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ABSTRACT

This paper proposes a Kalman filter based restoration method for
images obtained by in-vehicle camera in foggy conditions. The pro-
posed method introduces two novel approaches into the Kalman fil-
ter based restoration. The first one is an automatic determination of
a fog deterioration model. A vanishing point in the foggy image is
estimated by using cross ratio of lane marking, and automatic deter-
mination of all parameters of the fog deterioration model is realized.
Furthermore, the obtained model is introduced into the Kalman filter.
Specifically, our method regards each frame as a state variable and its
observation model is defined by the fog deterioration model. Then,
since the correlation between successive frame can be effectively uti-
lized by the Kalman filter, the accurate restoration of foggy images
is achieved. Experimental results show that the proposed method
achieves higher performance than the traditional method based on
the fog deterioration model.

Index Terms— Restoration, Kalman filter, In-vehicle camera,
Foggy images

1. INTRODUCTION

A considerable number of vehicle accidents are caused by poor vis-
ibility in bad weather. This is mainly due to the presence of the con-
siderable number of atmospheric particles with significant size and
distributions in the participating media. Because of these particles, a
light from the environment and a light reflected from objects are ab-
sorbed and scattered, making the visibility not as clear as if they are
not present. Some techniques have been tackle the problem by using
physics-based solutions. Specifically: first, methods that use polariz-
ing filters[1, 2]; and second, methods that use multiple images taken
from foggy scenes with different densities[3, 4]. However, both of
the approaches require that the images are multiple and taken from
exactly the same point of view, their requirement of the specific in-
puts makes them impractical, such as in-vehicle systems. On the
other hand, the method in reference [5] has reported the in-vehicle
camera images is restored by utilizing the deterioration model of the
intensities by fog, if the parameters of this model can be obtained
from a vanishing point based on a pinhole camera model. However,
in order to estimate the vanishing point based on the pinhole camera
model, the camera parameters are calibrated manually in advance.
Furthermore, since the method in reference [5] performs the restora-
tion of the foggy images for each frame, it cannot effectively utilize
the correlation between the successive frames. Therefore, the tradi-
tional methods cannot achieve the accurate restoration.

In this paper, we propose an automatic and accurate restoration
method of in-vehicle camera images in foggy conditions by using the
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Kalman filter. First, in order to set the parameters of the fog deteri-
oration model automatically, we estimate the vanishing point using
cross ratio of the lane marking. Then, the proposed method can es-
timate it insusceptible to the effect of roll and tilt in a road without
using the camera calibration. Therefore, from the obtained result,
we automatically determine the fog deterioration model. Secondly,
in the proposed method, the obtained fog deterioration model is in-
troduced into the observation model of the Kalman filter. Further-
more, the proposed method regards the elements of the state variable
of the Kalman filter as the intensities in each frame, and models each
frame of the original video image by using nonlinear state transition
model. Consequently, since the correlation between the successive
frames can be utilized effectively, our Kalman filter algorithm real-
izes the automatic and accurate restoration of the captured images.

2. KALMAN FILTER

In this section, we explain the Kalman filter. The Kalman filter ad-
dresses a general problem of trying to estimate the state of a discrete-
time controlled process governed by the linear stochastic difference
equation. We consider the models given by the following two equa-
tions as a state transition model and an observation model, respec-
tively.

X(n) = A(n)X(n − 1) + U(n), (1)

Z(n) = H(n)X(n) + V(n), (2)

where X(n) is a state vector at the time of n, A(n) is a state transition
matrix, and U(n) is a zero-mean system noise vector. Further, Z(n)
is an observation vector whose elements are observed values, H(n)
is an observation matrix, and V(n) is an observation noise vector.
Then, the Kalman filter algorithm is represented as follows:

Pb(n) = A(n)Pa(n − 1)AT (n) + QU (n),

K(n) = Pb(n)HT (n)
[
H(n)Pb(n)HT (n) + QV (n)

]−1
,

X̄(n) = A(n)X̂(n − 1), (3)

X̂(n) = X̄(n) + K(n)
[
Z(n) − H(n)X̄(n)

]
,

Pa(n) = Pb(n) − K(n)H(n)Pb(n),

where Pb(n) and Pa(n) are error covariance matrices given by the
following equations:

Pb(n) = E
[(

X(n) − X̄(n)
) (

X(n) − X̄(n)
)T ]
, (4)

Pa(n) = E
[(

X(n) − X̂(n)
) (

X(n) − X̂(n)
)T ]
. (5)

In the Kalman filter algorithm, K(n) is called a Kalman gain ma-
trix. Further, QU(n) and QV(n) are covariance matrices of U(n) and

12451-4244-1484-9/08/$25.00 ©2008 IEEE ICASSP 2008



Fig. 1. Fog deterioration model.

V(n), respectively. X̄(n) and X̂(n) denote the estimation vectors of
X(n) at the time of n − 1 and n. By using the Kalman filter, X̄(n)
is compensated by the Kalman gain K(n) and the noisy observation

vector Z(n) at the time of n to obtain the final estimation result X̂(n).
Consequently, the Kalman filter can accurately estimate the state it-
erating the state transitions.

3. DETERMINATION OF FOG DETERIORATION MODEL

In this section, in order to restore foggy images by using a fog deteri-
oration model, we set its parameters, which determine a degradation
character. As shown in Fig. 1, since the light, which is scattered and
absorbed by atmospheric particles, is added to an instinct intensity,
the fog deterioration model [5] is defined as follows:

I = Re−βd + A∞(1 − e−βd), (6)

where I is an observation intensity, R is the instinct intensity, and
A∞ is an intensity coming from the sun and scattered by atmospheric
particles. Further, β is an extinction coefficient of the atmosphere
equal to the sum of the absorption and diffusion coefficients, and d
is a distance from the object. Then, Eq. (6) is rewritten as follows:

R = Ieβd + A∞(1 − eβd). (7)

Note that, in order to calculate R, the values βd and A∞ must be
determined. In the traditional method [5], these values βd and A∞
can be calculated, if the position of a vanishing point is determined.
Specifically, based on pinhole camera model, the traditional method
uses the vanishing point vh to calculate βd and A∞ as follows:

{
βd = 2

vi−vh
v−vh
,

A∞ = Ii − vi−vh
2

dI
dv |v=vi

,
(8)

where vi is the point of the inflection point and Ii is the observation
intensity at vi. Thus, the parameters of the fog deterioration model
are calculated in Eq. (8). However, in this method, camera parame-
ters must be manually calibrated in advance.

In order to solve the above problem, we estimate the vanishing
point from only foggy images, and set the parameters of the fog de-
terioration model automatically. Specifically, the proposed method
calculates edges of the lane marking in the foggy image and regards
the intersection of the lines including these edges as the vanishing
point. In order to realize more stable estimation of the vanishing
point, we perform its estimation for the image simply restored by
the fog deterioration model.

In this way, the proposed method achieves accurate estimation
of the vanishing point. Therefore, utilizing the vanishing point esti-
mated from the foggy image, the automatic setting of the parameters
βd and A∞ in Eq. (6) can be realized1.

Fig. 2. Pinhole camera model.

4. KALMAN FILTER BASED RESTORATION OF FOGGY
IMAGES

In this section, we propose a new restoration method of the foggy
images by introducing the fog deterioration model into the Kalman
filter. In the proposed method, the target image is restored by block-
based procedures. Further, the original image model and the fog de-
terioration model are respectively introduced into the state transition
model and the observation model as follows:

[state transition model]
Xx,y(n) = An

(
X(n − 1)

)
+Wx,y(n) + U(n). (9)

[observation model]
Zx,y(n) = Hx,y(n)Xx,y(n) + Fx,y(n) + V(n). (10)

where Xx,y(n) and Zx,y(n) are the vectors of raster scanned intensities

of the target N ×N blocks Bo
x,y(n) and Bf

x,y(n). Note that these blocks

Bo
x,y(n) and Bf

x,y(n) are centered at (x, y) in the frame n of the original
image and the foggy image, respectively. Moreover, An is a function,
which performs a pixel-wise matching between pixels within Bo

x,y(n)
and those within the previous frame based on the motion vector. The
other matrices and vectors of the Kalman filter are defined as fol-
lows:

Wx,y(n): an error vector estimated between Xx,y(n) and
An
(
X(n − 1)

)
.

U(n)：an error vector representing

Xx,y(n) −
(
An
(
X(n − 1)

)
+Wx,y(n)

)
.

Hx,y(n)：a diagonal matrix whose elements are e−βd in Eq. (6).
Fx,y(n)：a vector whose elements are the constant term

A∞(1 − e−βd) in Eq. (6).
V(n)：a vector whose elements are the observation noise

added by in-vehicle camera.
Based on the above definitions, we can estimate Xx,y(n) from frame

1We should note the following two points.

• In the traditional method, the distance d becomes infinity in the re-
gion above the vertical line on the vanishing point. In the proposed
method, the distance d is finite, and βd is a constant value in this
region.

• In the traditional method, each frame of the foggy images includes
only one inflection point. The inflection point is the one whose Lapla-
cian value of intensities becomes zero. In the proposed method, each
local block in the foggy images includes one inflection point.
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Fig. 3. State transition model in the proposed method.

n − 1. Thus, in order to restore the foggy images using the Kalman
filter, we need to calculate these vectors and matrices of the state
transition and observation models. In this section, we respectively
explain the details of each model and the calculation of its vectors
and matrices in 4.1 and 4.2. Next, we propose the Kalman filter
based restoration method of the foggy images in 4.3.

4.1. Proposed state transition model

In the proposed method, Eq. (9) models a target frame n from the
previous frame n − 1 based on the motion vectors. In this equa-
tion, An

(
X(n − 1)

)
is an estimation result of Xx,y(n) from X(n − 1).

Note that, in order to realize the estimation, we select the pixel in
the frame n − 1, which is best matched to each pixel within Bo

x,y(n).
Therefore, we need to calculate the motion vectors for each pixel
within Bo

x,y(n) and determine An. Note that, since the original im-
age is not given, we need to calculate the motion vectors from only
the foggy image. Therefore, the proposed method regards the image
restored by using the fog deterioration model as a virtual original
image, and calculates the reliable motion vectors. Specifically, by
using a block matching algorithm, we calculate the motion vectors

(vx′ , vy′ ) for each pixel within Bm
x,y(n) from X̂(n−1). Note that Bm

x,y(n)
is the block centered at (x, y) in the frame n of the virtual original im-

age, and X̂(n − 1) is the estimation vector which is calculated in the
frame n−1 by the Kalman filter. Then, the function An is determined,
and the intensities in the frame n are estimated from the frame n− 1.
In this estimation method, the errors may be caused between Xx,y(n)
and An

(
X(n − 1)

)
. Therefore, in the proposed method, the errors

Wx,y(n) are estimated as follows:

Wx,y(n) = Xm
x,y(n) − An

(
X̂(n − 1)

)
, (11)

where Xm
x,y(n) is the vector of raster scanned intensities of Bm

x,y(n).
Then, Wx,y(n) includes the estimation errors, since the errors may
be caused between Xm

x,y(n) and Xx,y(n). Thus, we define the vector
representing these errors as U(n). Additionally, it is assumed that
each elements of U(n) is the white noise with the normal distribution
N(0, σ2

U ). In this way, the proposed method enables to model the
frame of the original image by Eq. (9).

4.2. Proposed observation model

In the proposed method, the observation model represents the deteri-
oration of the original image by the fog and the process of adding the

observation noise to the deteriorated image. First, we assume that
the parameters of the fog deterioration model are the same values

in each pixel of Bf
x,y(n). Therefore, the deterioration process of the

original image by the fog is represented by Hx,y(n)Xx,y(n) + Fx,y(n).
Consequently, Hx,y(n) is a diagonal matrix whose elements are e−βd,
and Fx,y(n) is a vector whose elements are A∞(1 − e−βd). Note that
e−βd and A∞ are calculated in Eq. (8). Further, V(n) is the observa-
tion noise added by in-vehicle camera, and assumed to be a white
noise with the normal distribution N(0, σ2

V ).

4.3. Kalman filter based restoration method

From the definition of the state transition and the observation models
in 4.1 and 4.2, the Kalman filter algorithm is shown as follows:

Pb x,y(n) = MA
n
(
Pa(n−1)

)
+ QU (n),

Kx,y(n) = Pb x,y(n)HT
x,y(n)

[
Hx,y(n)Pb x,y(n)HT

x,y(n)+QV (n)
]−1
,

X̄x,y(n) = An
(
X̂(n−1)

)
+Wx,y(n), (12)

X̂x,y(n) = X̄x,y(n) + Kx,y(n)
[
Zx,y(n)−

(
Hx,y(n)X̄x,y(n)+Fx,y(n)

)]
,

Pa x,y(n) = Pb x,y(n) − Kx,y(n)Hx,y(n)Pb x,y(n),

where Pb x,y(n) and Pa x,y(n) are the error covariance matrices given
by the following equations:

Pb x,y(n) = E
[(

Xx,y(n) − X̄x,y(n)
) (

Xx,y(n) − X̄x,y(n)
)T ]
, (13)

Pa x,y(n) = E
[(

Xx,y(n) − X̂x,y(n)
) (

Xx,y(n) − X̂x,y(n)
)T ]
. (14)

In the above equations, QU(n) and QV(n) are diagonal matrices whose
diagonal elements are σ2

U and σ2
V , respectively. Further, MA

n is a
function, which selects the best matched covariance matrix of previ-
ous frame based on the motion vector. Specifically, given the the mo-
tion vector (vx, vy) of the target block centered at (x, y), MA

n
(
Pa(n−1)

)
outputs Pb x+vx ,y+vy (n). As mentioned in section 2, the Kalman filter

compensates X̄x,y(n) by the Kalman gain Kx,y(n) and the noisy obser-
vation Zx,y(n). Therefore, the Kalman filter enables to estimate the
state accurately by iterating the state transitions. Consequently, us-
ing the Kalman filter algorithm, an accurate restoration, which uses
the correlation between the successive frames, can be achieved.

5. EXPERIMENTAL RESULTS

The performance of the proposed method is verified in this sec-
tion. We use in-vehicle camera video images in foggy conditions
(220×160 pixels, 8-bit gray levels, 15 fps, 600 frames). Figs. 4(a-
1)–(a-3) show its 233–235 frames. Figs. 4(b-1)–(b-3) and Figs. 4(c-
1)–(c-3) respectively show the results of the proposed method and
the traditional method [5].

As shown in Figs. 4(b-1)–(b-3), the proposed method enables
to recognize a forward vehicle, an iron railing, and the lane mark-
ing. Therefore, since the state transition model of the original image
based on the motion vectors and the fog deterioration model set its
parameters automatically are introduced into the Kalman filter re-
spectively, we have achieved the accurate restoration of the foggy
images. Then, the effectiveness of the proposed method can be veri-
fied in this experiment.
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(a-1) (a-2) (a-3)

(b-1) (b-2) (b-3)

(c-1) (c-2) (c-3)

Fig. 4. Experimental results:(a-1)–(a-3) 233–235 frames of foggy images, (b-1)–(b-3) restoration results of the proposed method, (c-1)–(c-3)
restoration results of the traditional method

6. CONCLUSIONS

This paper proposes the Kalman filter based restoration method for
images obtained by the in-vehicle camera in the foggy conditions.
Regarding the elements in the state variable of the Kalman filter as
the intensities in each frame, the proposed method models the target
frame from the previous frame by using non-linear state transition
model based on the motion vectors. Further, the fog deterioration
model is introduced into the observation model of the Kalman fil-
ter. Consequently, utilizing this Kalman filter, the proposed method
realizes the accurate restoration of the foggy images.
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