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Abstract 
 
It is desirable that a 3D city model at level of detail 2 (LOD2) has texture images mapped on building surfaces. Owing to the cost of 
image collection, it would be the best way to use aerial images for texture mapping at present. Although aerial oblique images provide 
higher-resolution texture images, using aerial oblique images has a major issue of occlusion. Accordingly, we develop software for 
texture mapping to a 3D city model using aerial nadir and oblique images, aiming to minimize the impact of occlusion. The software 
designed to be used in ordinary operation includes the features of automatically detecting occlusions on building surfaces within images 
by utilizing the geometry of a 3D city model and automatically selecting appropriate oblique and nadir images for texture mapping. 
The major feature of the developed software is its ability to process grid by grid on a building surface. The validation experiment 
results confirm the software's satisfactory performance in practice. Moreover, the experiment results indicate that the performance of 
the software depends on the ability of a 3D city model to represent buildings. Since we have recognized that it would be effective if 
each pixel of a texture image has its own resolution, we plan to modify the software so that each pixel can have its own resolution. 
 
 

1. Introduction 

3D city model data in more than 250 Japanese cities is currently 
provided by Project PLATEAU, which is a project started by the 
Ministry of Land, Infrastructure, Transport and Tourism of Japan 
(MLIT) in 2020. The project aims to construct 3D city models as 
a platform for urban activities, provide 3D city model data as 
open access data, and promote the utilization of 3D city models 
(MLIT, 2025a). 
 
Project PLATEAU recommends that a 3D city model at level of 
detail 2 (LOD2) should have texture images mapped on building 
surfaces to make the appearance of buildings of the 3D city 
model realistic (MLIT, 2025b). At present, the production of a 
3D city model with texture in Japan utilizes mostly aerial nadir 
images, which provide the geometry of a 3D city model from the 
aspect of the production cost of a 3D city model. 
 
The photorealistic 3D city models are utilized in various 
geospatial applications related to virtual city tourism, 3D GIS, 
urban planning, and real estate management. Texture images 
mapped on building surfaces of a 3D city model are utilized not 
only for providing a realistic appearance but also for enabling 
some analyses, such as investigating stories of a building and 
detecting doors and windows on a building façade. 
 
Texture images of most 3D city model data in Japan have been 
produced using the aerial nadir images collected for producing 
3D city models However, Ishikawa et al. (2025) demonstrated 
that the resolution of a texture image produced using such aerial 
nadir images would be insufficient for detecting doors and 
windows on a building façade. On the contrary, they suggested 
that the resolution a texture image produced using aerial oblique 
images would be sufficient using the resolution of a texture image 
produced using such aerial sufficient for detecting doors and 
windows on a building façade. 
 

However, using an oblique image for texture mapping has a 
major issue that occlusion caused by buildings on the side of a 
camera in an oblique image may occur more frequently than in a 
nadir image. Additionally, occlusion would be unavoidable in 
texture mapping of building surfaces in a built-up area. Figure 1 
illustrates an oblique image that exhibits occlusions. 
 

 
Figure 1.  Occlusions in an aerial oblique image 

 
On ensuring the sufficient resolution of a texture image, the use 
of UAV images or terrestrial images would be one of the means 
to solve the issue of occlusion in texture mapping using aerial 
oblique images. However, owing to the cost of image collection, 
we consider that it would be the best way to use aerial images for 
texture mapping at present. 
 
Accordingly, we decided to develop software that will use both 
aerial nadir and oblique images for texture mapping on a single 
surface, aiming to minimize the impact of occlusion. The 
software is designed to be used in ordinary operation. The 
software will include a feature that detects occlusions on building 
surfaces within images by utilizing the geometry of a 3D city 
model. It will also automatically select appropriate oblique and 
nadir images for texture mapping. 
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There are some studies on producing a texture image of a 3D city 
model (He et al., 2022, Buyukdemircioglu and Oude Elberink, 
2024). He et al. (2022) presented a framework to produce a 
texture image using terrestrial images. We judged that their 
framework would be too complicated and highly time-consuming 
to ensure the performance of the software using aerial images in 
ordinary operation. Buyukdemircioglu and Oude Elberink (2024) 
proposed an automated method for automated texture mapping of 
3D city models from nadir and oblique aerial imagery. The 
proposed method selects the optimal image based on the visibility 
of the whole of the building surface. Since there are some 
building surfaces, a part of which is occluded in urban areas, we 
decided that our software does not adopt their proposed method. 
 
The paper presents the outline of the processing of the developed 
software and the outline of an experiment conducted for 
investigating the validity of the developed software. 
 

2. Outline of the processing of the developed software 

Most current software for automatic texture mapping of building 
surfaces in a 3D city model using aerial images is designed to use 
only aerial nadir images. On the contrary, our developed software 
uses aerial nadir and oblique images collected by a multi-
directional camera system such as the Vexcel Imaging UltraCam 
Osprey 4.1 and the Leica CityMapper-2 to reduce the effect of 
occlusion. Therefore, the software requires some complicated 
processing as mentioned below. 
 
Figure 2 shows the basic concept of using a nadir and oblique 
image for texture mapping against occlusion. The upper part of 
the texture image on the left façade of the right building is 
produced using an oblique image, while the lower part is 
produced using a nadir image. 
 

 
Figure 2. Using a nadir and oblique image for texture mapping 

 
2.1 Processing flow of the developed software 

Most current software selects an image to be mapped to a 
building surface polygon by polygon. Hence, a part of the 
neighbor building may be found in a mapped texture image with 
no consideration of occlusion. On the other hand, the developed 
software selects an image to be mapped to a building surface grid 
by grid that is established on each building surface. 
 
Figure 3 shows the process flow of the developed software. The 
process flow shown in Figure 3 is a little complicated to reduce 
the computation time. [Image], [Polygon], and [Grid] in Figure 3 
indicate the processing image by image, polygon by polygon, and 
grid by grid, respectively. The software establishes an equally 
spaced grid of points on each building surface where the visibility 
will be determined. 
 

The key algorithms of the software include one that determines 
the visibility of a grid on a building surface and another that 
selects an image to be mapped to the grid. 
 

 
Figure 3. Process flow of the developed software 

 
2.2 Determining the visibility of a point on a building 
surface 

Determining the visibility of a point on a building surface in an 
urban area with densely distributed buildings is a highly time-
consuming task. 
 
2.2.1 Basic idea: There are two ways to determine whether a 
point on a building surface is visible from a camera. One is based 
on the idea that “whether we can see the camera or not” indicates 
“whether we are photographed by the camera or not.” The other 
is based on the idea that “whether the camera sees us or not” 
indicates “whether we are photographed by the camera or not.” 
 
The former idea can be realized by ray tracing or by using a 
hemispherical viewshed, which is the angular distribution of sky 
obstruction. Figure 4 shows a hemispherical viewshed, which is 
a fisheye lens image viewed from a point on the earth. We call 
the method based on the former idea "Method A" in the paper. 
 

 
Figure 4. Fisheye image viewed from a point on the earth 

(Minella et al., 2011) 
 
Conversely, we can implement the latter idea through the use of 
projection images captured by a camera. We call the method 
based on the latter idea "Method B" in the paper. From now on, 
we discuss the algorithm for determining visibility on a building 
surface. 

ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XI-4-2026 
XXV ISPRS Congress 2026 “From Imagery to Understanding”, Commission IV, 4–11 July 2026, Toronto, Canada

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper. 
https://doi.org/10.5194/isprs-annals-XI-4-2026-45-2026 | © Author(s) 2026. CC BY 4.0 License.

 
46



 

Figure 5 shows an aerial image collected by an oblique camera 
with an off-nadir angle of 45°. Figure 6 shows a projection image 
corresponding to the real aerial image shown in Figure 5. The 
projection image in Figure 6 is created by using a 3D city model 
and the exterior orientation parameters of the aerial image shown 
in Figure 5. Each building surface in Figure 6 is colored 
according to its ID. From now on, an aerial image corresponding 
to a projection image is called a target image. 
 

 
Figure 5. Aerial image collected by an oblique camera with the 

off-nadir angle of 45° 
 

 
Figure 6. Projection image viewed by an oblique camera with 

the off-nadir angle of 45° 
 
Using computer graphics (CG) techniques such as the depth 
buffer (Z-buffer) algorithm, which does not examine the 
intersection of the sun ray, can provide projection images viewed 
by the sun much more rapidly. Additionally, using another CG 
technique named the scanline algorithm for filling polygons can 
create a projection image more rapidly. 
 
Roughly speaking, the computation time by Method A would be 
proportional to the square of the number of polygons of buildings 
in a 3D city model, while that by Method B would be 
proportional to the number of polygons. However, Method A 
directly provides information on the visibility of a point on a 
building surface, while a projection image in Method B cannot 
provide the information on the visibility directly. Method B 
requires additional processing to determine the visibility of each 
point on the surface except for producing a projection image. The 
computation time of the additional processing would be 
proportional to the number of polygons. Accordingly, we adopt 
Method B from the perspective of computation time. 
 
2.2.2 Image geometry: Before showing the processing flow 
of Method B, we discuss image geometry. The image coordinate 
system is considered a planar rectangular coordinate system 
ሺ𝑥, 𝑦ሻ, while the object space coordinate system is regarded as a 
spatial rectangular coordinate system ሺ𝑋, 𝑌, 𝑍ሻ, as illustrated in 
Figure 7. 
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Figure 7. Image coordinate system ሺ𝑥, 𝑦ሻ and object space 

coordinate system ሺ𝑋, 𝑌, 𝑍ሻ 
 
Consider that an image is taken by a camera with focal length 𝑓 
and pixel size 𝛿 . ሺ𝑋ை, 𝑌ை, 𝑍ைሻ  and ሺ𝜔, 𝜙, 𝜅ሻ  represent the 
position and attitude of the camera in the object space coordinate 
system ሺ𝑋, 𝑌, 𝑍ሻ. The rotation matrix 𝑅ൣ𝑟௜௝൧ of the camera is as 
follows: 
 

𝑅 ൌ 𝑅఑𝑅థ𝑅ఠ (1) 
 
where 
 

𝑅ఠ ൌ ൥
1 0 0
0 cos 𝜔 sin 𝜔
0 െ sin 𝜔 cos 𝜔

൩ (2) 

𝑅థ ൌ ൥
cos 𝜙 0 െ sin 𝜙

0 1 0
sin 𝜙 0 cos 𝜙

൩ (3) 

𝑅఑ ൌ ൥
cos 𝜅 sin 𝜅 0

െ sin 𝜅 cos 𝜅 0
0 0 1

൩ (4) 

 
Let the point 𝑃ሺ𝑋, 𝑌, 𝑍ሻ be projected to the image point 𝑝ሺ𝑥, 𝑦ሻ 
on an aerial image. Here the image point 𝑝ሺ𝑥, 𝑦ሻ is as follows: 
 

𝑥 ൌ െ𝑓 ௨

௪
 (5) 

𝑦 ൌ െ𝑓
௩

௪
 (6) 

 
where 
 

𝑢 ൌ 𝑟ଵଵሺ𝑋 െ 𝑋ைሻ ൅ 𝑟ଵଶሺ𝑌 െ 𝑌ைሻ ൅ 𝑟ଵଷሺ𝑍 െ 𝑍ைሻ (7) 
𝑣 ൌ 𝑟ଶଵሺ𝑋 െ 𝑋ைሻ ൅ 𝑟ଶଶሺ𝑌 െ 𝑌ைሻ ൅ 𝑟ଶଷሺ𝑍 െ 𝑍ைሻ (8) 
𝑤 ൌ 𝑟ଷଵሺ𝑋 െ 𝑋ைሻ ൅ 𝑟ଷଶሺ𝑌 െ 𝑌ைሻ ൅ 𝑟ଷଷሺ𝑍 െ 𝑍ைሻ (9) 

 
Here the viewing vector 𝑉ሬ⃗ ሺ𝑢, 𝑣, 𝑤ሻ represents the vector from the 
exposure center 𝑂 to the point 𝑃, and 𝑤 expresses the depth. 
 
Let ሺ𝑐ை, 𝑟ைሻ be the column and the row of the principal point in 
the image. The column 𝑐  and the row 𝑟  of the image point 
𝑝ሺ𝑥, 𝑦ሻ are as follows: 
 

𝑐 ൌ ௫

ఋ
൅ 𝑐ை (10) 

𝑟 ൌ െ
௬

ఋ
൅ 𝑟ை (11) 

 
Let 𝑁ሬሬ⃗ ሺ𝑛௑, 𝑛௒, 𝑛௓ሻ be the exterior normal vector of the plane on 
which a polygon lies. The equation of the plane can be expressed 
as follows: 
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𝑛௑𝑋 ൅ 𝑛௒𝑌 ൅ 𝑛௓𝑍 ൅ 𝑑 ൌ 0 (12) 

 
The incident angle 𝜃 of the viewing vector 𝑉ሬ⃗  to the polygon can 
be expressed as follows: 
 

cos 𝜃 ൌ ேሬሬ⃗ ∙௏ሬሬ⃗

หேሬሬ⃗ หห௏ሬሬ⃗ ห
ൌ

௡೉௨ା௡ೊ௩ା௡ೋ௪

ට௡೉
మ ା௡ೊ

మ ା௡ೋ
మ √௨మା௩మା௪మ

 (13) 

 
The equation 𝑤 ൌ 𝐹ሺ𝑐, 𝑟ሻ for calculating the depth 𝑤 of a pixel 
ሺ𝑐, 𝑟ሻ on the projection image is as follows: 
 

𝑤 ൌ 𝐹ሺ𝑐, 𝑟ሻ ൌ
௚భ௙

௚ೣఋሺ௖ି௖ೀሻି௚೤ఋሺ௥ି௥ೀሻା௚೥௙
 (14) 

 
where 
 

𝑔௫ ൌ 𝑟ଵଵ𝑛௑ ൅ 𝑟ଵଶ𝑛௒ ൅ 𝑟ଵଷ𝑛௓ (15) 
𝑔௬ ൌ 𝑟ଶଵ𝑛௑ ൅ 𝑟ଶଶ𝑛௒ ൅ 𝑟ଶଷ𝑛௓ (16) 
𝑔௭ ൌ 𝑟ଷଵ𝑛௑ ൅ 𝑟ଷଶ𝑛௒ ൅ 𝑟ଷଷ𝑛௓ (17) 
𝑔ଵ ൌ 𝑛௑𝑋௢ ൅ 𝑛௒𝑌௢ ൅ 𝑛௓𝑍௢ ൅ 𝑑 (18) 

 
2.2.3 Processing flow: Method B consists of three steps to 
obtain information on the visibility of a point on a building 
surface. The first step is the preprocessing step for preparing the 
following main steps. The second step is the step for producing a 
projection image, and the third step is the step for determining 
the visibility of each point using the produced projection images. 
Figure 8 shows the process flow of Method B for obtaining 
information on the visibility of a point on a building surface. 
 

 
Figure 8. Process flow for obtaining information on the 

visibility of a point on a building surface 
 
Step I: Preprocessing  
1) Establish an equally spaced grid of points on each building 

surface where the visibility will be determined. 
2) Prepare a matrix for storing the information used to select 

a suitable image for texture mapping and produce a texture 
image as to each grid. The information stored in the 
visibility information matrix, which is shown in Figure 9, 
is as follows: 
・ ID of the image to be selected for texture mapping 
・ Image coordinates of the selected image to be used in 

producing a texture image 
・ Information for selecting a suitable image 
The information for selecting a suitable image in the 
visibility information matrix will be discussed later. 
 

 
Figure 9. Visibility information matrix 

 
Step II: Producing a projection image 
1) Obtain an equation 𝑤 ൌ 𝐹ሺ𝑐, 𝑟ሻ for calculating the depth 

𝑤  of a pixel ሺ𝑐, 𝑟ሻ  on the projection image as to each 
polygon on building surfaces of a 3D city model. 

2) Prepare two matrixes with the same size as the target image 
for storing intermediate results. One is for storing the 
polygon ID, and the other is for storing the depth 𝑤 of each 
pixel ሺ𝑐, 𝑟ሻ of the target image. The former is called an ID 
matrix, while the latter is called a depth matrix. Both 
matrices are shown in Figure 10. The ID matrix is initially 
filled with NULL. 

 

 
Figure 10. ID matrix and depth matrix 

 
3) Calculate image coordinates ሺ𝑐, 𝑟ሻ on the projection image 

of the vertexes ሺ𝑋, 𝑌, 𝑍ሻ of a polygon of a building surface 
using the exterior orientation parameters 
ሺ𝑋ை, 𝑌ை, 𝑍ை, 𝜔, 𝜙, 𝜅ሻ of the target image. 

4) Fill the polygon on the temporal projection image with its 
ID using the scanline algorithm. 

5) Calculate the depth 𝑤  of each filled pixel ሺ𝑐, 𝑟ሻ  on the 
projection image using the equation 𝑤 ൌ 𝐹ሺ𝑐, 𝑟ሻ  derived 
at first. 

6) Store the polygon ID and the depth 𝑤 of each pixel ሺ𝑐, 𝑟ሻ 
in the ID matrix and the depth matrix, respectively, if one 
of the following conditions is satisfied: 
a) The polygon ID stored in the ID matrix is NULL. 
b) The polygon ID stored in the ID matrix is not NULL, 

and the depth in the depth matrix is larger than the 
calculated depth. 

7) Go to Processing 3), if there remain unprocessed polygons; 
otherwise, producing a projection image storing the 
polygon IDs is finished. This is the depth buffer (Z-buffer) 
algorithm. 

 
Step III: Determining the visibility of each point 
Determining the visibility of each point is executed by back 
projection as follows: 
1) Obtain the viewing vector 𝑉ሬ⃗ ሺ𝑢, 𝑣, 𝑤ሻ from the exposure 

center 𝑂  to a grid ሺ𝑋, 𝑌, 𝑍ሻ  of a polygon of a building 
surface using the exterior orientation parameters 
ሺ𝑋ை, 𝑌ை, 𝑍ை, 𝜔, 𝜙, 𝜅ሻ of the target image. 

2) Calculate the incident angle of the viewing vector 𝑉ሬ⃗  to the 
current polygon using the equation of the plane on which a 
polygon lies. If the calculated incident angle is larger than 
the predefined threshold, go to Processing 1) as to the next 
grid for avoiding undesirable results. 

3) Calculate the image coordinates ሺ𝑐, 𝑟ሻ  on the projection 
image of the current grid. 
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4) Examine the polygon ID stored in the ID matrix. If the 
stored polygon ID is the same as the current ID, the current 
grid of the current polygon is visible; otherwise, the grid is 
not visible. If the grid is visible, select an image suitable 
for texture mapping. The detailed algorithm for selecting a 
suitable image is described in the next section. 

5) Execute Processing 1) through 4) as to every grid of every 
building. 

 
2.3 Selecting a suitable image for texture mapping 

If a grid of a polygon of a building surface is photographed by 
more than one image, we need to choose the most suitable one 
for the grid. Figure 11 illustrates the current algorithm utilized in 
the developed software for selecting the appropriate image. 
 

 
Figure 11. Algorithm for selecting the appropriate image 

 
1) If finding an image photographing the grid, investigate the 

content stored in the visibility information matrix. 
2) If no information is stored in the visibility information 

matrix, store the information of the current image in the 
visibility information matrix.  

3) If any information is stored in the visibility information 
matrix, classify the polygon into a nearly horizontal plane 
or a nearly vertical plane surface according to its normal 
vector. The current classification criterion is based on the 
elevation of the normal vector, which is set at 45°. 

4) As for a nearly horizontal surface, give priority to a nadir 
image. If both images are nadir images, select the image 
whose principal point is nearer to the grid. Consequently, 
the distance between the grid and the principal point of the 
selected image is recorded in the visibility information 
matrix. 

5) As for a nearly vertical surface, compare the areas of the 
polygon on the projected image and select the image with 
the larger area. Consequently, the area of the polygon on 
the projected image of the selected image is recorded in the 
visibility information matrix. 

 
The current information for selecting a suitable image stored in 
the visibility information matrix is the distance between the grid 
and the principal point of the selected image and the area of the 
polygon on the projected image of the selected image. 
 

The image selection for each grid is performed one image at a 
time to minimize the size of the visibility information matrix. 
 
2.4 Producing a texture image of each polygon 

After finishing determining the visibility of grids on the surfaces 
of all buildings, the software produces a texture image for each 
polygon. The software produces a texture image by resampling, 
utilizing the selected image number and the corresponding image 
coordinates stored in the visibility information matrix.  
 
The production of the texture image of each polygon is performed 
one aerial image at a time to minimize the time of loading aerial 
images. 
 

3. Experiment 

3.1 Outline of the experiment 

We conducted an experiment for investigating the validity of the 
developed software. In the experiment we used aerial images 
collected by the Leica CityMapper-2 (CM-2), which is one of the 
most popular aerial multi-directional camera systems. The 
specifications of the CM-2 are shown in Table 1 (Leica 
Geosystems AG, 2025). Figure 12 shows the ground footprints 
of a nadir camera and four oblique cameras of the CM-2 (Leica 
Geosystems AG, 2025). 
 

 CM-2 Nadir 
Image size 14,192 × 10,640 pixels
Physical pixel size 𝑟 3.76 μm 
Lens system focal length 𝑓 71 mm 
Field of view 𝜃 
across track × along track

41.2° × 31.5° 

Flying height 𝐻 for 10 cm GSD 1890 m 
 CM-2 Oblique 
Image size 14,192 × 10,640 pixels
Physical pixel size 𝑟 3.76 μm 
Lens system focal length 𝑓 189 mm 
Field of view 𝜃 
image column × image row

16.1° × 12.1° 

Table 1. Specifications of the CM-2 
(Leica Geosystems AG, 2025) 

 

 
Figure 12. Ground footprint of the CM-2  

(Leica Geosystems AG, 2025) 
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Figure 13 shows the area of interest (AOI) and the projection 
centers of collected nadir images in Hiroshima City. There are 
4,741 LOD2 buildings for texture mapping in the AOI of 3.85 
km2. The images used in the experiment were collected based on 
the image collection plan of 10 cm GSD, 80% end lap, and 60% 
side lap. The collection included 606 nadir images and 4 × 606 
oblique images. The resolution of a texture image on a building 
surface is 10 cm × 10 cm in the experiment. Producing texture 
images for 4,741 buildings took approximately four hours with a 
CPU core at 3.6 GHz. 
 

 
Figure 13. AOI and projection centers of collected nadir images 
 
3.2 Results and discussion 

Table 2 shows the image utilization rate and occlusion rate of 
building roofs and façades in three cases using only nadir images, 
only oblique images, and both nadir and oblique images. As for 
the image utilization rate, Ishikawa et al. (2025) suggested that 
the volume of data collected by a multi-directional camera 
system for texture mapping might be massive. In the experiment, 
only about one-third of the collected images were used for texture 
mapping. 
 

Camera 
Image utilization 

rate 
Occlusion rate 

Roof Façade
Nadir 41.1% 1.5% 14.4%
Oblique 34.2% 1.8% 22.1%
Total 35.5% 1.1% 12.7%

Table 2. Image utilization rate and occlusion rate 
 
We investigated the produced texture images by human 
inspection to validate the performance of the developed software 
in the experiment. 
 
As for roofs, the texture mapping using only nadir images would 
be able to provide sufficient resolution images, and we 
considered that the issue of occlusion would be negligible. On 
the contrary, as for façades, the resolution of texture images 
produced using oblique images is higher than that using nadir 
images. However, the effect of occlusion using oblique images is 
greater than that using nadir images, and the region that is not 
texture-mapped is larger. In the experiment, we investigated 
whether using both nadir and oblique images would be able to 
reduce the area that is not texture-mapped, keeping the higher 
resolution using oblique images. 
 

The façades under investigation can be classified into the 
following types: 
a) The whole of a façade is photographed using an oblique 

image. Texture images of this type can be produced using 
oblique images. 

b) The part of a façade is not photographed by any oblique 
image, and the whole of a façade is photographed by some 
nadir or oblique image. Texture images of this type can be 
produced using nadir and oblique images. 
This type is divided into the following subtypes: 
i) The whole of a texture image would be acceptable. 
ii) The part of a texture image would not be acceptable. 

c) The whole of a façade is not photographed by any oblique 
image. 

 
Most of the façades are combinations of the above basic types. 
 
3.2.1 Type-A façade: The entire Type-A façade is 
photographed by an oblique image. Texture images of this type 
can be produced using oblique images. The resolution of the 
texture image of a Type-A façade would be expected to be high. 
 
A Type-A façade shown in Figure 14 indicates that the resolution 
of a texture image produced using an oblique image is higher than 
that using a nadir image. (a-1) shows the texture image produced 
using C05-18 Nadir shown in (a-2), while (b-1) shows the texture 
image produced using C06-24 Forward shown in (b-2). The 
resolution of (a-1) is much higher than that of (b-1). 
 

 
(a-1) Texture image produced 

using C05-18 Nadir 
(a-2) C05-18 Nadir 

 
(b-1) Texture image produced 

using C06-24 Forward
(b-2) C06-24 Forward 

Figure 14. Texture images produced using C05-18 Nadir (a) and 
C06-24 Forward (c) 

 
3.2.2 Type-B1 façade: The part of a façade is not 
photographed by any oblique image, and the whole of a façade is 
photographed by some nadir or oblique image. Texture images of 
this type can be produced from nadir and oblique images. The 
whole texture image of this type would be acceptable. The 
resolution of the texture image of this type depends on the source 
image of the texture image. If a source image is an oblique image, 
the resolution would be expected to be high. 
 
Figure 15 shows a Type-B1 façade. (a), (b), and (c) in Figure 15 
show the texture image produced using C08-19 Nadir, five 
oblique images, and both C08-19 Nadir and five oblique images, 
respectively. 
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Figure 16 shows the texture images produced using each oblique 
image: C10-19 Left and C11-16 to C11-19 Right. Figure 17 
shows three source images for texture mapping. Since the whole 
of the façade of interest was not photographed by C10-19 Left, 
C11-16 to C11-19 Right are used for producing the texture 
images (b) and (c) shown in Figure 15. 
 
The oblique images, some of which are shown in Figure 17, 
captured an object on the neighbor's building's roof, which the 
3D city model did not represent. As a result, there is an 
unexpected malfunction in the texture image produced using each 
oblique image. However, we judged that the quality of the 
produced texture image would be acceptable. Since some 
buildings have penthouses, chimneys, and cooling towers on flat 
rooftops, we consider that texture images produced from aerial 
images would be unable to prevent such malfunctions. 
 

  
(a) Nadir (b) Oblique (c) Nadir + Oblique

Figure 15. Texture images produced using a nadir image (a), 
oblique images (b), a nadir and oblique images (c) 

 

  
(a) C10-19 Left (b) C11-16 Right (c) C11-17 Right

  

 

(d) C11-18 Right (e) C11-19 Right 

Figure 16. Texture images produced from each oblique image 
 

 
(a) C08-19 Nadir (b) C10-19 Left (c) C11-19 Right

Figure 17. Source images used for texture mapping 
 
3.2.3 Type-B2 façade: The part of a façade is not 
photographed by any oblique image, and the whole of a façade is 
photographed by some nadir or oblique image. Texture images of 
this type can be produced from nadir and oblique images the 
same as a Type-B1 façade. The difference between a Type-B1 
and Type-B2 façade is the resolution of the texture image 
produced. The part of the texture image for a Type-B2 façade 
would not have a permissible resolution. 
 
Figure 18 shows a Type-B2 façade. (a-1), (b-1), and (c) in Figure 
18 show the texture image produced using nadir images, oblique 
images, and both nadir and oblique images, respectively. 
 
The texture image (a-1) produced using nadir images has no 
occlusion. (a-2) in Figure 18 shows two nadir images mainly 
utilized for producing the texture image (a-1). Although these 
images are free from occlusion or with slight occlusion, the area 
of the façade of interest photographed in the collected image is 
too small to produce a texture image with the permissible 
resolution. 
 

(a-1) Using nadir images 

(a-2-i) C05-15 Nadir 

(a-2-ii) C06-15 Nadir 

(b-1) Using oblique images (b-2) C02-17 Right 

 
(c) Using Nadir & Oblique  

Figure 18. Texture images produced using nadir images (a), 
oblique images (b), nadir and oblique images (c) 
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On the other hand, the texture image (b-1) in Figure 18 produced 
from oblique images has occlusion. (b-2) in Figure 18 shows an 
oblique image mainly utilized for producing the texture image (b-
1). As a result, the resolution of the part of the texture image (c) 
produced from nadir and oblique images would not be 
permissible. 
 
3.2.4 Type-C façade: The whole of a façade is not 
photographed by any oblique image. If the whole of a façade is 
not photographed by any nadir image, a texture image of the 
façade is unable to be produced. In the other case, a texture image 
of the façade can be produced using some nadir images. 
 
Figure 19 shows a façade that is composed of a Type-B2 and a 
Type-C façade. (a-1), (b-1), and (c) in Figure 19 show the texture 
image produced using nadir images, oblique images, and both 
nadir and oblique images, respectively. 
 
The left hand on the texture image is a Type-C, while the right 
hand on the texture image is a Type B2. (a-2) shown in Figure 19 
is a nadir image utilized for producing the texture image (a-1), 
while (b-2) is an oblique image utilized for producing the texture 
image (b-1). These images indicate that the façade of interest is 
closely approaching the adjacent building, and a texture image 
with a permissible quality would be unable to be produced. 
 

 
(a-1) Using nadir images (a-2) C05-15_Nadir 

 
(b-1) Using oblique images (b-2) C02-17 Right 

  
(c) Using Nadir & Oblique  

Figure 19. Texture images produced using nadir images (a), 
oblique images (b), nadir and oblique images (c) 

 
We consider that the software should have the function to reject 
a texture image with a resolution lower than the predefined 
threshold. There are two issues in adding the function. One is 
how to set the threshold value, and the other is how to estimate a 
texture image's resolution. 
 

4. Conclusion 

We developed software that automatically produces texture 
images. The software uses 3D city model data, aerial nadir and 
oblique images collected by a multi-directional camera system, 
and sets of exterior orientation parameters. The software 
determines the visibility of a point on a building surface using 
projection images viewed by a camera. 
 
We conducted an experiment for investigating the validity of the 
developed software. The area of interest in the experiment is 3.85 
km2 and has 4,741 LOD2 buildings for texture mapping. We 
investigated texture images produced in the experiment by 
human inspection to validate the performance of the developed 
software. The experiment results indicate that the developed 
software would be practical enough. 

We discovered that an unrepresented object on the neighbor's 
building roof causes an unexpected malfunction in the texture 
image generated from an oblique photograph. Since some 
buildings have penthouses, chimneys, and cooling towers on flat 
rooftops that are not represented in the 3D city model, we 
consider that texture images produced from aerial images would 
be unable to prevent such malfunctions. 
 
We plan to modify the software so that each pixel of a texture 
image can have its own resolution. Using the resolution, the 
updated software will be able to reject a texture image with a 
resolution lower than the predefined threshold. Moreover, the 
resolution would be able to assist some analyses, such as 
investigating stories of a building and detecting doors and 
windows on a building façade. Additionally, we examine 
adopting some image processing techniques in resampling to 
provide a higher resolution for a texture image, such as cubic 
convolution (Meijering, 2002). 
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