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Abstract. With the advancement of imaging technology, ultra-high-
definition images have become increasingly essential in modern visual
applications. However, existing multi-focus image fusion remains largely
confined to low-resolution images and faces three major barriers in UHD
scenarios, namely data availability, model adaptability, and deployment
feasibility, which severely hinder its practical application. To shatter
these barriers, first, we propose the UHD-MFF dataset, the first large-
scale ultra-high-resolution multi-focus fusion dataset. Second, we pro-
pose a scale-specialized lookup-table framework tailored for ultra-high-
resolution images, termed as UMF-LUT. It consists of Coarse-Region
Lookup Table (C-LUT) and Detail-Edge Lookup Table (D-LUT). Specif-
ically, C-LUT performs joint queries of multiple gradient cues and seman-
tic cues at low-resolution scales to enable region-level decision-making.
Also, D-LUT operates at high-resolution scales, leveraging efficient Lapla-
cian cues to provide complementary edge-level decision information. Such
a design makes the model particularly well-suited for ultra-high-resolution
multi-focus image fusion. Finally, it offers strong deployability with min-
imal computational overhead, enabling real-time 4K multi-focus fusion
and showing promising potential for smartphone. Extensive experiments
demonstrate that it outperforms SOTA methods in both visual fidelity
and quantitative metrics. It effectively advances the development of multi-
focus image fusion toward ultra-high-resolution imaging scenarios. The
code is available at https://github.com/zyb5/UHD-MFF.
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1 Introduction

Due to the limited depth of field of optical lenses, a single image typically cap-
tures only part of a scene in focus, leaving other regions blurred and resulting
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Fig. 1: Three primary barriers in ultra-high-resolution multi-focus image fusion. Our
method is compared to state-of-the-art methods in terms of inference frame rate, energy
cost, and visual quality.

in information loss. In this background, Multi-Focus Image Fusion (MFIF) has
been developed as an effective solution . As an important branch of image
fusion, MFIF combines multiple images captured at different focal lengths to
generate a single all-in-focus image, thereby enhancing scene clarity and pre-
serving more detail . Owing to its ability to handle complex scenes with
varying focal distances, MFIF has been widely applied in areas such as macro
digital photography.

MFTF has achieved substantial development in recent years . However,
with the rapid advancement of imaging devices, ultra-high-resolution images
have become the prevailing trend. Under this circumstance, the development of
multi-focus image fusion faces new bottlenecks. As shown in Fig. [T} we summa-
rize these challenges into three major barriers: 1) Data availability: Existing
mainstream datasets, such as Lytro and Real-MFF | are all limited to resolutions
below 1080P. Such relatively low-resolution data are insufficient to support re-
search on ultra-high-resolution image fusion. Moreover, models trained on low-
resolution datasets often exhibit suboptimal performance when generalized to
ultra-high-resolution scenarios. 2) Model adaptability: Due to the lack of ex-
plicit consideration of ultra-high-resolution image scales, previous methods have
often relied on conventional convolutional operations or attention mechanisms in
a straightforward manner, without specialized adaptation for UHD images. 3)
Deployment feasibility: The demand for multi-focus image fusion on mobile
platforms is substantial. However, existing methods generally do not support de-
ployment on smartphones and, in some cases, are not even feasible for personal
computers . Instead, they rely on computation-intensive servers for exe-
cution, which severely restricts their practical applicability. These three barriers
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collectively impose significant constraints on the advancement of MFIF, hin-
dering its ability to meet the demands of next-generation ultra-high-resolution
imaging.

To address these issues, in terms of data availability, to support the ad-
vancement of ultra-high-definition multi-focus image fusion and fill the existing
data gap in this field, we propose the UHD-MFF dataset, which comprises 1,950
pairs of near- and far-focus images at the resolution of 3840 2160, encompass-
ing a diverse range of indoor and outdoor scenes with varying degrees of focus.
In terms of model adaptability, we propose the scale-specialized lookup-table
multi-focus image fusion for ultra-high-resolution images, termed as UMF-LUT.
It customizes the large-scale challenge of ultra-high-resolution multi-focus images
by performing region-wise decisions at low-resolution scales and edge refinement
at high-resolution scales. Firstly, at the low-resolution scales, we utilize multiple
gradient cues, including gradient difference cues, dilated gradient cues, maximum
gradient cues, and learnable regional semantic cues, as lookup elements in the
coarse-region lookup table (C-LUT) to perform the region-wise decisions. Later,
as a complement, at the high-resolution scales, we employ the Laplacian operator
as a residual decision cue in the lightweight detail-edge lookup table (D-LUT)
to achieve edge-level decision-making. This design not only ensures clear focus
boundaries but also cleverly avoids the substantial memory overhead associated
with full-resolution convolutions. It achieves strong multi-focus fusion perfor-
mance through a scale-specific, customized combination of operations, making
it particularly well-suited for high-resolution images. From the perspective of
deployment feasibility, UMF-LUT incurs very low computational overhead, en-
abling real-time fusion of 4K-resolution UHD images on commercial GPUs and
demonstrating potential for deployment on mobile smartphones.

Overall, our contributions can be summarized as follows:

— Data availability: We propose UHD-MFF, the first large-scale ultra-high-
resolution multi-focus image fusion dataset comprising 1,950 diverse image
pairs. This fills the critical gap in UHD benchmarks and provides a robust
foundation for future data-driven research.

— Model adaptability: We introduce UMF-LUT, a scale-decoupled architec-
ture tailored for UHD images. By combining low-resolution regional decisions
with native-resolution edge refinement, it ensures accurate focus perception
while bypassing the memory bottlenecks of full-resolution convolutions.

— Deployment feasibility: Empowered by its special LUT design, UMF-
LUT achieves real-time UHD inference with minimal computational over-
head. Furthermore, we successfully demonstrate its deployment on mobile
smartphones, breaking the hardware barrier of existing methods.

2 Related Work

Traditional Methods. Generally, traditional multi-focus image fusion algo-
rithms can be categorized into two streams |2,|13]: spatial domain-based meth-
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ods and transform domain-based methods. Spatial domain methods directly ma-
nipulate pixels within source images to generate weight maps, which are then
employed to fuse the pixels. In contrast, transform domain methods first trans-
form source images into the frequency domain using specific decomposition rules.
The decomposed coefficients are fused based on certain strategies, followed by
an inverse transformation to reconstruct the final image. The quadtree-based
method [1] utilizes quadtree decomposition and weighted focus measures, which
adaptively partitions the image into blocks of varying sizes to precisely extract
focused regions. DSIFT [11] innovatively introduces dense SIFT descriptors into
the MFIF domain, employing them as activity measures for image patches to
generate initial decision maps, which are further refined through feature match-
ing. GFDF [21] leverages focus region detection and the edge-preserving prop-
erties of guided filtering to optimize coarse initial decision maps and correct
boundary artifacts. Furthermore, the HOSVD and edge-intensity method [14]
models higher-order patch correlations. The JSR-based method [18| introduces
a fusion framework based on Joint Sparse Representation and optimization the-
ory, decomposing source images into a common component containing redundant
information and a component containing focused details.

Deep Learning-based Methods. Deep learning has significantly advanced
MFIF [26}29,33], with existing methods primarily categorized into regression-
based [35] and classification-based approaches [23]25]. Addressing the lack of
ground truth, SMFuse [16] utilizes focus measures as auxiliary signals for self-
supervised pixel-level focus detection via iterative optimization. MFF-GAN [32]
employs unsupervised adversarial training with adaptive gradient constraints to
capture textures while preserving source intensities. To enhance feature repre-
sentation, MSFIN [12] introduces a multi-scale interaction network to facilitate
bidirectional complementarity between deep semantics and shallow details. For
generalization, ZMFF |4] adopts a zero-shot framework optimizing loss functions
directly from inputs to eliminate train-test distribution shifts. Bridging model-
and learning-based methods, CCSR-Net [36] unrolls the iterative solution of
coupled convolutional sparse representation into a neural network, combining
theoretical interpretability with efficient inference. Several unified frameworks
also incorporate the MFIF task. U2Fusion [27] leverages adaptive information
preservation metrics to automatically estimate pixel importance and retain crit-
ical structures. More recently, TC-MoA [37| introduces a task-customized Mix-
ture of Adapters for general image fusion.

3 Owur Approach

3.1 Scale-Specialized Lookup-Table

Coarse-Region Lookup Table (C-LUT): To expand the receptive field while
mitigating computational overhead across UHD scales, spatial compression is
applied to the Coarse-Region Lookup Table in UMF-LUT, as shown in Fig.
Given the source image pair lycqr; lfar 2 RH W € 4 down-sampling operator
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Fig. 2: Overall Structure of the proposed UMF-LUT.

Dus() with a scale factor s projects the images into a low-resolution space:
19=Dys(Ix); k2 fnear;farg: (1)

The primary objective of this coarse-scale operation is to establish a re-
liable regional consensus regarding focus attributes. To ensure computational
e ciency, this complex decision-making process is mapped into a lookup table
constructed from informative cues. Because focus levels are intrinsically corre-
lated with regional texture variations, rst-order Sobel operators are employed
in the C-LUT to extract base gradient cues:

k=Hx 1J+jHy 1%; k2fnearfarg; )

where Hy and Hy represent the horizontal and vertical Sobel operator kernels,
and denotes the convolution operation.

To strictly map these continuous cues into the discrete index space of the
C-LUT while maximizing the utilization of the lookup capacity, we introduce
a uni ed spatial normalization operator N s. (). This operator applies a non-
linear activation followed by a scale-and-shift transformation, bounding any
continuous input within the grid range [0; Sc 1]. The resulting index group
c =fc 1;¢p; C3; C4Q is formulated as follows:

1) Gradient dierence cues: This cue measures the local sharpness di er-
ence between the two images and directly re ects which image exhibits stronger
structural responses:

C-LUT _— .
Céo =Nsc  near far - 3)

2) Dilated gradient cues: Since pixel-wise g;adients are sensitive to noise, we
compute the regional energy K (x;y) = “i V)2 (xy) k (U; V) to incorporate
neighborhood statistics and enforce spatial consistency:

CSE;LUT =NSC Enear E far (4)

3) Maximum gradient cues: This cue evaluates the overall gradient mag-
nitude across the two images, capturing local texture strength and reducing
ambiguity in low-texture regions:

Cl\a-IG_UT =N Sc maX( near s far) . (5)
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4) Learnable regional semantic cues: We employ a lightweight CNN, de-
noted as F. , to extract joint contextual representations from the concatenated
images, complementing gradient-based cues with region-level semantic informa-
tion:

CC sUT =N Sc Fcx ([I near » Ifar ]) (6)

To optimize the e ciency of system integration, we implement a strategy
that transforms large-scale computational tasks into o ine look-up table op-
erations. Building upon the establishment of the four cues, we utilize a four-
dimensional LUT, denoted as Lc, to map the continuous coordinate space ¢ =
fc1; ¢ 03500 = fC SEYT ; CSEYT ; CGEYT 5 CREYT g to the fusion weight:

M man GY) = wainwut (C); (7)
where wain-Lut  represents the discrete look-up and interpolation operation.
The LUT stores fusion weights in a four-dimensional lattice.

Since the calculated cues ¢ are continuous oating-point values while the
LUT grid is discrete, direct indexing is infeasible. Therefore, each coordinate
G (i 2 f1;2;3;49) is decomposed into an integer grid index n = bcic and a
fractional residual ; =c; n i, where b c denotes the oor function.

To guarantee di erentiability for gradient back-propagation and ensure smooth
weight transitions, we employ Quadrilinear Interpolation. The output at an ar-
bitrary query point is computed by aggregating the values from the 2 = 16
surrounding vertices of the activated hypercube:

xox xt X 6. 0. 0. 0
Main-LuT (C) = w LC(nl;nz;ng;n4);
1=0 2=0 3=0 4=0 (8)
n=n,+ ., a2fl;2;3;4q;

where = ( 1; 2; 3; 4) represents the binary vertex o set. The interpolation
weight W is derived from the product of linear distances along each dimension:

Y .
w= @ oo ©

j=1
Detail-Edge Lookup Table (D-LUT): The C-LUT captures semantic con-
sistency and performs large-scale regional decisions. However, due to the limited
resolution at the coarse scale, its capability to delineate ne-grained focus bound-
aries is inherently constrained. As a complement, the D-LUT is introduced to
function as a high-resolution re ner. Crucially, while the C-LUT relies on rst-
order Sobel operators to capture broad structural trends and regional energy,
the D-LUT utilizes the second-order Laplacian operator. Second-order responses
emphasize rapid intensity transitions and zero-crossing structures, making them
particularly suitable for boundary localization that rst-order gradients often
over-smooth. By employing the Laplacian convolution kernel H 5, , we directly
extract these high-frequency structural responses near and ¢4 :

k =jH tap 1 «j; k2fnear;farg: (10)
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Using a corresponding normalization operator N;, () adapted to the D-LUT
bin size &, we formulate the coordinate indices d = fd;; d,g:

1) Laplacian dierence cues: This cue computes the pixel-wise di erence
between second-order Laplacian responses of the two images, directly capturing
high-frequency focus transitions and re ning boundaries weakened during coarse-
scale down-sampling:

CIE)II_)LUT =Ns,  near far - (11)

2) Maximum Laplacian cues: This cue evaluates the maximum Laplacian
magnitude across the two images, estimating local structural strength and sup-
pressing unstable responses in at or texture-scarce regions:

Cnaﬂ_u-r =Ns, max ; max = Max( near; far ): (12)

Building upon these two cues, a two-dimensional LUT, denoted as k, maps
the continuous coordinate space d = fCOUT ;CEtYT g to a high-frequency
decision residual:

M= Detail (d): (13)

To maintain mathematical rigor, we de ne a boundary truncation operator
Bla;p) (z) = max(a; min(z; b)) and decompose the continuous coordinates g (k 2
f1;2g) into integer indices my = bdxc and fractional residuals x = dx m .
Given | 2 f0; 1g denoting the binary vertex o sets. We determine the valid grid
indices for the nearest neighbors as ﬁ]z Bossp 11 (Mk + «), which explicitly
con nes the look-up operations within the LUT dimensions. To enable end-to-
end training, we employ bilinear interpolation, aggregating the values of these 4
nearest neighbors in the two-dimensional lattice:

Xl Xl 0 0 1 j
Detail (d) = W Lp (ml; m2); W = 1 i ) jl : (14)
1=0 2=0 =1
Cross-Scale Map Integration. Through the explicit scale-decoupling of UMF-
LUT, the nal decision map M ing IS € ortlessly obtained by integrating the se-

mantically accurate coarse-region decision map from the C-LUT with the detail-
edge decision map from D-LUT:

Mfina =B Ds(M man )+ M (15)

where Dy () represents the bilinear up-sampling operator. The fused imagesl
is then generated via pixel-wise weighted aggregation:

I+ =M final |near +(1 M final ) |far : (16)
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3.2 Loss Functions

To e ectively optimize the scale-decoupled UMF-LUT architecture, we formulate
speci ¢ learning objectives tailored to the distinct roles of the C-LUT and D-
LUT. The respective loss functions are de ned as:

Leiut =Lvrec+ 1lbin; Lpiut =Lrec + 2Lsparse; (17)

where Liec = 3bLint + algrad + slssim denotes the fundamental unsupervised
reconstruction loss, comprising standard intensity, gradient, and structural sim-
ilarity constraints. 5 are balancing hyperparameters.

To guide the network in achieving optimal scale-decoupling, we introduce
two specialized regularization terms:

Binarization Loss. To prevent the C-LUT from outputting ambiguous inter-
mediate values in at regions and to suppress ghosting artifacts, this term forces
the coarse decision map to make decisive selections:

Loin =E M coase (I M coarse) (18)

where denotes element-wise multiplication, and E[ ] calculates the spatial ex-
pectation.

Sparsity Loss. To prevent the D-LUT from hallucinating pseudo-textures or
amplifying noise, this regularization ensures that the high-frequency residual
mask M remains zero-dominant, activating exclusively at signi cant focal
boundaries. We constrain this using the 1-norm:

Leparse = kMK 1 (19)

4 UHD-MFF Dataset

To overcome the data availability barrier, we establish the rst ultra-high-de nition
multi-focus fusion dataset, termed as UHD-MFF, which contains 1,950 pairs
of UHD images with diverse and complex scenes. As shown in Tab. 1, UHD-
MFF dataset demonstrates strong competitiveness compared with existing main-
stream datasets in terms of both resolution and scale. Representative scenes are
illustrated in Fig. 3. It consists of UHD-MFF-Real and UHD-MFF-Syn subsets.

UHD-MFF-Real. To validate generalization in practical scenarios, we metic-
ulously captured 150 real-world image pairs at 3840 2160 resolution. Strict
pixel-level alignment was ensured during acquisition. Comprehensive capture
protocols are deferred to the Supplementary Material.

UHD-MFF-Syn. Utilizing high-quality all-in-focus images from the UHD-LL
dataset [6], we adopted a depth-guided variable blur strategy to simulate realistic
defocus e ects. The simulation process is illustrated in Fig. 4. After quality
Itering, the 1,800 synthetic pairs were randomly divided into 1,500 for training
and 300 for testing.
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Table 1: Comparison of our proposed
UHD-MFF with existing multi-focus
image fusion datasets. (Resolution cor-
responds to the average of the dataset,
if not constant.)

Dataset \ Source  Resolution Pairs GT

Classic [13] Real 512 512 10 7
Lytro [19] Real 520 520 20 7
MFFW2 [28] Synthetic 600 400 13 3
MFI-WHU [32] | Synthetic 600 400 120 3
7

7

3

Real-MFF [34] Real 625 433 710

UHD-MFF-Real Real 3840 2160 150
UHD-MFF-Syn Synthetic 3840 2160 1,800

Fig. 3: Samples from UHD-MFF.

Fig. 4: UHD-MFF-Syn dataset synthesis pipeline.

5 Experiment

5.1 Experiment Settings

Implementation Details. C-LUT and D-LUT are jointly optimized within a

uni ed training framework using the AdamW optimizer. The batch size is set to

8, and the initial learning rate is xed at 1 10 ° . The loss function is formulated

as a weighted combination of multiple terms, with coe cients 1 =50, , =0:05,
3 =20, 4=0:7,and 5 = 0:8. Experiments are conducted in PyTorch on an

NVIDIA RTX 3090, with mobile deployment tested on a Huawei P60 Pro.

Datasets. We evaluate our method on our proposed UHD-MFF dataset. To
assess zero-shot generalization, the model trained exclusively on UHD-MFF-Syn
is directly evaluated on UHD-MFF-Real dataset.

Metrics. We evaluate the performance of the image fusion models using several
widely adopted objective metrics, including standard deviation (SD), sum of
correlation di erences (SCD), mutual information (MI) [22], information entropy
(EN) [24], visual information delity (VIF), quality of gradient-based fusion
(Q”B=F ) [17], average gradient (AG), and spatial frequency (SF). Higher values
of all these metrics indicate higher quality of the fusion image.

SOTA Competitors. To validate the e ectiveness of the proposed approach,
we performed comprehensive comparisons with multiple state-of-the-art image
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Fig. 5: Qualitative comparison on UHD-MFF-Syn.

Fig. 6: Qualitative comparison on UHD-MFF-Syn.

fusion methods on multiple datasets. The compared methods include task speci ¢
fusion approaches, e.g. SMFuse [16], SESF [15], DRPL [8], MSFIN-Fusion [12],
Fusion2Void [9], CCSR-Net [36], FusionGCN [20] and uni ed image fusion frame-
works, e.g. GIFNet [3], TC-MoA [37].

5.2 Qualitative Experiments

We qualitatively compare our method with nine state-of-the-art approaches
across UHD-MFF datasets. The visual results are illustrated in Figs. 5- 7. Among
them, Fig. 5 and Fig. 6 display the results on the UHD-MFF-Syn dataset. Ob-
serving the residual maps, MSFIN-Fusion struggles to preserve su cient near-
focus information, whereas SMFuse and SESF su er from severe detail loss in
far-focus regions. TC-MoA exhibits a relatively uniform information loss across
the entire image. Fig. 7 visualizes the results on the UHD-MFF-Real dataset.
Although GIFNet retains details reasonably well, its fused results su er from
signi cant luminance and color distortions. As clearly seen in Fig. 7, GIFNet
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