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Abstract:

In this paper, we propose a method to synthesize future images in a driving scene using a stereo camera system
fitted on vehicles. In this method, three-dimensional (3D) objects in a driving scenario, such as vehicles,
buildings, and humans, are reconstructed by a stereo camera system. The reconstructed objects are separated
by semantic image segmentation based on 2D image information. Furthermore, motion prediction using a
Kalman filter is applied to each object. 3D objects in future scenes are rendered using this motion prediction.
However, some regions, which are occluded in the input images, cannot be predicted. Therefore, an image
inpainting technique is used for the occluded regions in the input image. Experimental results show that our
proposed method can synthesize natural predicted images.

1

INTRODUCTION

In recent years, various information processing technologies, such as automated driving and driving assistance, have been installed in vehicles, and these
techniques have been researched and developed extensively. Typically, in such technologies, various
data are obtained from different kinds of sensors, such
as cameras and 3D sensors, and the system assists
drivers based on this data.
These systems inherently have a delay because it
takes some time to acquire and process the data. Thus,
we cannot obtain “real” real-time information through
the sensors. Moreover, recent systems obtain data
from not only installed sensors but also surrounding
sensors, e.g., sensors on the other vehicles and street
cameras, through the network. Similarly, remote driving systems developing recently receive information
from the vehicle through the network to drive the vehicle from far away. In these cases, the delay of the
data becomes larger since data transmission through
the network requires lots of time. Therefore, the delay cannot be ignored for achieving safety operations.
If the system has an information delay, it is difficult
to replicate the acquired information in real-time operations. For example, in cases where the vehicle
should prevent collision with a pedestrian who appears suddenly, a system with a time delay can lead
to grave consequences. Therefore, the delay in the
feedback time from acquisition to processing of in-

formation should be considered as a critical problem
to be solved.
To solve this problem, it is vital to minimize the
response time of the system. However, the acquisition, processing and transmission of information takes
a specific duration in principle, which cannot be 0 s.
Therefore, we attempt to solve this problem by predicting the transition of the whole scene instead of
shortening the delay time. If such a scene prediction system is developed, the delay problem can be
avoided. That is, even when the information from the
sensor has a delay, the predicted data can correspond
to the real-time data, and the predicted data can be utilized in real-time driving. In this research, we focus
on images taken by the camera fitted on the vehicles.
In this paper, we propose an image prediction technique, using images taken by an in-vehicle camera of
the driving scene.
Recently, several video image prediction methods
have been proposed (Vondrick et al., 2016; Vondrick
and Torralba, 2017; Finn et al., 2016). In these methods, deep neural networks are used for predicted image synthesis. Notably, generative adversarial network (GAN) is one of the most effective architectures to synthesize images. In the image generating
network, a model that describes scene transitions is
implicitly trained in the network, which synthesizes
the future image from the current input image, based
on this implicit model. Although the network predicts the future image when the model fits the input
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scene, many images are required to train the network
correctly. Furthermore, these methods mainly focus
on the partial transition of the scene. Therefore, the
process may not be suitable in predicting a driving
scene because the entire image significantly changes
depending on the camera motion in the driving scene.
Furthermore, such case-based methods are not suitable for predicting unusual events because it is not
easy to collect training data of unusual scenes.
In contrast, our proposed method has an explicit
scene transition model for image prediction. The
model is based on a physical model as opposed to a
training case, which we can control and explain; thus,
our proposed method does not require a training image set to optimize the image prediction. Therefore,
our proposed method can predict future images even
in unusual events, e.g., traffic accidents.

future image, it is not a significant issue. As the distant 3D points that are less accurate are projected to a
small region in the image, the effect of the accuracy
degradation is suppressed in the predicted image.

2.2 3D Reconstruction by the Stereo
Camera
We first explain 3D scene reconstruction using the
stereo camera system. The 3D reconstruction of the
image is based on epipolar geometry. Let us consider
the case when the stereo cameras are calibrated, and
camera projection matrices P1 and P2 are computed
in advance. When correspondences m1 and m2 are
detected from each camera image, the 3D point X,
which corresponds to the image points is measured as
follows:
2

2

2.1

IMAGE PREDICTION IN
DRIVING SCENE
System Construction

For image prediction in a driving scene, we consider
the type of scene taken by the cameras fitted on the
vehicles. When the camera runs on the road, the images contain pedestrians, vehicles driving, and buildings around the road. The objects typically move independently, and should be separated to estimate and
predict their movement. Because the motion of the
object is not 2D but 3D, 3D measurement of the objects is required to predict their movement.
Therefore, we first measure the 3D road scenes using a stereo camera system and predict the scene using the 3D information obtained from them. We separate the measured map into multiple objects, and each
object’s motion is estimated. From the estimated motions, the object’s future position is predicted. Finally,
we render a future image from the expected state and
measure its 3D shape.
In recent studies, a method using a laser sensor such as light detection and ranging (LiDAR) has
been considered for acquiring accurate 3D information. However, we choose a stereo camera system because the cameras can measure dense depth maps in
real-time. Additionally, the stereo system can receive
3D shapes and a 2D image, which have much information. Therefore, the stereo camera system is suitable for predicting the driving scene in our research.
Note that the distance measurement results obtained by the stereo camera are less accurate than the
result from LiDAR. However, in the synthesis of a
860

X = arg min ∑ kmi − Pi (X)k2
X

(1)

i=1

where Pi (X) is the projection of the point X to the i-th
camera. As shown in the equation, the 3D points are
reconstructed by minimizing the reprojection error.
As mentioned above, 3D points are reconstructed
when correspondences are detected from stereo images. Therefore, accurate 3D shape reconstruction
from the stereo image depends on the accurate detection of corresponding feature points. The correspondence detection is achieved by epipolar geometry using a 1D search as the correspondences are on epipolar lines. Therefore, image rectification is applied to
stereo images, which makes the epipolar lines parallel
to the horizontal axis. In this case, finding correspondences is equivalent to the estimation of the disparity
in each pixel.
In recent studies, the estimation of the disparity is
optimized in the entire image, i.e., a 2D regularizing
constraint is applied to achieve stable estimation. Especially, semi-global matching (SGM)(Hirschmuller,
2005) is widely used because the method provides
a better disparity map at a low computational cost.
The technique uses several 1D constraints for reducing computational cost rather than a 2D constraint.
Thus, the required computational cost is much smaller
than in the case when 2D optimization is used. In
our method, the computational cost should be low
because our method needs to operate in real-time.
Therefore, we use the SGM to compute the disparity map from the stereo images efficiently. Figure 1
shows the computed disparity by SGM. Using the
SGM, a disparity map in the driving scene can be estimated, and a dense 3D map is reconstructed from the
map.
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(a) input image

(a) Input image

(b) disparity map

Figure 1: Disparity map by SGM.

2.3

Object Segmentation

Next, we consider the object segmentation of the measured 3D map. As mentioned, the 3D point cloud
from the stereo camera includes different kinds of 3D
objects, which move independently. Therefore, it is
necessary to segment 3D points to multiple objects to
predict the scene transition accurately. The segmentation of the 3D points is often based on the motion
of the points. However, when the object motion is
inaccurate, this segmentation is challenging. For example, when two or three frames are taken in a short
duration are used to estimate the object’s motion, the
estimated motion has many estimation errors, and it
cannot provide enough information to separate the objects. Therefore, a method based on motion is not
suitable for this research. Consequently, we classify
the object based on 3D image data instead of motion
because camera images can be used in our method.
To achieve image segmentation in the driving scene, we use semantic segmentation of images(Sharma et al., 2018). Semantic segmentation
adds image labels pixel by pixel, and the pixels are
classified into people, roads, and vehicles. In recent
years, convolutional neural networks (CNN) are often
used for semantic segmentation(Sharma et al., 2018).
The CNN can label the pixels at high speed and accuracy. As objects with different labels are considered
to perform different motions, it is possible to separate
the motions using the semantic segmentation results.
In this research, conditional GAN(Isola et al.,
2016) is utilized to achieve semantic segmentation in
the driving scene. Using the conditional GAN, natural
input images are converted to image labels, and thus
image segmentation is accomplished. In this segmentation, a limited number of labels are used as objects,
which appear in the road scene are limited. Furthermore, a detailed label is not required in our method
because we aim to separate the objects by their motion. Therefore, the labels are integrated into two labels, dynamic and static objects.
The dynamic objects can move independently, and
they include humans and vehicles. In the dynamic objects, there are multiple objects, which have different
motions. Therefore, detailed segmentation results are
preserved because the motion of these objects should
be estimated independently. The static objects include

(b) Semantic segmentation

(c) Segmentation of results
into dynamic and static objects

Figure 2: Example of object segmentation by semantic segmentation: (a) shows the input image, (b) shows the semantic segmentation result, and (c) shows the segmentation result of static and dynamic objects. In image (c), dynamic
objects are shown by white pixels and static objects by black
pixels.

buildings and roads. They cannot move by themselves; therefore, the relative motion of the objects
is caused by camera motion. Thus, their motion is estimated concurrently as a camera motion. Since the
3D points in the scene correspond to the pixels in the
input image, it is possible to label the recovered 3D
point group and obtain a separate point group for each
object because of the segmentation. An example of
image segmentation using CNN is shown in Fig. 2.
This example shows that vehicles, pedestrians, and
road surfaces are given different labels, and the objects in the scene can be properly separated in Fig. 2
(b). Furthermore, the labels are integrated into static
and dynamic objects, as shown in Fig. 2(c).

3

MOTION ESTIMATION AND
PREDICTION OF 3D OBJECT

3.1 Object Corresponding
Next, we consider a method to estimate the motion
data of each separated 3D object. Using image segmentation, it is possible to obtain a 3D position of the
separated objects at each time. However, it is necessary to find the corresponding objects for estimating
their motion. In this research, SIFT(Lowe, 2004) is
used for object matching. The SIFT is a local image
feature, and it is often used for detecting matching
points. The SIFT feature is robust against illumination change, image rotation, and scaling. In the driving scene captured by vehicle cameras, illumination
of the scene changes given the sunshine conditions.
Moreover, the scale and rotation of the object image
change with the object’s movement. Therefore, we
861
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expect that these differences can be suppressed using
SIFT.
For motion estimation, SIFT points are detected
from the images in each frame. The corresponding
points are found in the neighboring frame based on
the SIFT feature. The corresponding object can be
identified using SIFT matching because identical objects have corresponding feature points.
Note that, we obtain not only 2D point correspondences but also 3D point correspondences since the
image has 3D information at each point by the stereo
method. These 3D correspondences are utilized for
motion estimation described in the next section.

3.2

Motion Estimation based on
Kalman Filter

Here, we discuss motion estimation. In this estimation, we assume that objects in the scene are rigid.
Under this assumption, the motions of the objects are
only rotation and translation. Therefore, we only estimate the rotation and the translation of objects from
input images.
For this estimation, corresponding SIFT points in
j,i
the object are used. Let Xt−1 denote the i-th 3D point
j,i
with label j at time t − 1. The point Xt−1 corresponds
j,i
to the point Xt at time t. In this case, a rotation maj0
j0
trix Rt and translation vector Tt between t and t − 1
can be estimated as follows:
n

j,i

j,i

(Rt j0 , Tt j0 ) = arg min ∑ ||Xt − (RXt−1 + T)|| (2)
R,T

i

Using this estimation, the motion of each object can
be predicted.
However, because the measured 3D point is affected by noise, such as the reconstruction error in
the stereo method, a reliable estimation cannot be expected using only two frames. Therefore, a Kalman
filter(Kalman, 1960) is used to achieve reliable motion estimation and prediction.
The Kalman filter is an iterative estimator that
takes an observed value of the current time as an input. The filter sequentially updates the state of the
model while providing an estimated value of the current time and a predicted value of the time ahead. In
this research, when the transition time interval is 1
min, it is assumed that the transition of each motion
parameter can be approximated by a linear form, and
this is expressed using a linear Kalman filter.
j
j
Let Tt and at denote the translation and acceleration of the j-th object at time t. In this case, we assume that the object moves with uniform acceleration
approximately, and the prediction model of motion
862

j

j

from Tt−1 to the predicted translation T̂t is defined
as follows:
" j #
 j  
Tt−1
I I
T̂t
=
(3)
j
j
0 I
at
at−1
where I denotes a 3 × 3 identity matrix and 0 denotes
a 3 × 3 all zero matrix. In addition, it assumes that the
j
transition of the prediction error covariance matrix Pt
is defined as follows:



T
I I
I I
j
j
P̂t =
Pt−1
+ N (0, Qt ) (4)
0 I
0 I
where N (0, Qt ) is a zero means normal distribution
with a covariance matrix Qt . According to the estij0
mated translation vector Tt , all parameters for estimation are updated as follows:


 T̂tj
j0 
et = Tt − I 0
(5)
j
at

 j
T
(6)
St = Qt + I 0 P̂t I 0


T
j
Kt = P̂t I 0
St−1
(7)
j

Tt

j
Pt

j

= T̂t + Kt et

= (I − Kt I

(8)

0 )P̂tj

(9)

j

The updated Tt is a motion of the j-th object considj
ering past frames and T̂t+1 is the predicted translation
in the next frame.
Similar to the estimation of the translation, a roj
j
tation matrix Rt and R̂t+1 is estimated. In this estij
mation, the matrix Rt is converted to a rotation vector
j
rt by Rodrigues’ formula. Then, the Kalman filter is
j
applied to the rotation vector, and the rotation Rt is
estimated.
A Kalman filter is applied to the translation and
rotation estimation according to the model; consequently, object motion can be estimated while suppressing the effect of noise. Furthermore, it is possible to predict the motion of the object by finding the
parameters of the next frame based on the Kalman filter. From these predicted parameters, the 3D point
j
Xt+1 is predicted as follows:
j

j

j

j

Xt+1 = R̂t+1 Xt + T̂t+1

(10)

Using these predicted shapes in the next frame, a future image can be rendered.

3.3 Image Inpainting by Deep Image
Prior
The future image, which is synthesized using the
method mentioned above is constructed based on the
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(a) input image

(b) predicted image

Figure 4: CityScapes Dataset.

Figure 3: Example of a missing area caused by an occlusion
in predicted images.

observation image of the current time. Therefore, the
appropriate image cannot be synthesized when several regions in the future images cannot be observed
at the current time due to occlusions. For example,
Fig. 3 shows a scene where the vehicle fitted camera
is moving forward, and the vehicle in the left part of
the image is also moving forward. In this case, the region occluded by the front vehicle in the current frame
cannot be rendered and is not in the predicted image,
as shown in the red area. Therefore, to synthesize a
natural predicted image, it is necessary to interpolate
such missing regions correctly.
A method to interpolate such a missing image
is called inpainting, and various methods have been
proposed(Yu et al., 2018). In our system, the missing region is interpolated based on a deep image
prior(Ulyanov et al., 2018). The deep image prior is
one of the image synthesis methods of CNN. The image synthesis in the deep image prior is based on the
network architecture combined with some image data
rather than training images. Therefore, the method
does not need training on CNN. Thus, an image can
be interpolated without training the network using the
deep image prior.
Let us consider the case where the network architecture f synthesizes an image f (z, W) similar to an
image x based on input noise z and parameters W
of the network. Furthermore, the image x includes
a missing region and an image mask m replacing the
region to 0 as x m. In this case, the deep image prior
optimizes the parameters W by minimizing E for interpolating the missing region as follows:
E = ||( f (W, z) − x)

m||2

(11)

From the estimated W, image f (W, z) is synthesized
without any missing regions. Furthermore, by replacing the missing part of the generated image, the interpolated image can be synthesized. A natural predicted
image can be synthesized without any missing regions
using this method.
In the general case, the image is estimated from
the randomly generated noise image z. However, in
this research, we use the observation image xt at the
current time instead of the noise. In this case, the image is synthesized based on the evaluation equation as
follows:

E = ||( f (W, xt ) − x)

m||2

(12)

As the image of the current time and future time have
a strong correlation with each other, it can be expected
that the image can be synthesized more effectively
and efficiently from the current image. Additionally,
our research targets sequential video frames, and it
is considered that the images at continuous times are
similar. Therefore, the image generation network W
is also the same in each frame. Thus, the estimated parameters in the previous frame are used as the initial
parameters of the network. As a result, more efficient
parameter estimation can be achieved; hence this initialization can reduce the image estimation time.

4

EXPERIMENTAL RESULTS

4.1 Environment
In this section, we show several experimental results
of our proposed method. In these experiments, we
used CityScapes Dataset(Cordts et al., 2016). The
dataset includes many videos taken by the stereo cameras in several cities. The framerate of the videos is
17 fps. An example of the image included in the data
set is shown in Fig.4.
Moreover, the dataset includes image labels for semantic segmentation. In this dataset, 2975 sequences
were used for training the CNN for semantic segmentation, and the others were used as test data.

4.2 Image Prediction Results
The predicted images of the proposed method are
shown in Fig. 5. In the figures, (a) represents an
image at the current time, (b) represents the disparities obtained from SGM, (c) represents the results
of semantic segmentation to dynamic and static objects, and (d) represents the predicted images in the
next frame using our method. The ground truth of
the predicted images is shown in (e). Furthermore,
(f) shows an image where the predicted image and
ground-truth image are multiplexed. In these multiplexed images, the red component of each pixel is
from the ground-truth. The green and blue components are from the predicted images. The locations,
863
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(a) input images

(b) measured disparities

(c) semantic segmentation

(d) predicted images

(e) ground-truth

(f) multiplexed images of the predicted images and ground-truth

Figure 5: Experimental results on a straight road: (a) input image, (b) measured disparities, (c) semantic segmentation results,
(d) predicted images, (e) ground-truth and (f) comparison between ground-truth and predicted images are shown.

where the color shifts occur, show the difference between the predicted images and ground-truth.
In these results, the predicted results are similar to
the ground-truth. Moreover, a significant color shift
does not occur in the multiplexed image, which indicates that our proposed method can predict future images accurately. Notably, the third image include multiple objects that move independently. For example,
when our vehicle turns to the right, the right vehicle
in the video turns to the right and left vehicle moves
forward in the figure. Despite these complex movements in the scene, the synthesized image is similar
to the ground-truth. These results indicate that the
method can predict the future condition of each object independently, and it is practical to synthesize the
864

correctly predicted images.
Figure 6 shows longer span prediction results. In
this figure, the prediction results based on the current
input image are shown in the right column in Fig.5,
from one frame (59 ms) ahead to four frames (256
ms) ahead, are shown in each column. Remarkably,
natural images can be predicted when a four frames
ahead image is predicted. Although some differences
are found in (iii) the multiplexed image, (ii) the predicted images are relatively accurate. The results indicate that our proposed method is reliable, and it can
predict future images.
Figure 7 shows another longer span prediction results. In this figure, the same frame images were estimated from the different input images. Each col-
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(a) 1 frame

(b) 2 frame

(c) 3 frame

(d) 4 frame

(i) predicted images

(ii) ground-truth

(iii) multiplexed images

Figure 6: Long span prediction results: Top row shows predicted images of our proposed method. Second row shows the
ground truth, and third row shows multiplexed images of the predicted images and ground truth.
(a) 1 frame ago

(a) 2 frame ago

(a) 3 frame ago

(a) 4 frame ago

(i) predicted images

(ii) multiplexed images of predicted results and ground truth

(iii) multiplexed images of input images and ground truth

Figure 7: Comparison between long span prediction and short span prediction: Each column shows predicted results and
multiplex image from1∼4 frames ago images.

umn in the first and second row shows predicted results and multiplexed images from 1∼4 ago images,
respectively. The third row shows multiplexed images
of input images and ground-truth. In this result, (iii)
row shows input images are much different from the
ground-truth since the change of the whole image is
very large. In contrast, the difference between predicted images and ground-truth is tiny. The fact indicates that our proposed method can predict the change
of the image even if the whole image changes drastically.

4.3 Evaluation
We last show the evaluation results of our image prediction. In this evaluation, we chose 20 sequence,
which includes 600 images, from the CityScapes
dataset, and we synthesized predicted images for all
chosen images.
We first evaluated the effectiveness of image inpainting by deep image prior. In this experiment, predicted images are estimated from 1 frame ago images
and RMSE between the ground-truth and predicted
865
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Table 1: RMSEs from the ground-truth for original input
image, predicted images without inpainting and predicted
images with inpainting.

original
RMSE

16.04

without
inpainting
11.57

predicted
image
10.77

rendered. Furthermore, the deep image prior is applied to the predicted images to interpolate the missing areas of the images caused by occlusion, and we
finally predict the future natural images without missing areas. Several experimental results of a public
dataset show that our proposed method can predict future images even when the input scene includes multiple objects moving independently.
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