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Abstract: Atmospheric haze significantly degrades image quality by causing light scattering, which leads to reduced contrast,
color distortion, and loss of visual details. To address these challenges, this work presents a hardware-efficient image
dehazing system based on an optimized VLSI architecture that combines the Dark Channel Prior (DCP) method with a
saturation-based transmission estimation approach. The proposed design utilizes a 5x5 minimum filter applied to a down
sampled image for accurate atmospheric light estimation while substantially reducing computational complexity and hardware
overhead. Furthermore, a saturation-guided pixel-level transmission model is employed to effectively mitigate halo artifacts
and preserve fine image structures during restoration. The dehazing algorithm is initially validated using MATLAB
simulations and subsequently implemented in Verilog HDL on a Zyng-7000 FPGA platform. Experimental results
demonstrate that the proposed architecture achieves improved image restoration performance in terms of Peak Signal-to-Noise
Ratio (PSNR) and Structural Similarity Index Measure (SSIM), while requiring lower logic resources and reduced power
consumption compared to existing implementations. The proposed solution offers an effective trade-off between dehazing
quality and hardware efficiency, making it highly suitable for real-time embedded vision applications, including intelligent
surveillance, autonomous navigation systems, and outdoor imaging in challenging weather conditions.
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consumption, and computational
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1. INTRODUCTION hardware complexity,

Atmospheric conditions such as haze and fog cause

significant light scattering, leading to substantial degradation
in outdoor image quality. This degradation is characterized
by reduced contrast, color distortion, and the loss of
important scene details, which adversely affects image
visibility and interpretation. Consequently, the performance
of vision-based systems is compromised, particularly in
applications such as intelligent transportation, surveillance,
and environmental monitoring, where accurate real-time
image analysis is essential for reliable operation and
decision-making.

To mitigate these effects, image dehazing techniques are
employed to restore \visibility by compensating for
atmospheric scattering. However, conventional software-
based approaches often rely on computationally intensive
algorithms or deep learning models that demand substantial
processing power and memory resources, making them
unsuitable for resource-constrained embedded systems.
Although hardware-based implementations can provide the
high processing speed required for real-time applications,
they frequently face challenges in maintaining restoration
quality while adhering to strict constraints on power

A key challenge in hardware-based image dehazing is the
efficient estimation of atmospheric light and transmission
maps. Conventional methods often suffer from

oversaturation, loss of detail, and halo artifacts. To
overcome these limitations, the proposed approach employs
a 5x5 minimum filter on down sampled images for accurate
atmospheric light estimation and a pixel-level transmission
model that preserves image textures. Based on an enhanced
Dark Channel Prior, the FPGA implementation achieves
real-time dehazing with improved visual quality, higher
restoration performance, and efficient hardware utilization,
making it well suited for embedded vision applications.

2. LITERATURE REVIEW

Early image dehazing techniques primarily relied on
prior-based  methods that exploit  statistical
characteristics of haze-free images. Among these, the
Dark Channel Prior (DCP) proposed by Heetal. [2]
became widely adopted due to its effectiveness in
estimating scene transmission. However, conventional
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DCP suffers from halo artifacts
discontinuities and requires large minimum-filter
windows, increasing computational  complexity.
Subsequent improvements using guided and joint
bilateral filters enhanced transmission estimation but
introduced additional processing overhead [7], [8]. Other
approaches, such as color attenuation priors [5] and
structure-preserving priors [6], improved image contrast
and depth perception but remained computationally
intensive. To address these limitations, saturation-based
transmission estimation methods were introduced.
Kimetal. [3] proposed a pixel-level saturation-driven
approach that eliminates patch-based averaging and
reduces halo artifacts while improving computational
efficiency, making it well suited for real-time hardware
implementation.

around depth

Beyond prior-based techniques, methods such as linear
transformation [9] and multi-exposure image fusion [10]
were developed to reduce computational complexity. While
these approaches offer faster processing, they often struggle
with detail preservation and edge handling. Deep learning
models, including Dehaze Net [11] and AOD-Net [12],
provide superior restoration quality but require substantial
computational and memory resources, limiting their use in
FPGA and ASIC implementations. In hardware-based
dehazing, a key challenge is balancing filter size, image
quality, and resource utilization. To address this, Upadhyay
and Sarawadekar [1] proposed a saturation-based VLSI
architecture with optimized filtering, enabling real-time
dehazing with improved hardware efficiency.

Despite significant advancements, there remains a need for a
dehazing architecture that balances image quality and
hardware efficiency. To address this gap, the present work
employs a 5x5 minimum filter on down sampled images
along with saturation - based transmission estimation, and
implements the design in MATLAB and Verilog for FPGA
deployment. The proposed approach improves atmospheric
light estimation while reducing hardware complexity,
offering an effective compromise between the limitations of
small- and large-window filter designs.

3. METHODOLOGY

As illustrated in Fig.1l, the proposed image dehazing
framework consists of a sequence of hardware-efficient
processing stages. Initially, a coarse dark-channel map is
generated from a 2x down sampled input image by applying
a 5x5 minimum filter to the minimum values of the RGB
channels. This reduced-resolution dark channel is used to
estimate the atmospheric light with lower computational
complexity. Simultaneously, the full-resolution image is
normalized using the estimated atmospheric light, and a
pixel-level saturation map is computed to characterize local
haze conditions. The transmission map is then estimated
from the normalized dark-channel values and refined using
saturation-based weighting to preserve image details. To

ensure numerical stability, the transmission values are
constrained to a predefined minimum threshold. Finally, the
haze-free image is reconstructed by compensating for
atmospheric  scattering  through  transmission-guided
restoration, followed by gamma correction using a lookup
table (LUT) to enhance brightness, contrast, and overall
visual quality.

The proposed methodology enhances existing saturation-
based VLSI dehazing techniques by incorporating the Dark
Channel Prior (DCP) with hardware-oriented algorithmic
optimizations. The algorithm is first developed and validated
using a floating-point MATLAB reference model, followed
by its implementation in fixed-point Verilog HDL for FPGA
prototyping. The complete design flow is illustrated in Fig.
2, and the individual processing stages are described in the
following subsections.
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Figure 1: Flow Diagram of implemented dehazing algorithm
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Figure 2: Block diagram of the proposed VLSI architecture
for dehazing.

3.1 Input Acquisition and Pre-Processing

The input hazy image is acquired in RGB format and
normalized to the range ([0,1]) in MATLAB. For hardware
implementation, pixel values are represented using a 12-bit
fixed-point (Q0.12) format to reduce computational
complexity and memory usage while maintaining adequate
precision. To further improve hardware efficiency, the image
is down sampled by a factor of two using bilinear
interpolation, and the resulting reduced-resolution image is



utilized for dark-channel computation and atmospheric light
estimation.

H(x) = D(x)t(x) + A(1 — t(x)) @)

3.2 Dark Channel Computation

The Let 1.(x) denote the intensity of channel ¢ € {R,G, B} at
pixel x, and let 2(x) be a 5x5 neighborhood centered at x.
The dark channel is computed as:

[ek(x) = min (minl,»))  (2)
ce{RGB} yeQ(x)

The two-stage minimum operation provides a reliable
estimate of the locally darkest intensity within each image
patch. To reduce computational complexity and hardware
resource utilization, this operation is performed on the down

sampled image.

3.3 Atmospheric Light Estimation (ALE)

The atmospheric light is estimated by identifying the
brightest 0.1% of pixels in the dark channel and selecting the
corresponding pixel in the original full-resolution image with
the highest combined RGB intensity. This strategy provides
a reliable estimate of the global atmospheric light.

A = [Ag, Ag, Ag] = arg max,cze:;CJE{R‘G‘B} H.(x) 3)

Here, (P) denotes the set of the top 0.1% brightest pixels in
the dark channel. To improve hardware efficiency, percentile
selection is implemented using a streaming histogram with
cumulative counting, eliminating the need for full sorting
and significantly reducing memory and comparator
requirements.

3.4 Saturation-Based Transmission Estimation
Each pixel is normalized by the atmospheric light:

1c(0) /
H(x) = @)
[ AC
and the saturation S(x) is computed from the normalized
channels as:

min Hg)
HR+HG+H

Sylx) =1-—

s ©)

A contrast-stretch enhancement transforms S(x) to:

S!H(x) = SH(x) (2 = Sy(x) (6)

The transmission estimate is then:

t(x) =max (1 —¢.Sg(x), to) ™
where iy = 1.25 and to = 0. 1. This per-pixel formulation is

inherently parallel and well suited for pipeline
implementation.

3.5 Transmission Up Sampling

The down sampled transmission map is up sampled to full
resolution using bilinear interpolation. To improve hardware
efficiency, the FPGA implementation employs shift-add
operations and integer arithmetic, reducing resource
utilization while preserving reconstruction quality.

3.6 Scene Radiance Recovery

Using the atmospheric scattering model H(x) = D(x)t(x) +
A(1 — t(x)), the scene radiance D(x) is recovered as:

Hix)—4
max (t(x)tp) +4 ®)

Finally, a gamma correction LUT is applied to improve
image brightness and contrast with minimal processing
latency.

4. RESULTS AND DISCUSSIONS

D(x) =

The proposed dehazing methodology was validated using
two complementary platforms: MATLAB for algorithm-
level simulation and Verilog HDL for FPGA-based
hardware implementation. This dual-platform evaluation
establishes the correlation between algorithmic performance
and hardware efficiency. Comparative analysis with the
baseline saturation-based VLS| dehazing architecture is
presented to highlight the improvements, performance trade- 3
offs, and hardware resource utilization of the proposed
design.

The proposed method was evaluated using a diverse dataset
of ten representative test images covering various real-world
scenarios, including outdoor streets, indoor environments,
natural landscapes, and architectural scenes. The dataset
encompasses different haze conditions, ranging from mild to
dense atmospheric degradation, to assess the robustness and
adaptability of the proposed algorithm. By including both
urban and rural scenes, the evaluation reflects practical
deployment conditions for a wide range of embedded vision
applications, as shown in Fig. 3.
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Figure 3: 'gst images used for quantitative pfgjr)formance
evaluation. (a) Image 1. (b) Image 2. (c) Image 3. (d) Image
4. (e) Image 5. (f) Image 6. (g) Image 7. (h) Image 8. (i)
Image 9. (j) Image 10.
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Figure 4: Simulation outcomes showcasing image
restoration using the proposed Dark Channel Prior (DCP)-
based dehazing technique. (a) Input hazy images and (b)
Corresponding dehazed results obtained from the
implemented method.

Fig. 4 illustrates the performance of the proposed Dark
Channel Prior (DCP)-based dehazing method through visual
comparisons of ten representative test images. The proposed
approach effectively removes atmospheric haze from diverse
scenes, including urban, indoor, and natural environments,
resulting in improved image contrast, color fidelity, and



visibility while preserving fine structural details. The use of
hardware-efficient reciprocal and gamma correction lookup
tables (LUTSs) enables real-time implementation with low
computational complexity. These results demonstrate the
robustness and effectiveness of the proposed method under
varying atmospheric conditions.

4.1 Verilog Implementation

The proposed hardware architecture was synthesized on the
Zyng-7000 FPGA platform (XC7Z020-CLG484-1) using a

Figure 6: FPGA-based hardware implementation
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Table 11 presents a performance comparison of the proposed
architecture with existing VLSI image dehazing designs
using standard benchmark datasets. The reference design in
[1] employs a Dark Channel Prior (DCP) implemented
through a 15x15 minimum filter realized as a cascade of 3x3
filters. In contrast, the proposed architecture utilizes a
compact 5x5 minimum filter together with a gamma
correction stage. This modification significantly reduces
memory requirements and computational complexity,
resulting in lower LUT and register utilization while
maintaining competitive PSNR and SSIM performance.

4.2 FPGA Implementation

Figure 5: FPGA-based hardware implementation

approximately 0.108 W, indicating a low-power design
suitable for embedded real-time image processing. These
results demonstrate that the proposed architecture achieves
an effective balance between hardware efficiency and
dehazing performance.

5. CONCLUSION

This work presents a hardware-efficient VLSI
implementation of an image dehazing algorithm that
integrates the Dark Channel Prior (DCP) with saturation-
based transmission estimation for FPGA deployment. By
employing a 5x5 minimum filter on a down sampled image,
the proposed architecture achieves accurate atmospheric light
estimation while reducing computational complexity and
hardware resource utilization. Experimental  results
demonstrate that the design provides an effective balance
between image restoration quality and hardware efficiency,
making it well suited for real-time embedded vision
applications.

MATLAB-based validation and  Verilog HDL
implementation on the Zyng-7000 FPGA demonstrate that



the proposed architecture achieves improved image
restoration performance in terms of PSNR and SSIM while
reducing hardware resource utilization compared to existing
VLS| dehazing designs. The optimized processing pipeline
and compact 5x5 filter enhance both visual quality and
computational  efficiency.  Furthermore, the FPGA
implementation exhibits low power consumption and
efficient logic utilization, making the proposed architecture
well suited for real-time, low-power embedded vision
applications.

In conclusion, the proposed work effectively bridges the gap
between image restoration performance and hardware
efficiency in FPGA-based dehazing systems. The integration
of Dark Channel Prior (DCP) and saturation-based
transmission estimation enables robust haze removal while
preserving fine image details. Future work will focus on
adaptive filter window selection, hardware-efficient image
enhancement  techniques, and high-level synthesis
optimizations to further improve scalability and performance
for real-time vision applications, including autonomous
navigation, intelligent surveillance, and remote sensing.

6. FUTURE SCOPE

The proposed image dehazing system can be further
enhanced by supporting high-resolution image and video
processing for advanced real-time applications. Future work
may integrate lightweight deep-learning techniques to
improve dehazing accuracy under varying weather
conditions. The architecture can also be extended to handle
rain, fog, and low-light environments within a unified
framework. Additionally, ASIC implementation and
hardware optimization can further reduce power
consumption and increase processing speed for embedded
vision systems.
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