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Abstract

Image dehazing, the process of restoring visibility in images degraded by haze, fog, or smoke,
is an essential task in computer vision with applications in autonomous driving, remote
sensing, and safety-critical environments. Among various methods, the Dark Channel Prior
(DCP) has gained widespread attention due to its simplicity and effectiveness in single-image
dehazing. However, the original DCP method suffers from limitations such as halo artefacts,
sky misestimation, and reduced accuracy in complex scenes. Over the past decade,
numerous approaches have been proposed to improve the estimation of the transmission
map, which is a critical step in DCP-based dehazing. This systematic literature review (SLR)
provides a comprehensive overview of these advancements by analysing 33 selected studies,
following PRISMA guidelines. The reviewed methods are categorised into twelve groups,
including depth- and scene-adaptive methods, filtering-based refinements, transform-domain
approaches, auxiliary image enhancements, physics-based models, statistical and
mathematical modelling, feature-based and learning techniques, fusion and multi-scale
strategies, region- and boundary-aware methods, colour-channel and prior-based
enhancements, optimisation-based methods, and DCP operation improvements. The
classification highlights the diversity of strategies used to enhance transmission estimation,
ranging from simple filtering and colour-based modifications to complex physics-informed
and optimisation-driven approaches. Analysis of the literature indicates that colour-channel
and prior-based methods are the most frequently studied, likely due to their simplicity,
flexibility, and effectiveness across diverse images. Future research may focus on hybrid
approaches that integrate the strengths of multiple strategies, hardware-friendly
implementations for real-time applications, and the exploration of richer image features,
depth information, or polarisation cues to further improve transmission estimation in
challenging environments.

Keywords: Dark Channel Prior, Digital Image Processing, Image Dehazing, Single Image
Input, Systematic Literature Review

1.0 Introduction

Image dehazing, also known as image defogging, visibility restoration, or haze
removal [1], is an important task in image processing. It aims to improve the
clarity of images that are degraded by atmospheric conditions such as haze,
fog, or smoke. These conditions reduce contrast and obscure important
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details, causing valuable visual information to become partially or completely
hidden. As a result, image dehazing is essential for enhancing scene visibility
and supporting accurate interpretation. This technique has many practical
applications, including outdoor autonomous driving [2], where clear vision is
required for safe navigation, and indoor fire scenarios [3], where removing
smoke effects can assist rescue operations and hazard detection. The
development of visibility restoration has evolved from traditional image
enhancement methods such as histogram equalisation which improves
contrast without physical modelling to physics-guided prior-based
approaches, and more recently, data-driven deep learning networks. This
evolution establishes a diverse research landscape where prior-based
methods remain highly valued for their parameter transparency and
predictability.

One of the most popular methods among these physics-guided, prior-based
approaches for image dehazing is the dark channel prior (DCP), proposed by
He et al. in 2011 [4]. This method operates on a single input colour image and
is based on the observation that, in most non-sky regions of a haze-free image,
at least one colour channel contains pixels with very low intensity values. The
dark channel is computed by taking the minimum intensity across the red,
green, and blue channels within a local patch, followed by a minimum
operation over that patch. Using this prior, the transmission map is estimated
by comparing the observed hazy image with the dark channel, assuming a
constant atmospheric light. The atmospheric light is typically estimated by
selecting the brightest pixels in the hazy image that correspond to the most
haze-affected regions. After obtaining an initial transmission map, a
refinement step is applied using the soft matting algorithm, which preserves
edge information and improves the accuracy of object boundaries in the final
dehazed image. To provide a clear direction for this study, the primary
objectives of this systematic review are to categorise the extensive
modifications designed to improve DCP transmission estimation, analyse
their performance trade-offs, and outline promising future research.

Since then, many researchers have proposed various improvements to the
DCP method to enhance its performance and robustness. These
improvements aim to address limitations in the original formulation,
particularly in challenging scenarios such as bright regions and dense haze.
While existing review articles in the literature generally cover broad image
dehazing models or overview deep learning trends, they frequently overlook
the granular algorithmic modifications made to prior-based frameworks. A
major research gap exists in systematically consolidating how the
transmission maps, the most critical determinant of dehazing quality have
been refined over the past decade. This systematic literature review (SLR) aims
to provide a comprehensive overview of these developments by focusing on
the improvements in transmission estimation, where more accurate or
efficient approaches are introduced.

This paper is organised into four sections. Section 1.0, which is this section,

introduces the background of the research area. Section 2.0 explains this SLR
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methodology, which is conducted based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Section 3.0
presents the review results and discussions. Finally, Section 4.0 concludes
the paper.

2.0 Methodology

In this SLR, the literature search was conducted in March 2026 on
ScienceDirect (https://www.sciencedirect.com). The selection process of the
articles was conducted based on PRISMA, and the flowchart is shown in
Figure 1. The search was done by utilising the keyword (“dark channel prior”
AND “image dehazing” AND “single image”). The initial search returned 443
results. To manage this large number, the search was narrowed to include
only “research articles”, which reduced the total to 412 articles. Since this
SLR focuses on digital image processing algorithms, the subject areas were
further limited to “Computer Science” and “Engineering”, resulting in 351
articles.

The title and abstract of the selected publications underwent initial screening
through a manual review. During this stage, specific inclusion and exclusion
criteria helped focus the search on traditional algorithmic frameworks. First,
a publication was included only if its title or abstract clearly stated that the
study was in the digital image processing field. Articles based on artificial
intelligence or deep learning models were excluded. This decision aimed to
separate deterministic, prior-based methodology changes from data-
dependent neural networks. Second, the screening required that the proposed
frameworks be specifically designed for land-based static images. As a result,
works related to underwater optics or digital video processing were left out.
This limitation was necessary because underwater conditions and temporal
video characteristics introduce different physical scattering variables, which
differ from the main single-image atmospheric scattering model. After
completing this initial filtering step, a total of 137 articles were selected for
full-text eligibility assessment.

Subsequently, a comprehensive full-text review was performed on the
remaining publications to determine their final suitability for this SLR based
on four stringent qualitative benchmarks. To ensure linguistic accessibility
and global standardisation, the publication had to be written entirely in
English. Substantively, the core theme of the publication had to be anchored
strictly within digital image processing, focusing explicitly on the
programmatic development of digital image processing algorithms. This
criterion served to filter out peripheral studies that only applied dehazing as
a pre-processing step rather than contributing a direct mathematical
adjustment to the pipeline. Lastly, any secondary literature or prior review
papers were excluded to ensure that the data extraction was driven purely by
primary, empirical research. This multi-tiered filtration process effectively
distilled the literature down, leaving a final cohort of 33 articles to be fully
synthesised and evaluated within the systematic review.
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Figure 1: Flowchart showing the selection process for publications to be
included in this systematic literature review

Following the final selection, a structured data extraction process was
conducted before the classification stage. For each selected article, the
primary transmission estimation approach and the key methodological
contribution were identified through full-text analysis. Specifically,
information describing the underlying transmission estimation strategy, the
principal improvement over the conventional DCP framework, and the
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fundamental algorithmic concept was extracted. Based on these extracted
characteristics, studies with similar methodological principles were grouped
into common categories. This structured extraction process provided a
consistent basis for the thematic classification and comparative discussion
presented in this review.

3.0 Results and Discussions

Over the years, significant research has focused on improving transmission
estimation in the Dark Channel Prior (DCP) framework to overcome its
limitations, such as halo artefacts, sky misestimation, and computational
inefficiency. These efforts have led to a diverse set of methods that can be
categorised into twelve broad classifications, reflecting different strategies
such as leveraging physical models, statistical formulations, image features,
optimisation techniques, filtering refinements, and multi-scale or fusion
approaches. Collectively, these classifications provide a structured view of the
current landscape in DCP-based dehazing research, highlighting the variety
of techniques developed to enhance accuracy, robustness, and computational
efficiency.

The first classification is the depth- and scene-adaptive methods. The method
improves DCP-based dehazing by adjusting transmission estimation
according to scene depth or image information. By considering variations
across the scene and guiding computation through information loss, these
approaches can better handle heterogeneous regions and reduce errors in
areas with complex depth structures. For example, Kim et al. [5] proposed a
scene-depth adaptive method that incorporates information loss to optimise
the transmission map, resulting in more accurate and visually consistent
dehazing.

The second classification is the filtering-based refinement methods. These
methods aim to improve coarse transmission estimates by smoothing
boundaries and reducing artefacts while preserving structural details.
Techniques such as guided filtering, boundary blurring, and edge-adaptive
approaches allow for more accurate and visually pleasing transmission maps,
particularly around edges and sky regions. For instance, Shi et al. [6] used a
guided filter to refine the transmission, Wang et al. [7] applied a blurring filter
at sky boundaries, and edge-based adaptive guided filtering adjusts window
sizes based on edge type to further enhance refinement. Overall, filtering-
based refinement methods are computationally efficient and relatively
straightforward to implement, making them attractive for practical image
enhancement applications. Their primary strength lies in improving edge
preservation while suppressing halo artefacts without fundamentally
changing the DCP framework. However, because these methods rely on an
initially estimated transmission map, their effectiveness is constrained by the
quality of the coarse estimate. Consequently, although they improve visual
quality, they cannot fully compensate for errors introduced during the initial
transmission estimation stage.
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The third classification is the transform-domain methods. They enhance
transmission estimation by operating in wavelet or frequency domains, which
helps preserve important image information while reducing computational
complexity. By separating low- and high-frequency components, these
approaches can focus on relevant image structures for more accurate
dehazing. For example, Wang and Feng [8] applied wavelet decomposition to
the dark channel, and Liu et al. [9] used the open dark channel model (ODCM)
on the low-frequency wavelet band to achieve efficient and reliable
transmission estimation. Collectively, transform-domain methods offer an
effective balance between estimation accuracy and computational efficiency
by decomposing images into different frequency components and processing
only the most informative features. This strategy can improve robustness
against image noise while reducing the computational burden compared with
pixel-domain processing, making these methods suitable for applications
requiring faster execution. However, the transformation and reconstruction
processes introduce additional implementation complexity, and inaccurate
frequency decomposition may result in the loss of fine spatial details or the
introduction of reconstruction artefacts. Consequently, although transform-
domain approaches provide an efficient alternative to conventional DCP-
based estimation, their performance depends heavily on the choice of
transform and the effectiveness of feature separation.

The fourth classification is the auxiliary image and enhancement-based
methods. These methods improve transmission estimation by leveraging
modified versions of the original image to provide additional cues. These
techniques help guide the computation of the transmission map and enhance
accuracy in challenging regions. For instance, Gao et al. [10] used an adjusted
negative image to support transmission estimation, while Qi et al. [11]
introduced an airlight correction strategy to further refine the approximation
and improve overall dehazing performance. From a methodological
perspective, auxiliary image and enhancement-based methods improve
transmission estimation by exploiting complementary information that is not
directly available from the original image. Their main strength lies in
enhancing estimation accuracy in challenging regions where conventional
DCP assumptions are less reliable. However, these methods require additional
image processing steps to generate auxiliary information, increasing
algorithmic complexity and computational cost. Furthermore, their
effectiveness depends on the quality of the generated auxiliary images or
enhancement strategies, which may vary across different scene conditions
and imaging environments.

The fifth classification is the physics-based and atmospheric scattering
methods. They improve transmission estimation by incorporating underlying
physical principles of light propagation and scattering. By grounding the
estimation process in physics, these approaches produce more accurate and
consistent transmission maps, particularly in complex scenes. For example,
Zhang et al. [12] and Zhang et al. [13] leveraged polarisation information, Sun
et al. [14] applied the atmospheric scattering model, and Hong et al. [15]
restored latent images under multiple constant transmission values to
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enhance dehazing reliability. Physics-based methods generally provide
physically meaningful transmission estimates and perform well under diverse
atmospheric conditions because they are derived from established light
scattering principles. However, they often require additional assumptions or
specialised imaging conditions, such as polarisation information, which limits
their applicability in general consumer imaging scenarios. Compared with
filtering-based or prior-based approaches, they typically offer higher physical
consistency at the expense of increased implementation complexity.

The sixth classification is the statistical and mathematical modelling
methods. They enhance transmission estimation by replacing heuristic
operations with analytical or probabilistic frameworks, improving robustness
and precision. These approaches enable more reliable estimation across
diverse image regions by incorporating statistical relationships or
mathematical approximations. For example, Ge et al. [16] used a linear
transformation, Wang et al. [17] proposed a variogram-based fast estimation,
Tang et al. [18] applied a Taylor series expansion for local transmission, and
Yuan et al. [19] modelled the distribution of channel-minimised values with a
confidence ratio to guide estimation. In general, statistical and mathematical
modelling methods provide a more rigorous theoretical foundation than
heuristic-based approaches by explicitly modelling the relationships
underlying transmission estimation. Their principal strengths include
improved estimation robustness, greater adaptability to varying image
characteristics, and reduced reliance on empirical assumptions. However,
these methods often involve more sophisticated mathematical formulations,
increasing implementation complexity and requiring careful parameter
selection. Consequently, while they can achieve more reliable and accurate
transmission estimation, their computational demands and modelling
complexity may limit their suitability for real-time or resource-constrained
applications.

The seventh classification is feature-based and learning methods. The
methods improve transmission estimation by leveraging descriptive image
features or machine learning models to capture complex haze characteristics.
By incorporating information such as luminance, chromaticity, and texture,
these approaches provide more adaptive and accurate predictions compared
to purely heuristic methods. For instance, Ni et al. [20] utilised local property
analysis to extract multiple image features, while Luan et al. [21] employed
support vector regression trained on haze-related features to enhance
prediction accuracy. Feature-based methods offer greater adaptability than
handcrafted priors by modelling more complex image characteristics. They
generally improve robustness in scenes where conventional DCP assumptions
are violated. Nevertheless, their performance depends on feature quality and,
for machine learning approaches, the representativeness of the training data.
These methods therefore occupy a middle ground between traditional prior-
based algorithms and modern deep learning techniques.

The eighth classification is the fusion and multi-scale approaches. They

enhance transmission estimation by combining multiple estimates derived
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from different spatial levels or regions, improving robustness and consistency
across the image. By integrating pixel-wise, patch-wise, or region-based
information, these methods can better handle variations in depth and texture.
For example, Riaz et al. [22] fused pixel-wise and patch-wise transmission
using a reliability map, Zhao et al. [23] applied multi-scale fusion, and Gao et
al. [24] utilised multi-region fusion to achieve more stable and accurate
results. Overall, fusion and multi-scale approaches provide greater
robustness by integrating complementary information from multiple spatial
representations, resulting in more consistent transmission estimation across
complex scenes. However, combining multiple estimates increases
algorithmic complexity and computational cost compared with single-scale
methods. As a result, these approaches offer improved estimation accuracy at
the expense of reduced computational efficiency.

The ninth classification is the region-based and boundary-aware methods.
These methods improve transmission estimation by explicitly handling spatial
segmentation and enforcing boundary constraints, particularly in challenging
areas such as sky regions and depth discontinuities. By incorporating edge
detection, local contrast, and boundary consistency, these approaches reduce
artefacts and enhance structural accuracy. For instance, Zhu et al. [25] used
Canny edge detection to identify sky regions, He et al. [26] improved boundary
consistency through patch similarity, and Liao et al. [27] incorporated
boundary constraints with local contrast to produce more reliable
transmission estimates. From a practical perspective, region-based and
boundary-aware methods are particularly effective at preserving structural
details and reducing artefacts around object boundaries and sky regions,
where conventional DCP often performs poorly. However, their performance
depends on accurate region segmentation and boundary detection, which can
be sensitive to complex scene content or inaccurate edge localisation.
Consequently, these methods improve visual consistency but may incur
additional computational overhead due to the required segmentation and
boundary analysis.

The tenth classification is the colour-channel and prior-based enhancement
methods that improve transmission estimation by extending the original DCP
formulation with additional colour information or modified priors. These
approaches increase robustness under varying imaging conditions by
exploiting alternative colour representations and channel relationships. For
example, Sahu et al. [28] introduced a new colour channel, Dwivedi and
Chakraborty [29] computed transmission from three colour layers, Gautam et
al. [30] proposed the Weighted Median Channel Prior with a scale-invariant
technique, Lv et al. [31] developed a hardware-friendly DCP, and He et al. [32]
utilised the HSI colour model to enhance estimation accuracy. In general,
colour-channel and prior-based enhancement methods improve the
adaptability of DCP by reducing the dependence on the original dark channel
assumption and incorporating additional image characteristics. These
approaches generally maintain relatively low computational complexity while
improving robustness under diverse colour distributions and illumination
conditions. However, their performance remains dependent on the suitability
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of the selected colour representation or prior, which may limit generalisation
across different types of haze and complex scenes.

The eleventh classification is the optimisation-based methods. They enhance
transmission estimation by formulating the problem as an optimisation task,
enabling improved accuracy, edge preservation, and smoothness of the
transmission map. These approaches iteratively refine the estimate based on
defined objective functions or constraints. For instance, Gao et al. [33]
proposed an adaptive boundary-limited local gradient optimisation, Singh and
Parihar [34] combined structure-aware smoothing with variational
optimisation, and Ashwini et al. [35] applied the Jaya optimisation algorithm
for efficient and effective convergence. From an optimisation perspective,
these methods provide a systematic framework for improving transmission
estimation by balancing multiple constraints, resulting in accurate and
structurally consistent transmission maps. However, the iterative nature of
optimisation algorithms often increases computational complexity and
processing time compared with direct estimation approaches. Therefore, while
optimisation-based methods offer high accuracy and flexibility, their practical
deployment may be limited in real-time applications or systems with restricted
computational resources.

The twelfth classification is the DCP operation improvement methods. These
methods focus on modifying or replacing the traditional minimum operation
used in the dark channel computation to reduce artefacts and improve
robustness. By introducing alternative selection or estimation strategies,
these approaches address issues such as halo effects and instability near
edges. For example, Wu et al. [36] replaced minimum filtering with a mode-
like selection strategy, Dai et al. [37] proposed a statistically constrained
estimation, and Sahu et al. [28] improved the operation through colour
channel modification to achieve more stable transmission results. These
methods offer a relatively simple and computationally efficient solution by
improving the core DCP operation without requiring major modifications to
the overall framework. However, their effectiveness remains constrained by
the inherent assumptions of DCP, limiting their ability to address complex
haze conditions that require deeper scene understanding.

Table 1 provides an overview of the classification framework established from
the reviewed transmission estimation methods. The distribution of categories
indicates that improvements to DCP-based transmission estimation have
evolved through several complementary research directions rather than a
single dominant strategy. While colour-channel and prior-based
enhancement methods represent the most frequently investigated category
within the reviewed studies, this trend suggests that researchers continue to
favour approaches that improve the original DCP formulation while preserving
its simplicity and computational efficiency.
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Table 1: Classification of DCP transmission estimation methods

Category Key Strategy/Description Citations
Depth-/Scene- Adjust transmission based on scene depth or
Adaptive & image information loss to handle heterogeneity [5]
Information-Guided | and improve accuracy.
Filtering-Based Use guided, blqrrlpg, or edge-adaptive filters to
smooth transmission, preserve edges, and [6], [7]
Refinement
reduce artefacts.
Transform-Domain Apply wave l'et or f%*equency—d(')ma{n
decomposition to improve estimation and [8], [9]
Methods . .
reduce computational complexity.
Auxiliary Image / | Use adjusted or enhanced versions of the
Enhancement- image (negative image, airlight correction) to [10], [11]
Based refine transmission estimation.
Physics-Based / Incorporate physical principles like polarisation
. . . . [12], [13],
Atmospheric or scattering to produce physically consistent
. L [14], [15]
Scattering transmission.
Statistical / Use analytical/statistical frameworks (linear
. . . [16], [17],
Mathematical transform, variogram, Taylor expansion, (18], [19]
Modelling distribution modelling) to replace heuristics. ’
Employ local image features or machine
Featqre-Based / learning models (SVM, local property analysis) [20], [21]
Learning Methods : .
to predict transmission.
Fusion & Multi- Com‘pme multlple. estl.mates (pixel /patch, 22], [23],
multi-scale, multi-region) for robust and
Scale Approaches . .S [24]
consistent transmission maps.
Region-Based / Handle sky and d'epth dlscontlnul‘Fles via 25, [26],
boundary constraints, edge detection, and
Boundary-Aware AP [27]
patch similarity.
Colour-Channel & | Modify DCP using additional colour channels, [26], [28],
Prior-Based multiple layers, priors, or HSI information for [29], [30],
Enhancements improved performance. [31]
Optimisation-Based For'rm:llat'e transmission es'tlmatlon as an 133], [34],
optimisation problem for higher accuracy and
Methods . [35]
edge preservation.
DCP Operation Replace or enhance the minimum operation in | [28],[36],
Improvement DCP to reduce artefacts and improve stability. [37]

The classification also reveals a gradual shift from direct modifications of
handcrafted priors towards more adaptive and theoretically driven
approaches. Physics-based, statistical modelling, and optimisation-based
methods attempt to improve the reliability of transmission estimation by
introducing stronger mathematical formulations or additional constraints.
Meanwhile, fusion, multi-scale, feature-based, and region-aware approaches
demonstrate increasing efforts to incorporate more contextual image
information to address the limitations of pixel-level estimation.

A comparison across categories highlights a common trade-off between

accuracy, robustness, and computational complexity. Methods based on prior

modification, filtering refinement, and DCP operation improvement generally

maintain lower implementation complexity and are more suitable for practical
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applications with limited computational resources. In contrast, approaches
involving optimisation, fusion, or mathematical modelling often achieve more
reliable transmission estimation but require greater computational effort due
to iterative procedures, additional information sources, or complex
formulations.

Furthermore, the classification suggests an emerging trend towards hybrid
transmission estimation frameworks that combine multiple strategies rather
than relying on a single assumption. By integrating physical knowledge,
image features, and adaptive optimisation mechanisms, future methods may
achieve a better balance between interpretability, robustness, and efficiency.
This observation highlights the importance of developing transmission
estimation approaches that can generalise across diverse environmental
conditions while remaining computationally feasible for real-world
deployment.

Overall, the reviewed methods demonstrate that DCP transmission estimation
has evolved through diverse strategies aimed at improving accuracy,
robustness, and computational efficiency. The twelve classifications reveal a
trade-off between simple and efficient approaches, such as prior-based and
filtering methods, and more complex strategies, such as optimisation and
hybrid frameworks, which provide enhanced adaptability. Future research
should focus on integrating complementary approaches to achieve reliable
transmission estimation while maintaining practical applicability.

4.0 Conclusion

This SLR provides an overview of the methods developed to improve
transmission estimation in the DCP framework. The reviewed approaches
were grouped into twelve categories, ranging from relatively simple filtering
and colour-channel enhancements to more complex physics-based, statistical
modelling, and optimisation-based strategies. Among the reviewed studies,
colour-channel and prior-based methods represent the most frequently
investigated category, likely due to their ability to enhance the original DCP
formulation while maintaining relatively low computational complexity. In
contrast, physics-based and statistical modelling approaches provide stronger
theoretical foundations and improved adaptability but generally involve
greater modelling complexity. From a practical perspective, lightweight
approaches such as filtering refinement and colour-channel modifications are
suitable for resource-constrained applications, including embedded vision
systems and consumer surveillance cameras. Meanwhile, more sophisticated
approaches involving physical constraints, optimisation, or multi-source
information fusion may provide advantages in applications requiring reliable
visibility restoration, such as autonomous vehicles, intelligent transportation
systems, and outdoor monitoring under adverse weather conditions.

Future research should focus on developing hybrid transmission estimation
frameworks that integrate complementary strategies while reducing their
individual limitations. Combining physical models with adaptive learning,
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fusion strategies, or richer image information such as depth and polarisation
cues may improve robustness in complex scenes. In addition, hardware-
efficient implementations, including FPGA-compatible and real-time
processing solutions, remain important for practical deployment. Developing
methods that achieve a better balance between estimation accuracy,
computational efficiency, and generalisation across diverse environmental
conditions will be essential for advancing DCP-based dehazing towards
reliable real-world image restoration systems.
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