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Abstract

The virtual environment used in driving simulation
systems is large and usually contains outdoor scene.
Therefore, it is very difficult to model. In addition,
it is also hard to render the outdoor scene realisti-
cally using a traditional CG rendering pipeline. Re-
cently more and more researchers have begun begin
to use Image-Based Rendering(IBR) methods in order
to deal with large scenes and improve realism. In this
paper, we propose some techniques which use video
images to model and render scenes in a driving simu-
lation system. These techniques require the use of for-
ward moving image sequences, which are very easy to
obtain. There are three main points: (1) We propose a
mosaicing technique for forward moving images (For-
ward Moving Image Mosaics, or FMIM for short); (2)
The virtual views generated by FMIM have different
resolutions; (3) The visibility of the view is change-
able by adding fog effects. In this paper, we describe
our algorithm and the techniques we use in our video
image based driving simulation system in detail and
show some experiment results.

Key words: Image-based Rendering, Image
Mosaics, Virtual View Synthesis, Fog Effects,
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1 Introduction

Virtual driving environments represent a challenging
test for virtual reality technology. In a driving simula-
tion, scene database creation and terrain modeling are
intimidating problems. It is also very difficult to gen-
erate realistic images by 3D model-based rendering,

and the speed of 3D model based rendering depends
on the complexity of the scene. Moreover for outdoor
scenes, it is also difficult to simulate natural light.
Recently, there are emerging and competing meth-
ods for creating virtual views called image-based ren-
dering. In contrast with 3D model-based rendering,
image-based rendering techniques rely primarily on
original images to produce new virtual views.

There are a great deal of background research in
image-based rendering. A survey of these techniques
can be found in [1]. The representative techniques are
image mosaics[2](3], interpolation from reference im-
ages[4], light field rendering[5][6], and geometrically
valid pixel reprojection [7][8][9](10]. Image mosaics
techniques usually generate a panorama image from
images taken while rotating the camera around its
center of projection or while translating the camera
position. Techniques which interpolate from reference
images cannot always ensure the generated image is
physically valid. Levoy and Hanrahan introduced the
light field rendering in it is not necessary to extract
model information, such as depth values or image cor-
respondences. But the primary disadvantage of this
method is the requirement of a large set of image sam-
ples. For geometrically-valid pixel reprojection, as we
know, no work has been done using the forward mov-
ing images.

Until now, only a few researchers have worked on
the illumination problem[11][12] which is one of the
most difficult problem of IBR. The calculation of both
methods is very time consuming, so that are not suit-
able for a driving simulation system. Both also need
some 3D geometry model of the scene.

Video image is beginning to play an important role as
an information source in computer graphics. Partic-



ularly, forward moving video images maybe the easi-
est information to obtain because they need only one
video camera, and the motion of the camera is just
forward moving. That is the main reason why we
study on this type of original images instead of us-
ing images taken by multiple cameras from different
directions. By considering the distinguishing features
of a driving simulation system, we found that a for-
ward moving image sequence is suitable. Based on
this background, we propose a new technique which
we call Forward Moving Image Mosaics (FMIM) and
use it in our driving simulation system.

Our whole system consists of two parts: one is off-
line processing, the other is on-line processing. The
off-line processing constructs the virtual environment
from a forward moving image sequence, while the on-
line processing is responsible for producing the virtual
views by using FMIM and adding fog effects in real-
time.

We begin this paper with the review of related work
in Section 2. Then we describe the features of for-
ward moving image sequences and our driving simu-
lation system in Section 3. The off-line and on-line
processing are discussed in Section 4 and Section 5 re-
spectively. We show our experiment results in Section
6. Finally, conclusions and future work are given in
Section 7.

2 Related Work

Richard Szeliski and Sing Bing Kang have done much
work on image mosaics. In [3], they presented the
concept of video mosaics. In their techniques, they
solve a least-squares estimation problem in the un-
known structure and motion parameters, and give al-
gorithms for both constructing planar and panoramic
mosaics and for projective depth recovery. But their
method is only suitable for two specific imaging situ-
ations. One is when the images cover a portion of a
planar scene. The other is when the camera rotates
around an axis through its focal point. In fact for an
outdoor scene the first case is hard to satisfy, and the
second case limits the camera to a fixed viewpoint. In
addition they did not mention forward moving image
sequences.

In [13], they extended the algorithm of TIP (Tour
Into Pictures)[14] to forward moving image sequences
in order to improve the resolution. In their method,
3D pseudo-model is constructed by combining a series
of pseudo-boxes. Since TIP requires the decomposi-
tion of the image into five parts manually, the work

of 3D pseudo-model construction is still time consum-
ing. In addition, because it is 3D pseudo-model, the
virtual view is not guaranteed to be physically correct.
Moreover this method is not very suitable for outdoor
scenes.

Also [15] uses video sequence to construct 3D natural
scenes. In this method, a spatio-temporal texture is
employed to construct the scene as a set of panoramic
depth layers, each of which consists of an intensity
map and a depth map. But this method is also not
suitable for forward moving image sequences.

In [16] also uses video images for sports simulator,
Peloton. The authors incorporate video displays into
virtual environments. Our techniques is similar to
theirs, but we do not use any 3D virtual environment
at all. Therefore the virtual views we generate are
based only on images and have no artificial marks.
None of these related works [13][14][15][16] dealt with
how to change the illumination. In this paper we em-
ploy the forward moving image sequence to model the
natural scene and use the FMIM technique to pro-
duce virtual view in driving simulation system. Dur-
ing the rendering process, by using our fog generation
algorithm, we can generate virtual images in differ-
ent moisture situations. In a word, our video images
based driving simulation system can not only generate
realistic virtual view in real time, but also can change
the visibility in order to train the driver in different
conditions.

In the following section, we discuss these techniques
and our proposed solutions.

3 Features of Forward Moving
Image Sequences and a Driv-

ing Simulation System

In this section, we first describe the features of forward
moving image sequences and how to acquire original
forward moving images. Then we briefly discuss the
special features of a driving simulation system.

3.1 Features of Forward Moving Image
Sequences

A forward moving image sequence is an array of im-
ages taken by moving a camera forward along its op-
tical axis, shown in Figure 1.
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Fig.1 Forward moving image sequence

Let I be the symbol for an image, and S represent the
scene which is in the camera frustum. Suppose that
Iy and I, are two consecutive images, and Sy and S;
are their corresponding scenes. Without occlusion, it
is obviously that S; C Sp, as Figure 2 shows. Even
though S; C Sp, it does not mean that I, has all
the information contained in I) because image I; con-
tains the details of far objects which image I does
not. That shows the field of view of one image is lim-
ited, but the wider view of information is included in
the forward moving image sequence. This feature is
what we want to use.

Fig.2 Forward moving image frustum

We obtained a forward moving image sequence by
mounting a video camera to a hand-cart, and kept
it moving straight and at an uniform speed, as shown
in Figure 3. By assuming the road is flat, we regard
the image sequence taken this way as forward moving

images.
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Fig.3 Photographing process

3.2 Features of a Driving Simulation
System

By analyzing the driving simulation system, we found
that there are two special features in driving simula-
tion system:

1. the viewpoint does not change violently

2. the changes of the viewpoint are almost horizon-
tal

Because of these features, we say that the forward
moving image mosaics technique can be applied to a
driving simulation system effectively.

4 Off-line Processing

The off-line processing is the process of construction
virtual environment. In this part, the camera’s po-
sition and the depth map of each frame should be
recovered. The output of the off-line processing is the
virtual environment which is composed of original im-
ages, depth maps and camera positions.

4.1 Camera Position

We have to extract the camera position (C,Cy,C;)
and focal length f for each frame. While taking the
video, we keep the focal length fixed, so we only need
to calibrate the camera position (C;,C,,C,) for each
frame.

We set the camera position of the first frame as the
original point O, and the optical axis as the Z axis.
Let L be the distance which video camera moves from
the start point to the end point and N be the frame
number. Since the motion of the video camera is uni-
form, the distance AC, between two consecutive cam-
era position along the motion direction is

Obviously, the camera position (C%,C},C?) of frame
i can be calculated as follows:
Ci=
Cy= (1)
C:=ix AC,

4.2 Depth Recovery

The coordinates corresponding between a 3D point
P; = (X;,Y;, Z;), and the its pixel (z;;,yi;) in the jth



image can be written as

@ = f - 7550
(2)

yij:f'z__Y;

jAC;

where j is the frame number, ¢ is the pixel number.
Suppose pixel (Zpq,Ype) in the gth frame corresponds
to pixel pixel(zi;,yi;), i.e. they correspond to the
same point in 3D space. From (2), we can deduce
the following:

= Zi=jbC; .
Tpg = Z=gqaC, " Tij

3)

= ZizjOC: .
Yre = Zi—qacC. " Yis

The above formulation extends naturally to multi-
frame depth recovery by simply minimizing the
summed intensity error

E= Z Z[I(:v,-j,yij) — I(z40,yi0))* = Z Ze?j

7#0 i i#0
(4)

Using the Leverberg-Marquardt algorithm[17], Z; for
each pixel can be obtained. In our system, we use
three successive frames to recover the depth map of

the middle frame.

5 On-line Processing

The on-line processing produces the virtual view cor-
responding to the user’s viewpoint and can add fog
effects according to user’s setting. There are three
situations concerning the user’s viewpoint.

1. Both position and direction are the same as one
of the original images;

2. The position is the same as one of the images, but
with a different direction;

3. Neither the position nor the direction is the same
as any of the original images.

The first situation is very simple because we just need
to output the corresponding original image. For the
second and third situations, the FMIM technique is
employed. In this section, we focus on our FMIM and
introduce our fog effects algorithm.

5.1 Forward Moving Image Mosaics

Taking advantage of the conclusions drawn in Sec-
tion 3.1 that a larger field of view is contained in the
forward moving image sequence, a virtual view with
larger field of view than the original image and with

different resolution can be generated. We call this
technique Forward Moving Image Mosaics (FMIM).
This technique has two steps: depth image reprojec-
tion and image overlaying.

5.1.1 Depth Image Reprojection

After we know the parameter of the camera and the
depth (Z) values at each pixels, it is straight forward
to reproject the image onto a new image plane. If
4 x 4 matrix Cy describes the first camera, and C, is
the desired view, we have

Ti Wil Xi TioW;2 X;
Yi1 Wiy c Y; YiaW;2 c Y;
=i ) =02
2 Wiy Z; ZioWi2 Z;
Wiy 1 Wiz | 1
and so _
T2 Zi1
YioT —-1 | ¥Y%a
= CoC1t (5)
232T 241
r 1 |

Here we only consider the case where new view has
the same frustum but a different position. Specifi-
cally, the new view position is just a translation in Z

direction. Thus, the equation (5) can be simplified as

follows 7
J o _ k .
R A VR )
i Zy, .
Yei = A, G )Yk

Here (zki,yxi) is kth pixel in the image I, with
the camera position (0,0,7 - AC,), and Z is the
depth value of pixel (zk;,yr:). By reprojection pixel
(%ki, Yki) to a new view with camera position (0,0, j -
AC.), we obtain the pixel (z7;,32,). Thus a virtual
image Iij is generated, as shown in Figure 4. The size
of virtual image I,-j becomes larger and consequently
the resolution decreases.

> 7

Fig. 4 Forward depth reprojection

Since Zi is dependent on (zj;,yi;), the inverse

(optical axis)



mapping cannot be determined explicitly. We use
a forward mapping technique and employ super-
sampling[18] to alleviate the effect of noisy estimation
in the depth map. There are still some holes after
the forward mapping because there is no correspond-
ing pixel in the source image. We just interpolate the
nearby pixels to fill the holes.

5.1.2 Overlaying Images

Even though image If has larger field of view than
the original image, its resolution is low, especially for
distant objects. There are also some objects which
can be seen from (0,0,5 - AC,), but can not be
seen from (0,0,7 - AC,). We solve this problem by
overlaying the source image I; whose camera posi-
tion is (0,0, - AC;) to I! and generate a new im-
age I'. As figure 5 shows, after overlaying we get
a virtual image which not only has larger field of
view but also has multiple resolution. In the center
the resolution is high, while in the boarder, the res-
olution is low. This is just what we want, because
in a driving simulation system human eyes usually
The
image If' is called a forward moving mosaic image.

see the center more clearly than the border.

I

Fig. 5 Overlay I; to I7. The resolution in the
center is higher than that of in the border.

5.2 Application of FMIM to a Driving
Simulation System

As we have said, a driving simulation system has the
features that the viewpoint does not change too much
and the movements are almost always horizontal. It is
because of these features that we can apply the FMIM
technique.

Suppose the user’s position is (CZ,0,7 - AC,), and at
this position, he changes his viewpoint by rotating 15
degree horizontally as Figure 6 shows. It is obvious
that only rotating the source image I; only cannot
satisfy the new view because it needs more informa-
tion which is not contained in the source image I;. In
Section 3, we illustrate that the wider field of view

is contained in the forward moving image sequence.
Therefore we can make use of the image I;, the pro-
ceeding image to image I;. Now the problem is how
to select image I;.
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Fig. 6 Method for selecting image I;

Fig.7 Multi-resolution FMIM

Let @ be the view angle of the original image (it can be
calculated from focal length f and the size of the im-
age) and ¢ be the rotation angle. Suppose we are only
concerned scenes which are S far away. From Figure
6, it is easy to know that the image which is taken on
AD before image I; contains the information the new
view needs, and AD can be calculated

_S-tgf+9)+AX

AD
tg(%)

S (6)

where AX = C’g(.

After AD is calculated, image I; can be selected using
equation (1). Using the FMIM technique to reproject
image I; to the position (0,0, 7 - AC,), we get a larger
field of view image. Next we overlay image I; to this
larger image and obtain image I?'. When we get im-
age If ', by using the translate and rotate transform,
the desired image can be obtained.

If the rotation angle ¢ or Cf;( is very large, from equa-
tion (6), we know that AD is also very large. In this
case, the final result is not good because of the low
resolution. If we perform the FMIM more than once
by using small AD instead of executing it only once
with a very large AD, a high quality image can still
be generated.



From the above, we can draw the conclusion that if
the position of user’s viewpoint is the same as one of
the original image, but with a different direction, the
virtual image generated by the FMIM is physically
valid. Since the viewpoint is almost always moving
forward in driving simulation system, FMIM is very
suitable.

5.3 Adding Fog Effects

In a driving simulation system, it is necessary to simu-
late various weather conditions, such as fog, rain, snow
etc. Controllable illumination is still one of the diffi-
cult problem for IBR because geometrical and lighting
information are not sufficient or are hard to extract.
In this paper, we propose an approach to give fog ef-
fects.

Fogging can create atmospheric effects and give depth
cuing which are very important in driving simula-
tion system. Fogging is a non-linear function of dis-
tance[20]. With fog, objects far from the viewpoint
seem to lose their color and tone. The reduction rate
of color and tone depends mainly on density and dis-
tance, by the following equation:

r= e—(density-z) (7)

Here r is a symbol for the reduction rate of color
and tone, density specifies the fog’s density (here we
use the constant fog model, i.e. has a constant den-
sity everywhere), and z is the distant from the view-
point.When adding fog effects, the color c;; of pixel ¢
in j frame becomes to c;;/

Cijl =rci; + (1 —1)Clo (8)

where Cy,q is the color of fog.

Since we have a depth map for each frame, we can use
it directly to add fog effects. By adjusting density and
Cfog, we can simulate different fog conditions or even
different times of day to some extent. For example, by
setting Cf,4 to dark gray, we can simulate the scene
in dusk with fog.

6 Experimental Results

We collected a series of images using a video camera on
a leveled tripod in the road very near to our university.
While taking the video, we kept the hand-cart moving
straight and at an uniform speed and maintained a
constant focal length. The frames were then digitized
at a rate of approximately 5 frames per second to a
resolution of 320 by 240 pixels. An example of three

sequential frames are shown in Figure 8.

Then we recovered the depth for each frame. By using
the FMIM technique, we obtained an image with a
larger field of view and multiple resolutions (Figure
9(a)). Then employing the rotate transformation, we
formed the virtual view, as Figure 9(b) shows. Figure
9(c) gives a view image with fog effects.

7 Conclusion and Future Work

FMIM is a technique which is very efficient for forward
moving image sequences. The generated virtual views
generated have multiple resolutions, which is the main
point of this technique. Moreover the quality of depth
map does not effect the quality of the final virtual im-
age as in other techniques because the source image
overlays the reprojected image. In fact, it is not neces-
sary to perform the reprojection on the whole image.
Operating on the image border is enough. Thus the
calculation can be reduced greatly. For weather con-
ditions, although we only deal with the fog, it is a
promising beginning work.

Overall, our video image-based driving simulation sys-
tem has mainly three novel contributions: (1) It makes
use of the forward moving image sequence which is sel-
dom studied or used as source data. (2)We proposed
the FMIM technique. This technique is very suitable
for a driving simulation system. (3)Fog effects are
added to the virtual view almost without increasing
the amount of computation.

Occlusion is not considered in this paper. In addition
the forward moving image mosaics technique requires
that the source images must be forward moving im-
ages. As we know that occlusion problem always exits
and the road also cannot always be straight. Therefore
we have to solve the problem of occlusion and how to
apply this approach to non-forward moving images in
order to make this technique widely applicable. Also,
in this research, we only dealt with the fog effects. We
will make an effort to generate other weather condi-
tions in the future.

This paper was supported by TAO project The Study
of Composition, Editing and Retrieval of Image Con-
tents in the Next Image Generation System
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