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[DC-03-034] Multispectral and Thermal Imagery:
RGB and LWIR Sensors
Abstract

Object detection, the task of identifying and localizing objects within images or video, is a
rapidly growing field that has become fundamental to numerous applications, including
autonomous vehicles, surveillance systems, agricultural monitoring, and infrastructure
assessment. While traditional visible-light cameras operating in the Red-Green-Blue (RGB)
wavelengths excel at providing detailed color and texture information under good lighting
conditions, they become ineffective in challenging conditions, such as low light, nighttime,
or adverse weather. Long-Wave Infrared (LWIR) sensors complement these capabilities by
detecting thermal radiation naturally emitted by objects, enabling detection regardless of
ambient lighting conditions. Because of their complementary strengths, the fusion of RGB
and LWIR modalities creates detection systems that maintain robust performance across
diverse operational scenarios. Modern object detection leverages deep learning
approaches, such as Convolutional Neural Networks (CNNs) and emerging transformer
architectures, that have revolutionized the extraction of features and automatic
classification of objects. This entry provides an overview of RGB and LWIR sensor
technologies, neural network-based object detection methods, and their combined
applications across domains, including autonomous driving, precision agriculture,
infrastructure monitoring, maritime surveillance, and defense applications.
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1. RGB and LWIR Sensor Technologies

The electromagnetic spectrum spans wavelengths from short ultraviolet to long microwave.
Within this spectrum, different sensing technologies capture specific wavelength ranges for
various applications. Two modalities are relevant for robust object detection. The first one is
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Red-Green-Blue (RGB) sensors operating in the visible spectrum and the second is Long-
Wave Infrared (LWIR) sensors operating in the thermal infrared portion.

Figure 1. The electromagnetic spectrum brooken down by sensor type with their
corresponding spectrum range in nanometers (nm). Source: authors.

1.1 RGB Sensing
RGB sensors capture light in the visible spectrum (approximately 380 to 700 nanometers),
producing images that closely resemble human vision (Gallagher and Oughton, 2025).
These cameras are ubiquitous, appearing in smartphones, surveillance systems, and
autonomous vehicles. The primary advantage of RGB sensors is their ability to capture rich
color and texture information, making them well-suited for applications where visual
features such as color, patterns, and shapes provide discriminative cues. Modern RGB
cameras easily achieve megapixel resolutions, providing detailed images even at
considerable distances. However, RGB sensors fundamentally depend on ambient lighting.
In low-light conditions, at night, or in adverse weather such as fog or smoke, they struggle
to provide usable image data.

1.2 LWIR Sensing
LWIR sensors operate in the 8 to 14 micrometer wavelength range, detecting thermal
radiation emitted by objects rather than reflected light (Gallagher and Oughton 2025).
Thermal cameras typically use microbolometer arrays, in which each pixel changes its
electrical resistance when exposed to infrared radiation, creating a thermal map of the
scene .  The key advantage of LWIR sensors is their independence from ambient lighting.
They can operate effectively in complete darkness, through light fog and smoke, and in
difficult weather conditions. This makes thermal imaging invaluable for 24/7 surveillance
and detection in challenging environments. However, LWIR sensors typically offer lower
spatial resolution than RGB cameras, with commercial sensors often limited to 640 by 480
pixels compared to 1920 by 1080 or higher for RGB. Thermal images also tend to appear
blurrier due to longer wavelengths and heat diffusion across surfaces. Additionally, LWIR
sensors face challenges during thermal crossover periods around dawn and dusk, when
ambient and object temperatures equalize, reducing thermal contrast (Gallagher and
Oughton, 2023).

 

2. Object Detection: Tasks and Applications
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Object detection is a fundamental challenge in computer vision, requiring systems to
simultaneously classify objects and determine their spatial locations within an image
(Redmon et al., 2016). Unlike image classification, which assigns a single label to an entire
image, object detection must identify multiple objects of varying classes and sizes and
provide precise localization using bounding boxes or segmentation masks. This capability
has enabled transformative applications across numerous domains.

In autonomous driving, object detection systems must reliably identify pedestrians,
vehicles, cyclists, and obstacles under varying lighting and weather conditions (Roszyk et
al., 2022). Precision agriculture applications also leverage object detection for crop
monitoring, pest detection, weed identification, and yield estimation, often requiring the
detection of small objects across large areas (Osco et al., 2020; Osorio et al. 2020). 
Infrastructure monitoring employs object detection to automate inspection of power lines,
solar panels, and structural components, enabling early detection of defects and preventing
costly failures (Chen et al., 2023; Lei et al., 2024). Another application is in maritime
surveillance systems, where object detection is used to identify vessel locations and
navigation direction across vast ocean areas for security and traffic management [8].
Defense and security, object detection applications range from perimeter surveillance to
search-and-rescue operations, often requiring detection capabilities that operate in
complete darkness or through obscurants such as smoke and fog (Kristo et al. 2020; Bañuls
et al. 2020).

The common theme across these applications is the need for reliable detection regardless
of environmental conditions. This requirement has driven the development of multispectral
sensing approaches that combine RGB cameras with thermal infrared sensors, leveraging
the complementary strengths of each modality to achieve robust, all-weather, day-and-
night detection capabilities.

 

3. Object Detection Methods Using Neural Networks

Deep learning has fundamentally transformed object detection, enabling systems to
automatically learn discriminative features directly from data rather than relying on hand-
crafted feature extractors. Two primary neural network paradigms now dominate the field:
Convolutional Neural Networks (CNNs) and transformer architectures (Sapkota et al., 2025).

3.1 Convolutional Neural Networks
CNNs process images through successive convolutional layers that apply learnable filters to
detect increasingly complex features, from simple edges in early layers to complete object
parts in deeper layers. CNNs for object detection are typically categorized into two-stage
and single-stage detectors. Two-stage approaches, such as Faster R-CNN, first generate
region proposals likely to contain objects, then classify and refine these proposals
(Gallagher and Oughton, 2025). While accurate, two-stage methods can be computationally
intensive.

Single-stage detectors, such as You Only Look Once (YOLO), improve efficiency and speed
by performing detection in a single forward pass through the network (Redmon et al.,
2016). YOLO divides the input image into a grid, with each cell responsible for predicting
objects centered within it. This unified approach enables real-time detection speeds while
maintaining competitive accuracy, making YOLO suitable for applications that require real-
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time detection. Since its introduction in 2015, YOLO has evolved through multiple versions,
with YOLOv5 remaining the most widely adopted variant for multispectral applications,
accounting for 33% of all modified YOLO models in a recent survey (Gallagher and Oughton,
2025).
 

3.2 Transformer Architectures
Initially developed for natural language processing, transformer architectures have
emerged as powerful alternatives for computer vision tasks (Zhu et al., 2023; Chen et al.,
2023; Fang et al., 2022). For object detection, transformer-based approaches like Detection
Transformer (DETR) eliminate the need for hand-designed components like anchor boxes by
treating detection as a set prediction problem (Saltik et al., 2025; Wang et al., 2025). 
Transformers offer advantages for multispectral fusion, as their attention mechanisms can
dynamically weight contributions from different spectral bands based on feature extraction.
One such model, ViT YOLO, integrates multi-head self-attention into the YOLO backbone to
retain global context information while extracting differentiated features for detection
(Zhao et al., 2023). TF YOLO incorporates a transformer fusion module to integrate features
adaptively between visible and infrared images, demonstrating superior performance under
varying illumination conditions (Chen et al., 2023). Similarly, Dual YOLO employs attention
fusion and shuffle modules to combine RGB and thermal features effectively Bao et al.,
2023). These hybrid approaches leverage the efficiency of CNN backbones with the flexible
fusion capabilities of transformer attention, representing a promising direction for
multispectral object detection.

 

4. Sensor Comparison and Fusion Rationale

Research has demonstrated the dramatic performance differences between modalities
under challenging conditions. In adverse weather conditions, LWIR-based object detection
models can achieve a mean Average Precision (mAP) of up to 97.9%, whereas RGB-based
models may drop to 19.6% under the same conditions (Kristo et al., 2020). Conversely, RGB
sensors capture textures, patterns, and color variations that thermal sensors cannot detect.
This complementarity motivates sensor fusion approaches that leverage both modalities.
When RGB and LWIR sensors are combined, they provide redundant edge information. RGB
identifies boundaries through color and brightness transitions, while LWIR detects edges via
temperature gradients. This dual source approach maintains detection reliability across all
illumination conditions and enhances overall system robustness (Gallagher and Oughton,
2023).
 

4.1 RGB and LWIR Fusion Applications
The fusion of RGB and LWIR sensors has enabled robust object detection across diverse
application domains, each leveraging the complementary strengths of visible and thermal
imaging. The most prevalent sensor fusion in the literature is RGB with LWIR, comprising
39% of all multispectral object detection research (Gallagher and Oughton, 2025).
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Figure 2. A comparison of RGB, RBG-LWIR, and LWIR images and the unique edges that
each sensor extracts. Source: authors.

4.2 Autonomous Driving and Transportation
Pedestrian and vehicle detection are critical capabilities for autonomous vehicles, where
detection failures can be fatal. Multispectral approaches have demonstrated significant
improvements in challenging conditions. The KAIST dataset, containing approximately
95,000 aligned RGB thermal image pairs, has become a standard benchmark for pedestrian
detection research (Hwang, 2024). In one study, YOLOv4 was adapted for low-latency
multispectral pedestrian detection, achieving robust performance under varying
illumination conditions (Roszyk et al., 2022). MAF YOLO introduced multi-modal attention
fusion, designed explicitly for pedestrian detection, demonstrating improved accuracy
under complex lighting conditions (Xue et al., 2021), while MRD YOLO addressed complex
road-scene detection by optimizing multispectral feature fusion (Sun et al., 2024).

4.3 Precision Agriculture
Agricultural applications leverage multispectral sensing for crop monitoring, pest detection,
and yield estimation. For example, a multispectral approach was developed for counting
and geolocating citrus trees in UAV multispectral imagery, demonstrating the potential for
automated orchard management (Osco et al., 2020). Another similar application was
applying YOLO for weed detection in lettuce crops using multispectral images, enabling
targeted herbicide application (Osorio et al., 2020). Plant disease detection has benefited
from multispectral approaches, with researchers creating datasets for early detection of
tomato diseases and apple scab using deep learning combined with thermal and near
infrared imagery (Georgantopoulos et al., 2023; Rouš et al., 2023). YOLOv8 has also been
employed with multispectral remote sensing imagery to estimate maize planting densities,
supporting precision agriculture planning (Shen et al., 2024).

4.4 Infrastructure Modeling
Multispectral computer vision can also be used in infrastructure inspection, leveraging
thermal imaging’s ability to detect heat anomalies that indicate equipment failure or
damage (Chen et al., 2023); Stypulkowski et al., 2021; Inam et al., 2023). On study
proposed methods based on YOLOv5 and multiscale data augmentation for visual
inspection in electrical substations (Chen et al, 2024). Additionally, Deeplab YOLO was built
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to detect hot-spot defects in infrared images of solar panels, enabling predictive
maintenance to prevent costly failures (Lei et al., 2024). These applications showcase the
versatility of RGB and LWIR fusion for infrastructure maintenance and safety.

4.5 Maritime Surveillance and Defense
Maritime and defense applications demand multispectral detection capabilities that operate
reliably under varying lighting conditions, often over extended ranges. Many of these
sensors operate on different platforms and altitudes, ranging from low-altitude to space-
borne. A novel study proposed BiFA YOLO for arbitrary-oriented ship detection in high-
resolution SAR images, demonstrating robust detection for naval surveillance (Sun et al.,
2021). Another study addressed target detection in long-range, low-quality infrared videos,
reaching 95% vehicle-detection accuracy at extended ranges (Kwan and Gribben, 2024).
These developments highlight the critical role of multispectral sensing for security
applications where environmental conditions are complex and non-conducive for detection
using RGB sensors.

 

5. Dataset Availability and Automated Labeling

A significant challenge in advancing RGB and LWIR fusion is the limited availability of
comprehensive datasets of thermal imagery. While RGB datasets like COCO, ImageNet, and
Pascal VOC contain millions of annotated images across thousands of classes, LWIR
datasets remain comparatively scarce. Existing thermal datasets, such as KAIST and FLIR
ADAS, focus on specific applications, such as pedestrian detection and autonomous driving,
thereby limiting the development of general-purpose thermal object detection models
(Hwang, 2024; Teledyne FLIR, n.d.). This scarcity stems from the higher cost of thermal
sensors, niche applications, and the labor-intensive nature of manual annotation.

The Multispectral Automated Transfer Technique (MATT) offers a promising solution by
leveraging the Segment Anything Model (SAM) to automatically generate annotations for
LWIR images based on corresponding RGB images (Gallagher, Gogia, and Oughton, 2025).
Research has demonstrated that models trained on MATT-generated datasets achieve
performance within 6.7% of that of models trained on fully manual annotations, while
reducing labeling time by 87.8%. This approach significantly lowers barriers to creating
multispectral datasets, enabling broader research participation.

 

6. Limitations and Future Directions

Despite significant advances, several challenges limit current RGB and LWIR fusion
approaches. Firstly, sensor alignment between RGB and thermal cameras requires precise
calibration, as misalignment degrades fusion effectiveness and may introduce additional
edges that do not exist. The resolution disparity between modalities complicates feature-
level fusion, requiring interpolation or super-resolution techniques that may introduce
artifacts. Real-time processing of multiple spectral streams also demands significant
computational resources, limiting deployment on edge devices.

Future research directions include developing adaptive fusion architectures that
automatically optimize spectral weighting based on environmental conditions, rather than
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using fixed fusion ratios. Transformer-based approaches show promise for dynamic,
context-aware fusion, while synthetic data generation with generative models may address
data scarcity by producing realistic multispectral training data (Zhu et al., 2023; Fang et al.,
2022; Guo et al., 2024; Blythman et al., 2020). Transfer learning techniques tailored for
multispectral domains could also enable models trained on limited thermal data to
generalize effectively. Finally, extending fusion research beyond RGB and LWIR to
incorporate additional modalities, such as near-infrared, short-wave infrared, or synthetic
aperture radar, may unlock new application possibilities where current approaches are
insufficient.

 

7. Conclusion

RGB and LWIR sensors offer complementary capabilities for a myriad of object detection
applications. RGB sensors excel at capturing detailed color and texture information under
good lighting, while failing in challenging visibility conditions. Conversely, LWIR sensors
provide consistent detection regardless of ambient lighting but offer lower resolution and
cannot capture color information. The fusion of these modalities creates detection systems
that maintain robust performance across diverse environmental conditions, leveraging each
technology’s strengths to compensate for the other’s weaknesses. Modern object detection
approaches, including CNN-based methods such as YOLO and emerging transformer
architectures, have enabled effective multispectral fusion and detection for applications
ranging from autonomous driving and precision agriculture to infrastructure monitoring and
defense. Understanding the fundamental principles, advantages, and limitations of these
sensor technologies and detection methods provides a necessary foundation for developing
effective fusion strategies tailored to specific object detection application requirements. As
research addresses current challenges in dataset availability, computational efficiency, and
adaptive fusion, RGB and LWIR detection systems will continue to advance toward more
robust and reliable performance in complex real-world environments.
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