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Abstract

This paper investigates visibility in daytime fog as estimated optically with a visibility sensor
and computationally with an image sensor. We use a database collected on a weather
observation site equipped with both a forward scatter visibility meter and a CCTV camera. We
implement a computer vision method based on the contrast sensitivity function of the human
visual system to estimate the visibility level (VL) of targets located at different distances in the
scene, and we study the relationship of the results with the extinction coefficient of the
atmosphere, derived from the meteorological optical range (MOR) provided by the optical
sensor. We show that Koschmieder’s law, which predicts exponential reduction of visibility as
a function of optical depth, applies not only to dark objects against the sky, but to other types
of contrast as well.
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1 Introduction

Fog is a quite common meteorological phenomenon. It happens in certain wind, temperature,
and humidity conditions when vapour condenses into microscopic water droplets around
airborne particles, causing the optical density of the atmosphere to rise dramatically. The net
result is that visibility drops to levels where traffic becomes hazardous, with disrupting effects
on ground (and other modes of) transport. Presently, the main solution to prevent such
disruptions is to give warning to the drivers ahead of a foggy area, so that they can adapt
their behaviour (Al-Ghamdi, 2007).

Fog detection and warning systems need to monitor the atmospheric visibility in order to
trigger relevant advisory or compulsory messages. This is usually done by means of optical
visibility sensors which directly or indirectly estimate the extinction coefficient k (expressed in
m™), a measure of the light scattering power of the atmosphere in the Beer-Lambert law. The
extinction coefficient is usually converted into the Meteorological Optical Range (MOR,
expressed in m), which is more informative since it approximates the so-called meteorological
visibility, i.e. the greatest distance at which a black object of suitable dimensions can be
recognized by day against the horizon sky (CIE, 1987).

However, there's more to visibility than the contrast of a black object against the sky,
especially when driving a motor vehicle in dense fog. Most objects of interest for the driver
(markings, signs, other road users, obstacles, etc.) lie in the vicinity of the road; they are not
always dark, nor uniformly coloured; and most of the time their background is not the sky, but
some adjacent or distant surface. For such objects, exponential reduction of visibility with
optical depth does not follow from Koschmieder’s law in as straightforward a way as for a
black object against the sky:

C =C, exp(—kd) (3)

where C is the contrast of the target at distance d, and C, is the contrast at very close range.

In this paper, we investigate the reduction of target visibility as a function of MOR in daytime
fog. We worked with a database of images and MOR measurements. We implemented a
computer vision algorithm to extract the visibility level of targets with different types of
contrast at different distances. We studied the relationship between target visibility and
extinction coefficient to verify the applicability of Koschmieder’s law.
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2 Description of the data

For this study, we used the Matilda database, which was collected on a weather observation
site in Trappes, France, with the help of the French Meteorology Institute (Météo-France), in
order to develop a camera-based method to estimate MOR (Hautiére et al., 2011). The
database contains images of a static outdoor scene grabbed every ten minutes 24/7 during a
three day period which saw particularly diverse visibility and sky conditions. Each image is
associated with a MOR value measured with a meteorological instrument on the same site.

The camera was an inexpensive one typically used in CCTV systems for traffic surveillance. It
came with a 1/3” CCD black & white sensor with PAL definition. It was equipped with a 4-mm
auto-iris lens which provided a horizontal field of view of about 64°. The images were
captured by a digital video recorder in VGA definition and saved into JPG format. Samples
are presented in Figure 1.

Figure 1 — Images from the Matilda database, grabbed in
different visibility (top) and sky (bottom) conditions.

A depth map of the scene was built by projecting a digital terrain model provided by the
French Geographic Institute (IGN) after calibrating the camera. The result is shown in
Figure 2. As the model only contained the terrain and the buildings, we had to use a digital
map to roughly estimate the position of other elements (equipment, vegetation) relative to the
camera.
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Figure 2 — Aerial image of the observation site (left) showing the field of view
of the camera, and depth map of the scene (right).
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Due to the optical characteristics of the camera, the spatial frequencies in the images
approximately range between 0,02 and 5 cycles per degree, covering the lower half of the
frequency domain detectable by the human visual system (Barten, 1999). The linear
photometric response of the CCD sensor allows us to assume that the luminance in the scene
is a linear function of the pixel values in the images. As we are investigating daytime visibility
(photopic vision), we further assume that the adaptation luminance is high enough not to
impact the visibility of contrasts (Weber's law), so that we do not need absolute luminance
values to implement visibility models. Therefore, we simply use pixel intensity as a substitute
for luminance.

3 Description of the method

We selected a number (21) of elements at different distances in the scene in order to
investigate their visibility as a function of the extinction coefficient k, which is related to the
MOR Ve by the approximate equation V., = 3 / k (WMO, 2012). We considered 4 types of
“targets”:

e Type 1: contrast of an object against the sky (e.g. the water towers, the trees);

e Type 2: contrast of an object against other objects in the background (e.g. the radar in
front of the trees);

e Type 3: contrast between nearby but differently coloured horizontal or vertical surfaces
(e.g. windows on a facade);

e Type 4: texture contrast (e.g., the lawn).

The distance of the targets was extracted from the depth map using the masks presented in
Figure 3, and set to the minimum value when the target involved objects or surfaces at
different distances. The distance from the camera to the closest target is 13 m, and that to the
furthest is 1720 m; the sky is attributed an infinite distance. The distance and type of all
targets are given in Table 1.

2,@/02/09 1222 2F€ameral#INI0EDBERES 2_;@1_02/09 222 2illCamera #1INIOEBBERES

Figure 3 — Selection of elements at different distances in the scene where
target visibility was estimated as a function of meteorological visibility.

Table 1 — Description of the targets

l"’"get 213 |13|14|15| 1 | 2 |6 | 4|16| 7|5 ]12|8 |9 |10]21|17]|18]19]20
Distance

m 100|146 |230(350|500 [1450(1720| 28 |202|470| 13 | 18 | 35 | 60 | 73 | 94 |110|120| 20 | 70 | =
Type of

contrast 1 2 3 4

To assess the visibility of the selected targets, we set out to evaluate their Visibility Level (VL)
as recommended by the CIE (1992). The VL characterizes the visibility of an object against its
background. It is defined as the ratio of the actual contrast to the threshold contrast. The
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threshold contrast is usually obtained by means of an empirical threshold-versus-intensity
model such as Adrian’s (1989). However, implementing such a model in real-world, spatially
complex scenes, is often challenging, due to the difficulty of assigning a luminance value to
the object or the background when neither is homogeneous (Colomb et al., 2006; Hautiére et
al., 2007; Brémond et al., 2013). Therefore, we chose to implement a more recent image
processing approach which computes a VL map from the luminance map of the considered
scene, based on the contrast sensitivity function (CSF) of the human visual system (Joulan et
al., 2011a, 2011b). An example of VL map is presented in Figure 4. Target visibility (TV)
values were then set for all targets to the maximum value inside their masks in the VL map.
The results are presented in Figure 5 for a sample of each type of target.

E7/0RM00 07.00:42 Camera #1 T0FDBCRS

Figure 4 — Foggy scene image (left) and corresponding VL map (right),
with higher VL values (up to 50) linearly mapped to lower grey levels.
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Figure 5 — Target visibility as a function of extinction coefficient (k =3/ V)
for different types of targets at different distances.
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4 Analysis of the results

The first thing that we noted was the dispersion of TV values at lower values of the extinction
coefficient, i.e. in good visibility conditions. This was expected, because in such conditions,
contrast is much more dependent on daylight (depending on the position of the sun and the
cloud cover) than in foggy conditions when lighting is diffuse. Therefore, we chose to focus on
foggy conditions only, discarding data with MOR higher than 6 km (i.e., k < 5.10* m™).

Our second observation was that the asymptote of TV as fog grows denser was close but not
quite equal to zero. This can be explained by the presence of a certain level of noise in the
images, due to the sensor and the JPG compression. In order to assess this level of noise, we
selected an image grabbed in overcast sky conditions, and we looked at VL values in the sky
region (dashed contour in Figure 6), where we expect no visible features. The resulting
histogram (Figure 6) showed that image noise presented VL values up to 2,5. Therefore, we
chose to discard data with TV below that threshold from our analysis.
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Figure 6 — Histogram of the visibility level in the sky region (clipped by the dashed line).

We wanted to test the hypothesis that TV follows an exponential function of extinction
coefficient. Therefore, we performed simple linear regression analyses between the natural
logarithm of TV and the extinction coefficient for each target. The results, illustrated with
target #17 in Figure 7, broadly confirm the hypothesis. Furthermore, we found the slope of the
linear fit to correspond approximately with target distance, as can be observed in Figure 8.

4 60
Target #17 Target #17

Path against the lawn 0 Path against the lawn
@120m @120m

P e processed 40 e processed
E discarded Fo o discarded
s 2 . R .
? —fit (R2=0,893) > ——exp(fit)
20
1 4
o o o0 o 10
0 : : 0 : o oo © O O
0 0,01 0,02 0,03 0 0,01 0,02 0,03
Extinction coefficient (m-1) Extinction coefficient (m-1)

Figure 7 — Linear fit of log(TV) as a function of the extinction coefficient for target #17.
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Figure 8 — Slope of the linear fit between log(TV) and the extinction coefficient, as a function of
target distance, with different symbols for the different types of contrast, and a focus on
distances under 250 m.
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Figure 9 — R2 values of the linear fit between log(TV) and the
extinction coefficient, as a function of target distance.

There are some targets, however, for which the results do not concur with the hypothesis, as
can be seen from the values of the coefficient of determination of the linear fit in Figure 9.
This was expected for target #20 (R2 = 0,012), a region in the sky with no particular feature
except in good visibility conditions with partial cloud cover. As for targets #1 and #2 (the water
towers, beyond 1 km), there are too few data left after applying the thresholds on MOR and
VL for the results to be significant, because they are quite far from the camera. The same
goes, to a lesser degree, for targets #15 (trees at 500 m) and #16 (building at 450 m): their
visibility level drops below noise level sooner than closer targets as MOR decreases, leaving
less data for the linear fit.

Targets #7 (feature on the roof) and #18 (lawn), on the contrary, are so close to the camera
that fog has little effect on their visibility. Target #19 (lawn) also gets a low R2 value: its VL
values seldom exceed noise level, arguably because its spatial frequencies are too high for
the camera, which renders the distant lawn as a smooth surface. R2 values are higher than
0,5 for all the other targets.

The slope for target #13 (trees on the left) is only a fifth of the value predicted by the
hypothesis: we believe this is caused by its proximity to the black border which is generated
by the digital recorder in all images, like the timestamp (cf. Figure 1). The image processing
approach implemented to compute the VL map works at several scales, so the low
frequencies of this strong vertical contrast influence the visibility of neighbouring elements,
independently of weather conditions. This dampens the influence of MOR on the visibility of
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target #13. The same goes, to a lesser degree because it is closer to the camera, for target
#21 (building on the right).

We also observe in Figure 8 that the slope value is above the diagonal for the majority of
targets. This is consistent with our setting the distance of the targets as the minimum depth
value when they actually involved a range of distance. It may at least partially explain the
relatively large difference between the slope and the distance for targets #11 and #17,
compared to targets #3 and #4 for which the distance was easier to estimate.

5 Conclusion

Using outdoor CCTV images and MOR measurements collected on a weather observation
site, we investigated the relation between optical and computer vision estimates of visibility in
daytime fog. We considered targets at different distances and with different types of contrast:
objects against the sky, objects against a distant background, contrast between adjacent
surfaces, and textures. We found a linear relationship between the natural logarithm of the
visibility level v estimated from the images and the extinction coefficient k measured by the
visibility sensor. We also found that the slope of the linear fit broadly corresponded with the
distance d from the camera:

logv ~ —kd +i )
where i is the intercept of the linear fit. Equation (2) is equivalent to:
v~V exp(-kd) ®)

where vy would be the value of VL in theoretical weather conditions, with diffuse lighting like
in fog, but with a perfectly clear atmosphere. This value could find a use in the evaluation of
defogging techniques (Tarel et al., 2012), since it provides a criterion to pick a reasonable
reference for the restoration among images without fog in which contrasts, as we already
pointed out, are very much dependent on lighting conditions.

Therefore, we bring empirical evidence indicating that Koschmieder’s law applies not only to
dark objects against the sky, but also to all kinds of non-luminous targets, even when they are
not homogeneous in luminance or distance (at least up to a few hundred meters). However,
we need to process more data before we can draw a general conclusion. We also
demonstrate the benefit of computer vision for assessing contrast visibility in complex real-
world scenes.

These findings are particularly interesting in the context of road traffic, as they contribute to a
better understanding of the impact of daytime fog on the visibility of helpful (signs, markings)
or hazardous (obstacles) elements in the field of view of the drivers. The potential
applications lie mainly in the design of camera-based advanced driving aiding systems as well
as adaptive road and vehicle speed advisory and lighting systems.

In future work, we intend to pursue the study with data from other observation sites. We will
also work with synthetic images where the exact values of distance and intrinsic luminance
will be known for all considered targets. This will help eliminate the ambiguity introduced into
our analyses by the uncertainty about the depth values. It will also make it possible to further
investigate the compatibility of visibility levels with Koschmieder’s law.
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