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Animated texture replacement is an important research problem in computer graphics and digital content
generation. Its core challenge lies in simultaneously ensuring spatial continuity, temporal consistency, and
lighting stability during texture stitching. Traditional texture synthesis methods are primarily designed for static
images, and their direct application to animation sequences often leads to seam jitter, texture flickering, and
lighting drift, thereby degrading visual quality. To address these limitations, this paper proposes a Graphcut-
based animated texture replacement method. Within a block-level texture synthesis framework, the proposed
approach constructs a pixel-level energy function and employs a Maximum Flow–Minimum Cut model to
determine globally optimal seams in overlapping regions, thereby ensuring spatial consistency. Furthermore,
temporal consistency constraints are introduced to suppress inter-frame texture fluctuations, while a customized
lighting model maintains stable and controllable illumination throughout continuous animation sequences. To
accelerate the computationally intensive block matching stage, CUDA-based parallel processing is incorporated,
significantly improving execution efficiency. Experimental results demonstrate that the proposed method
achieves an average Temporal Difference Error (TDE) of approximately 2.3, representing about a 61% reduction
compared with the best-performing baseline method, while also achieving the lowest Temporal Illumination
Variance (TIV), indicating superior temporal stability and illumination consistency. Overall, the proposed
framework provides high-quality texture synthesis with improved computational performance, making it
suitable for texture replacement tasks in complex animation scenes.
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1. Introduction

With the rapid development of digital media technology
and computer graphics, the demand for high-quality tex-
ture compositing and replacement technologies in fields
such as animation production, film and television special ef-
fects, and virtual reality is increasing [1, 2]. Texture, as one
of the most important visual elements in images and ani-
mation, directly affects the realism and artistic expression
of a scene [3]. Therefore, how to achieve efficient, natural,

and controllable texture replacement while ensuring visual
quality has become an important research topic in the fields
of computer graphics and digital content generation [4].

Early texture compositing research focused on static
images, where sample-based methods generated arbitrary-
sized textures by analyzing local texture features but often
produced visible stitching artifacts [5, 6]. To address this
limitation, image quilting introduced optimal seam search-
ing in overlapping regions, while subsequent shortest-path
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and dynamic programming-based seam optimization meth-
ods further improved texture stitching quality by reducing
boundary discontinuities [7]. Building upon this founda-
tion, the Graphcut algorithm, due to its globally optimal
energy minimization characteristic, has been introduced
into the fields of texture synthesis and image editing [8,
9]. By modeling overlapping regions as a graph and ap-
plying the maximum flow–minimum cut algorithm, the
Graphcut method identifies the global minimum-energy
seam, automatically avoiding high-discrepancy regions
and significantly improving stitching naturalness [10]. As
texture synthesis extends from static images to animation
sequences, maintaining both spatial consistency and tem-
poral stability becomes a major challenge. Independent
frame-by-frame synthesis often causes temporal flickering,
seam jumps, and texture wandering, degrading anima-
tion quality [11]. Existing video texture transfer methods,
including PatchMatch and Poisson fusion, reduce stitch-
ing artifacts but still suffer from texture drift due to the
lack of explicit temporal consistency constraints. In addi-
tion, most existing approaches assume constant lighting
conditions and cannot effectively model dynamic illumi-
nation, resulting in brightness inconsistencies and lighting
drift. Therefore, incorporating a controllable and stable
illumination transfer mechanism is essential for improving
the realism and quality of animation texture replacement
[12]. Although Graphcut-based texture synthesis achieves
high-quality results, its computational complexity limits
efficiency in high-resolution animation. To address this, the
proposed framework integrates Graphcut energy minimiza-
tion, block-level texture synthesis, temporal consistency
constraints, and a customized lighting model to suppress
seam jitter and texture flickering, preserve target illumina-
tion and structural features, and improve visual realism
and robustness under complex lighting conditions.

2. Material and methods

2.1. Texture Synthesis Method Based on Graph Cut Opti-
mization

In texture synthesis tasks, to achieve natural and contin-
uous stitching effects, the image reconstruction problem
can be transformed into an energy minimization problem
in graph theory. This method uses pixels as the basic unit,
treating each pixel in the image as a node in a graph struc-
ture, and establishing edge connections between adjacent
pixels based on spatial adjacency. Simultaneously, two
virtual nodes—source node S and sink node T—are intro-
duced, representing pixel affiliations from different texture
regions, respectively [13, 14].

In the constructed graph model, each pixel node is not

only connected to its neighboring pixels but also to S and T,
forming a weighted directed graph. The overall optimiza-
tion objective can be expressed as minimizing the following
energy function:

E(L) = ∑
p∈Ω

Dp
(

Lp
)
+ ∑

(p,q)∈N
Vpq

(
Lp, Lq

)
(1)

Where: Ω represents the set of image pixels; Lp ∈ {S, T}
is the label of pixel p, indicating whether it belongs to the
source texture or the target texture; Dp

(
Lp

)
is a data term

used to measure the matching error caused by pixel p se-
lecting label Lp; N is the set of pixel adjacency pairs; Vpq(·)
is a smoothing term used to penalize cases where adjacent
pixels are assigned to different regions. In texture composi-
tion, data items are typically defined based on pixel color
differences or local feature similarity, for example:

Dp(S) = ∥I1(p)− I(p)∥2 , Dp(T) = ∥I2(p)− I(p)∥2 (2)

Where I1 and I2 represent two textures to be stitched
together, and I(p) is the current composite result. The
smoothing constraint term can be written as:

Vpq
(

Lp, Lq
)
=

{
0, Lp = Lq,

∥I(p)− I(q)∥2, Lp ̸= Lq. (3)

By mapping the energy function to the weights of edges
in the graph, the problem is ultimately transformed into
finding the minimum cut from the source point S to the
sink point T . The Maximum Flow-Minimum Cut algorithm
models the overlapping region as a weighted graph to iden-
tify the globally optimal seam, avoiding high-discrepancy
areas and ensuring smooth boundary transitions and struc-
tural continuity. During animation, temporal consistency
aligns textures between consecutive frames using optical
flow, while Graphcut computes the optimal seam and min-
imizes inter-frame appearance differences. This joint op-
timization suppresses seam jitter and texture flickering,
preserves seamless texture transitions, and enables natural
texture deformation with object motion while maintaining
Graphcut-based spatial optimality.

2.2. Temporal Consistency Smoothing for Flicker Sup-
pression

Let Tt(x, y) denote the synthesized texture at frame t, and
Tw

t−1(x, y) represent the previous frame warped to the cur-
rent frame using the estimated motion field. The tempo-
rally smoothed texture is computed as:

Tsmooth
t (x, y) = αTt(x, y) + (1 − α)Tw

t−1(x, y) (4)

where 0 ≤ α ≤ 1 is the temporal smoothing coefficient
controlling the balance between the current synthesized
texture and the motion-compensated previous frame. A
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larger α preserves current-frame details, whereas a smaller
value increases temporal stability. The temporal consis-
tency objective is formulated as:

Etemp = ∑
(x,y)∈Ω

∥∥Tt(x, y)− Tw
t−1(x, y)

∥∥2 (5)

where Ω denotes the synthesized texture region. Min-
imizing Etemp reduces inter-frame intensity variations
while preserving spatial texture structures. The final opti-
mization combines spatial Graphcut energy with the tem-
poral consistency constraint:

Etotal = EGraphcut + λtEtemp (6)

where λt controls the contribution of temporal smooth-
ing. This joint optimization suppresses texture flickering,
seam jitter, and brightness fluctuations across consecutive
animation frames while preserving the high-quality spa-
tial stitching produced by the Graphcut algorithm. The
Graphcut-based texture synthesis method can be broadly
divided into two key stages: candidate block position
search and optimal seam determination. In the candidate
position matching stage, a scanline strategy is used to tra-
verse the edges of the synthesized region, evaluating all
possible overlapping placement positions. Based on the
difference metric between the sample texture in the over-
lapping region and the current texture, the position with
the smallest error is selected as the stitching candidate re-
gion [15]. Candidate overlap regions are evaluated using
overlap similarity, and the region with the lowest match-
ing error is selected, improving spatial alignment, block
placement, and overall texture synthesis uniformity. The
proposed framework integrates spatial continuity, tempo-
ral consistency, and lighting stability to minimize stitching
artifacts, suppress seam jitter and texture flickering, main-
tain consistent illumination, and generate visually coherent,
temporally stable, and realistic texture synthesis results.

2.3. Parallelization Optimization Strategy for Texture
Synthesis Based on Runtime Bottleneck Analysis

Fig. 1 illustrates the elapsed time and runtime percentages
for different processing stages across all procedures. Stage 1
dominates the execution time, contributing approximately
72–79 s of the total elapsed time, while Stage 2 and op-
erations require only a small additional processing time,
resulting in total execution times ranging from 76 to 83 s.
The runtime percentages remain highly consistent, with
Stage 1 varying between 1.51% and 1.75% and Stage 2 be-
tween 3.01% and 3.25%, indicating stable computational
behaviour. Overall, the average execution time is approx-
imately 79 s, demonstrating that the proposed approach

maintains efficient and reliable performance with minimal
variation across all procedures. Therefore, the proposed
method selectively applies CUDA-based parallelization to
the candidate matching stage, enabling concurrent evalua-
tion of multiple candidate regions and significantly reduc-
ing overall processing time without compromising synthe-
sis quality. Therefore, the overall performance bottleneck is
concentrated in the search for the optimal placement of tex-
ture blocks. This stage requires repeated calculation of over-
lap errors over a large number of candidate regions, lead-
ing to a significant increase in computational load. There-
fore, parallelization improvements for this module have
the most significant acceleration potential. The overlap
parameter directly influences seam quality, texture conti-
nuity, and computational cost in Graphcut-based texture
synthesis. A larger overlap region provides more match-
ing information, enabling lower-energy seam selection and
improved boundary smoothness and structural continuity,
but increases graph construction, optimization complexity,
memory consumption, and runtime. Conversely, a smaller
overlap reduces computational cost but may introduce vis-
ible stitching artifacts. GPU thread synchronization after
each candidate distance computation ensures reliable re-
sult aggregation, balanced workload distribution, efficient
resource utilization, and improved overall CUDA-based
texture synthesis performance. After extensive evaluation
on multiple texture samples, an overlap value of 36 pixels
was selected as the optimal balance between visual quality
and execution efficiency.

2.4. A Controllable Texture Synthesis Method Based on
Illumination Constraints

The proposed method integrates an illumination constraint
mechanism into the Graphcut framework by extracting lo-
cal illumination from natural images and incorporating it
into texture synthesis. This enables adaptive lighting mod-
eling while preserving texture structure, resulting in im-
proved brightness consistency, shadow preservation, light-
ing controllability, operational efficiency, and visual realism
under specified illumination conditions.

Fig. 2 illustrates the controlled-light texture synthesis
process. The algorithm first identifies the target region for
texture replacement and estimates the local illumination
distribution from a reference image. The extracted lighting
information is then incorporated into the texture synthesis
process, jointly guiding texture block selection and stitch-
ing to preserve structural continuity while matching the
specified lighting pattern. This approach enables realistic,
controllable texture replacement with consistent illumina-
tion throughout the synthesized region.
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Fig. 1. Statistical chart of running time for each stage.

Fig. 2. Flowchart of the lighting customization algorithm.

1. Target Region Determination

The first step in controlled illumination texture syn-
thesis is to determine the target region in the origi-
nal image I that needs to be replaced. This region is
usually marked by the user using a binary mask to
indicate the location of the texture to be synthesized.
As shown in Fig. 2, the mask region corresponds to
the part of the image where the lighting effect is to be
regenerated. Using this mask, a set of target regions
can be obtained.

2. Illumination Distribution Modeling

To transfer the illumination features from the refer-
ence image to the target region, it is necessary to first
estimate the illumination distribution from the illumi-
nation sample image E.

3. Texture Composition under Illumination Constraints

After obtaining the reference illumination map Φ, it
needs to be fused into the texture composition process
of the target region. Let the final output region be O,
where the region to be replaced satisfies

LO(x, y) = f (LI(x, y), Φ(x, y)) (7)

Where LI(x, y) is the grayscale value of the original
image at position ( x, y ), and the function f(·) is used to
adjust the weight relationship between texture details and
target lighting. A common form can be written as

LO(x, y) = λΦ(x, y) + (1 − λ)LI(x, y), 0 ≤ λ ≤ 1 (8)

The parameter λ controls the intensity of the light mi-
gration. When λ is large, the output region tends to be
closer to the reference lighting distribution; when it is small,
more original texture features are preserved. The illumina-
tion mapping function adaptively transfers the reference
lighting characteristics to the synthesized texture while
preserving its underlying structural and texture features.
By integrating adaptive brightness compensation with the
lighting model, the proposed method maintains illumi-
nation consistency across consecutive frames, facilitates
natural visual transitions, and improves long-term render-
ing stability throughout the animation sequence. After
estimating the illumination features of the target region,
the next step is to perform texture synthesis within that
region and further apply illumination transformations to
generate the final output. First, a structurally continuous
synthetic texture region is obtained based on the Graphcut
texture stitching strategy. Then, its brightness distribution
is adjusted using a lighting mapping model to conform to
the pre-defined target illumination conditions. The output
region of this process is denoted as O. The proposed illumi-
nation mapping framework estimates the local illumination
distribution and applies illumination transfer only to the
segmented target region. For irregular regions, illumina-
tion is generated within the minimum bounding region and
masked according to the object boundary, preserving the
original lighting pattern without affecting surrounding ar-
eas. Combined with Graphcut seam optimization, it main-
tains structural continuity and smooth illumination tran-
sitions across region boundaries. Brightness adaptation is
achieved by modifying only the Value (V) component in the
HSV color space while preserving the Hue (H) and Satura-
tion (S) components, ensuring color consistency and visual
fidelity. Unlike conventional methods that rely on fixed
brightness adjustment or frame-independent illumination
mapping, the proposed approach adaptively transfers local
lighting characteristics while preserving texture structure.
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Together with temporal consistency constraints, it main-
tains stable brightness across consecutive frames, reduces
lighting flicker and drift, and produces more realistic tex-
ture appearance under dynamically changing illumination
conditions. In addition to visual quality assessment, this pa-
per also conducted a statistical analysis of the algorithm’s
runtime, the results of which are summarized in Table 1.
Experiments show that the overall computational cost did
not increase significantly after introducing the lighting cus-
tomization module. Even under high-resolution image
conditions, the time consumed by the illumination trans-
fer part is only about 12% of that of the original Graphcut
texture synthesis algorithm, indicating that the method
can maintain high-quality synthesis results while incurring
only a small additional computational cost. Each experi-
ment was repeated 10 independent times under identical
hardware and software configurations.

2.5. CUDA-Based Acceleration Strategy for Key Stages
of Texture Synthesis

The proposed CUDA acceleration focuses on the texture
block position evaluation module by parallelizing the dis-
tance computation of overlapping texture candidates. A
hybrid CPU–GPU architecture is adopted, where the CPU
manages synthesis iterations, memory allocation, and ker-
nel scheduling, while the GPU performs large-scale par-
allel evaluation of candidate texture blocks. By distribut-
ing computations across thousands of GPU threads, the
method significantly reduces the Graphcut matching bot-
tleneck, improves throughput, efficiently processes high-
resolution textures, and substantially decreases overall ren-
dering time while maintaining synthesis quality. Therefore,
the proposed framework adopts a CPU–GPU collaborative
architecture, where the CPU manages scheduling, sequen-
tially launches GPU parallel kernels, and updates synthesis
results after each iteration to maintain structural and vi-
sual consistency throughout the texture synthesis process.
The proposed CUDA-based optimization reconstructs the
overlap distance computation of the original texture syn-
thesis algorithm through parallel processing. Two CUDA
parallelization strategies are proposed. The first acceler-
ates single candidate evaluation by parallelizing pixel-level
overlap distance calculations on the GPU, while the second
performs simultaneous evaluation of multiple candidate
positions, with each thread block processing one or more
candidate regions to improve overall throughput. These
strategies represent pixel-level and candidate-level paral-
lelism, respectively, and Fig. 3 illustrates the CPU–GPU
scheduling, GPU kernel execution, and integration with
subsequent texture stitching.

Fig. 3. The original CPU step flow area (left) and the
enhanced parallelized step flow region (right) are depicted.

3. Results and discussion

The proposed interactive animation texture replacement
system integrates image segmentation, automatic texture
recommendation, and texture synthesis into a unified work-
flow. A large-scale texture database containing approxi-
mately 15,000 high-quality 96 × 96 texture samples, col-
lected from multiple image sources and categorized by
material type, supports diverse creative applications and
accurate texture replacement. Figure 4 shows single-region
texture replacement results, where semantic texture rec-
ommendation provides multiple candidate schemes, en-
abling users to generate visually appealing textures with
artistic quality comparable to the original images. The
proposed framework enables efficient multi-region texture
replacement through semantic texture recommendation
and a material-based texture database. By integrating seam
optimization, illumination mapping, spatial continuity, and
temporal coherence, it preserves structural continuity and
lighting consistency, suppresses stitching artifacts, texture
drift, and flickering, and improves the visual quality and
perceptual realism of animation texture synthesis.

Fig. 4 presents keyframes (Frames 1, 10, 20, and 40) from
a continuous animation sequence, demonstrating that the
proposed method maintains stable texture structure dur-
ing character motion. The Graphcut optimal seam search
preserves spatial continuity by avoiding high-discrepancy
regions, while the customized lighting model and tem-
poral consistency constraints maintain stable brightness
distribution across consecutive frames, effectively sup-
pressing seam jumps, texture drift, flickering, and light-
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Table 1. Runtime comparison under different output resolutions (unit: seconds).

Output Original Graphcut Lighting Customization Total Time Lighting
Size Time (s) Time (s) (Proposed) (s) Ratio (%)
512 × 512 8.42 ± 0.11 0.91 ± 0.03 9.33 ± 0.12 10.8
768 × 768 15.76 ± 0.19 1.88 ± 0.05 17.64 ± 0.20 11.9
1024 × 1024 28.35 ± 0.28 3.47 ± 0.07 31.82 ± 0.30 12.2
1280 × 1280 46.10 ± 0.41 5.92 ± 0.09 52.02 ± 0.43 12.8

Fig. 4. Experimental results of texture replacement in
animation sequences.

ing drift. Fig. 5 compares the Temporal Difference Error

Fig. 5. Temporal Differential Error (TDE) of different
methods in animation sequences.

(TDE) of the proposed method with Graphcut, Poisson
fusion, and PatchMatch. TDE, computed using optical
flow-based alignment and pixel-wise brightness differences
between consecutive frames, measures inter-frame consis-
tency, where lower values indicate better temporal stability.
The Graphcut, Poisson fusion, and PatchMatch methods
exhibit higher TDE values due to texture jumps, brightness
drift, and texture wandering, respectively. In contrast, the

proposed method maintains the lowest and smoothest TDE
curve throughout the animation sequence, demonstrating
superior temporal coherence, reduced texture flickering,
seam instability, and brightness fluctuations during contin-
uous animation generation.

Fig. 6. Dynamic lighting consistency in an animation
sequence.

Fig. 6 demonstrates the dynamic lighting preservation
capability of the proposed method using Temporal Illu-
mination Variance (TIV), where lower TIV values indicate
better lighting consistency. Methods without lighting con-
straints exhibit significant brightness drift, while traditional
lighting transfer methods still produce temporal fluctua-
tions during animation. In contrast, the proposed method
maintains stable brightness distribution across consecutive
frames, ensuring consistent illumination without flicker-
ing or sudden brightness changes, and achieves the lowest
TIV value compared with the no-light control and tradi-
tional light migration methods. Temporal Illumination
Variance (TIV) is quantified as the variance of the HSV
Value (V) channel across consecutive animation frames to
measure frame-to-frame illumination fluctuations. Lower
TIV values indicate reduced brightness drift and more sta-
ble lighting transitions, demonstrating the effectiveness of
the proposed illumination adaptation strategy in maintain-
ing consistent visual appearance throughout the animation



Journal of Applied Science and Engineering 34 (2026) 26034056 7

sequence.

Fig. 7. Ablation experiment of animation texture
replacement method.

Fig. 7 presents the ablation study of the proposed anima-
tion texture replacement method by disabling the Graphcut
seam optimization, lighting control, and temporal consis-
tency modules individually. Removing Graphcut causes
seam discontinuities and structural damage, removing
lighting control leads to brightness inconsistency and light-
ing drift, and removing temporal consistency results in
inter-frame flickering and unstable texture details. In con-
trast, the complete model integrates Graphcut optimal
seams, customized lighting mapping, and temporal consis-
tency constraints to maintain stable texture structure, con-
sistent illumination, and effectively suppress seam jumps,
brightness drift, and temporal flicker.

Analysis of Individual Module Contributions: The
ablation study demonstrates the complementary roles of
the three proposed modules. The Graphcut optimization
module primarily improves seam smoothness and struc-
tural continuity by identifying globally optimal stitching
paths. The lighting customization module preserves con-
sistent brightness distribution across synthesized textures
under varying illumination conditions, while the temporal
consistency module minimizes inter-frame texture varia-
tions to suppress flickering and texture drift. The complete
framework, integrating all three modules, achieves the
best overall performance by simultaneously maintaining
seamless texture boundaries, stable illumination, and high
temporal coherence throughout the animation sequence.

Fig. 8 compares seam locations produced by the di-
rect rectangular stitching, DP-based seam search, and the
proposed Graphcut seam optimization methods. The di-
rect stitching method generates straight seams that often

Fig. 8. Visualization of seams using different texture
splicing methods.

cross significant texture changes, resulting in visible stitch-
ing boundaries. The DP-based method reduces this issue
but may still create local discontinuities due to its lim-
ited search direction. In contrast, the proposed Graph-
cut method uses a pixel-level energy function and a max-
imum flow–minimum cut model to globally identify the
minimum-energy seam, enabling seams to avoid major tex-
ture variations and achieve smoother, more natural texture
transitions.

Memory Consumption Analysis: The proposed Graph-
cut seam optimization requires slightly higher memory
than the DP-based method due to its pixel-level graph con-
struction. However, the additional memory is confined to
the local overlapping region, making it practical for high-
resolution texture synthesis while providing superior seam
quality, spatial continuity, and structural preservation.

Practical Deployment Limitations: The CUDA-based
acceleration framework significantly reduces computa-
tional cost but relies on CUDA-compatible NVIDIA GPUs
with sufficient memory and parallel resources. Perfor-
mance may be affected by CPU–GPU data transfer, GPU
memory limitations, and synchronization overhead. Never-
theless, it provides an effective balance between computa-
tional efficiency and synthesis quality, making it well suited
for offline animation rendering and high-performance pro-
duction pipelines.

4. Conclusion

This paper addresses common problems in animation tex-
ture replacement, such as discontinuous seams, temporal
flicker, and illumination drift, and proposes a graphcut-
based animation texture replacement method. By con-
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structing a pixel-level energy function and introducing a
maximum flow-minimum cut model, a globally optimal
seam search in overlapping regions is achieved, providing
a stable spatial structure foundation for texture synthesis.
Furthermore, this paper incorporates temporal consistency
constraints to effectively suppress texture jitter and flicker
in consecutive animation frames; simultaneously, a cus-
tomized illumination model is introduced to ensure that
the synthesized texture maintains a stable and controllable
brightness distribution throughout the animation sequence.
To address the high computational complexity of the algo-
rithm, this paper designs and implements a CUDA-based
parallel acceleration scheme, significantly improving op-
erational efficiency while maintaining synthesis quality.
Experimental results show that the proposed method out-
performs several comparative methods in terms of tem-
poral difference error and illumination stability, achieving
high-quality and stable texture replacement effects in com-
plex animation scenes. Future work will further explore
the integration of more complex illumination models and
learning-based methods to enhance the algorithm’s adapt-
ability in real-world dynamic scenes.
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