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Abstract

When reconstructing extensive terrain, it is essential to partition it into smaller

tiles for individual processing. This paper introduces a texture reconstruction

approach that ensures seamless and consistent final outputs, even when pro-

cessed tile by tile. Among the stages of multi-view image-based reconstruction,

texture reconstruction presents significant challenges during tile-based proces-

sing. Relying solely on local tile-level data complicates achieving precise tex-

ture mapping. The absence of occlusion details between tiles can lead to

selecting incorrect images as the best visible ones or adjusting tile texture

colors differently, resulting in noticeable grid-like texture seams in the final

result. To mitigate these issues, we leverage global depth maps to accurately

detect occlusions between neighboring tiles. Furthermore, by utilizing a shared

texture candidate list, we establish uniform targets for texture color correction

across tiles. Experimental findings demonstrate that leveraging global informa-

tion for texture reconstruction on a tile-by-tile basis enables the creation of

smooth and realistic texture maps, as validated through comparisons with

existing methodologies.

KEYWORD S
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1 | INTRODUCTION

Three-dimensional reconstruction can be achieved
through a variety of offline and online pipelines that uti-
lize multi-view images or 3D sensor data. Key processes
in this domain include camera pose estimation [1], 3D
geometry generation using multi-view stereo (MVS) tech-
niques [2,3], and mesh reconstruction via either implicit
[4,5] or explicit methods [6,7]. Recent advances in deep
learning have significantly enhanced the accuracy of
multi-view camera pose estimation and 3D shape

inference from single or multiple images, as well as point
clouds [8–12]. A critical final step in these pipelines is tex-
ture reconstruction, which plays a vital role in enhancing
the realism of the final 3D model. To accurately represent
an object, the original image must be precisely mapped
onto the reconstructed model using high-quality texture
data. While numerous texture reconstruction techniques
exist, this paper presents an advanced method specifically
designed for large-scale terrains.

The increasing popularity of digital twins for terrains
and immersive metaverses has heightened the demand
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for highly accurate terrain reconstruction models that
closely resemble real-world landscapes. A notable charac-
teristic of these models is their coverage of extensive
areas, which poses challenges due to the substantial vol-
ume of input data that must be processed and the signifi-
cant size of the geometry to be reconstructed, resulting in
resource constraints during processing. To tackle this
issue, we adopted a method that divides large terrains
into smaller rectangular tiles for more manageable
processing.

For each tile, we employed a well-established high-
quality reconstruction pipeline comprising several key
steps. First, the structure from motion (SfM) [1] method
estimates the camera parameters from drone-captured
images to efficiently capture the expansive terrain from
above. This is followed by MVS [13], which generates a
dense point cloud, and Poisson surface reconstruction [4],
which performs meshing. This approach aligns with the
prevalent pipeline introduced by Liu et al. [14] for recon-
structing large-scale outdoor scenes and is also the
method adopted by many commercial reconstruction
software applications today.

However, the final stage of Liu et al.’s pipeline
employs MVS-Texturing [15], which proves inadequate
for large-scale terrain texture reconstruction. As elabo-
rated in subsequent chapters, processing extensive scenes
necessitates partitioning large areas into manageable
tiles. This method introduces two main challenges: Indi-
vidual tile processing can lead to visibility check errors
due to occlusions between adjacent tiles, and the simulta-
neous rendering of reconstructed tiles may reveal seams
from discrepancies in texture color. These issues arise
from local color correction in tile-based texture recon-
struction, which often overlooks global color information
from neighboring tiles.

To address these challenges, we propose an
advanced texture reconstruction method that effectively
processes large-scale terrains in tiles. Our approach is
versatile and capable of achieving high-quality texture
reconstruction for both smaller objects and human fig-
ures as well.

2 | RELATED WORKS

Texture reconstruction approaches can be broadly catego-
rized into two types based on the number of source
images used to create a texture map for a single face. One
approach involves blending two or more input multi-
view images, while the other selects the optimal image
from the input set for mapping. This section revisits vari-
ous related approaches that generate realistic texture
maps based on these classification criteria.

2.1 | Blending-based method

The blending-based method offers a rapid and straight-
forward approach to synthesizing texture maps by effec-
tively blending multi-view images. A significant
advantage of this method is its ability to create seamless
texture maps, smoothing out color variations resulting
from lighting effects or differences in camera intrinsic
values when blending multiple images. While these
methods primarily focus on blending multiple images
using various weighted average strategies [16–18], they
are susceptible to issues such as ghosting artifacts due to
errors in camera estimation or geometry, as well as loss
of detail during the blending process from multiple
sources. Some approaches have attempted to mitigate
these issues by segmenting input images into frequency
bands and blending them with different weighting strate-
gies [19,20], but these challenges have not been fully
resolved. Despite these challenges, the simplicity and sta-
bility of the multi-band blending method have led to its
adoption in commercial software such as Metashape [21]
and RealityCapture [22].

In real-time reconstruction processing, this method
remains widely used and actively researched. For exam-
ple, in real-time reconstruction, color information from
input images is accumulated into a 3D voxel grid accord-
ing to predefined rules to enhance the realism of the
reconstructed geometry [23–25]. A significant drawback
of these approaches is the potential degradation in qual-
ity due to the limited texture color information that can
be stored, depending on the resolution of the voxel grid.
Recent efforts have aimed to mitigate this limitation by
separating the structures storing geometry volume and
texture information, thereby improving the quality of tex-
ture reconstruction [26,27].

2.2 | Projection-based method

The projection-based method selects the best view for
each face of the 3D geometry, avoiding issues associated
with blending but necessitating solutions for determining
the optimal view selection and correcting color discrep-
ancies between faces captured from different views. Due
to variations in shooting parameters and environmental
conditions, multi-view images may capture colors differ-
ently, leading to visible seams at boundaries where faces
with different views meet. Typically, the optimal view is
selected based on criteria such as frontal orientation,
proximity, and sharp focus. However, achieving color
consistency with neighboring faces requires probabilistic
considerations, often implemented using Markov random
field models [28,29]. These models focus on selecting the
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highest quality view while minimizing seams by improv-
ing data and smoothness terms.

Despite efforts to minimize seams, challenges persist
when adjacent faces selected from different views intro-
duce color correction needs or require blending boundary
pixels [28–30]. Building upon exemplary methods,
Waechter et al. introduced enhanced color correction in
MVS-Texturing [15], enabling the reconstruction of
smooth textures without visible seams, akin to reality.
This technique is recognized as a leading technology in
high-quality texture reconstruction, widely adopted as a
benchmark in numerous studies [13,31–34]. This paper
benchmarks MVS-Texturing as a primary technology and
focuses on enhancing modules, specifically addressing
the texturing challenges of large-scale terrains.

Within the texture reconstruction framework, tech-
niques for warping selected view images to align with
underlying geometry are fundamental components.
When image projection mapping distorts due to camera
drift and inaccuracies in computed geometries, mere
color adjustments or partial pixel editing prove insuffi-
cient for correction. Advanced procedures, such as warp-
ing source images to conform to geometric features or
adjusting camera parameters [35–37], are essential, par-
ticularly in real-time reconstruction pipelines prone to
computational errors. Conversely, in offline pipelines
leveraging accurate camera estimation and geometry pro-
cessing, emphasis on texture warping diminishes.

3 | PROBLEM OF LARGE-SCALE
TEXTURE RECONSTRUCTION

Reconstructing a large-scale area all at once poses signifi-
cant challenges due to the substantial storage capacity
required for processing high-resolution images and sen-
sor data. For example, simply loading 4000 4 K color
images would necessitate approximately 100 GB of mem-
ory resources, with additional capacity needed for proces-
sing. While advancements in hardware processors and
resource capacities might suggest a resolution to this
issue, the increasing demand for 3D immersive metaverse
spaces and the proliferation of digital clones in virtual
worlds indicate that the need for 3D reconstruction will
also grow proportionally. Therefore, despite improve-
ments in hardware capabilities, this challenge is expected
to persist.

3.1 | Tiling

To address this issue, we opted to partition the large-scale
area into manageable tiles for independent processing.

This approach mitigates concerns about inadequate com-
puting resources, as the required capacity for processing
remains modest and consistent, regardless of the area’s
size. Figure 1 illustrates the complete process of segment-
ing the large area into tiles. Following logical partition-
ing, each tile undergoes individual dense point, mesh,
and texture reconstruction. Each module has been metic-
ulously designed to ensure seamless integration within a
tile-based processing framework.

The tiling process involves spatially dividing tiles and
selecting relevant input data. First, tiles are created as
empty cuboid boundaries based on the desired accuracy
of the reconstruction result. These boundaries will later
serve as effective buckets for reconstructing points,
meshes, and textures. Next, it is essential to select and
assign relevant input images for each tile. Only inputs
providing relevant information for the specific tile should
be selected, while excluding those that are not visible or
too distant.

Figure 2 illustrates the process of dividing a large-
scale area into cuboid tiles of desired dimensions and
assigning selected input data to each tile. The

F I GURE 1 Tiling system overview.

F I GURE 2 Tiling and assigning inputs.
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experimental dataset pertains to an area measuring
3.682 km by 2.651 km, captured by a drone using 1659
4 K resolution images. This area was subdivided into an
8 � 6 grid of tiles. For instance, tile4_2, covering an area
of 0.464 km by 0.446 km, required processing of only
282 input images.

Tiling offers several advantages beyond resource
management. By enabling independent computations on
each tile, this approach facilitates parallel processing
across multiple systems. Furthermore, it simplifies post-
reconstruction model data management and enhances
the application of various techniques in large-scale scene
visualization. For instance, maintaining data in a parti-
tioned 3D model facilitates the implementation of
methods such as level of detail (LOD) rendering and view
frustum culling, thereby enhancing overall efficiency and
performance.

3.2 | 3D geometry reconstruction

The process of generating dense points through MVS and
subsequently constructing meshes relies on globally
available and continuous input image data. Thus, even
with tiling, seamless reconstruction of large areas is feasi-
ble. Despite the selective use of input data based on tiles,
neighboring tiles share pertinent input, facilitating
smooth connectivity in the resultant dense point set and
mesh. Both dense points and meshes intentionally extend
slightly beyond the 3D box of the tiles. Specifically,
meshes overlap by approximately 1% to obscure the visi-
bility of tile partition lines during visualization. Similarly,
dense points overlap by about 2% during meshing to align
curvature based on point normal, ensuring smoother
transitions.

3.3 | Two issues in texture
reconstruction

During the tile-based processing pipeline, challenges pri-
marily arise during the texture reconstruction phase. At
this stage, only the mesh of a single tile is accessible as
input, rather than the entire mesh, leading to a notable
absence of information regarding neighboring tiles’ mesh
data. This discontinuity between adjacent tiles gives rise
to two main issues:

The first issue is visibility check errors. Initially,
meshes are projected onto all images to compile candi-
date lists for texture mapping at the triangle face level.
The visibility check process, which verifies whether can-
didate images effectively capture the face without occlu-
sion, is critical. Figure 3 illustrates the causes of errors

encountered during tile-based visibility checks. In Image
(a), an actual image captured by Camera Ck shows signif-
icant occlusion of the hill area by buildings. However,
during the tiling process, when the region between the
hill and the buildings is divided into Tile1_1 and Tile1_2,
the texture reconstruction process for Tile1_1 loses
awareness of the buildings in Tile1_2. Consequently,
when projecting the building image from Camera Ck
onto Tile1_1, erroneous mapping of buildings onto the
hill occurs.

The second issue arises during the final stage, specifi-
cally the color adjustment process. To generate high-
quality texture maps, a projection-based method maps
one image to each face of the mesh. However, this
method often results in seams between neighboring
mesh faces due to color discrepancies. These discrepan-
cies stem from each image capturing the subject with
different color values influenced by environmental con-
ditions (weather, illumination, time variations) and
internal camera settings. Particularly when capturing
large-scale areas over extended periods, these input
images exhibit varying color values, exacerbating color
differences.

F I GURE 3 Visibility check error in tile-based processing: The

building image is projected onto the green texture of the hill,

causing it to appear white.
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The MVS-Texturing method applies vertex color
adjustments to minimize color discrepancies between
neighboring faces. However, this approach relies on hav-
ing knowledge of adjacent mesh faces and texture map-
ping details. When meshes are tiled for individual
processing, obtaining information about neighboring
meshes on other tiles and their texture specifics becomes
impractical. Consequently, while adjusting texture color
within each tile’s mesh is feasible, rectifying texture
color seams between adjacent tiles remains unachievable.
Figure 4 illustrates the outcomes of tiled texture recon-
struction using the MVS-Texturing method, clearly dem-
onstrating the issue of tiled texture color seams resulting
from information discontinuity between tiles.

Popular commercial software such as PhotoMesh and
Context Capture have adopted a different approach
known as color equalization [38,39], which also operates
at the tile level. As depicted in Figure 5, this approach
results in texture seams between tiles. Texture seams at
the tile level can lead to significant side effects during

final 3D visualization, including flickering in overlapped
areas between tiles.

It is evident that utilizing existing exemplary methods
unchanged for reconstructing textures of tiled meshes is
not feasible due to the aforementioned issues. Chapter 4
will introduce innovative approaches capable of addres-
sing these concerns, and Chapter 5 will present outstand-
ing texture reconstruction results achieved using these
novel methods.

4 | TEXTURE RECONSTRUCTION

4.1 | Technical procedure

The conventional projection–based texture reconstruc-
tion method comprises three primary steps, as depicted
in Figure 6. Firstly, all potential candidate views that
could serve as sources for the texture are enumerated for
each face. A crucial part of this step is performing a visi-
bility check to ensure that each face is sufficiently cap-
tured from the camera view without being occluded by
other objects. In the subsequent chapter, we introduce an
enhanced method involving a two-pass visibility check to
improve this process.

In the second step, the best view is selected from can-
didate views, following principles akin to MVS-Texturing.
Initially, a photo consistency check is performed on the
faces to exclude images capturing different content due
to moving objects. Subsequently, a probabilistic evalua-
tion determines the best image that is well-exposed, clear,
captured perpendicularly, and smoothly connected with
adjacent faces. The Markov random field energy formula-
tion, as proposed by Lempitsky [28], is employed for
selecting the best view.

Finally, to mitigate texture seams that the probabilis-
tic formulation cannot resolve, direct color correction
between different texture selections is performed.
Because these seam issues arise from the locality of tile-
based processing, we address this by leveraging color
information from global reference images. This approach
represents a core innovation of the texture reconstruction
method proposed in this paper, with further elucidation
provided in the subsequent chapter.

F I GURE 4 MVS-Texturing results: texture seams due to tile-

based individual processing. MVS, multi-view stereo.

F I GURE 5 PhotoMesh and ContextCapture results: texture

seams due to tile-based individual processing.

F I GURE 6 Texture reconstruction procedure original and

improved (blue).
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4.2 | Two-pass visibility check

To verify face visibility from camera views, two methods
are viable: a simple depth map check and a sophisticated
ray-triangle intersection analysis, which MVS-Texturing
favors. While the first approach of directly comparing
depth values is notably fast, its accuracy is constrained by
limitations in depth sampling. Despite its computational
intensity, the latter technique traces rays from the
camera’s perspective to faces, meticulously to determine
visibility. As illustrated in Figure 3B,C, visibility is con-
firmed when a ray intersects with the target face first,
without intersecting any other faces.

This study employs a two-step approach, as depicted
in Figure 7. The first step involves inspecting global
depth maps to roughly assess visibility across tiles. The
second step utilizes ray-triangle intersection checking to
precisely determine visibility locally.

In the first step, after completing the reconstruction
of the meshes for all tiles, it is essential to pre-generate a
global depth map based on the camera parameters of
each image. The depth maps for the entire tile mesh are
rendered on the GPU and stored according to the camera
parameters of the input images. A face is considered visi-
ble if its depth value is closer than that of the correspond-
ing depth value in the global depth map. Figure 8A
illustrates the mesh of tile 4_2 along with the cameras
mentioned in Figure 2. The 3D geometry highlighted in
red corresponds to the camera associated with the 1085th

image, while Figure 8B shows the captured input image.
Figure 8C,D compare the global depth map generated by
re-rendering all tiles with the local depth map generated
solely from tile 4_2. The pre-generated global depth map
integrates depth information from all tiles, enabling com-
prehensive global visibility checks even in the absence of
mesh data from adjacent tiles.

In the second step, we re-evaluate faces with minimal
depth differences, which are difficult to assess using the
depth map alone, through the ray-triangle inter-
section method. Figure 8A demonstrates the comparison
between the depth line from the depth map (red) and the
surface line of the 3D mesh (blue). The depth map, which
captures only the closest depth value to the camera at the
pixel level, is inherently prone to sampling errors. During
the pixel shading process in GPU rendering, only one
depth value at a specific position within the sub-pixel
area is computed and stored, making it impossible to rep-
resent varying depth values within that region.

Consequently, the blue points in Figure 9A may be
invisible in depth map checks but are deemed visible
when evaluated through ray-triangle intersection. While
the depth map records only the central depth value
(red), suggesting occlusion due to it appearing numeri-
cally farther away, the points can be visually confirmed
as visible. To address this issue, some texture techniques
opt to rely solely on ray-triangle intersection rather than
depth maps. However, we find that global depth map
checking, which incorporates information from adjacent
tiles, is essential. As a result, we implement a two-pass
approach that conducts detailed ray-triangle inter-
section checks on faces within the zone of uncertainty
(green), where sampling errors are likely to arise. The
size of this zone is defined as 0.1% of the total depth
range.

F I GURE 8 Global depth map and local depth map of tile 4_2

using 1085th camera parameters.

F I GURE 7 Two-pass visibility check.

F I GURE 9 Global depth map checking error and two-pass

visibility checking processing time.
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By applying this method, views with significant depth
differences, caused by occlusion from neighboring tiles or
other faces within the same tile, are excluded during the
first pass, greatly reducing the number of slow ray-
triangle intersection checks. Figure 9C shows a scene
containing 691 034 faces and 80 camera views. If only ray
intersection checks are performed, as illustrated in (b), it
takes 20.8 s. However, by first conducting a fast global
depth map check and limiting ray intersection checks to
faces within the zone of uncertainty, the time is reduced
to 5.97 s. Although this adds additional processing steps,
the overall time is significantly reduced.

4.3 | Color adjustment by global image
reference

To address the challenge of texture seams between tiles,
we implemented a method that utilizes global image
referencing during color adjustment operations, as briefly
introduced in the paper [40]. Instead of performing com-
putations at the pixel level, we adjusted vertex color
values within OpenGL shaders to achieve a smooth shad-
ing effect with the selected texture source. Subsequent
sections will detail the methodology for determining
appropriate vertex color values.

The procedure unfolds in two distinct phases, illus-
trated in Figure 10. Initially, we adjust the colors of
boundary vertices of texture patches, where color seams
occur, by referencing global information. A texture patch
refers to a collection of faces that share the same best
view image. Figure 11B visually represents these texture
patches, each charted by a unique color, while
(c) displays the result after image mapping. A detailed
examination in image (d) reveals significant color discon-
tinuities at the patch boundaries.

Many previous methods have focused on adjusting
vertex or pixel colors within tiles to minimize texture
color differences between patches. However, these
approaches often encountered difficulties in correcting
boundary seams between adjacent tiles. This is because
calculating texture color differences between adjacent
tiles becomes impossible when processing independently
at the tile level. To address this issue, we reused the can-
didate view list compiled during the best view selection
stage to maintain overall texture color consistency.

Figure 12 demonstrates that vertices sharing the same
position will always have a globally identical set of candi-
date view images, as determined by visibility checks, even
if they are processed separately due to tile division.
Figure 12 illustrates that boundary vertex Vk selects
view1 when it belongs to the pink patch and view2 when
it belongs to the green patch, but both patches ultimately
share the same list of six candidate views. Although the
best view may differ, the candidate view list remains
globally consistent. Based on this, we set the target tex-
ture color as the average of the pixel colors projected
from vertex Vk across all candidate views. By adjusting
the selected view’s color to match the target color, regard-
less of which patch the boundary vertex Vk belongs to,
we can prevent seams from forming at the boundaries.F I GURE 1 0 Texture color adjustment by vertex color mixing.

F I GURE 1 1 Texture seams occurring along the shape of the

texture patch.

F I GURE 1 2 Boundary and inner vertices on a patch and view

selection.
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The following Equation (1) expresses the adjustment
color VCk for the kth vertex. ICs

x,y represents the pixel
color at position (x, y), projected from vertex Vk onto the
best view image s. Similarly, ICi

x,y refers to the pixel color
projected from the ith candidate view. The variable
n indicates the sampling window size in the image. To
prevent colors from standing out in high-frequency
images, a color sampled from a specific area is utilized.
After calculating the average color of the candidate
views, serving as the target texture color, we obtain the
desired texture adjustment color VCk by subtracting the
pixel color from the currently selected view. Although
this adjustment color is later added back to the selected
view texture in the OpenGL Shader, restoring it to the
target color, it is stored per vertex for use in the subse-
quent adjustment color interpolation process.

VCk ¼
P i � candidates

i

Pn,n
x¼pxi,y¼pyi

ICi
x,y

candidatesj j �
Xn,n

x¼pxs,y¼pys

ICs
x,y ð1Þ

In the first step, we made initial adjustments to
reduce sharp seams along the boundaries of the texture
patches. In the second step, it is necessary to smoothly
interpolate the colors of the inner vertices within the
patch. Because the texture patch is a closed planar graph
without self-intersections, we employ the mean value
coordinates (MVC) technique to interpolate the adjust-
ment colors of the inner vertices [41]. The MVC method
is effective for achieving smooth color interpolation for
the inner vertices by considering their geometric relation-
ships with the boundary vertices.

Figure 13 illustrates the process of correcting the tex-
ture seam shown in (a). It includes the determination of
boundary vertex colors in (b) and the rendering of inter-
polated colors for the inner vertices in (c). Because the
adjustment colors can be negative, a gray value was
added to all colors for display purposes. However, the
experimental results indicate that the actual adjustment
color values are not as pronounced as represented in
Figure 13.

Figure 14 outlines the comprehensive process of cor-
recting texture seams depicted in (a) using our proposed

methodology, resulting in the generation of a smooth and
high-quality texture map shown in (b). Image (d) depicts
the adjustment color values of all vertices. The final out-
come (b) is achieved by adding the selected view image
from (a) with the adjustment color values from
(d) through OpenGL shading. During the final texture
saving stage, the adjustment colors of vertices and the
selected view image fragments are baked and stored.

5 | EXPERIMENTAL RESULTS

The experiment was conducted on two datasets captured
using different methods. The first dataset contains com-
plex and relatively small-scale scene data captured from
close range with angled shots, while the second dataset
consists of large-scale scene data captured vertically from
500 m above ground. These datasets were used for texture
reconstruction with RealityCapture (a blending-based
method), MVS-Texturing (a projection-based method),
and the proposed technique. The results were then com-
pared and analyzed.

Figure 15A–E show the experimental results for a
small rocky island (60 m � 70 m) located in Danyang,
South Korea, captured using 190 images at 4 K resolu-
tion. Two image sets, taken on different days, were used,
and additional images were captured to more accurately

F I GURE 1 3 Determination process of vertex adjustment

color values for a texture patch.

F I GURE 1 4 The comprehensive process of rectifying the

texture seams and rendering the resulting vertex adjustment color.
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reconstruct the pavilion on the island. However, many of
these images were taken in low-light conditions, resulting
in significant color differences between the images.
Because the island was captured from an oblique angle,
as shown in Figure 15A, occlusions occurred between the
pavilion and the surrounding peaks. For the experiment,
we divided the scene into a 2 � 2 grid (as indicated by
the red line in Figure 15A), with a tile boundary falling
near the heavily occluded pavilion area. Figure 15C,D
show texture reconstruction results using RealityCapture
and MVS-Texturing, respectively, for comparison.

RealityCapture, as mentioned in Section 2, applies a
multiband blending technique, which theoretically pre-
vents color discrepancies between tiles, despite its disad-
vantages such as low quality and ghosting artifacts.
However, as shown in Figure 15C, texture seams still
appeared between tiles due to visibility check errors,
which incorrectly incorporated unrelated view images
into the texture blending process. The MVS-Texturing
result in Figure 15D showed even more pronounced tex-
ture seams, as expected. Visibility check errors and color
correction issues led to the selection of incorrect view

images, further emphasizing the seams. On the other
hand, the proposed method (Figure 15E) produced high-
quality results without texture errors or visible seams.

Figures 15F–J present results from a larger-scale
experiment involving the Goheung region, covering an
area of 3.68 km � 2.65 km, as discussed in Chapter 3.
The region was captured vertically using a fixed-wing
drone, reducing the visibility check errors seen in the
Danyang dataset. However, temporal changes in
the scene data, due to the extended capture period, were
still evident.

Figure 15H shows the result from the RealityCapture
software. The upper image highlights a common issue
with blending-based methods: ghosting, caused by
changes in shadow positions during the long capture
period. While not directly related to tiling, this issue is
frequently cited as a limitation of blending methods. Visi-
bility check errors are visible throughout the image, such
as in the lower image where the green roof of a building
is mistakenly blended into the ground. Figure 15I shows
the results from MVS-Texturing. While ghosting is absent
in the upper image, color inconsistencies are present

F I GURE 1 5 Seamless texture reconstruction results for a complex scene: comparison with other techniques.
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between the tiles. Similar visibility check errors occurred
at tile boundaries in the lower image, where incorrect
images were mapped.

The experiment demonstrated that both traditional
blending–based and projection-based methods encounter
issues in tile-based processing, highlighting the need for

a specialized approach to avoid errors. Figures 15E,J
show that the texture maps reconstructed using the pro-
posed method were of high quality, free from errors, and
color seams.

The results in Figure 15 were zoomed in to highlight
visibility check errors, making it difficult to assess seam-
less color adjustments between tiles. Therefore, Figure 16
presents a zoomed-out view of the Goheung dataset pro-
cessed using the proposed technique. Figures 16B–D
show the same area for comparison, where the texture
seams caused by local color adjustment in MVS-
Texturing were eliminated, resulting in smooth and real-
istic textures.

Figure 17 presents the reconstructed result of Songak
Mountain Fortress in Jeju Island, captured using 2034
drone images at 4 K resolution. The entire area, measur-
ing 1151 m � 1075 m, was processed by dividing it into a
5 � 5 tile grid. Despite the tiling, the reconstruction was
clearly generated at high quality without any visible tex-
ture seams.

The proposed technique primarily utilizes face and
vertex-level computations along with OpenGL shading
functions, avoiding time-consuming operations. The most
time-consuming phase occurs during the texture packing
stage after processing is complete [42]. Table 1 below

F I GURE 1 6 Seamless texture reconstruction results for a

large-scale scene: comparison with Figure 4.

F I GURE 1 7 High-quality texture reconstruction for large-scale scene: Songak Mountain Fortress in Jeju Island 1.1 km2, processed into

5X5 tiles.

TAB L E 1 Processing time per pipeline step and experimental setup.

1. List Candidate view 2. Select The best view 3. Adjust Color seams 4. Save Texture maps (baking + packing)

5.879 s 5.995 s 4.476 s 39.524 s

Total: 44.334 second

[Experimental environment]
CPU: Intel® Core TM i9-12900L
3.20GHz
RAM: 128GB
GPU: Nvidia RTX A6000
OS: Windows 11 64bit

[Experimental data spec.]
Mesh face num: 492 905
Mesh Vertex num: 247 537
Input image num: 271
Input image resolution: 5472 � 3648

992 KIM ET AL.
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illustrates the time taken for processing tile2_2 of the
Goheung data from Figures 11 and 16 by each pipeline
step. Processing one tile of the Goheung data required an
average of approximately 50 to 60 s. The entire area, com-
prising 48 tiles and 18 506 421 mesh faces, took approxi-
mately 43 min to process.

6 | CONCLUSION

In this paper, we have presented an advanced texture
reconstruction technique tailored for large-scale scenes,
utilizing tile-based processing to effectively address visi-
bility check errors and texture seams. By leveraging a
global depth map, we ensured comprehensive visibility
information across the entire scene despite processing
each tile locally. Additionally, we utilized a universally
shared texture candidate list to prevent texture seams
caused by discontinuities between tiles. Our method,
which employs a one-source projection-based approach
without blending, has been empirically validated to gen-
erate high-quality texture maps.

As discussed, tile-based processing is crucial for man-
aging large-scale scenes, requiring the development of spe-
cialized techniques to ensure seamless connectivity in the
final output. Moving forward, our future research will con-
tinue to explore and expand upon technologies suitable for
tile-based processing throughout the entire 3D reconstruc-
tion pipeline. Specifically, we are focused on employing
deep learning techniques to achieve smooth surface recon-
structions that seamlessly bridge across tiles.
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