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Abstract. Air pollution control and mitigation are important factors in
wellbeing and sustainability. To this end, air pollution monitoring has a
significant role. Today, air pollution monitoring is mainly done by stan-
dardized stations. The spread of those stations is sparse and their cost
hinders the option of adding more. Thus, arises the need for cheaper and
available means to assess air pollution. In this article, a method for as-
sessing air pollution levels by means of multi angle imaging is presented.
Specifically, the focus is on estimating images’ blur as an indication for
PM (Particulate Matter) ambient levels. The suggested method applies
back-projection Radon transform. By back projection methodology, par-
ticles’ concentration at each voxel in a 3D space is reconstructed from
photos taken from a few different angles.

Keywords: Air pollution monitoring · Multi-angle imaging · Filtered
Back Projection.

1 Introduction

Exposure to PM is known to be one of the predominant factors in morbidity and
mortality, causing the premature death of millions of people a year. This is es-
pecially true in developing countries with growing industry [1]. Thus, measuring
and monitoring PM pollution is a very important task the world needs to deal
with in order to ensure public health.

Currently, PM monitoring is standardly done by Air Quality Monitoring
(AQM) stations that are considered accurate [2]. Due to their size and cost,
the stations are sparsely dispersed and so we get a low-resolution concentration
map. This limitation is typically addressed by interpolation schemes. However,
the interpolation is a complicated task as PM concentrations are characterized by
high spatial variability and may present different behaviors for different fractions
and geographical areas [3]. These drawbacks have lead researchers to seek other
approaches such as Micro Sensing Units (MSUs) for air pollution monitoring [4–
7] , either high-resolution methods or less costly and portable monitors. Those
methods can be used for taking measurements, validating new technologies or
giving hints in interpolating existing in-situ measurements.
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Here we focus on visual means for assessing PM levels in the atmosphere.
To this end, an image processing technique for evaluating the extinction coef-
ficient using visibility cameras was suggested by Graves and Newsam [8]. The
extinction coefficient is a measure that quantifies local radiance attenuation and
is used as a standard for measuring atmospheric visibility. Using this measure,
an image-processing method to extract a quantitative measurement of atmo-
sphere transmission (the ability of radiation to pass through the atmosphere)
from standard photos was presented. The transmittance has a closed form re-
lationship with the extinction coefficient (inversely related), that then can be
computed. The research here aims at improving this notion by looking at a 3D
volume with changing concentrations at each voxel, as opposed to the method
above, which assumes a homogeneous area.

Methods for retrieving PM by multi-angle imaging are in use by satellites.
Instruments such as Multi-angle Imaging SpectroRadiometer (MISR) and Air-
borne Multi-angle SpectroPolarimetric Imager (AirMSPI) are currently applied
for remote aerosols sensing [9, 10]. However, these methods have low temporal
resolution, as it takes a satellite few hours (or few days) to complete their or-
bit (latitude dependent), but more importantly, these devices measure the full
vertical atmospheric column, which makes it less relevant to the amount of pol-
lution at ground level that can indicate health hazards [11]. On top of these, this
method is expensive and cannot be easily deployed.

The underlying assumption here is that due to the particles’ optical properties
of scattering, different concentrations of particles will cause the light field to
scatter differently [11]. The higher the concentration of scatterers is, the more
refractions the light will go through. Refracted light impairs human visibility
and expression for this phenomenon is evident in standard photos [8]. A photo
acquires a snapshot of the light field coming from all angles, refracting by the
objects and particles in the scenery and eventually hits the camera lens. Particles
suspended in the air cause a level of blurriness in the acquired photo. Having
this relationship between blurriness and amount of scatterers in the air leads us
to the approach of estimating the particles’ concentration by measuring image
blurriness.

The blur of an image is positively correlated with the integral of the attenu-
ation (extinction) coefficient over the Line Of Sight (LOS) to the object. Thus,
by measuring the blurriness of one image we cannot infer the concentration at
each voxel. The intensity of the light’s direct transmission is attenuated by the
scattering (absorption by particulate matter is negligible) and is computed by:

I = I0e
−

∫
LOS

β(l)dl . (1)

Where, I0 is the initial intensity of the radiation source. Our objective then is
to find β, which is strongly related with the PM concentration denoted n, by:

β(x̄) = σ · n(x̄) . (2)

Where, n(x̄) is the PM concentration at position x̄ in space and σ is the extinc-
tion cross section. σ is depended upon the light’s wavelength and the particle’s
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shape and size, thus for our purposes it will be assumed constant. Assuming
we know the values of the extinction coefficient integral from a large number of
angles (having a correlation with the blurriness measure), the inverse problem
is mathematically solvable by the Radon transform [12].

Radon transform is widely used in Computational Tomography (CT) appli-
cations, allowing us to reconstruct the object being scanned from its measured
projections. The classically used form of the Radon transform and that we are
going to describe, is the 2D Radon. a projection is the integral on the extinction
coefficient which equals to:

p(y) =

∫
β(x, y)︸ ︷︷ ︸

our
objective

dy = − ln

(
I(y)

I0

)
︸ ︷︷ ︸
assumed known

. (3)

The most effective way for reconstructing β from the projections is by using Fil-
tered Back Projections (FBP) that is equivalent to the Inverse Radon Transform
(IRT) but less computationally costly.

The Radon Transform:

pθ(r) =

∫
β(r · cos θ − s · sin θ, r · sin θ + s · cos θ)ds . (4)

FBP:

I(x, y) =

∫ π

0

p(r, θ) ∗ q(r)dθ . (5)

q(r) is the LPF, for example Ram-Lak filter [13].
Relying on these principals, this research will define a method for three-

dimensional PM concentrations reconstruction by multi-angle imaging. The pro-
posed method will be visibility cameras based, aimed to be a simple, cheap and
portable technique for air pollution assessment.

2 Monte-Carlo Simulation

To illustrate the potential of the suggested method, a simulation of the image
acquisition process of the light field in a 3D volume, taken from few different an-
gles is presented. The simulation allows for the reconstruction of PM suspended
at each voxel in the volume.

We relate to the physical behavior of light propagating through a volume
containing PM in different concentrations as a random process [14]. The light,
taken in its particulate sense of photons, passes a medium, which has spatially
variable optical depth (a measure of the light ability to propagate through the
medium) denoted by τ . At each stage, τ is sampled from the optical depth
Cumulative Density Function (CDF):

F (τ) =

∫ τ

0

e−τ
′
dτ ′ = 1− e−τ . (6)
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Using Monte-Carlo method, we get a random optical depth sampled from its
CDF. For this, we use the uniform distribution U[0,1] CDF for sampling a ran-
dom number u, and get τ by:

τ = F−1(u) , u = rand() . (7)

By using the random τ we sampled, we can determine l, the distance the ray
propagates until the next diffraction, by the relationship:

τ =

∫ l

0

β(x, y, z)dl =

∫ l

0

σ · n(x, y, z)dl . (8)

Where β is the extinction coefficient, σ is the extinction cross section and n
is the PM concentration at each voxel with its coordinates denoted by {X,Y, Z}.
l is found by numeric integration.

Once l is found, the scattering angle after the collision has to be determined.
The angle is computed in a similar fashion, assuming randomness in the process
and relying on Mie scattering theory under the assumption of spherical particles
[15]. The Mie Theorem provides a physical solution for the scattering of an
electromagnetic wave by spherical uniform particles about the size of the light
wavelength. Using Monte-Carlo, we will sample a random number from the CDF
of the Mie scattering angle on the intersection plane [14] and a fully random
[0,2π) zenith angle. The found angles, will give us the new direction of the ray’s
propagation.

We repeat this process of finding new distance to the next collusion, new
direction and the intensity at each stage, until the ray exits our volume at some
point. This will be done for each ray in the packet of rays entering from each
radiated voxel. For now, the image acquisition process is done by summing the
values of the exiting rays’ intensities for each pixel at the volume’s boundaries
(visualization of the simulation shown at figure 1).

The received photos (each received from different angle) are used to estimate
the level of pollution by applying the Blur Metric (BM) suggested by Frederique
Crete [16]. The BM estimation of the image blurriness is based upon the notion
that once an image is blurred, blurring it again will result in smaller differences
than blurring a sharp image. We thus receive a value between zero and one
indicating the effective blurriness of the image from which we can deduce the
general level of pollution (amount of scaterrers).

3 Preliminary Results

As for now, we have created a volumetric grid containing random, uniform dis-
tributed PM concentration at each voxel (Figure 2a). In order to create a more
realistic distribution we smoothed the outcome with a 3D box filter (Figure 2b).

We then simulated with Monte-Carlo method the rays enter the volume at
specific points and angle and diffracting by the particles. The ray’s entrance angle
determines which faces of the cube are going to be affected by the radiation. The
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Fig. 1. Sun rays hit the medium and scattered until exiting the grid boundaries. Image
is received on the bottom plane as a result of rays intersecting the plane.

Fig. 2. Initial uniform random values in the range [0,10] (a) and the smoother version
with smaller spatial gradients in concentration (b).



6 O. Vernik, B. Fishbain

code is designed to plot random number of rays track as demonstrated in figure
3. For each voxel in the face that the radiation intersects with, we simulate a
beam that hits the voxel and propagating through the volume until exiting from
the grid boundaries.

Fig. 3. on the left, simulation of random rays entering the experiment volume with
same angle, and scattering until exiting the volume. On the right, same simulation
zoomed in; we can see the red arrow indicating entrance point and angle and the blue
arrows indicating new directions after scattering.

All rays start with some initial intensity, which will be reduced by the colli-
sions with the aerosols in the volume by the following connection:

Iafter = Ibefore · ω̄ . (9)

Where, ω̄ is the single scattering albedo (the attenuation in intensity) (SSA) of
PM and I is the intensity.

Fig. 4. received images at the X-Y plane (the floor of the volume). Sun light is coming
from the top left corner direction to all three affected faces. The image on the left was
acquired with 100 rays per pixel and presented with low resolution. The image on the
right has higher spatial resolution (x5 than the left image) and 500 rays per pixel.

For better understanding of the results we repeated our experiment, this time
instead of all rays having the same initial intensity, we used a black and white
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image of ‘Lena’ [17] that will filter our rays when entering the upper face of the
volume. The rays are now coming in a straight angle from above. The results are a
highly noisy image of the original Lena at the bottom plane (figure 5). Repeating
the same initial conditions only with growing levels of PM concentrations and
measuring the blurriness of the image using our blur metric, gives us a strong
correlation between the effective image blur and the level of pollution as we can
see in figure 1. Those results will be better examined, evaluated and validated
as we continue our work.

Fig. 5. from left to right. 1. Lena’s original B&W image. 2. Bottom plane received
image. 3. Using LPF on the received image.

Table 1. the measure of blurriness increases with the rise in PM pollution level as we
can see in different ranges we examined and different scattering simulations.

4 Conclusions

The preliminary results indicate a certain connection between image blur and
pollution level. As for now, this study’s concept is theory based. We have reason
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to believe that the results will be highly correlated with real-life measurements.
The system discussed here is integral based. Hence, it tends to be stable and
presents small perturbation at the system’s output as a result of small perturba-
tion at its inputs. Therefore, we expect this theoretical exercise to show similar
results in real-life applications. Albeit, this is still a work in progress, the study
needs to continue and establish the found correlation. The model is not yet fully
built and there are no concrete reconstruction results to test at this stage.

At next stage, a full back projection (FBP) based reconstruction scheme will
be used for finding the original concentrations in space, having only the images
as input. Currently, the most simplified model is used. We aim to gradually add
more layers of accuracy, better modelling of the physical phenomena, using en-
hanced air pollution dispersion modelling tools (e.g. GRAL) [18],adding effects
of light polarisation and effects of ground and background reflections. Once the
model is complete, sensitivity analysis will be done as well as validating con-
centrations against ground truth values and cross validation. Future work will
also aim at testing the scenario simulation in real life. Our proposed method has
the potential to be cheaper, more feasible and with higher spatial and temporal
resolution than existing standard methods (remote sensing, AQM stations, etc.).
Those advantages add up to the simplicity of the method which may be deployed
by anyone with the possession of commodity cameras.
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16. F. Crété-Roffet, T. Dolmière, P. Ladret, and M. Nicolas, “The blur effect: Per-
ception and estimation with a new no-reference perceptual blur metric,” Human
Vision and Electronic Imaging, vol. 12, 03 2007.

17. D. C. Munson, “A note on lena,” IEEE Transactions on Image Processing, vol. 5,
pp. 3–3, Jan 1996.

18. D. Ottl, P.-J. Sturm, and R. Almbauer, “Application of the lagrangian dispersion
model gral to assess the air quality in the city of graz,” in Transport and air
polution, 12 th Symposium, pp. 75–79, ., 2003.


