusion strategies, and real-world implementations, this article
reveals how autonomous agricultural systems achieve significant improvements in operational efficiency, resource utilization,
and crop yields. The discussion encompasses practical applications ranging from autonomous navigation and precision input
management to robotic harvesting and intelligent irrigation systems. While technical challenges persist regarding sensor
reliability in harsh environments and data management complexities, emerging solutions, including edge computing,
collaborative ownership models, and advancing machine learning techniques, promise to accelerate adoption across farming
operations of varying scales. The future trajectory points toward increasingly sophisticated sensor networks, explainable artificial
intelligence, and cost-effective deployment strategies that will fundamentally reshape agricultural practices, ensuring food
security while promoting environmental sustainability in an era of climate uncertainty and demographic pressures.
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1. Introduction

The global agricultural sector faces unprecedented challenges in meeting the food demands of a growing population while
confronting labor shortages, climate variability, and increasing pressure for sustainable resource utilization. According to a
comprehensive analysis by Dr. M. Manida, the world population is projected to reach 9.7 billion by 2050, necessitating a 50%
increase in agricultural production compared to 2013 levels to ensure global food security [1]. This projection becomes even
more daunting when considering that agricultural production must occur within the constraints of limited arable land expansion,
with only 5% additional land expected to come under cultivation by 2050. The study further reveals that agriculture currently
accounts for 70% of global freshwater withdrawals and contributes 24% of greenhouse gas emissions, highlighting the urgent
need for more efficient and sustainable farming practices [1]. Traditional farming methods, while time-tested, often lack the
precision and efficiency required to address these contemporary challenges. The emergence of sensor-driven autonomous
systems offers a transformative solution by enabling data-driven decision-making and automated execution of farming
operations.

Copyright: © 2025 the Author(s). This article is an open access article distributed under the terms and conditions of the Creative Commons
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Recent advances in sensor technology have made it feasible to deploy sophisticated perception systems in agricultural
environments. Research and Markets reports that the global agriculture robots market size is expected to grow from USD 13.5
billion in 2023 to USD 40.1 billion by 2030, exhibiting a compound annual growth rate (CAGR) of 16.8% during the forecast
period [2]. This remarkable growth is driven by increasing adoption across various applications, with autonomous tractors and
unmanned aerial vehicles (UAVs) representing the largest market segments. The report indicates that large farms with areas
exceeding 250 hectares account for 65% of current agricultural robot deployments, though medium-sized farms (50-250
hectares) show the fastest adoption growth rate at 19.2% annually [2]. The convergence of computer vision, Light Detection and
Ranging (LiDAR), and Radio Detection and Ranging (RADAR) technologies creates opportunities for comprehensive
environmental understanding that surpasses human perception capabilities. These sensors, when integrated into agricultural
machinery and robotic platforms, enable autonomous operation while providing continuous monitoring of crop health, soil
conditions, and environmental parameters.

The economic drivers for sensor-driven agricultural autonomy are compelling. Labor shortages affect 56% of agricultural
operations globally, with developed nations experiencing particularly acute challenges as rural populations decline and younger
generations pursue urban employment opportunities [1]. Furthermore, the precision enabled by sensor technologies addresses
the inefficiencies in current farming practices, where uniform application of inputs results in 30-50% waste of fertilizers and
pesticides. Dr. Manida's analysis demonstrates that precision agriculture technologies could reduce input costs by USD 14 billion
annually while simultaneously decreasing environmental impact [1]. The integration of multi-modal sensing systems enables
farmers to transition from reactive to proactive management strategies, optimizing resource utilization while maximizing
productivity. This article presents a comprehensive analysis of how multi-modal sensor fusion drives agricultural autonomy. It
examines the individual contributions of cameras, LiDAR, and radar systems, their synergistic integration, and practical
applications across diverse farming scenarios. Furthermore, it addresses the technical challenges, implementation considerations,
and future prospects of sensor-driven agricultural systems.

Parameter Value
World population by 2050 9.7 billion
Additional arable land expansion 5% by 2050
Agriculture GHG emissions 24% of the total
Agricultural robots market 2023 USD 13.5 billion
Agricultural robots market 2030 USD 40.1 billion
Market CAGR 16.8%

Table 1: Agricultural Production Demands and Robotics Market Projections [1,2]

2. Multi-Modal Sensing Technologies in Agriculture

2.1 Camera Systems

Visual sensing through camera systems forms the foundation of many agricultural perception tasks. RGB cameras provide
intuitive visual data that closely resembles human perception, making them invaluable for tasks requiring color discrimination,
such as fruit ripeness assessment and pest identification. Research by Jaroslav Vrchota et al. demonstrates that precision
agriculture technologies incorporating camera systems are utilized by 42.7% of Czech agricultural enterprises, with larger farms
showing significantly higher adoption rates reaching 68.3% for operations exceeding 500 hectares [3]. The study reveals that
camera-based monitoring systems contribute to yield improvements of 12-15% through early detection of crop stress and
targeted interventions. Beyond conventional RGB imaging, specialized camera systems expand the perceptual capabilities across
the electromagnetic spectrum.

Multispectral and hyperspectral cameras capture data across multiple wavelength bands, revealing information invisible to the
human eye. These systems excel at detecting plant stress, nutrient deficiencies, and disease symptoms before these parameters
become visually apparent. The implementation of multispectral imaging in Czech agriculture has shown particular promise in
precision fertilization, where Vrchota et al. report that 31.2% of surveyed farms using these technologies achieved nitrogen
application reductions of 20-30% while maintaining optimal crop yields [3]. The Normalized Difference Vegetation Index (NDVI),
calculated from red and near-infrared bands, serves as a fundamental metric for assessing crop vigor and biomass. Thermal
cameras add another dimension by measuring surface temperature variations. This capability proves crucial for irrigation
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management, as water-stressed plants exhibit elevated canopy temperatures compared to well-watered vegetation. The research
indicates that thermal imaging integration in irrigation systems results in water savings averaging 25% across various crop types,
with particularly significant benefits in water-scarce regions [3].

2.2 LiDAR Technology

LiDAR systems emit laser pulses and measure their return time to generate precise three-dimensional representations of the
environment. In agricultural contexts, LiDAR offers several unique advantages that complement traditional sensing approaches.
Marie Weiss and Frédéric Baret's research on vineyard monitoring demonstrates the exceptional capabilities of LiDAR-based 3D
reconstruction, achieving point cloud densities of 30,000 to 50,000 points per square meter when deployed from UAV platforms
at 50-meter altitude [4]. Their study reveals that LiDAR-derived canopy height measurements correlate with manual
measurements with R? values of 0.94, providing unprecedented accuracy in biomass estimation.

High-resolution 3D mapping capabilities enable accurate terrain modeling, which is essential for precision land leveling and
drainage planning. The technology's ability to penetrate crop canopies provides insights into plant structure, height distribution,
and biomass estimation that would be impossible with passive sensing alone. Weiss and Baret demonstrate that UAV-based
LiDAR systems can accurately reconstruct vineyard row structures with mean height estimation errors of only 6.7 cm, enabling
precise vigor mapping across entire fields [4]. Modern LiDAR systems achieve centimeter-level accuracy in distance
measurements, facilitating precise navigation for autonomous vehicles operating in structured agricultural environments such as
orchards and vineyards. The research shows that 3D point clouds generated from agricultural LIDAR surveys maintain geometric
accuracy sufficient for detecting individual vine positions with 95% success rates, critical for automated pruning and harvesting
operations [4].

2.3 Radar Systems

Radar technology brings unique capabilities that complement optical and laser-based sensing. Agricultural applications primarily
utilize two radar variants that address specific operational challenges. Millimeter-wave (mmWave) radar operates at frequencies
between 30 and 300 GHz, providing robust obstacle detection in challenging environmental conditions. Unlike optical sensors,
mmMWave radar maintains performance in dust, fog, and precipitation, which are common occurrences in agricultural settings.
Vrchota et al. note that weather-related operational disruptions affect 23.5% of precision agriculture operations relying solely on
optical sensors, while radar-equipped systems maintain 92% operational availability throughout the growing season [3].

Ground-penetrating radar (GPR) extends sensing capabilities below the surface, revealing soil structure, moisture distribution,
and root system development. This subsurface information proves invaluable for precision irrigation management and
understanding spatial variability in soil properties. The integration of GPR in Czech agricultural operations has enabled the
detection of soil compaction layers and optimization of tillage operations, resulting in fuel savings of 15-20% through targeted
deep tillage only where necessary [3].
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Figure 1: Camera-based monitoring system adoption rates and performance improvements in Czech agriculture and vineyard
applications [3,4]

3. Sensor Fusion and System Integration
The true power of multi-modal sensing emerges through an intelligent fusion of complementary data streams. Effective sensor
fusion in agricultural systems requires addressing several technical challenges while leveraging the strengths of each modality.

3.1 Complementary Sensing Strategies

Each sensor modality exhibits distinct strengths and limitations. Cameras excel at fine-grained visual analysis but struggle in poor
lighting or adverse weather. LIDAR provides accurate geometric information but lacks the spectral richness needed for crop
health assessment. Radar offers weather-resistant operation but with limited resolution for detailed object recognition. Ishana
Attri et al. demonstrate that deep learning techniques applied to multi-modal agricultural data achieve classification accuracies
of 95-98% for crop disease detection when combining RGB, multispectral, and thermal imaging, compared to 82-87% accuracy
using single modalities [5]. Their comprehensive review reveals that convolutional neural networks (CNNs) processing fused
sensor data require 40% fewer training samples to achieve comparable performance levels, highlighting the synergistic benefits
of multi-modal approaches.

Fusion strategies must account for these characteristics to create robust perception systems. For instance, combining LiDAR-
based 3D structure with camera-derived texture and color information enables accurate fruit detection and localization in robotic
harvesting applications. Attri et al. report that state-of-the-art fusion architectures employing attention mechanisms improve
object detection mean Average Precision (mAP) by 23% compared to single-sensor baselines, with particularly significant
improvements in challenging conditions such as variable lighting or partial occlusions [5]. Similarly, fusing radar-based obstacle
detection with camera-based classification improves navigation safety in autonomous tractors, reducing computational
requirements by 35% through selective processing of high-confidence regions identified by radar pre-screening.

3.2 Temporal and Spatial Alignment

Successful sensor fusion requires precise temporal synchronization and spatial alignment of data from different sources.
Agricultural environments present unique challenges due to vehicle vibration, varying terrain, and the dynamic nature of crop
canopies swaying in the wind. Siddhi B. Tupsaundar et al. emphasize that temporal misalignment exceeding 20 milliseconds can
degrade fusion performance by up to 30% in dynamic agricultural environments, particularly affecting precision spraying
applications where vehicle speeds reach 15 km/h [6]. Their research indicates that implementing hardware-level synchronization
using GPS-disciplined timing reduces temporal errors to under 2 milliseconds, enabling accurate correlation of multi-sensor
observations.
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Hardware synchronization using common timing signals ensures that sensor measurements correspond to the same moment in
time. Sophisticated calibration procedures establish the geometric relationships between sensors, enabling accurate projection
of data between coordinate frames. Tupsaundar et al. demonstrate that automated calibration routines using fiducial markers
achieve sub-centimeter alignment accuracy in 87% of field conditions, with manual intervention required only in cases of severe
mechanical shock or sensor replacement [6]. Online calibration refinement algorithms compensate for mounting changes due to
mechanical stress during operation, maintaining fusion accuracy despite continuous vibrations with peak accelerations reaching
5g during tillage operations.

3.3 Data Processing Architecture

The computational demands of processing multimodal sensor data necessitate careful system architecture design. Edge
computing solutions process time-critical perception tasks locally, ensuring low-latency responses required for navigation and
obstacle avoidance. Cloud-based processing handles computationally intensive tasks such as field-wide crop health analysis and
long-term yield prediction modeling. Attri et al. report that modern agricultural deep learning systems process sensor data at
rates exceeding 500 MB/s, requiring GPU acceleration to maintain real-time performance with inference times under 50
milliseconds for safety-critical applications [5].

Modern agricultural systems increasingly adopt hierarchical processing architectures. Low-level sensor fusion occurs at the edge
for immediate operational needs, while aggregated data streams to cloud platforms for farm-wide analytics and decision
support. Tupsaundar et al. describe implementations where edge nodes equipped with NVIDIA Jetson platforms achieve 85%
data reduction through intelligent filtering and feature extraction, transmitting only 75-100 MB/hour to cloud services for
advanced analytics [6]. This architecture enables scalable deployment across operations ranging from small 10-hectare farms to
industrial operations exceeding 10,000 hectares, with cloud processing costs averaging $0.15-0.25 per hectare per season. The
research indicates that hierarchical processing reduces overall system latency by 60% compared to centralized architectures
while improving reliability through continued operation during network outages.

4. Applications and Case Studies

4.1 Autonomous Navigation and Field Operations

Autonomous tractors represent one of the most mature applications of sensor-driven agricultural autonomy. These systems
combine GPS for coarse positioning with local perception from cameras, LiDAR, and radar for precise navigation and obstacle
avoidance. Aksana Yarashynskaya and Piotr Prus reveal that among Polish agricultural enterprises, 34.7% have already
implemented some form of precision agriculture technology, with autonomous guidance systems being adopted by 27.3% of
farms exceeding 50 hectares [7]. Their comprehensive survey of 384 Polish farmers demonstrates that labor savings averaging
25-30% are achieved through autonomous operations, with the most significant benefits observed during planting and
harvesting seasons when time-critical operations demand extended working hours. In row crop applications, LiDAR sensors
detect crop rows and guide vehicles along optimal paths, minimizing crop damage. The research indicates that farms utilizing
autonomous navigation systems report crop damage reduction of 65-70% compared to manual operations, translating to yield
preservation worth €150-200 per hectare annually [7]. Stereo cameras identify and classify obstacles, distinguishing between
traversable vegetation and solid objects requiring avoidance. Radar provides fail-safe collision prevention, which is particularly
important when operating near field boundaries or in the presence of workers. Yarashynskaya and Prus document that safety
incidents decreased by 82% on farms implementing multi-sensor autonomous systems, with zero reported collisions involving
personnel during the two-year study period [7].

4.2 Precision Crop Management

Variable-rate application of inputs—fertilizers, pesticides, and water—based on real-time sensor data significantly improves
resource efficiency. Multispectral cameras mounted on drones or ground vehicles create detailed prescription maps indicating
spatial variations in crop health and input requirements. Meghna Raj et al. demonstrate through extensive field trials across
15,000 hectares in India that UAV-based multispectral imaging enables fertilizer application reductions of 18-22% while
maintaining yields within 2% of conventional practices [8]. Their analysis reveals that the integration of NDVI mapping with soil
electrical conductivity measurements improves nitrogen use efficiency by 35%, resulting in cost savings of $45-60 per hectare
per season. Commercial deployments report substantial economic benefits through sensor-guided variable-rate application. The
combination of aerial imaging for broad coverage and ground-based sensing for detailed analysis enables multi-scale
optimization of crop management practices. Raj et al. document that farms implementing comprehensive UAV-based
monitoring programs achieve return on investment within 2.5 years, with ongoing operational savings of 15-20% annually
through optimized input usage [8]. The research specifically highlights success in cotton cultivation, where targeted pesticide
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application based on pest detection algorithms reduced chemical usage by 43% while improving pest control effectiveness by
25%.

4.3 Robotic Harvesting Systems

Selective harvesting of high-value crops like fruits and vegetables presents complex perception challenges. Successful systems
integrate multiple sensing modalities: RGB cameras for color-based ripeness assessment, depth cameras or LIiDAR for 3D
localization, and near-infrared imaging for internal quality evaluation. Polish fruit farms participating in precision agriculture trials
report that semi-autonomous harvesting aids increase picking efficiency by 40-45% for apples and 35% for soft fruits, though
Yarashynskaya and Prus note that full automation remains economically viable only for farms exceeding 100 hectares of orchard
area [7].

Field trials of robotic harvesting systems demonstrate the practical benefits of multi-modal sensing. Systems using combined
RGB and depth perception achieve fruit identification accuracy rates of 88-92% under variable lighting conditions, with false
positive rates below 5% when supplemented with near-infrared quality assessment [7]. The addition of force sensors and tactile
feedback further improves handling of delicate produce, reducing post-harvest losses by 20-25% compared to traditional
manual harvesting methods.

4.4 Soil and Water Management

Integration of ground-penetrating radar with surface sensing technologies enables comprehensive soil and water management
strategies. GPR maps of soil moisture distribution, combined with thermal imaging of crop canopy temperatures, guide precision
irrigation systems to apply water only where needed. Raj et al. report that advanced irrigation management systems
incorporating UAV thermal imaging and soil moisture sensors achieve water savings of 30-35% in water-stressed regions of
India, with particularly impressive results in drip-irrigated vegetable production, where savings reached 42% [8].

Research installations demonstrate significant environmental and economic benefits through sensor-driven irrigation
management. The ability to detect subsurface features such as compaction layers or drainage tiles adds value beyond simple
moisture monitoring. Yarashynskaya and Prus document that Polish farms implementing precision irrigation based on multi-
sensor data fusion report average water savings of 28% and energy cost reductions of 35% for pumping operations, while
maintaining or improving crop yields by 5-8% through optimal moisture management [7].

Field deployment statistics and economic returns from
autonomous agricultural systems in Poland and India

82%
70%
34.70% . 35%
30%
22% I
Polish PA Laborsavings Crop damage Safety incident Fertilizer Water savings
adoption reduction reduction reduction {india)

Figure 2: Precision Agriculture Adoption and Operational Benefits [7,8]
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5. Challenges and Future Directions

5.1 Technical Challenges

Despite significant progress, several technical challenges impede widespread adoption of sensor-driven agricultural autonomy.
Sensor reliability in harsh agricultural environments remains problematic, with dust, moisture, and chemical exposure degrading
performance over time. Hans W. Griepentrog and Anthony Stein's comprehensive evaluation of robot concepts reveals that
sensor failure rates in agricultural environments reach 15-20% annually, compared to just 3-5% in controlled industrial settings
[9]. Their analysis of 12 different robotic platforms operating across 3,000 hours of field trials demonstrates that optical sensors
experience the highest degradation rates, with camera lens contamination occurring every 2-4 operational hours in dusty
conditions, requiring automated cleaning systems that add €2,000-3,000 per unit in system complexity.

Data management presents another significant challenge. A single autonomous tractor equipped with multiple sensors can
generate terabytes of data daily. Griepentrog and Stein quantify this challenge, showing that advanced agricultural robots
produce data streams of 3-5 TB per 10-hour operational day when equipped with high-resolution cameras (4K at 30 fps), LIDAR
sensors (1.2 million points/second), and multispectral imaging systems [9]. Efficient compression, transmission, and storage
strategies are essential for practical deployment. Edge computing solutions that extract relevant features while discarding
redundant raw data show promise for managing this data deluge, achieving compression ratios of 20:1 while retaining 95% of
decision-critical information.

5.2 Economic Considerations

The high initial cost of sensor systems and integration complexity create barriers for adoption, particularly among smaller
farming operations. Total system costs, including sensors, computing hardware, and software licensing, can exceed $100,000 for
a fully autonomous tractor. Spyros Fountas et al. provide a detailed economic analysis showing that current robotic systems
require minimum operational scales of 400-600 hectares to achieve a positive return on investment within 5 years, based on
European labor costs of €15-25 per hour and assuming 1,000 operational hours annually [10]. Their study of 45 farms across
Greece, Spain, and the Netherlands reveals that sensor system costs constitute 35-45% of total robot platform expenses, with
LiDAR sensors alone accounting for €15,000-25,000 of the investment. Collaborative ownership models and "sensing-as-a-
service" offerings are emerging to address these economic barriers. Fountas et al. document successful cooperative
arrangements where groups of 5-8 farms sharing robotic systems achieve individual cost reductions of 60-70% compared to sole
ownership, making the technology accessible to operations as small as 50 hectares [10]. These approaches allow farmers to
access advanced sensing capabilities without bearing the full capital cost, with service models charging €120-180 per hectare for
complete seasonal monitoring and intervention services.

5.3 Future Research Directions

Several promising research directions will shape the future of sensor-driven agricultural autonomy. Advanced machine learning
techniques, particularly deep learning approaches, show potential for improving sensor fusion and decision-making capabilities.
Griepentrog and Stein project that next-generation agricultural robots incorporating transformer-based architectures and
federated learning will achieve 25-30% improvements in perception accuracy while reducing training data requirements by 50%
through transfer learning from pre-trained models [9]. Self-supervised learning methods that leverage the massive amounts of
unlabeled agricultural data could dramatically improve system performance without expensive annotation efforts that currently
cost €0.50-1.50 per labeled image.

Integration of additional sensing modalities will provide even richer information for decision-making. Fountas et al. identify
emerging sensor technologies including hyperspectral cameras covering 400-2500 nm wavelengths (currently €30,000-50,000),
electronic nose systems for volatile organic compound detection (€5,000-10,000), and acoustic sensors for pest monitoring
(€500-1,000 per unit) as promising additions to future agricultural robots [10]. Miniaturization and cost reduction of existing
sensors will enable the deployment of dense sensor networks throughout fields. The researchers predict that sensor costs will
decrease by 40-50% over the next 5 years, following established technology maturation curves, enabling sensor grid densities of
10-20 nodes per hectare for continuous environmental monitoring.

The development of explainable Al systems that can communicate their reasoning to farmers will be crucial for building trust and
enabling human-machine collaboration. Current adoption studies show that 73% of farmers cite "lack of understanding of
system decisions" as a primary barrier to technology acceptance, highlighting the importance of transparent Al systems for
achieving the projected 60% adoption rates by 2030 [10].
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Challenge/Projection Value
Annual sensor failure rate 15-20%
Daily data generation 3-5TB
Total system cost >$100,000
Minimum viable farm size 400-600 hectares
Sensor cost percentage 35-45% of the total
Cost reduction (sharing) 60-70%
Projected cost decrease 40-50% in 5 years

Table 2: Technical Challenges and Future Cost Projections for agricultural robots [9,10]

6. Conclusion

The integration of sensor-driven autonomy in agriculture marks a pivotal transformation in farming practices, fundamentally
altering how food production systems operate in response to global challenges. The convergence of camera systems, LIDAR
technology, and radar sensing creates comprehensive perception capabilities that enable machines to understand and interact
with agricultural environments with unprecedented precision and reliability. Through intelligent fusion of these complementary
modalities, autonomous systems achieve remarkable improvements in operational efficiency, resource conservation, and
productivity enhancement. The documented successes across diverse applications—from autonomous navigation reducing crop
damage to precision irrigation systems conserving water resources—demonstrate the practical viability of these technologies in
real-world farming conditions. Economic barriers remain significant, particularly for smaller operations, yet innovative business
models, including cooperative ownership and service-based offerings, are democratizing access to advanced sensing capabilities.
Technical challenges related to sensor durability and data management continue to require attention, but rapid advances in
edge computing, machine learning algorithms, and hardware miniaturization promise accelerated solutions. The trajectory
toward widespread adoption appears inevitable as sensor costs decline, performance improves, and farmer familiarity increases.
The future agricultural landscape will be characterized by dense sensor networks providing continuous environmental
monitoring, intelligent machines making autonomous decisions based on multi-modal perception, and farmers leveraging data-
driven insights to optimize every aspect of production. This technological revolution in agriculture represents not merely an
incremental improvement but a fundamental reimagining of how humanity produces food, ensuring sustainability and security
for future generations while respecting environmental constraints.
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