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1. INTRODUCTION

Road infrastructures are an important asset for any country as they serve connectivity for the
transportation of goods and humans. An inefficient road network can cause obstacles for humans in
communications for commerce and activities. Therefore, it is necessary to maintain road infrastructure timely
and effective. Continuous wear and tear of road surfaces cause damage and produce deficiencies. When the
road surface counteracts the axel loads of 4th power, it deteriorates more quickly [1]. Initially, different kinds
of cracks are formed and converted into potholes if not addressed when the severity is moderate. Thus,
monitoring road conditions has become more critical as repairing the potholes costs more than renewing the
cracks. The well-maintained surface condition provides an enjoyable experience to its users. The
improvement of the transport system in terms of driving safety and comfort can be done by continuous
monitoring of road surfaces. Frequent data collection and timely detection of deficiencies are two major
obstacles in surface monitoring. The former becomes more challenging when it comes to manual inspection.
It consists of data collection by doing manual site inspections and drawing road networks manually. This
method also encounters a high workload and low efficiencies [2], [3]. Therefore, automatic data collection
methods have become more effective in recent decades. This method emphasizes more features such as line
detection, surface classification, and mathematical morphology [4]-[6]. Many studies and experts of highway
engineering agencies have explained that the timely detection of surface deformation can be helpful for
taking preventive measures to ensure savings in maintenance costs, enhance life, and preserve quality and
safety [7]. Urban road networks encounter a larger population. Therefore, it requires more advanced tools for
data collection, analysis, planning, and monitoring of road surfaces. Typically, the cost of preserving a
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frequently maintained road is maybe less than three times of deteriorated road which occurred due to lack of
timely maintenance [8]. Remote sensing techniques are useful in data collection from anywhere and anytime.
Many researchers used optical images to detect road surface deficiencies in which the surfaces may appear as
dark and bright surfaces [9]. Whereas, these surfaces act differently in radar images which are based on
microwave wavelengths and their backscattering responses. This study focuses on the techniques and
processing of images from radar. It provides remote detection, identifying, classifying, and analyzing
pavement distress.

There have been many studies carried out with synthetic aperture radar (SAR) technology for
significant monitoring of road pavement surfaces in past decades [10]. One of the advantages of SAR images
is that it helps to sense large geographical areas. These data sets can be utilized for a wide range of, such as
from the earth sciences to military reconnaissance. Although these data may cover broad regional or
continental regions in a single image, data collection, quality, and use might be restricted by revisit durations,
atmospheric interferences, and spatial resolution [11]. These spatial dataset helps to analyze the road surface
features. This study focuses on the use of multiple SAR images for a significant study area for different
durations. This enables in identification of changes in road surface distress and their severity with respect to
time. Also, the accuracy of classification is considered due to the impact of spatial resolution,
in studies [12]-[15] considered the optimum spatial resolution before classification. [14] computed that the
resolution capacity was related to the accuracy of the classification.

This research aims to provide a technique to extract road networks accurately while maintaining
their integrity from SAR images. Also aims to analyze the distress values computed from the amplitude of
the SAR images. Our research offers fresh insights into integrating multiple sources of SAR and digital data
for the challenging task of road extraction. Given the complexity of road extraction, our study proposes novel
ideas for combining SAR, optical, and digital data to improve the process. However, the limited coverage
area in optical images may reduce the exposure of the study area. This can be improved by using optical data
with a large coverage area. The use of radar images in transportation research is a growing and economically
beneficial area of study. Crack detection by combining various analysis algorithms using ultra-sonic sensors
with imaging techniques was done. The study revealed individual cracks detected with thickness greater than
0.1 mm, with a maximum error in length of 7.3%.

The introduction is followed by the research method, which focuses on the study area, data
acquisition, data analysis pre-processing of SAR images. This section also describes how road extraction is
done accurately. In section 3, experiments on road extraction and road distress are presented and the results
are evaluated. Finally, conclusions were drawn from the deformation values and results evaluated.

2. RESEARCH METHOD

SAR image is a complex image that contains geographical features. It requires the detection of road
surface only amongst other geographical features such as water bodies, open land, vegetation cover, and
buildings. Mathematical morphology can be used in road characteristics to ensure line linkages and to smooth
the road edges [16]. The proposed method usually considers several aspects such as study area, processing
flow, resolution type and size, and human intervention [17], [18].

2.1. Study area

Various road surfaces with different distress are required to carry out this research. For this, three
different road networks of Ahmedabad City (Gujarat, India) were selected for the research with different
geometric features. Figure 1 shows the Google Earth images of all three road networks with blue color
outlines. The first study area is Gota-Ognaj Road shown in Figure 1(a). The second road network selected is
Science-City Road and the third study area chosen is Priyakant Parikh Marg as shown in Figure 1(b) and
Figure 1(c) respectively. All three road networks pass through the residential and commercial buildings.

2.2. Data collection

Majorly three types of images called datasets were collected namely SAR images, optical images,
and digital images. In this study, SAR images provided by the European Agency (ESA) Copernicus Open
Access Hub of Sentinel-1A product were acquired. There are a total 12 number of images from September
2023 to February 2024 were acquired. Whereas for optical images, Landsat-9 images by USGS Earth
Explorer were accessed. High-resolution digital camera used for capturing digital images.

2.3. Data analysis
The SAR image is created by transmitted and received microwaves from illuminated geographical
features. Each pixel of the SAR image has amplitude as well as phase. Due to amplitude, the radiation of
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microwave backscatter from each pixel’s object provides differentiation of surface characteristics. The
amplitude is more dependent on the ability of the surface to reflect away the radiation and its roughness [19].
Image processing is the first step towards data analysis. SAR image is first required to be calibrated. Then
after, a single-looking SAR image must be converted to multilooking to get maximum road surface features.
After that, various image processing should be done, such as speckle filtering and backscattering that help to
remove dominant multiplicative [20] and additive noise present in SAR images, respectively. The former
noise was minimized by a Refined-Lee speckle filter with a 3x3 window [21]. Figure 2 shows the step-by-
step procedure of SAR image processing.

Figure 1. The study area of the road network selected for Ahmedabad City of (a) Gota-Ognaj Road,
(b) Science City Road, and (c) Priyakant Parikh Marg

Multilooking Co-registration

‘ Terrain Correction } I Speckle Reduction ‘

Figure 2. Data processing steps for SAR imagery

When the image is converted to a multilook complex (MLC), it reduces the spatial resolution and
enhances the spatial resolution. Whereas pixel value solely shows the radar backscatter of the reflecting
surface. Images with the same acquisition mode and orbit placed due to co-registration simultaneously.
Applying a speckle filter helps to reduce and/or remove blurred surfaces and features. A digital elevation
model (DEM) is used to correct SAR geometric distortion by geocoding the image for terrain correction.
Typically, there are three types of terrain correction that give better results namely, sigma-naught (co), beta-
naught, and gamma-naught. Out of them, sigma naught gives better-calibrated radar brightness measurements
[22]. Each pixel's co values are estimated individually, without any spatial averaging. The estimated noise-
equivalent beta-naught (NEBN) values are then subtracted from the co values to reduce additive noise [23].
The oo image with reduced noise helps in comparing backscatter measurements on different surfaces and
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allows for the estimation of surface properties like roughness. Following that, the application of multilooking
in the spatial domain aims to decrease speckle and improve the signal-to-noise ratio by averaging adjacent
pixels in both the range and azimuth directions [24]. SAR images show indefinite lines for the road network.
This happens due to the relatively smooth surface of roads than surroundings, hence providing a mirror-like
reflection resulting in low returns of a radar signal. With more geometric features, this effect multiplies. As a
result, roadways appear as bright lines due to multiple bounces in the azimuth direction as other
configurations like elevated roads, road rails, road borders, and bridges exist. Since radars are side-looking
sensors, the direction of looking greatly influences the geographic features of the acquired image [25].
Different polarization states based on transmitted-received electromagnetic signals give different results post-
processing the image. It has polarization of horizontal and vertical and a combination of both as well. The
horizontal polarization has images with electromagnetic signals both transmitted and received horizontally
(HH) while signals transmitted horizontally and received vertically (HV). In contrast, vertical polarization
has images with electromagnetic signals both transmitted and received vertically (VV) while signals
transmitted vertically and received horizontally (VH). Any polarization can give optimum results for any
road network. Dual-polarization and quad-polarization if we combine any two and all four, respectively. The
scattering matrix can be converted into other polarization bases after it has been acquired, such as the circular
polarization base, allowing the same polarimetric data to be read from several angles [10]. An algorithm was
developed after processing all images for automatic real-time distress detection on the surface. Figure 3
shows a road network of Ahmedabad City extracted from the SAR image.

Figure 3. The road network of Ahmedabad City

3. RESULTS AND DISCUSSION

This study looked into the synergic use of interferometric SAR (INSAR) and digital to get more
accurate results while previous studies such as [26] used the fusion of optical, SAR, and light detection and
ranging (LiDAR) and [27] used the combination of optical and polarimetric SAR (PoISAR). Their results
showed improvement in road segmentation methods and did not explicitly address its influence on surface
deficiencies. Therefore, this paper aims to provide quick and accurate data assessment by using SAR images
to analyze the road surface deformation. It also explores the requirement for an effective and automated
pavement health monitoring system in the transportation industry. After analyzing the thousands of pixel
values of 60vv and oOvn, the surface deformation was obtained. Out of these values, ten values are shown in
Table 1.

Table 1. The pixel value of Science City Road
Sr. No. o0vh o0vv Amplitude VH
0.023525 0.181795  523.420579
0.025458 0.175113  306.649855
0.034337  0.247856  286.445047
0.031274 0.252146  256.729305
0.038459  0.279860  246.712207
0.028796  0.273875  243.685022
0.029312  0.252015  226.939401
0.024292 0.228905  190.175340
0.043151 0.440228  173.660436
0.018639  0.140595  150.668089
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These values are converted with mathematical modeling into measurable quantities, say lengths.
Therefore, lengths of road deficiencies can be identified. These values are compared to manually calculated
values as well as digital images captured for those road network deficiencies.

It can be seen from Figure 4 that the surface distress detected can be verified with the actual digital
image. This can be done with the geo location of that specific distress. The manual value of distress is then
compared to the value of the SAR image. It gives an equivalent value with an error of 8 mm. The possible
reason for this is due to taking the mean value of each pixel. In various cases due to other road features,
volume backscatter arises. However, a better resolution of the SAR image will give results with higher
accuracy as it provides more pixels and values in a single image. Future research may not require the optical
and digital datasets used in this study as the higher spatial resolution will give enough information on surface
deformation with improved results and eventually save time.

Figure 4. Roadway deformation on Science City Road

4. CONCLUSION

This research aims to utilize SAR images to detect and identify road surface deformations. It can be
obtained by assessing the road surface from the radar image and converting the pixel values into measurable
quantities. Thus, the exact location of the surface deformations can be identified accurately. This method can
be used to determine and analyze the degree of deficiencies at the early stage. Therefore, the maintenance
and repair work of the road surface can be done well in advance to improve the experience of the road
surface for its users. Machine learning (ML) can be applied to detect and classify the distress of road surfaces
from SAR images, providing an alternative to data analysis of road information. In future work, we should
use the proposed method for the classification of pavement distresses of large road networks to test the
robustness and computational capability of our method.
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