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ABSTRACT

Man-portable optoelectronic devices combining visible (or/and low-light) and infrared (IR)
sensors require real-time image fusion to enhance situational awareness under degraded visual
conditions, while operating under strict size, weight, power consumption, and cost (SWaP-C)
constraints. This paper presents the design and implementation of a real-time EO/IR image fusion
system based on an embedded System-on-Module (SoM) architecture for a handheld multi-sensor
platform. The proposed system supports synchronized acquisition from multiple visible and IR
cameras and executes parallel fusion processing using a multi-core CPU with GPU/NPU
acceleration. Experimental results demonstrate real-time performance with end-to-end processing
latency below 40 ms, sustained frame rates of 25 fps for fused video output. The fused image exhibits
better contrast, clearer details, and improved target differentiation compared to the original input
images. The experiments indicate that SoM-based architectures can provide a balanced and
practical solution for real-time multi-channel EO/IR image fusion in man-portable applications.
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1. INTRODUCTION

Multi-sensor electro-optical (EO) and infrared (IR) imaging systems have become increasingly
important in observation, surveillance, and targeting applications. By combining complementary
information from visible and IR sensors, image fusion improves target detection, recognition, and
situational awareness under degraded visual conditions such as low illumination, fog, smoke, and
partial obscuration [1-6]. Consequently, EO/IR image fusion has been widely adopted in man-
portable weapon sights, handheld reconnaissance devices, and compact ISR systems.

Man-portable platforms impose stringent size, weight, power, and cost (SWaP-C) constraints
while requiring real-time operation and low processing latency. These systems must
simultaneously support multi-sensor acquisition, image fusion, display rendering, and user
interaction within limited computing and power budgets. Therefore, the selection of an embedded
processing architecture is a critical design consideration.

Conventional EO/IR fusion platforms include FPGA, CPU, and GPU-based architectures.
While FPGAs provide deterministic low-latency processing, they often increase development
complexity and limit software flexibility [7, 8]. GPU-centric solutions offer strong parallel
computing capability but may be less suitable for power-constrained handheld systems [9, 10]. As
a result, achieving an effective balance among performance, flexibility, and SWaP-C remains a
key challenge.

Modern System-on-Module (SoM) platforms integrate high-performance multi-core CPUs,
GPUs, neural processing units (NPUs), and rich, high-speed sensor interfaces into a compact,
power-efficient form factor [11]. Their flexibility, scalability, and ease of integration make them
attractive for real-time handheld EO/IR imaging systems.
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This paper presents a real-time EO/IR image fusion system based on an embedded SoM
architecture. The proposed solution supports synchronized image acquisition, parallel fusion
processing, and flexible hardware integration within a compact and power-efficient design.
Experimental results demonstrate the feasibility of SoM-based architectures for real-time EO/IR
image fusion under practical SWaP-C constraints.

2. IMAGE FUSION PLATFORM SELECTION

The selection of the processing platform is a critical design factor in real-time EO/IR image
fusion systems, as it directly affects latency, throughput, power consumption, interface capability,
and overall system complexity. Several embedded computing platforms, including FPGAs,
NVIDIA Jetson modules, Raspberry Pi boards, and RK3588-based System-on-Module (SoM)
solutions, were evaluated for handheld multi-sensor applications.

FPGAs provide deterministic real-time performance and high parallelism; however, they often
require additional interface components and increase hardware and software development
complexity. NVIDIA Jetson platforms offer strong GPU acceleration for Al applications but are
less optimized for CPU-intensive fusion pipelines and low-power operation. Raspberry Pi
platforms provide a low-cost solution but lack the processing capability required for
computationally demanding multi-sensor image fusion tasks.

Among the evaluated platforms, the RK3588 SoM offers a balanced combination of computing
performance, power efficiency, and integration flexibility [12]. Its octa-core CPU architecture
supports multi-threaded image acquisition and fusion processing, while the integrated GPU and
NPU enable graphics rendering and Al acceleration. The platform also provides multiple MIPI-
CSlI interfaces for simultaneous connection of visible and infrared cameras, together with diverse
display and communication interfaces suitable for handheld devices.

In addition, the availability of Linux-based software support and the possibility of custom carrier-
board design facilitate system integration and application-specific optimization. Therefore, the
RK3588 SoM was selected as the processing platform for the proposed EO/IR image fusion system.

3. IMAGE FUSION ALGORITHM AND HARDWARE SYSTEM’S DEVELOPMENT

In practical implementations of image fusion software for optoelectronic systems, particularly
man-portable multi-channel binoculars integrating visible, low-light, and thermal imaging
channels, the selection of an appropriate image fusion algorithm must be carefully evaluated
against multiple criteria, as outlined below:

Processing efficiency (latency and resource utilization): The software must satisfy real-time
operational requirements, with a minimum processing throughput of approximately 25-30 frames
per second (FPS) to support continuous observation. Accordingly, the selected algorithm should
exhibit moderate computational complexity, avoid excessive CPU/GPU resource consumption, and
be amenable to optimization on embedded hardware architectures such as ARM Cortex-A processors
or system-on-chip (SoC) devices supporting hardware acceleration frameworks (e.g., OpenCL).

Fused image quality: The output image must preserve fine spatial details from higher-
resolution channels, such as edges, textures, and object contours from the visible and low-light
channels, while effectively highlighting salient thermal features corresponding to high- or low-
temperature regions in the infrared channel. In addition, the fusion algorithm should minimize
image degradation effects, including blurring, noise amplification, and local distortions arising
from spectral mismatch or imperfect inter-channel synchronization.

Suitability for practical system integration: The selected algorithm should be well matched to
real-world system constraints, including compatibility with pre-registered or frame-synchronized
input images, support for simultaneous acquisition from multiple video streams, and efficient
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multi-threaded or multi-frame processing. Ease of integration into the overall software architecture
and robustness in continuous operation are also key considerations for deployment in handheld
optoelectronic systems.

Evaluating the image fusion algorithms against the above criteria shows that the Laplacian
pyramid-based image fusion provides superior spatial detail preservation and local adaptability
compared to PCA, which often degrades contrast due to its global linear projection. Relative to
wavelet-based methods, it produces fewer artifacts and avoids shift sensitivity while maintaining
lower computational complexity. Its simple, multi-scale structure enables efficient implementation
and robust fusion of heterogeneous modalities, making it well-suited for real-time embedded
EO/IR systems [13-14].
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Figure 1. The flow chart of the image fusion algorithm.

The Laplacian pyramid algorithm (Figure 1) is implemented within a real-time processing
pipeline tailored for the RK3588 embedded platform. Instead of a standalone algorithmic
implementation, the fusion process is integrated into a multi-stage pipeline consisting of image
preprocessing, geometric alignment, multi-scale decomposition, fusion, and reconstruction.

At the preprocessing stage, input frames from thermal and visible sensors are resized and
spatially aligned. A center-fit scaling strategy combined with an affine transformation is applied
using pre-calibrated translation parameters to compensate for sensor misalignment. This step
ensures pixel-level correspondence between modalities before fusion.

Following alignment, Laplacian pyramids are constructed for each input image. The Gaussian
pyramid is first generated through iterative downsampling, and adjacent levels are subtracted to
obtain band-pass representations.

During the fusion stage, a pixel-wise adaptive weighting strategy is employed at each pyramid
level. This adaptive scheme assigns higher weights to regions with stronger local responses,
thereby preserving salient features such as edges and textures from both modalities.

After fusion, the final image is reconstructed through iterative upsampling and accumulation

of the fused pyramid levels. Additional post-processing, including brightness adjustment and
optional color mapping for thermal visualization, is applied before display.
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To achieve real-time performance, the entire pipeline is executed in a dedicated processing
thread, while image acquisition and synchronization are handled in parallel threads. This pipelined
execution model enables overlap between stages and efficient utilization of the multi-core CPU.
Computationally intensive operations, such as pyramid construction, resizing, and pixel-wise
fusion, are offloaded to the GPU via OpenCL, reducing CPU load and ensuring stable throughput.

Owing to its localized operations and inherent parallelism, the Laplacian pyramid algorithm
achieves stable real-time performance (approximately 25 fps) with deterministic latency, making
it suitable for embedded multi-sensor fusion systems.

The development of an embedded hardware platform based on the RK3588 System-on-Module
(SoM) follows a co-design approach integrating hardware and software components. The process
begins with system-level requirement analysis, including sensor interfaces, display outputs, power
constraints, and form factor considerations.
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Figure 2. Block diagram of the hardware architecture.

A custom carrier board is designed to support the SoM and required peripherals. The hardware
architecture is organized into four primary functional blocks: power management, signal
acquisition, processing, and display interfacing (Figure 2).

The power management block provides multiple regulated voltage rails with proper sequencing
and protection mechanisms to ensure stable operation in battery-powered environments. The signal
acquisition block integrates high-speed interfaces to support multi-camera input, enabling real-
time acquisition from visible, low-light, and thermal sensors. The processing block, centered on
the RK3588 SoM, executes the image fusion pipeline using multi-core CPU resources, while
leveraging GPU acceleration for graphics rendering. The display interface block supports multiple
output standards (e.g., HDMI, eDP, MIPI-DSI), allowing flexible integration with embedded
displays and graphical overlays.

From a hardware perspective, high-speed PCB design techniques are applied, including
impedance-controlled routing, differential pair matching, and electromagnetic compatibility
(EMC) considerations. Thermal management is also addressed to maintain system reliability under
sustained workloads.

On the software side, an embedded Linux distribution (Buildroot) is customized to optimize
boot time and resource usage. Device drivers and middleware are implemented to support
synchronized image acquisition, multi-threaded processing, and system integration. The
application layer incorporates image fusion algorithms, image processing libraries, and graphical
user interfaces.

Overall, the RK3588 SoM combined with a tailored carrier board provides a compact, power-
efficient, and scalable solution for real-time EO/IR image fusion in embedded systems (Figure 3).
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Figure 3. Developed a board based on the RK3588 SoM.
4. EXPERIMENTAL RESULTS AND DISCUSSION

To highlight the effeciency of image fusion implemented in the aforementioned embedded SoM
platform, the experiments were conducted under various typical and considerred observation
conditions [8]: when the target (a man) was obscured by smoke in daytime (Figure 5), when the
target was concealed behind vegetation under low-light observation conditions (Figure 6), and
when a strong light source was present in low-light observation (Figure 7).

The fusion latency was measured using a high-resolution timer (QElapsedTimer) placed around
the fusion pipeline. This approach captures the end-to-end processing time of the fusion stage,
excluding image acquisition and display overhead, thereby providing an accurate evaluation of the
computational cost of the algorithm (Figure 4).

n
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Figure 4. Time cost of the fusion
The processing speed of the embedded system is reflected in the frame rate achieved during
image fusion. The results show that, in both the fusion mode of the daylight channel with the
thermal imaging channel and the fusion mode of the low-light (high-sensitivity) sensor channel
with the thermal imaging channel, the frame rate substantially reaches 25 Hz.

The quality of the fused image is evaluated through common objective metrics used to evaluate
image quality, such as Entropy (EN) based on information theory; Average Gradient (AG) based
on image features; Mutual Information (MI) based on information transfer from source images to
the fused image; and Visual Information Fidelity for Fusion (VIFF) based on visual perception [9,
15]. The value of these metrics is shown in Tables 1-3.

a) Visibl‘e image. b) T hérh;al image. ¢) Fused image.
Figure 5. The target was obscured by smoke during the day.
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Table 1. Image quality analysis when the target was obscured by smoke in daytime.

Metric Visible image | Thermal image Fused image
EN 7,2649 7,1964 7,2774
AG 1,9257 2,8694 2,1969
MI 2,41

VIFF 0,63

Figure 6. The target was concealed behind vegetation under low-light observation conditions

Table 2. Image quality analysis when the target was concealed behind vegetation.

a) Low-light image.

b) Thermal image.

Metric Low-light image | Thermal image Fused image
EN 6,1025 5,6028 6,2396
AG 3,2822 2,1891 2,8431
MI 2,18

VIFF 0,59

a) Low-light image.

Table 3. Image quality analysis when a strong light source is present at night time.

b) Thermal image.
Figure 7. The strong light source was present in the low-light observation.

¢) Fused image.

Metric Low-light image | Thermal image | Fused image
EN 5,9443 5,8335 6,1886
AG 0,8925 2,1559 2,3375
MI 2,26

VIFF 0,61

Based on the quantitative evaluation of fusion performance listed in Tables 1-3, it is observed that:

+ The fused image achieves the highest entropy among all inputs, indicating that the proposed
method effectively preserves and slightly enhances the overall information content. This confirms
that complementary features from both visible (or low-light) and thermal modalities are
successfully integrated.
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+ The AG of the fused image is higher than that of the visible image but lower than that of the
thermal image in a smoke-obscured scene. In a low-light scene with vegetation, the AG of the
fused image is higher than that of the thermal image but lower than that of the low-light image. In
a low-light scene with a strong light source, the AG of the fused image is highest. This suggests
that the fusion process improves spatial detail compared to the one channel while introducing some
smoothing relative to other images. Such behavior is typical in real-time fusion systems where
noise suppression and stability are prioritized.

+ The MI value is not less than 2.18 bits, confirming a high degree of statistical dependency
between the fused image and the input modalities, indicating effective information transfer.

+ Additionally, the VIFF value is in the range of 0,59 to 0,63, demonstrating that the fused
image retains a substantial portion of perceptual information from the source images and preserves
most of the visually relevant information despite severe observation conditions.

Thus, after implementing the image fusion based on the embedded SoM platform, the following
results were achieved:

+ The developed board successfully fuses two different image sources (thermal imaging and
low-light or visible imaging) with a frame rate of 25 Hz.

+ The fused image retains the same resolution as the original images while incorporating useful
information from both channels. It exhibited better contrast, clearer details, and improved target
differentiation compared to the original images. This enhances target detection and recognition,
especially in complex observation conditions.

+ The embedded SoM platform demonstrated its ability to synchronize multi-camera acquisition,
parallel processing, and flexible fusion algorithms while meeting the SWaP-C constraints inherent
to handheld devices, enabling real-time image fusion without significant latency.

5. CONCLUSIONS

Thus, in this paper, a real-time EO/IR image fusion system based on an embedded SoM
architecture for a handheld multi-sensor device was presented. The proposed embedded SoM
platform supports synchronized multi-camera acquisition, parallel processing, and flexible fusion
algorithms while meeting the SWaP-C constraints of handheld systems, enabling real-time image
fusion with high frame rate. The resulting fused image exhibits better contrast, clearer details, and
improved target differentiation compared to the original images. The slight observed smoothing
suggests that the current algorithm is conservative, prioritizing stability and noise suppression over
aggressive detail enhancement. Handling more input sources requires higher-performance
hardware, while fused image quality can be improved using deep learning methods. The
experiments indicate that SoM-based architectures can provide a balanced and practical solution
for real-time multi-channel EO/IR image fusion in man-portable applications.
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TOM TAT
Tron anh trong thiét bi quang dién tir da kénh cam tay trén nén hé thong nhiing

Cdc thiét bi quang dién tir cam tay da kénh bao gom cdc cam bién anh ving nhin thcfy
(hodc/va dé nhay cao) va hong ngoai (IR) doi hoi ky thudt tron anh thoi gian thuc nham
ndng cao kha nang nhén thirc tinh huéng frong cac diéu kién quan sdt suy giam, dong thoi
phdi ddp ing cdc rang budc nghiém ngat vé kich thude, khoi heong, tiéu thu nang heong va
chi phi. Bai bao nay trinh bay thiét ké va trién khai mot hé thong trén anh EO/IR thoi gian
thuwce dyra trén kién triic System-on-Module (SoM) nhiing danh cho mot nén tang da cam bién
cam tay. Hé thong dwoc dé xudt thu nhdn dong b dir liéu tir nhiéu camera ¢ cdc ving pho
khac nhau, thuc hién xi Iy tron anh song song siur dung CPU da [0i két hop tang toc bang
GPU/NPU. Ket qua thyc nghiém cho thay hé thong dat hiéu nang thoi gian thuc, voi do tré
xit Iy dau-cudi nhé hon 40 ms va toc do khung hinh on dinh 25 fps doi véi video dnh trén
ddu ra. Anh tron thé hién dg twong phan tot hon, chi tiét ré rang hon va kha nang phén biét
muyc tiéu dwogc cai thién so voi cac anh ddu vao ban ddu. Nhw vay, kién triic SoM cé thé
cung cdp mét gidi phdp cdn bang va the tién cho viéc tron anh EO/IR da kénh thoi gian
thuee trong cdc g dung quang dién tir cam tay

Tir khoa: Hé théng quang dién tir da kénh cdm tay; Tron anh; System-on-Module.
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