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ABSTRACT

3D city maps, especially the color maps have become widely applied in recent year.
However, most of shrinkwrapped 3D city maps are made by CG, which need huge labor
hours and lack reality. Here, to reduce labor hours and improve the reality of building
textures, we propose a automatic texture mapping method onto existing large-scale 3D
building models with building textures acquired by on-vehicle camera. To achieve this
goal, there are two main issues:

1. Recognize buildings from real image stably.

2. Determine corresponding relation between buildings recognized from images and
building models.

In the first issue, we present a new expression of spatio-temporal volume, called
“Temporal Height Image (THI)”, and this can be considered as a advanced version of
Epipolar Plane Image (EPI). Instead of constructing EPI by color transition, THI is
constructed by height transition of buildings, thus it can ignore the effect of color noises
inside buildings (i.e. windows), and recognize buildings stably.

Moreover, in the process of THI construction, we have to extract building roofs by
edge extraction, whereas, electric wires interrupt. Thus, we propose a wire-delete filter
based on median filter.

In the second issue, we design a Dynamic Programming matching, which utilizes the
feature of THI and takes account of possible problematic cases in urban scene.

Then after approaching building facades as rectangles, texture mapping becomes the
issue that to determine the four corresponding corners of rectangle. It can be well done

by THI. We examine our method in the area around school and in Shinjuku.
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Chapter 1

Introduction

1.1 Background

In recent years, the rapid spread of in-car navigation systems, PCs and internet
has lead to the use of 2D digital maps by a great many people. We anticipate the
needs for maps that are closer to reality will grow as applications increase in the
future. However, with there being a limit to the extent that those needs can be
addressed by existing 2D maps, a supply of 3D digital maps that are intuitive and
easy to follow are in demand.

3D digital maps, especially textured ones, will play a very important role.
Some companies, for example Google[1], ZENLIN[2], GEO Technical Lab.[3] (Fig.
1.1(a)), Forum8[4] (Fig. 1.1(b)) and ASAHI[5], have made their debuts of textured
3D digital map products. Whereas, all those textures of building are made by
CG and the process of texture mapping needs huge labor hours, moreover lacks of
actuality:.

Here, to improve the actuality of textures and reduce labor hours, an automatic
texture mapping method onto existing colorness 3D building models by real build-
ing images is required. Especially, supposing the future use of in-car navigation
system, 2D building images captured by on-vehicle cameras (ground-based images)
are preferred because of high-resolution textures of building facades.

In the field of automatic texture mapping, image-based modeling technique[6,



7,8, 9] is famous to construct 3D shape models from multiple 2D images of physical
objects, and obtain textured models automatically. Therefore, this technique can
be expected to achieve our goal. However, highly accurate camera calibration and
a large amount of 2D images from multiple view angles has limited this method to
be suit for only in-door small-scale objects.

Of course, Automated or semi-automated texture mapping onto 3D city models
were well studied.

Frueh at al. [10] presented a automated texture mapping of 3D city models
with oblique aerial images. They matched images and models using a optimisation
process with line segments (building contours). However, this way needed inital
manual calibration and a large amount of corresponding line segments. We have
tried applying this method to match ground-based 2D images and building models,
whereas, it did not work well unless accurate inital calibration, because on a single
image we could only recognize much less necessary line segments than from aerial
large-scale image. It means that this method is better adapted to large-scale, aerial
images, but not ground-based images.

Lee at al. [12] tried automated texture mapping onto building walls by ground-
based images captured from multi-views. They estimated the rotational and trans-
lational parameters of the ground level cameras by three 3D and 2D line segment
correspondences. However, the length of the 2D line segment could be wrong due
to incorrect edge detection or self-occlusions of buildings. This caused errors in
calibration of ground view cameras. Furthermore, there was an assumption that
they should know which building was being reflected to determine the correspond-
ing 2D-3D line segments. It means that this method is applied only to a single
building, but not a large-scale area.

So here, we present a robust and automated texture mapping onto large-scale
existing 3D building models with ground-based 2D building image sequence cap-
tured by on-vehicle camera. Moreover, like Frueh‘s method[10, 11], we approach
building facade as a rectangle, so that texture mapping will become easy while ob-

taining the information of corresponding corners of rectangle between images and



models.

There are two main issues to be addressed:

1. Recognize buildings from 2D ground-based images stably.

In our method, first we have to extract necessary textures of building facades
from ground-base images. This work can be done by recognizing the field of build-
ings from images. Instead of using a single image, we generally use image se-
quence to recognize buildings which could reduce noises made from single image.
For example, Epipolar Plane Image (EPI)[13] is a popular method for recogniz-
ing buildings[14] from image sequence and 3D-reconstruction[13]. After acquiring
images by on-vehicle camera moving on a straight line with constant speed (Fig.
2.2(a)), we can obtain a Spatio-Temproal Volume (Fig. 2.2(b)). cutting off this
volume, we call this cross section EPI. As shown in Fig. 2.2(b), the object on
normal image can be expressed as a stright band on EPI, which becomes easy to
be recognized by contour detection. Since the edges inside building (i.e. windows)
may heavily affect the result, contours can not be recognzied correctly. Kawasaki at
al.[14] addressed this problem by removing narrow edges and crossed edges, though
it needed much processing time and was not stable.

It is considered that EPI has lost most of the information about the Spatio-
Temporal Volume while being cut off, especially the dominating information —
shapes of buildings. Because in normal urban scenes, shapes of buildings are much
simpler than textures of buildings, using shapes to recognize buildings is easier than
using textures. Here, to utilize the shapes of buildings, we propose a novel expres-
sion of Spatio-Temporal Volume, called “Temporal Height Image(THI)”. Assigning
a gray value in proportion to height to all the objects in the Spatio-Temporal Vol-
ume, we can obtain THI by looking at the volume from above. THI is considered
to overcome shortages of EPI and recognize buildings as bands stably. Of course,

after recognition of buildings, corners can be recognized easily.

2. Design a method to determine corresponding relation of buildings between



images and models.

In the Lee‘s research[12], it was assumed that while the pair of building on
image and building model had been assigned, then corresponding line segments
could be determined automatically. However, in a large-scale area, we need a
efficient method to determine building pairs between images and models. Note
that, buildings on images are converted to bands on THI by the same process,
building models can be also converted to bands, by moving a virtual camera in 3D
map. Matching these two kinds of bands, we can then obtain the corresponding
relation.

Moreover, although THI can recognize buildings stabler than EPI, there are still
some noises made from, for example, trees, electric lights and empty spaces between
two approximate buildings. On the other hand, there is no noise in the THI made
from building models. To match these two kinds of bands with or without noises,
Dynamic Programming matching (DP matching)[15] is well used. For example, DP
matching was used to match image sequence with a 2D digital map[14], to match
two series of image sequences captured in urban area on different dates[21], and to
match 3D building models acquired by range senser with 3D map[22, 23].

Here, we design a DP matching process, which exploits the feature of our pro-
posed THI. For example, add a constraint of height transition between two approx-

imate buildings and use aspect ratio of buildings which can be obtained from THI.

Through previous process, we can get building pairs between images and mod-
els. Then approaching the building facade as a rectangle, the four corners can be
recognized easily from THI made from image sequence. Since the corresponding
corners from models have been assigned, texture mapping can be well done.

In addition, we also need to consider the problem caused by electric wires. Since
THI is created by the shape of buildings which can be decided by extracting highest
edges, the existence of electric wires would cause cubersome. Thus we suggest a

efficient wire-delete filter based on median filter to remove them.



(a) WalkeyeMap by GEO technical (b) UC-win/Road by Forums.

laboratory.

Figure 1.1: Examples of 3D color maps.

Moreover, as a obiter application, using the result of corresponding buildings
between images and models, we also estimate the vehicle location where the images
were captured. It can be achieved by finding out corresponding image captured by
virtual camera in 3D map, threfore the location of virtual camera can be looked

upon as the real vehicle location.

1.2 Overview of Our Texture Mapping Process

According to the two main issues, as shown in Fig. 1.2, there are three steps to
achieve texture mapping:

1. Construct THI to recognize buildings from real image sequence and 3D map.

There are two parts in this step:

(1). Recognize buildings by THI made from real image sequence.

(2). Recognize buildings by THI made from 3D map.

In the first part, after aquiring image sequence by a on-vehicle camera that
move with constant velocity stright, we can Construct a THI. Here, buildings were
expressed as bands, like the feature of EPI. Thus, it becomes easy to recognize

buildings as bands by straight edges.



In the second part, we make a virtual camera move in the 3D map to acquire
image sequence and Construct THI. Especially, to obtain the similar THI as the one
from real image sequence, we have to design virtual camera parameters(orientation
and direction) as near to real on-vehicle camera as possible.

2. Match bands recognzied from Image-THI (THI from image sequence) and
Model-THI (THI from 3D map) by Dynamic Programming.

Generally, it is considered that bands recognzied from Model-THI mean build-
ings as there are only buildings on the map. On the other hand, it is not sure that
bands recognized from Image-THI mean buildings as there are also some noises,
for example electric lights, trees and empty spaces between two approximate build-
ings, which may be expressed as bands. To modify these noises, we utilize Dynamic
Programming matching (DP matching) to find out appropriate building pairs be-
tween real image and 3D map. Of course, the information of corresponding vertical
contours can be obtained at the same time.

3. Texture mapping onto building models by corresponding building corners.

Assuming building facade as a rectangle, it becomes easy to texture mapping,
after determine the four corner pairs of rectangle between buildings on image and

building models.

Input THI Matching result Texture mapping

Figure 1.2: Overview of our proposed texture mapping process.



1.3 Thesis Outline

This paper is organized as follows:

Chapter 2 explains the proposal of Temporal Height Image (THI), and compares
it with Epipolar Plane Image (EPI), at last, the process of THI formulation and
bands recognition will be introduced. Chapter 3 discusses the way of matching
recognized bands from Image-THI (THI made from image sequence)and Model-
THI (THI made from building models)by DP matching, especially the design of
DP matching.

Chapter 4 introduces the texture mapping method in detail, including recogni-
tion of building corners from real images by Image-THI.

At last, in chapter 5, we will show a obiter experiment of vehicle location

estimation by image processing.



Chapter 2

Proposal of Temporal Height Image

To recognize objects from 2D images stably, instead of using a single image, we
usually use image sequence (video), in which the object is reflected continuously.
In this field, Epipolar Plane Image (EPI) is a famous method to express spatio-
temporal volume and recognize object. so we will introduce the idea of EPI first.
Then explain our proposal — Temporal Height Image (THI) and compare the fea-
tures of EPI and THI. At last, I will illustrate how to construct THI from image

sequence and 3D map.

Sequence [

frame 1 frame 2 frame 3 frame 4

Il

/
, A v
J

Figure 2.1: Image of spatio-temporal volume



2.1 Epipolar Plane Image (EPI)

Image sequence is a collection of images taken at certain sampling interval. A
box that consists of these accumulating in time is a “spatio-temporal volume” (Fig.
2.1)[16, 17, 18, 19]. When the sampling interval is enough dense or when the motion
of the camera or the photogenic objets is slow, the spatio-temporal volume forms
images with strong correlations on the cross-sections. The motion of the camera
or the photogenic objects is detected by analyzing the cross-sections.

In this appendix, we suppose the situation where the camera moves in a uni-
form straight line to the direction parallel,to the optical axis taking stationary
objects(Fig. 2.2(a)).

Let us consider the horizontal cross-sections of a spatio-temporal volume. This
type of image is called an EPI (Epipolar Plane Image)[13](Fig. 2.2(b)). In an
EPI, we can observe an interest point in space as a continuous trajectory. In
our situation, a camera in a uniform straightly line motion, the trajectory of a
stationary point in space forms becomes a line. In addition, a moving camera that
is interrupted forms a stereopsis configuration with time differenc. Therefore, the
following relation exists between the depth of the 3D point and the slope of the

trajectory in EPI:
A

At

Here, f is the confocal lengh of camear, V is the velocity of the camera and Z is the

\%
= (2.1)

depth of the interest 3D point. From the above equation, it is easily found that
the further the 3D point, the steeper the slope becomes, and that the nearer the
point, the gentler the slope becomes in the constant velocity. By this property, 3D
reconstruction can be proposed[13].

Kawasaki at al. aligned buildings on images to 3D city map by EPI[14], where
they should recognize buildings as bands from EPI by edges. However, since the
edges inside buildings (i.e. edges of windows), they could not recognize bands
correctly, or they should first determine whether the edges extracted were inside

or on the contours of buildings.



Camera path V——

(a) Process of capturing pictures.

(b) Formulation of EPL

(¢) Formulation of THI.

Figure 2.2: Formulation of EPI and THI.

In addition, using EPI, first of all, we should determine a appropriate height to
cut off the spatio-temporal volume, though there is no good way to decide. Fig. 2.3
shows some EPIs of different heights. There are obvious differences in the shape of

EPIs, therefore, we can not recognize builidngs stably, or cogitate some method,

10



for example, make EPIs by cutting off from every height, then integrate these EPIs
into one EPI by the average color. However, it needs huge labor hours and may

cause some unpredictable error.

380
280
180

-------———l-l

—— =
I |

L-—-—-—-—-—-

EPI (height = 180)

Figure 2.3: Different EPIs by being cut off from different heights.
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2.2 Definition of Temporal Height Image (THI)

Herein we suggested a novel image(Temporal Height Image, THI) to express spatio-
temproal volume. In EPI, because only a slice of spatio-temporal volume is used,
most of the information about the volume is lost, especially the height of buildings
can not be obtained from EPI. To get over these shortages, we take notice of the
boundary of building and sky(normally building roof), because there is no affect
of inside edges and we need not determine appropriate height.

We define THI as follows:

1. Obtain a spatio-temproal volume as the same process as EPI(Fig.2.2(a)).

2. For all the objects in the volume, assign a gray value in proportion to the
height of the object. Through this process, in the volume, the higher the object,
the brighter it becomes.

3. Look at this volume from above, we can see a overhead view called THI (Fig.
2.2(c)).

The key point is the edges of building roofs, thus there is a additional constraint
that roofs must be reflected on images (means the sky must be reflected).

And because we mainly utilized the height of building, it is considered that, the
larger the height change between two approximate buildings, the more effective

THI becomes.

2.3 Comparison of EPI and THI

In this section, We will compare the features of EPI and THI. As shown in Fig.
2.4, the red points are used for EPI and the green broken lines are used for THI.
In EPI, we can extract the red points by the intersection point of the cutting plane
and the edges which are caused by blinking color change, meanwhile in THI, we
can recognize the green broken lines as the highest edges on the image. So we can
say EPI depends on color of buildings while THI depends on shape of buildings.

We assemble the result of comparison as following:

12



Foints: EPI

Figure 2.4: Comparison of EPI and THI.

Item EPI THI
Feature Depend on color Depend on shape
Information to be utilized Vertical edges Outside edges
Using cross section or not Yes No
Available information Horizontal edges only | Horizontal edges and height

Table 2.1: Comparison of THI and EPI.

In EPI, vertical edges of building are being used and we have to find a adequate
cross section to cut for making EPI, while in THI, only outside edges are being
used and we do not need any else another treatment. Moreover, we can obtain
horizontal edges only which means width of building by EPI while horizontal edges
and height both can be obtained by THI.

Fig. 2.5 shows the comparison of EPI and THI by real urban scene. According
to this reslut, it is obvious that there are more noise of edges in EPI than in THI,

showing the advantage of THI.

13



Image sequence Input

Figure 2.5: Comparison of EPI and THI by experiment.

2.4 Formulation of THI from Image Sequence

In this section, I will explain how to create a THI from urban image sequence
caputred by on-vehicle camera in detail. The steps for making THI are shown as
Fig. 2.6. For a single image, first, we remove electric wires to extract roof edges
correctly, then, write out the ordinate values of roof edges in each abscissa pixel,
thus a single image can be converted to a queue. Doing the sampe process for all

the images and arranging converted queues temporally, we can obtain THI.

2.4.1 Removal of Electric Wires

We have to recognize building roof by extracting the highest edges on the image,
but the electric wires usually seen in urban area become disturbed. so first, we

should remove these electric wires, especially those above roof.

14



4 L Delete wires

RL Extract edges
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Figure 2.6: Process of creating THI from image sequence.

Median Filter

To remove noises from image, median filter is a very famous method, and our
proposed method is based on it, so first I will explain the algorithm of median
filter.

The median filter is a non-linear digital filtering technique, often used to remove

15



3| 5| 1= 3| 5
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normal median filter

Figure 2.7: Principle of median filter (i.e. 3 x 3).

(b) Output by 5 x 5 median filter.

Figure 2.8: Thrived example of median filter.
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noise from images or other signals. The idea is to examine a sample of the input and
decide if it is representative of the signal. As shown in Fig. 2.7, this is performed
using a local window consisting of an odd number of samples. The values in the
local window are sorted into numerical order, the median value, the sample in the
center of the window, is selected as the output. The oldest sample is discarded, a
new sample acquired, and the calculation repeats. Normally, the larger the local
window, less the noises become, while unsharper the image becomes.

The median filter is particularly useful to reduce speckle noise and salt and
pepper noise. For example, Fig. 2.8 shows a successful example to remove speckle
noise(green noise) by median filter.

Its edge-preserving nature makes it useful in cases where edge blurring is unde-
sirable. Fortunately, in this research, I have to extract the highest edge of building
which conforms to the property of median filter.

On the other hand, it is not so useful to remove consecutive noises, since con-
secutive noises can occupy more spaces of local window so that even median value
may be still noise. By this reason, electric wires can not be removed clearly by

traditional median filter (Fig. 2.9).

Wire-Delete Filter

So inhere, we propose a new filter to delete electric wires which conforms to the
property of electric wire in urban area. First, let us focus at the feature of electric
wires in urban area. As shown in Fig. 2.9(a), there are two features:

1. most of the electric wires are set flatly.

2. the color of electric wire is darker than surround color (especially when
circumambience of electric wires is sky)

To utilize there two features, I improve the normal median filter as following
(Fig. 2.10):

1. Change the local window size from 2-dimension (i.e. 2 x 2) to vertical

1-dimension(i.e. 3 x 1)

17



(b) Result by 9 x 9 median filter for the red field of

input.

Figure 2.9: Fail to delete all the electric wires.

2. Instead of median value, we select a brighter value to modify the value in
the center of the local window.

Actually, we have to determine some paramaters when using this wire-remove
filter:

1. The size of local window 1 x n. Normally, the larger, the clearer wires can
be removed, meanwhile image quality will fall down and processing speed will be
down.

2. The turn of color value m to choose for substituting the central one. Nor-
mally, the brighter the m to choose, the better wires can be removed, meanwhile

the whole image will become brighter.
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Figure 2.10: Principle of wire-remove filter.

So we have to decide a minimum of n and m, which can remove all the wires,
at the same time, keep image quality.

Fig. 2.11 shows some examples processed by proposed wire-delete filter. We
change the parameters of n and m from 3 to 7, then decide n = 5,m = 4 is the
best for scenel, and n = 5, m = 5 is the best for scene 2. All the horizontal electric
wires are removed clearly.

Using this wire-delete filter, we first remove the electric wires from image se-

quence when creating THI from real images if necessary.

2.4.2 Extraction of Building Height

In this part, we will explain how to extract the building roofs and create THI from
wire-deleted image sequence.

As shown in Fig. 2.6, for a single image, after removing electric wires, we will
extract edges, and decide the highest edges as roof edges. To express the ordinate

of these roof edges as visible colors (0-255):

, , EdgeHeight|x] - 255
Brightnessli][z] = TmageHeight (2.2)
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Here, Brightness|i][x] means the brightness of abscissa x on the image i. EdgeHeight[z]]]
means the height of highest edge on the abscissa x. ImageHeight means the height
of image. Then process all the images by the same way(it means change i from 0
to the end of image sequence), we can obtain the THI by arranging Brightness|i]|x]

temporally(Fig. 2.14(a)).

2.5 Formulation of THI from 3D House Map

To match buildings between image and house map, we have to create THI from
house map as a reference object. First, because building heights are needed, instead
of normal 2D house map, we prepared 3D house map including building height.
Here, two kinds of 3D maps are employed:

1. ZENLIN map (Fig. 2.12(a))[2], it includes the information of story number,
thus by assuming the height of one floor is constant, we can estimate the height
of building, and the building can be expressed as a cube, even though it is not so
accurate.

2. ASAHI map (Fig. 2.12(b))[5], it is made by aerial survey with very high
accuracy, moreover even complex shapes can be expressed.

The process of making THI from building models is similar as the process from
image sequence, just one step is added: Instead of real on-vehicle camera, we have
to design a virtual camera in the 3D map to capture images. However, Note that in
the next step of matching, we hope the same shape and color of bands from Image-
THI(THI made from image sequence) and Model-THI(THI made from building
models) if the two bands mean the same building essentially. So we have to design
the virtual camera as similar as possible to the real on-vehicle camera. Fortunately,
we use a omni-view camera (Ladybug2 Fig. 3.5, [20]), which is easy to adjust the
camera parameters such as optic angle and capture direction. Therefore, it is not so
difficult to calibrate the virtual camera to the real on-vehicle camera. Fig. 2.13(a)
shows an example of picture captured by virtual camera on ZENLIN, and Fig.

2.13(b) shows an example of picture captured by virtual camera on ASAHI. It is
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clear that ASAHI‘s map is nore accurate than ZENLIN‘s.
The remaining steps are just the same as the steps of making THI from image

sequence. Fig. 2.15(a)) shows an example of THI made from building models.

2.6 Recognition of Bands from THI

The same as EPI, objects are expressed as bands in THI. In this part, we will
explain the process of recognizing these bands. as explained in section 2.3, THI
can remain only necessary edges (band contours), so that we can recognize these
bands by edge division.

Here is a new problem, as shown in Fig. 2.14(a), the bands in the central
field(red field) of THI can keep regular shapes as parallel lines (since all the build-
ings are on the same depth), and empty spaces between two approximate bands
are large enough to be extracted by edges, however, in the surrounding field, the
bands may overlap each other because the side faces of buildings are also reflected
on the image, thus we can not extract contours exactly. To reduce the affect of
side faces, we decide to use the central field only, even though this may lose some
informations.

Fig. 2.14(b) shows the distended red field of Fig. 2.14(a), and Fig. 2.14(c)
shows the reslut of adding edges onto Fig. 2.14(b). After adding edges onto THI,
we can consider the area between two approximate edges as a band, Fig. 2.14(d)
shows the result of recognized bands expressed by random colors.

If the band means one building, the brightness of band is in proportion to the
height of building, and the width of band on temporal coordinate (ordinate) is in
proportion to the width of building, when assuming all the buildings are on the
same depth.

However, because there are some noises, for example, trees and electric poles,
we can not estimate the brightness of band stably, here, we utilize the algorithm
of floodfill supplied by openCV to calculate the average brightness and estimate
the width of band.
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The floodfill, also called seed fill, is an algorithm that determines the area
connected to a given node in a multi-dimensional array. It is used in the “bucket”
fill tool of paint programs to determine which parts of a bitmap to fill with color.
When applied on an image to fill a particular bounded area with color, it is also
known as Boundary fill. The flood fill algorithm takes three parameters: a start
node, a target color, and a replacement color. The algorithm looks for all nodes in
the array which are connected to the start node by a path of the target color, and
changes them to the replacement color. In this research, we define start nodes by a
constant interval from the top of image to the bottom, and the abcissa is the center
of image, then define the replacement color by random color, so we can obtain the
result as Fig. 2.14(d), 2.15(d).

By these processes, we can recognize bands including informations of width and
height of building, also the vertical contour‘s abscissa on the image which is useful
when estimating vehicle location.

Next, for the THI made from map, because there are only buildings in the map,
it is easier to recognize bands even not need to add edges, only by the algorithm

floodfill to extract necessary information: average brightness and the width.
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(b) Result by wire-remove filter (n = 5,m = 4) of

scene 1.

(d) Result by wire-remoyg filter (n = 5,m = 5) of

scene 2.

Figure 2.11: Two examples of wire-remove filter



(a) ZENLIN

(b) ASAHI

Figure 2.12: Two kinds of 3D house maps.

)il

) One frame from ZENLIN ) One frame from ASAHI

Figure 2.13: Examples of frame captured by virtual camera on 3D map.
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(a) An example of THI. (b) Real field to be used.

(c¢) THI with edges. (d) Expressing recognized bands as

random colors.

Figure 2.14: Recognition of bands from THI made from image sequence.

(a) THI from map. (b) Expressing recognized bands as

random colors.

Figure 2.15: Recognition of bands from THI made from maps.

25



Chapter 3

Mathcing Buildings from Image
Sequence and Building Models by

Dynamic Programming Matching

meant Using correspondence infromation of real image and building model, we can
attach texture onto building model, and estimate vehicle location. In this chapter,
we will explain the method to match buildings from real image and map model. In
the previous chapter, we got bands from THI. Normally, bands from Model-THI
(THI made from building model), can be considered that there are only buildings,
and no noise, meanwhile bands from Image-THI (THI made from image sequence),
some bands are made from noises (i.e. electric pole, tree etc.), and also, some
adverse problem may happen (i.e. one building are divided to more than two
bands because of unflat roof). To remove noises and adjust these adverse cases, we

apply Dynamic Programming matching (DP matching).

3.1 Dynamic Programming Matching (DP Matching)

Pattern matching based on Dynamic Programming matching(DP matching) has
been studied widely. In previous research, DP matching was used to match a video
image with a 2D digital map[14], match two series of image sequences captured in

urban area on different dates[21], and match building models acquired by range
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Figure 3.1: Dynamic Programming.

senser with 3D map[22, 23]. DP matching is suit to match queues including noises.
Here we use DP matching to match bands from Image-THI and Model-THI.

DP matching is a method of solving problems exhibiting the properties of over-
lapping subproblems and optimal substructure that takes much less time than naive
methods. Here, optimal substrcture means that optimal solutions of subproblems
can be used to find the optimal solutions of the overall problem. For example, in
our research, as shown in figure 3.1, from map model, we found 4 bands which
means buildings, while from real image, we found 6 bands which include some

noises (one electric pole, two bonds means the same building). The corresponding
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(c) Case 3.

Figure 3.2: Problematic cases.

relation can be expressed as the graph below. DP matching is just an algorithm to
find out the shortest path from (0, 0) to (5, 3).

To set up the DP matching, we have to determine the cost of passable paths
between every two approximate intersection points, and decide some constraints,
and the cost function:

1. Passable paths: possible corresponding relations between bands on Image-
THI and bands on Model-THI.

2. Value of intersection points: key value of calculating path cost.

3. Constaints: for improving the accuracy.

4. Cost function: final function to calculate the shortest path (minimum cost)

from start to end.

3.1.1 Passable Paths

The ideal experimental situation is that there is no tree, no electric pole, even no
traffic light, additionally, all the building roofs are flat. Unfortunately, in fact,
all these cases may exist in urban scene, we have to suppose all of the possible
cases, and solve them by designing appropriate paths. But if setting all the paths,
it needs huge processing time and may make DP matching unstable, so here, as

shown in Fig. 3.2, we only picked up 3 main cases:
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Figure 3.3: Design of passable paths.

Case 1. some noise (electric pole or traffic light) are recognized as a band on
the real image, and the building are divided into two parts because the noise is in
front of building and cuts off it.

Case 2. building roof is not so flat that when extracting highest edge, there
many have some gaps which make one building recognized as two bands.

Case 3. some noise (electric pole or traffic light or aperture between buildings)
is recognized as one band, and there is no building behind this noise.

Certainly, there are also some other cases, for example, some continuous trees,
the flat is too complex that we can not divide the building to two bands simply
and so on. According to our observation of experimental scenes, these cases are
too rare. To save processing time, we ignored these rare cases.

According to possible cases pointed out above, We design the passable paths as
Fig. 3.3. For example, let us determine the passable paths to point (4, 2), there
are 4 paths can be decided.

Path 1. (2,2) — (4,2), corresponding to case 1, band 2 and band 4 on image
correspond to the same band 2 on model, and band 3 means a noise, which means
the noise (band 3) cut off the building to two parts ( band 2 and band 4).

Path 2. (3,2) — (4,2), corresponding to case 2, band 3 and band 4 on image
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correspond to the same band 2 on model, which means the building roof is not so
flat that one building is divided to two parts.

Path 3. (2,1) — (4,2), corresponding to case 3, band 2 on image correspond to
band 1 on model, and band 4 on image correspond to band 2 on model, the band
3 is considered as noise, which means some single noise is recognized as a band but
fortunately, there is no building behind it.

Path 4. (3,1) — (4,2), this is a normal path which means band 3 on image
correspond to band 1 on model and band 4 on image correspond to band 2 on
model by turns. It means there is no noise around this building and the roof is flat

enough.

3.1.2 Value of Intersection Point

To find out the shortest path from start to end, we have to determine the cost of
each path, the value of intersection point can play this role.
I define the value of intersection point by difference of aspect ratio of buildings

as:

YOI = |~ Wl

Here, V(i,j) is the value of point (i,j), H/[i] is the height of band i on image, W;|i]

is the width of band i on image, Hy/[j] is the height of band j on model, Wy,[j] is

the width of band j on model. So if band i on image and band j on model are pair,
V(i,j) will become small, otherwise, V(i,j) will become large.

However, we should take notice that, as shown in Fig. 3.3, in path 1 and path

2, band 7 and band j (j =¢—2in path 1 and j = ¢ — 1 in path 2) are integrated. It

means the value of intersection point should be changed in these case. We defined

the integrated value V;(1, j, k)as:

Hilil + Hilj]  HulK]
2- (Wil +Wiljl)  Walk]
Here, i and j are the band indexes on image, in path 1, j = ¢ — 2, and in path 2,

Vf<i7ja k) =

(3.2)

j =1 —1. The integrated height of the two bands is the average of the two heights,
and the integrated width of the two bands is the sum of the two widths.
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After deciding the value of each intersection point, we can easily decide the cost
of each path, by just plus V(i,7), but because we designed several special paths,
such as skip a noise and integrate two bands, we need determine the costs of these

special actions. It will be discussed next.

3.1.3 Constraints

To find out the shortest path accurately and determine the costs of those special
actions, we add three constraints.

1. The height transition of the two approximate buildings shoud be the same
on image and model. For example, if left building is higher than right one on
image, left building must be higher than right one on model. Write this constraint

as equation:

Dh(i7j7 m) =
1 (H;[1] = Hi[j]) - (Hm[m] — Hy[m —1]) >0
+o0o  (H([i] — Hr[j]) - (Hu[m] — Hy[m —1]) <0
(3.3)

Here, i and j are band number on image, m is band number on model, if band i
and j are continuous buildings, j = ¢ — 1, otherwise, for example, if there is one
noise between band i and j, j = i — 2. Dy(i,7,m) is the value of this judgement
function. Hj[i] is the height of band i on image, Hys[m| is the height of band m
on model, so it means if close-by buildings on image and on model show the same
height transition, D (1, j, m) become 0, otherwise, it will become infinite.

2. The narrower the band recognized from Image-THI is, the higher probability
it is noise. As explained above, noises, for example, electric poles or trees are much
narrower than buildings, so that we can consider narrow bands as noise. Express

this constraint as equation:

Cy(i) = P, - Wili] (3.4)
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Here, C(i) is the probability that band i is noise, P; is a scale constant number
decided by scenes, and Wi[i] is the width of band i on image.

3. The two approximate bands recognized from Image-THI may mean the same
building if the heights of the two bands are close enough. As explained above, one
building may be divided to two parts by noise in front of building. To compute
the probability of this case, we designed the path as Fig. 3.3, and to improve the

accuracy, we added this constraint shown by equation as:
Cy(i,g) = Py | Huli] — Hi[j] | (3.5)

Here, C¢(i, j) is the probability that the two bands point to the same building, Py
is a scale constant number, which is decided by practical scene, and H;[i| means

the height of band i on image.

3.1.4 Cost Function

According to the discussion above, we determine the cost function which includes
the value of intersection points and three constraints. If we define the cost from

start(0,0) to point (i, j) as D(i, j), then

D(i,j) =
(
D(Z_27j) —|-Vf(Z—2,’l,j) Cf(’L—Q,Z) CS(Z_ 1)
. D(Z—l,j)+Vf(Z—1,Z,])Cf(l—l,l)
min
l)(Z _27.7 - 1) _'_V(Za]) ' CS(Z - 1) ’ Dh(’L,Z—2,])

(3.6)

Here, each line means the cost of one passable path (Fig. 3.3):

The first line means the cost from point (i — 2, 7) to (i,j) through path 1. In
this path, there are processes of fusion and skiping noise.

The second line means the cost from point(i — 1, j) to (4, j) through path 2. In

this path, there is process of fusion.
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The third line means the cost from point (i — 2,5 — 1) to (4,j) through path 3.
In this path, there are process of skiping noise and height judgement.

The forth line means the cost from point (i — 1,7 — 1) to (¢, j) through path 4.
There is no special action in this path.

Obviously, the cost of path 4 is the lowest one, but we can not always connect
start point with end point only by path 4. other paths should be applied too. So

we use this cost function to determine the lowest and practicalbe path.

3.2 Experiment of DP matching

To examine the effect of THI and DP matching, we matched buildings on image
and on map in some real urban scenes. First, we will show our data-acqusition

system, then we will show the DP matching results of three scenes.

3.2.1 Experimental Condition

We designed our data-acqusition system based on a TOYOTA van, as shown in
Fig. 3.4, computers for data saving and image processing were placed into the van,
and cameras (red ones) were set on the roof.

We have to keep the whole building being reflected all the time, which is difficult
for normal camera. So here, we decide to utilize a omni-view camera — Ladybug, as
shown in Fig. 3.5(a), it can take a picture with a 360-degree field vision, of course,
the whole of building could be reflected easily.

However, this omni-view picture is not so easy to deal. Fortunately, omni-view
camera is easy to determine the shoot direction, so we projected the omni-view
picture onto a plane paralleling to the facade of building. Fig. 3.5(b) shows an
example of projected image from Fig. 3.5(a). Buildings are reflected vertically,
which will be useful in the process of texture mapping.

For the 3D map, we emploied ZENLIN (Fig. 2.12(a)) and ASAHI (Fig. 2.12(b)),
two kinds of maps. In addition, to make DP matching simpler, one building model

is preferred to be recognzied as only one band from THI, however, if the roof is
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Figure 3.4: Our data-aquisition system.

(a) Omni-view image. (b) Projected image.

Figure 3.5: Omni-view image and projected image.

not flat enough, the building may be recognized as more than two bands, so we
uniformized the building roofs on the ASAHI map (Fig. 3.7(b)) by the average
height.

3.2.2 Scene 1 (Around School).

As shown in Fig. 3.6(a), we first had a experiment around our school, scene 1 is

the south area on the map. There are twelve buildings in scene 1 and Fig. 3.8(a,b)
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(a) Location of scene 1 and 2 around school. (b) Location of scene

3 in Shinjuku.

Figure 3.6: Experimental locations.

shows some examples of buildings in scene 1. In this scene, electric wires were
not so noticeable that we do not need to remove them purposely. And most of
buildings have complex texture but simple shape.

To compare the features of EPI and THI, we made both EPI(Fig. 3.8(c)) and
THI(Fig. 3.8(d)), moreover, the edge results of EPI and THI (Fig. 3.8(e,f)). It
was obvious that there were more edge noises in EPI than in THI. so we can say,
THI is more effective than EPI to recognize buildings in the urban scenes like scene
1, where buidings have many windows, meanwhile the shapes are not so complex.

Fig. 2.15(b) shows bands recognized from Model-THI. Twelve bands were rec-
ognized, which conformed to the fact. However, in the result of bands recognized
from Image-THI (Fig. 2.14(d)), fifteen bands were recognized, which means there
may be three noises in the bands recognized from Image-THI.

Then we carried out DP matching, as shown in Fig. 3.9(a), the abscissa means
fifteen bands recognized from Image-THI, ordinate means twelve bands recognized
from Model-THI, and the graph shows the correspoinding relation of these two
kinds of bands. As a result, the graph has skipped the band 2,5, 12, which means
that these three bands are noises, for example, as shown in Fig. 3.9(b), the band
2 on Image-THI was actually made from the building behind the main street (the

red one).
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(a) ASAHI original map.

(b) The uniformizing result.

Figure 3.7: ASAHI original map and adjsuted map.

Both ZENLIN and ASAHI obtained the same result, and by our observation,
all the buildings were well matched. So we can say that our proposed matching
method works well in the scene with simple building shape and few noise, though

very complex building texture.

3.2.3 Scene 2 (Around School).

Scene 2 was just the opposite side of scene 1 (Fig. 3.6(a)). There were eight
buildings, and with very noticeable electric wires and traffic light (Fig. 3.10(a,b)).
So first we had to apply wire-delete filter to remove those eletric wires but there are
too many wires to remove them clearly only by one time, as shown in Fig. ??(c,d),
they were the results of removing wires by 9 x 1 wire-delete filter only by once,
some wires were still remained, so here we decided to carry out the wire-delete filter

once more, the final results were Fig. 3.10(e,f), most of the horizontal electric wires
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(a) Example 1 of scene 1. (b) Example 2 of scene 1.

(e) Edge image of EPL (f) Edge image of THIL

Figure 3.8: Experiment results of scenel.

were removed, though the color of buildings became unsharp. In addition, there
were still some vertical electric wires on the final result (Fig. 3.10(e)), actually, we
could delete easily it by designing the median filter as a horizontal filter (1 x 9),
but because the vertical wires did not affect roof extraction, We skipped this step.

Since there were also many windows inside the buildings, the EPI result (Fig.
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(a) The DP matching result of scene 1.

(b) An example of mismatching band.

Figure 3.9: Experiment results of scene 1.
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3.11(a)) was too complex to recognize bands, of course the edge result of EPI was
complex too (Fig. 3.11(b)). On the other hand, because there were still some
traffic lights left, THI made from image sequence also remained some noise (Fig.
3.11(c,d)). And Fig. 3.11(e) showed the result of bands recognized from Image-
THI and expressed by random colors, there were thirteen bands were recognized.
In the meantime, Fig. 3.11(f) showed the result of bands recognizedd from Model-
THI, there were eight bands recognized, that meant there were at least five mis-
recognized bands on the Image-THI.

Fig. 3.12(a) showed the DP matching result. In this graph, red broken line
meant the result using ZENLIN map, blue broken line meant the result using
ASAHI, and the green line meant the true result by observation. In the result of
using ZENLIN, band 3, 7 and 9 were mismatched, meanwhile, In the result of using
ASAHI, band 3 and 9 were well modified, though band 7 was still mismatched. For
band 3, it was a part of band 3 on model, but in the result of ZENLIN, it was
recognized as a part of band 2 on model, for band 7, it was a part of band 5 on
model but in the results of two maps, it was recognized as a noise, for band 9,
as shown in Fig. 3.12(b), it was a part of band 7 on model, but in the result of
ZENLIN, it was recognized as a noise. Accoding to this result, we could say the
more accurate the 3D map was, the more correct the DP matching result became.
As explained in section 3.1, in DP matching, the value of intersesction point was
defined using aspect ratio of building, but if using ZENLIN, even though the two
bands meant the same building, since the aspect ratio was not so accurate, the

value of intersection point may be still large.

3.2.4 Scene 3 (Shinjuku).

At last, We challenged aligning tower buildings in Shinjuku (Fig. 3.6(b)). As
shown in Fig. 3.13(a), there were almost tower buildings, with very simple shape
but complex colors. This kind of scene was considered to be better suited for

our proposed matching method. We chose a part in this scene, as shown in Fig.
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3.13(b), where there were five tower buildings. And Fig. 3.14(a) was an example of
omni-image input captured by Ladybug, and Fig. 3.14(b) was the projected image.
According to this converted image, it was obvious that empty space between two
neighbor buildings were large enough that buildings behind target buildings were
reflected clearly too. Fortunately, there were no electric wires, so that we skipped
the step of removing electric wires.

Fig. 3.15(a) showed the result of THI made from 3D map, and five bands
were recognized (Fig. 3.15(b)). And Fig. 3.15(c) showed the result of THI made
from image sequence, because the empty space between two approximate buildings
was so large that buildings behind and the side faces were reflected clearly, to
reduce these effect, we cut out the central field (red one) for recognizing bands.
Fig. 3.15(d) showed the result of recognized bands from Image-THI, nine bands
were recognized, much more than the true building number — five. Checking these
recognized bands, most of the mis-recognized bands were the empty spaces between
two approximate buildings or buildings behind. Here, since all the target buildings
were much higher than empty space, We added a threshold of height to reduce the
number of recognized bands which made from empty space, it meant that, we only
selected those bands whose brightness were brighter than threshold. As a result,
the number of recognized bands was reduced to six.

Fig. 3.16(a) was the result of DP matching in shinjuku. In this graph, abscissa
meant bands recognized from Image-THI, six bands were recognized on Image-
THI, and ordinate meant bands recognized from Model-THI, five bands (buildings)
actually existed. As a result, the band 5 on Image-THI was made from the building
behind target buildings (Fig. 3.16(b), drew round by red color).
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(a) Frame 1 from image se- (b) Wire-delete result of

quence of scene 2. frame 1 by once.

(¢) Frame 66 from image (d) Wire-delete result of

sequence of scene 2. frame 66 by once.

(e) Wire-delte result of (f) Wire-delete result of

frame 1 by twice. frame 66 by twice.

Figure 3.10: Input and the réddult of removing electric wire.



(a) EPL (b) Edge result of EPI.

(c¢) Image-THI. (d) Edge result of THI.

(e) Recoginzed bands from Image- (f) Recoginzed bands from Model-
THI. THI.

Figure 3.11: Experimental results of scene 2.
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(a) The result of DP matching.

(b) Mismatching example of DP matching.

Figure 3.12: DP matching result of scene 2.
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(a) The whole 3D map of shinjuku (b) Selected area of shinjuku.

area.

Figure 3.13: 3D building model of shinjuku.

(a) An example of ladybug image (b) A converted image from ladybug

captured in shinjuku. image of shinjuku.

Figure 3.14: Ladybug and projected image of shinjuku.
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(a) THI made from 3D building (b) Recognized bands from Model-
model in shinjuku. THI.

|

(¢) THI made from image sequence (d) Recognized bands from Image-
in shinjuku. THI.

Figure 3.15: THIs of 3D building model and image sequence in shinjuku.

Map

(a) DP matching result of shinjuku. (b) The mismatching band.

Figure 3.16: DP matching result and mismatching example of shinjuku.
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Chapter 4

Texture Mapping

In ITS field, 3D city map, especially a color one, plays very important role. Some
companies (i.e. Google, Microsoft) have made their debuts of color 3D city map
products, whereas, all those textures of building are made by CG. This process
needs huge labor hours, and lacks of actuality. Here, we propose an automatic tex-
ture mapping method onto colorless 3D building model using real images captured
by on-vehicle camera. To achieve this goal, there are three steps:

1. Recognize buildings on actual urban image stably.

2. Design a method of determining corresponding relation of building textures
and building models.

3. Define the texture mapping method.

We have designed THI and DP matching to solve the first two issues. After
DP matching, as shown in Fig. 4.1, we can know the corresponding bands between
Image-THI and Model-THI. It just means corresponding indexs of bands, but not
the correct position of each buildings on the single image and building models(red
rectangle). In the building models, the contour (red rectangle) can be assigned in
advance, so here, We have to propose a method to recognize the exact position of
the contour (red rectangle) on images.

At the same time, using the corresponding relation of buildings on image and on
model, we can also estimate the vehicle location where the images were captured.

It can be achieved by finding out corresponding image captured by virtual camera
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Figure 4.1: Corresponding relation obtained by DP matching.

in 3D map, threfore the location of virtual camera can be looked upon as the real
vehicle location. The process is very near to texture mapping, so we will explain

it later.

4.1 Simplification of Texture Mapping Process

To make the process of texture mapping easily, we add three assumptions:

1. Approach the building facade as a rectangle. It means that the roofs with
complex shape are ignored. By this assumption, texture mapping become the issue
that to determine the four corresponding corners of the rectangle. Since the corners
of building model has been assigned, we just have to extract the four corners of
building facade on a appropriate single image.

2. Buildings are reflected vertically on the real images, which can be achieved
easily by adjust parameter of omni-view camera. By this assumption, corners on
the same vertical contours could have the same abscissa, and just the same as the

two vertical contours® abscissas.
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(a) An example of THI for recogniz- (b) The frame correspoinding to the
ing corners on the roof. height of 191 on the THI.

(c) Dividing THI into several paral- (d) Estimation of building widths.
lel bands.

Figure 4.2: Process of estimating building widths.

3. The height of boundary of buildings and ground should keep constant. It
means the up and down of vehicle can be ignored. By this assumption, the ordinate
values of corners on the ground can be assigned in advance.

After the three assumptions above, the issue of texture mapping can be con-
verted into the issue of reconizing the heights of buildings and the abscissas of
vertical contours.

Since the heights of buildings can be easily decided from THI by the feature of
THI, then we will mainly explain the step of recognizing the position of vertical

contours by THI.

4.2 Recognition of Vertical Contours

As show in Fig. 4.2(a), actually, the vertical contours of buildings are expressed as

band contours on THI. So by extracting band contours on THI, we can determine
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W

(a) Corresponding corners between image and model.

(b) Txture mapping result by the four corresponding

corners.

Figure 4.3: Process of texture mapping for one building.

the position of vertical contours.

We divide this process into two steps:

1. Extract band contours as parallel lines.

We extract the contours by edge extraction, but as shown in Fig. 4.2(a), the
bands are overlapping each other in the surrounding field of THI, therefore, we
can not extract peripheral contours exactly. To reduce the effect caused by the
side faces of buildings, we just employ the edges in the central narrow field of THI
(black field). However it is a dilemma that by cutting off most parts of THI, there
is too little information left for edge detection. So we add a constraint:

Assuming all the buildings are on the same depth (means the distance between
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vehicle and buildings is kept constant), all the bands can be considered to be
parallel, and the band contours become a cluster of parallel lines. After extracting
these contours as straight lines, and computing the average slope of these lines, we
can modify these original lines to be parallel lines by the average slope(Fig. 4.2(c),
red lines).

2. Estimate the Abscissas of Vertical Contours.

After extracting the band contours, the widths of buildings is just the horizontal
distance between two approximate contours(Fig. 4.2(d), blue lines), though there
are many choices to decide which frame should be used. To obtain the best texture
of building facade, we have to determine an appropriate frame, on which building
is just reflected on the central field. This can be achieved by choosing the frame,
on which the center of width(Fig. 4.2(d), blue line) is just on the horizontal center
of THI. Then, the abscissas of vertical contours can be recognized as the tips of
the blue lines.

However, take notice that there may be some bands that do not mean buildings,
we can check them by DP matching result. After obtain the abscissas of vertical
contrours, we can decide the position of corners on the boundary of buildings and
ground, since the ordinates of these two corners has been assigned.

Then, for the other two corners on the roof, the ordinates equal the height of
building. As the feature of THI, the brightness is in proportion to the height of
buildings, so average brightness of band means average height of the building in
temporal axis. This way can recognize height stably.

By the two steps above, we can obtain the positions of the four coners from
single image. As shown in Fig. 4.3, extract the field of the rectangle, and attach
it onto the corresponding model (obtained by DP matching result), we can obtain

the texture mapping result.

20



(a) Texture input 1. (b) Texture input 2.

(c) Texture input 3. (d) Texture input 4.

Figure 4.4: Some examples of texture input for scene 1.

4.3 The Results of Texture Mapping

We carried out texture mapping in two scenes: scene 1 (Fig. 3.6(a), around school)

and scene 3 (Fig. 3.6(b), shinjuku).
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4.3.1 Texture Mapping Result of Scene 1

We first extracted building corners from Image-THI (Fig. 3.8(d)), Fig. 4.4 showed
some examples of frames as texture input, the field of marked rectangles were the
extracted facades' textures. According to these texture inputs, we could say most
of the buildings were well extracted, though in Fig. 4.4(b), the right contour was
not well recognized because the two approximate buildings were too close to judge
the contour on Image-THI exactly. For the building roof, as we applied average
height, some unflat roofs were ignored.

Fig. 4.5 showed texture mapping result. Fig. 4.5(a) showed those extracted
texture inputs, Fig. 4.5(b) showed the 3D building models for texture mapping,
and Fig. 4.5(c) showed the final result of texture mapping.

4.3.2 Texture Mapping Result of Scene 3

Next, we carried out texture mapping in shinjuku (Fig. 3.6(b)). Fig. 4.6 showed
some examples of extracted building textures (buildings surrounded with red rect-
angle). And Fig. 4.7 showed the texture mapping result of shinjuku. As shown in
Fig. 4.7(a), building texture were well extracted, because the empty space between

buildings were large enough and the roofs were all flat.

4.4 Estimation of Vehicle Location

Generally, we use GPS to get where we are, however, in some areas with tall
buildings, the signal from satellite may not arrive. Here, we challanged estimating
vehicle location only by image processing.

However, this is just a basic research, so we just try locating the image sequence
(where did we take this pictures) captured for texture mapping. In fact, this process
has became very easy since obtaining corresponding building edges between image
and model by DP matching and similar as the process of texture mapping.

We first select frames from image sequence, as Fig. 4.8(a), in which vertical
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contour of building is just on the central line. This process is similar as the process
in texture mapping.

As shown in Fig. 4.8(b), the green line is defined as central line, and red lines are
band contours which mean vertical contours of buildings in real image. Therefore,
in the frame (blue line) through intersection point (red one) of central line and
band contour, the vertical contour is just on the central line (Fig. 4.8(a)).

At this time, as we define on-vehicle camera captures buildings head-on, it can
be considered that vehicle is just on the front face of the vertical contour. And as
shown in Fig. 4.1, after DP matching, we can get corresponding relation of vertical
contours between image and model, it means that we can find out the corresponding
image of Fig. 4.8(a) in the image sequence captured by virtual camera in 3D map.
Of course, the location where virtual camera took this picture can be decided. And
it is just the same as the location of real camera in the real world. By this way, the
location where we captured this picture can be known (Fig. 4.9). This is just the
way to locate the frames in which vertical contour is on the central vertical line.

By the way, how about those pictures in which vertical contour can not be
found on the central line? As we constraint the vehicle to keep constant velocity

on a straight trajectory, the trajactory of pictures can be estimated lineraly.
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(a) Extracted textures.

(b) Building models for texture mapping.

(¢) Texture mapping result.

Figure 4.5: Texture mapping reuslt of scene 1.

o4



(a) Texture input 1. (b) Texture input 2.

) Texture input 3. (d) Texture input 4.

Figure 4.6: Some examples of texture input for scene 3.
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(a) Extracted textures.

(b) Building models for texture mapping.

(¢) Texture mapping result.



(a) Corresponding frame (No. 105).
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(b) Searching one frame in which vertical con-

tour is on the central line.

Figure 4.8: Process of searching frame in which wertical contour is on the central

line.
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Figure 4.9: The result of location estimation for Frame 105.
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Chapter 5

Conclusions

5.1 Main Achievements

In this paper, we proposed a automated texture mapping method onto 3D building
models, it is hoped to reduce the labor hours of making textured 3D house map.

In this process, we also presented a novel expression of Spatio-Temporal Volume,
called THI, it can be considered as an extended version of EPI, however, can
overcome the shortages of EPI, for example, THI can remove the effect of edges
caused by inside windows, and from THI both width and height of buidlings can
be obtained, while on EPI, only width can be got. Using THI, we could recognize
buildings stably.

Moreover, when creating THI, building height became necessary. We consider
the highest edges as height, whereas, electric wires were annoying. To remove
these electric wires, we suggested a wire-delete filter, based on median filter, but a
vertical 1D one. It worked well in most scenes.

After recognizing buildings (bands on THI) from images and models, we matched]]
these two kinds of bands by DP matching. It was designed to apply the feature of
THI. In DP matching, we suggested several original passable paths to skip noises
or integrate two approximate bands which mean the same buildings essentially, and
added several constraints. Through several real scenes, our proposed DP matching

can be considered as a robust matching method.
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Deciding the corresponding buildings between images and models, texture map-
ping could be carried out. In this process, the key issue was to recognize four
corners while we approached building facade as a rectangle. By assuming that
buildings were reflected vertically on images and boundary of building and ground
kept the same height, the four corners became easy to be recognized from THI.
We showed two scenes of texture mapping. All the building front faces were well
textured, although boundaries were a little coarse, since some building facades were
too complex to approach as a rectangle simply.

At last, as a obiter application, using the result of corresponding buildings
between images and models, we challenged estimating the vehicle location where to

acquire the image. we succeeded in estimating locations on the straight trajectory.

5.2 Future Works

We are going to improve the accuracy of DP matching and texture mapping, then
develop the automated texture mapping application to texture mapping commer-
cially available 3D city maps. there are several issues to address in detail:

1. Currently, we just use buildings on one side of street for DP matching, we
are going to design a DP matching using buildings on both sides. It is hoped to
improve the accuracy of DP matching.

2. Now, we just consider the building facade as a rectangle simply, which is not
enough for complex-shape buildings. Supposing the facade as a rectangle initally,
then the process of changing the shape of rectangle to fit complex surface of building
is required.

3. Now, only front faces of buildings are textured, we are going to texture both

visible sides of buildings to improve the actuality.
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