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Abstract

Since the proper maintenance of the road infrastructure has a crucial role in economic development and also on the peo-
ple’s safety, the periodic monitoring of the road surface quality is a necessity. The widely used method of road surface
condition monitoring using measurement vehicles all over the country is costly, labour intensive and time-consuming.
The potential of fully polarimetric airborne SAR to remotely monitor the road surface roughness, cracks and potholes
are investigated in this study using fully polarimetric X-band SAR datasets acquired with DLR’s F-SAR airborne SAR
system. The former military airfield at Kaufbeuren is selected as the test site for this study. The polarimetric analysis
revealed that the anisotropy and coherency matrix (T3) elements are sensitive to the road surface roughness and can be
used to retrieve the vertical surface roughness. Also, the SAR backscatter based empirical models are found to be sensi-
tive to the road surface roughness variations. The cross-polar sigma nought images show a considerable increase in their
magnitude over the cracks and potholes on the road surface. The initial experimental results obtained from this study are
discussed in this paper.

1 Introduction

The road network has a major influence on the develop- 2 Study Area and Dataset
ment of a country and the problems associated with the

traffic network have a direct negative impact on the Gross 2.1 Study Area

Domestic Product (GDP) of the country. Also, the quality
of the road network is very important for the safety,
health and driving comfort [1]. The road surface rough-
ness, cracks and potholes are important factors which af-
fect the road surface quality. The cracks and potholes oc-
cur annually due to the freeze-thaw cycles during the win-
ter season [2]. The cracks and potholes cause damage to
the vehicles, lead to accidents, increase maintenance costs
and reduce the lifetime of the vehicles. Road surface
roughness influences the ‘skid resistance’ of the vehicle
[3]. Sufficient amount of skid resistance is required for
performing safe acceleration, deceleration and steering
manoeuvres. Several studies have proven that poor skid
resistance leads to a higher accident probability [4].
Because of all the above-mentioned factors, the periodic
monitoring of the road network is necessary to keep track
of the changes in its present condition. For instance, in [ i
Germany the road surface condition is measured once in ¥ 7 =%
every four years which may not be sufficient in some cas- ——
es. So far, the measurement is carried out manually using ~ Figure 1 Kaufbeure
measurement vehicles. This requires enormous costs for the cracked parking area
the entire road network because of its labour intensive and
time-consuming nature [5].

This study focuses on evaluating the potential of polari-
metric airborne SAR to remotely estimate the road surface
conditions on a large scale. So far, not much literature for 2.2 Dataset

road surface roughness estimation is available. The prime  Table 1 Metadata of the F-SAR dataset
objective of this study is to investigate and develop effi-

The Kaufbeuren test site located in Bavaria, Germany is
considered for this study (Figure 1). It is a former mili-
tary airfield that includes the runway, taxiways and park-
ing areas composed of different materials (e.g., asphalt,
concrete) and, thus, have different surface roughness, also
cracks and potholes are present there (see zoomed view
inside the red rectangle in Figure 1).

n test site showing a zoomed view of

All these factors make this test site a perfect candidate for
this study.

cient and reliable methods for road surface roughness es- Parameters Value

timation and also for the detection of cracks and potholes. Date of acquisition 22102018

In the near future, the continuous road condition monitor-
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knowledge of the road conditions. Azimuth resolution 025 m




The fully polarimetric X-band dataset acquired with
DLR’s airborne F-SAR sensor over the Kaufbeuren test
site is used for this study. The details about the dataset are
shown in Table 1.

3  Methodology

The flow chart of the methodology adopted for the road
surface roughness estimation and the detection of cracks
and potholes is shown in Figure 2.
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The 3x3 real, diagonal matrix [Z3] contains the eigenval-
ues of T3 [8]:
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where 4; > 1, > 13 > 0.

The anisotropy parameter (A4) is generated as follows [8]—
[10]:
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The effective vertical roughness ks can be es-

timated from the anisotropy parameter as fol-
lows [11], [12]:

ks=1-A. (6)
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Figure 2 Methodology flowchart

3.1 Road surface roughness estimation

The dataset is first speckle filtered using a 3x3 refined-
Lee speckle filter. In this study, two SAR polarimetry and
three SAR backscatter-based surface roughness models
were implemented to estimate the surface roughness of
the roads.

3.1.1 SAR polarimetry based approach

The fully polarimetric SAR dataset can be represented in
the form of the Pauli basis vector (k) as follows [6]:

1 <SHH + SVV>
k, = —| Syy — Syv |. (1
» HH vv
VZ\ 25,

The 3x3 polarimetric coherency matrix (T3) can be gen-
erated by multiplying the Pauli basis vector (k,) with the
transpose of its complex conjugate (k" ):

T3 =k, . k) )

where (... ) indicates spatial ensemble averaging.

From the PolSAR data, the remotely sensed parameter
(ks), which represents the effective vertical roughness, can
be derived. In this study, the polarimetric scattering anisot-
ropy generated from the eigenvalues of the coherency ma-
trix T3 and the elements of the T3 matrix itself are consid-
ered to generate the ks parameter.

According to the eigendecomposition theorem, the 3x3
coherency matrix T3 can be represented as follows [7]:

As an alternative, the vertical roughness ks can
also be estimated directly from the T,, and T35
elements of the coherency matrix [9], [12]:

T,, — T
ks = 1 — 22 33 @)

3.1.2 SAR backscatter based approach

The Oh models developed in 1992 [13], 2004 [14] and the
Dubois model developed in 1995 [15] for surface rough-
ness and soil moisture estimation are considered here.
These models were originally developed for bare soil and
agricultural fields. The usability of these models for the
surface roughness estimation of an asphalt road is evaluat-
ed in this study.

The inversion of the Oh model 1992 is based on solving
the following non-linear equation using a root solving al-
gorithm:

io
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The above non-linear equation needs to be solved itera-
tively to estimate the Fresnel reflectivity of the surface at
nadir (I'°). The parameter 6 is the incidence angle, p is the
co-polarized ratio and q is the cross-polarized ratio. The
ks can be estimated from the I'° as follows:

ks =In —(\/54_11) . ©)

20\3r°
(%)
The inversion of ks using the Dubois model is a two-step

non-iterative process. The 1% step is to estimate the dielec-
tric constant ( ") as follows:
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where g3, and o, are the co-polar sigma nought values
for HH and VV channels, respectively. The 2" step is to
derive ks from the estimated dielectric constant ( €') as
follows:

ks

sin?%79
cos*079
In the Oh model 2004, the surface moisture (mv) is esti-
mated to derive ks in contrast to the Oh model 1992. The
surface moisture (mv) is estimated by solving the follow-
ing non-linear equation using an iterative root-finding al-
gorithm:
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Then ks is estimated as follows:
o 0.556

ks = [—3.1251 {1 - v }]

s M T 011mu 7 cos?26 (13)

The Root Mean Square (RMS) height (h,,,,s), which is the
RMS average of the vertical profile heights of a surface, is
used for the vertical surface roughness characterization
and can be derived from ks using the following equation

[11]:
ks
(Zn/)lc)

where A, is the centre frequency of the SAR system.

hims =

(14)

The ks values estimated from the Oh models have a va-
lidity range of 0.1 < ks < 6.0 [13], [14]. This corre-
sponds to a h,,, validity range of 0.49 mm < h,, <
29.82 mm for an X-band sensor with 9.60 GHz frequency.
For the Dubois model, the measured ks values are valid
when ks < 2.5 and the incidence angle () >30° [15].
This corresponds to a h,.,¢ validity range of h,,,; < 12.43
mm for an X-band sensor with 9.60 GHz frequency.

3.2 Cracks and pothole detection

The radiometrically calibrated sigma nought (¢°) im-
ages of the four polarization channels are analysed to in-
vestigate the effects of cracks and potholes in the co-
polarized and cross-polarized channels. The sigma nought
(o®) images are calculated as follows [16]:

(15)
where 60, is the local incidence angle and I is the single-
look complex (SLC) image of the respective channel.

Uth =10 - logyo([11*sin . )

4  Preliminary Experimental Result

This study was started in September 2019 and the ini-
tial results of the road surface roughness, cracks and pot-
holes estimated using the techniques described in the pre-
vious section are discussed here.

4.1 Road Surface Roughness
Figure 3 shows the intensity HH image of the test 51te
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Figure 3 Intensity HH image of the Kaufbeuren test site

The Kaufbeuren runway and the cracked parking area can
be seen in the image.
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Figure 4 h,,,; images; (a) from anisotropy; (b) from T3
matrix.

Figure 4 (a) shows the h,,,; image of the cracked parking
area estimated from the anisotropy parameter. By compar-
ing this image with the Google Earth image of the cracked
parking area shown in Figure 1, it can be seen that there
is a noticeable increase in the surface roughness at the
cracked regions. But since the anisotropy parameter is es-
timated from the minor eigenvalues (2™ and 3') of the T3
matrix, the h,,,s image appears to be noisy. Figure 4 (b)
shows the h,,,; image generated from the T3 matrix ele-
ments. A similar trend in roughness variation can be ob-
served in both figures. But Figure 4 (b) shows higher
values of roughness for the same areas in Figure 4 (a).



The severely cracked road areas can be better differentiat-
ed in Figure 4 (b) compared to Figure 4 (a).
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Figure 5 (a) Google Earth image; (b) h,,,s image from
Oh 1992 model; (¢) hyp,s image from Oh 2004 model; (d)
hyms image from Dubois model

Figure 5 (a) shows the zoomed Google Earth image of the
Kaufbeuren runway and the cracked parking area. Figure
5 (b) and Figure 5 (c) shows the h,,,, images estimated
using the Oh 1992 and Oh 2004 models, respectively. By
comparing both images with the Google Earth image, it
can be seen that both images appear to be noisy and the
change in road surface roughness between the cracked
and non-cracked regions cannot be well distinguished.
Figure 5 (d) shows the h,,, image estimated from the
Dubois model. By analysing and comparing this image
with the Google Earth image it can be found that the dif-
ference in surface roughness between the concrete and
asphalt regions are visible in the h,,,; image. Also, the
cracked regions at the parking area are showing a higher
value of h,,,¢ compared to the surrounding smooth re-
gions.

4.2 Cracks and Potholes

The effect of cracks and potholes on the co-polar and
cross-polar sigma nought images are discussed here.

Figure 6 RGB composite generated from F-SAR intensity
images.

Figure 6 shows the RGB composite of the intensity im-
ages with HH channel as the red band, HV channel as the
green band and VV channel as the blue band. The cracks
can be seen in the image and the severely cracked road
region inside the red rectangle is chosen to analyse the
effect of cracks on co-pol and cross-pol channels.

Figure 7 (a) and (b) shows the co-polar sigma nought im-
ages generated from the HH and VV channels, respective-
ly. By comparing Figure 7 (a) with the Google Earth im-
age shown in Figure 1, it can be seen that even though
some of the severe cracks are visible in the sigma nought
HH image, the other cracks, potholes and their patterns
cannot be identified. The same is valid for the sigma
nought VV image (Figure 7 (b)). However, the sigma
nought values may depend on the aspect angle or direc-
tion of the cracks so that by looking to the preliminary
results obtained from a single data set no conclusions re-
garding the usability of HH and VV can be drawn.

The cross-polar sigma nought images generated from the
HV and VH channels are shown in Figure 7 (c¢) and (d),
respectively. By comparing both Figures 7 (c) and (d)
with the Google Earth image of the cracked road area
(Figure 1), it can be seen that most of the cracks, potholes



and their patterns are visible in the sigma nought HV and

VH images. 0.35
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Figure 7 Sigma nought (¢°) images. (d)

Figure 8 Sigma nought (¢°) magnitude plots.



Figure 8 (a) and (b) shows the magnitude plots for the
co-polar sigma nought HH and VV channels
(604 and o), respectively, and the expected crack posi-
tions are indicated by the red circles. The plots are gener-
ated from the severely cracked road section along the
range direction shown inside the red rectangle in Figure
6. By analysing the sigma nought HH (o) magnitude
plot it can be seen that there is only a small increase in the
order of 0.05 to 0.08 in the cracked road areas compared
to the surrounding smooth road sections. The sigma
nought VV (¢y,) magnitude plot (Figure 8 (b)) shows
that there is a negligible influence of the cracks and pot-
holes on the sigma nought VV (oy),) magnitude.

Figure 8 (¢) and (d) shows the magnitude plots for the
cross-polar sigma nought HV and VH (o, & o) chan-
nels, respectively. By analysing both magnitude plots at
the cracked positions on the road indicated by red circles,
it can be seen that there is a relative increase of magnitude
up to approximately 0.13 at the severely cracked road re-
gions compared to the surrounding smooth regions.

5 Conclusion

Polarimetric SAR data are sensitive to road surface
roughness and thus show great potential for wide-area
road surface condition monitoring. The anisotropy and T3
matrix elements are showing a variation in h,,,; between
smooth and cracked road regions. The empirical models
developed for the surface roughness and soil moisture es-
timation of bare soils and agricultural lands have the po-
tential to estimate the millimetre level surface roughness
of smooth road surfaces. Out of all the models imple-
mented, the Dubois model is showing better discrimina-
tion between the smooth and rough road regions com-
pared to the other models. But, all the results estimated
using the different models need to be validated with re-
spect to the ground truth data. Because so far, although
the models provided the surface roughness results with
mm as unity, it is not clear whether these estimated “abso-
lute/average roughness” values really represent the true
surface roughness and this investigation is currently in
progress. Also, further experiments are planned using a
new Ka-band sensor which, due to the smaller wave-
length, is expected to be much more sensitive to the
roughness differences and suitable for detecting smaller
cracks and potholes.
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