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Real-Time Road Pothole Mapping Based on
Vibration Analysis in Smart City

Dong Chen , Member, IEEE, Nengcheng Chen , Xiang Zhang , and Yuhang Guan

Abstract—Vehicle-road collaboration is inseparable for smart
cities, and the potholes detection is an essential direction in vehicle-
road collaboration. With the development of surveying and map-
ping technologies, road potholes detection accuracy has improved
in recent years. However, the legacy detection methods do not
have the ease of service and real-time observation capability, and
thus, the potholes in the road cannot be mapped in time. To solve
this key issue, we proposed a reflectometry method to realize
real-time potholes observation with vibration signals analysis and
Spatio-temporal trajectory fusion. We further developed several
prototype devices for validation. These prototype devices measure
the acceleration signal mounted on the wheel steering lever and
implement edge signal processing and Spatio-temporal information
fusion on the prototype. Observation results and Spatio-temporal
information are been rapidly transmitted to the sensing server
via narrow band Internet of Things. Results and analyses demon-
strated that this method successfully enabled the potholes observa-
tion in real-time through light and a rapidly deployable platform
that relies on repeated trajectory data from the vehicle. Results
also demonstrated that this method was not limited by vehicle
type, speed, or engine operating condition. In the road experiment,
the proposed method provided stable, efficient, and real-time pot-
holes observation results. Compared with traditional methods, the
method reduces costs and improves sensing efficiency based on
Spatio-temporal trajectory fusion, and potholes information can
be prompted in real-time. This innovation provides a strategic
exploration and thinking to deal with road potholes in real-time
sensing.

Index Terms—Automated instruments, road surface obser-
vation, signal processing, smart city, Spatio-temporal fusion,
vibration processing.

NOMENCLATURE

DSM Digital surface model.
FFT Fast Fourier transform.
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GNSS Global Navigation Satellite System.
GIS Geographic Information System.
IOT Internet of Things.
LIDAR Light detection and ranging.
NVH Noise, vibration, harshness.
NB-IOT Narrow band Internet of Things.
OBD On-board diagnostics.
RMS Root mean square.
RPM Revolutions per minute.
SAR Synthetic aperture radar.

I. INTRODUCTION

ROADS are the arteries and veins of a modern economy as
critical infrastructure in our cities [1], [2]. The real-time

observation and analysis of road surface information are vital
for drivers, highway management, and future automatic driving
in smart cities [3]. High-quality road condition is the founda-
tion of urban development. However, there will be numerous
imperceptible roughness after years of usage. These potholes
will stimulate the vehicle structure noise and affect the vehicle’s
NVH, resulting in a bad experience for drivers and passengers
[4]. Once a pothole is visually observable and unnoticed or
unavoidable by the driver, it is likely to damage the vehicle’s
suspension, move out of the driving lane, or cause a rear-end
collision by emergency braking, thus threatening the life and
health of the driver and passengers.

There is a strong willingness from the government and road
management to locate and repair roads promptly, but it is still a
great challenge to timely and accurately map these potholes on
roads. At present, the widely used method is manual inspection.
Although this method can ensure accuracy, it requires a huge
amount of labor and time. With the development of smart cities,
numerous cities provide a “smart city management platform”
[5], [6], [7] to improve the richness of sensory data through
“crowdsourcing” images and GNSS positioning from citizens
[8], but this method is still inefficient for real-time road obser-
vation. To meet this challenge, it is necessary to propose an
efficient and real-time observation system to discover the road
surface potholes. For this purpose, several methods can be used
to observe damaged road sections rapidly, including laser scan-
ning methods [9], [10] [three-dimensional (3-D) laser scanning],
machine vision (stereo machine vision) [12], [13], [14], airborne
Synthetic Aperture Radar [15], Ground Penetrating Radar [16],
and vibration [17].

First, the laser scanning method is a noncontact active mea-
surement system that allows 3-D data acquisition over large,
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Fig. 1. Methodology architecture of road quality assessment based on vibration with real-time GIS. The method consists of vibration signal processing and
the fusion of Spatio-temporal information. The anomaly of the road is observed by the time-frequency analysis method. The anomaly occurrence signals are
recorded by the time stamp via the prototype device and matched with the Spatio-temporal information. Finally, the road damage observation result is loaded by
Spatio-temporal information.

high-density spaces. Laser scanning is featured by high accuracy
of measurement points. By road scanning, data filtering, and
point cloud processing can generate the digital surface model
to discover the potholes. Although the laser scanning method
can generate a high-precision road model for road damage
identification, the laser scanner needs to be mounted on a specific
vehicle. It possesses high cost and high computing requirements
and thus is not conducive to real-time observation.

Second, machine vision analysis of road potholes includes
two strategies. One is a single-camera recognition, where a
vision sensor on the front windshield photographs the road
surface to monitor potholes in real-time while driving. For exam-
ple, the Korea Institute of Civil Engineering and Construction
Technology executed this research in 2016. The second way
uses multidirectional camera recognition and modeling. For
example, Tesla has been working on vehicles equipped with
automatic driving hardware for real-time processing since 2020.
The machine vision can be more easily deployed in some civilian
cars while providing a method with high real-time performance.
However, this system requires vast computing power and cannot
be used in all vehicles. Additionally, cameras to record road
information may run afoul of privacy breach, illegal surveying.

Third, the vibration assessment is a classical method, and
Dodds and Robson [18] proposed “The description of road
surface roughness” and laid the theoretical foundation of vi-
bration assessment. According to this method, researchers and
engineers believe that the structural vibration of a vehicle is
influenced by the road surface condition, which affects the
vehicle’s NVH performance. Therefore, researchers analyze and
evaluate the vibration data while driving the car or use a vehicle

bump accumulator. However, portability is an issue to consider
when using this assessment method. Wu et al. [19] proposed
a smartphone with triaxial accelerometer for vibration signals
acquisition to improve its usability. We believe there are a lot of
potential improvements in this approach. For example, it is easy
to find the vibration observation of the smartphone is relative to
the entire vehicle structure rather than the structure that is most
sensitive to the road surface. Meanwhile, the electromagnetic
characteristics of the smartphone and the user interaction from
message notifications and incoming calls will certainly have
negative impacts on continuous observation.

To address this issue, this context provides a real-time method
for rapidly identifying road potholes. Furthermore, we de-
veloped prototype equipment for experiments. The prototype
uploads the observation results of roughness and the Spatio-
temporal trajectory information [20] to the city service center via
IoT. Based on the Web-GIS service, a map of urban potholes with
the high spatial and temporal resolution is easily generated. We
believe this proposed method enhances the real-time perception
of road conditions in smart cities.

II. METHOD

In this context, we propose a vibration-based method for
potholes mapping with real-time GIS. This method is consisted
by vibration acquisition, data processing, and Spatio-temporal
fusion of roughness information, as shown in Fig. 1.

A. Vibration Signal Acquisition

The acquisition of vibration is the observation source of the
research, and the selection of the correct measurement method
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Fig. 2. Transmission process of noise in vehicles.

can improve the reliability of vibration-based observations. For
vehicles, the car’s road noise can be divided into air noise and
structure noise, as shown in Fig. 2

Structural noise refers to the excitation of tires by the rough-
ness of the road surface when the vehicle is driving. Thus, the
noise is transmitted from the chassis and body structure to the
interior of the vehicle. For the measurement of structural noise,
the selection of the accelerometer measurement point and the
selection of the acceleration direction are critical. Kindt et al.
[21] proposed that the structural road noise is formed by the
constant local compression and release of the tire-road contact
to produce vertical force and the constant rolling and squeezing
of the tire-road contact to produce longitudinal force. The ex-
citation force is transmitted through the tire and rim coupling
to the axle. Moreover, the axle is transmitted to the chassis and
body to form the noise. The noise and vibration frequency are
generally at 20–400 Hz. Furthermore, Zhao et al. [22] concluded
the general 80 Hz for the effect of the uneven road surface. This
context conducted a series of experiments to address this issue
in the experimental section [22].

Air noise is the frictional sound generated by the tires and
the road surface, which is transmitted through the air to the
interior of the vehicle and can be acquired by sound pick-up
equipment. The frequency range of air noise is usually higher
than 600 Hz. Not only will the quality of the road surface affect
the air noise of the vehicle, but the type of tire, grain, tire
pressure, and other parameters will affect the measured value of
air noise. For the cockpit, the driver and passenger conversations,
engine noise, car audio, or active noise canceling systems will
bring uncertainty to this approach. Although both the vibration
frequency range and the measurement method, the reflectometry
of pavement roughness based on structural noise and vibration
are more appropriate for the study of this context.

In addition to the measurement method, the context requires
selecting a more reliable position to install the acceleration
sensor to provide a trustworthy reflectometry accuracy of the
pavement roughness. It can be seen that the wheel steering
lever is the primary module in the vehicle to contact the vibra-
tion generated by the excitation source. At the same time, the
Steer-by-Wire technology used by some vehicles will signifi-
cantly reduce the “road sense” by abolishing the mechanical
connection between the steering wheel and the wheels [23].
Therefore, it is reasonable and informative to directly install
acceleration sensors on the steering control mechanism in the
vehicle. The axial direction of the acceleration sensor will be
analyzed and verified experimentally in this context. Therefore,
triaxial (vertical, front-back horizontal, and left-right horizontal)
accelerometers will be applied in the experiment section.

B. Data Processing

This article proposes the following signal analysis and pro-
cessing method in the time and frequency domains. These al-
gorithms develop and implement by National Instrument Lab-
VIEW and embedded in a computer integrated with the afore-
mentioned data acquisition modules. The vibration signal pro-
cessing is divided into two parts: The program identifies promi-
nent pavement damage areas that may generate strong impact
signals at first. Second, it identifies rough road areas through the
fusion analysis method of time domain and frequency domain
signals.

1) Preliminary Processing: First, a signal processing method
needs to evaluate the vibration intensity and stability. It de-
termines if there are significant defects on the pavement. This
method is usually processed by calculating the average value of
the vibration signal (averaging) and calculating the “quadratic
mean ” (root-mean-square, rms) [24]. Rms measurements usu-
ally acquire the fast change dynamic signals to represent energy.
Considering that, the tires of a car driving on the road will
be selected to for rms measurement. These road defects can
be captured directly by a single time-domain signal processing
method. The rms level of a continuous signal S(t) from time t0
to time t1 is given by the

Srms =

√
1

(t1− t0)
∗
∫ t1

t0

S2 (t) dt (1)

where:

t1: Ending Time of Acquisition;
t0: Starting Time of Acquisition.

Although it is impossible to obtain reliable results, because the
average value cannot emphasize the alluvial signal power, The
quadratic mean (rms) can help the system achieve remarkable
results through the alluvial signal power. In other words, it can
easily determine the road quality information from the surface.
Since this approach is in the primary stage of the system, it
is always in operation to achieve dynamic observation of the
entire process, which is critical for real-time rms calculations.
Thus, in this context, the signal processing methods are proposed
to achieve fast reflectometry of road conditions with moderate
damage [25].

2) Vibration Analysis Based on Time-Frequency Fusion:
This context proposes a real-time fusion method based on rms
and wavelet analysis of vibration signals to reflect and analyze
road damage in moderation.

There are two essential parts to this process. First, the real-
time rms determines whether there are any anomalies within
the observed time window. The importance of this method is
that different road conditions or vehicle conditions affect the
vibration signal of the road with moderate damage, and real-time
rms calculations can judge the overall condition of the road at
successive times. The real-time rms calculation evaluates the
similarity of two adjacent time-sampled signals during driving.
If two consecutive adjacent signals possess a low degree of
similarity, it basically indicates that the overall road condition
has changed. The real-time rms calculation plays a role in this
method to calibrate the sensing system in real-time. Real-time
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correlation analysis will set a high similarity coefficient as stan-
dard vibration data in the ensuing calculation. These data will act
as a low cutoff filtered signal used for the data collected during
system operation, which will minimize the effect of signal noise
on the extraction of eigenvalues from the observation system.
However, the existence of overall road condition change will
also influence the rms similarity, resulting from low reliability.
This requires the following frequency analysis.

The FFT does enable time vs. amplitude (time-domain sig-
nal) to frequency versus amplitude (frequency-domain signal).
Nonetheless, the vibration signals are nonperiodic and nonsta-
tionary in reality, FFT cannot provide high-resolution results
when analyzing the transient signals. Because the FFT system
should define the shape and length of the analysis window at first,
and the time and frequency resolution in its signal analysis fix
according to the window. At the same time, the FFT may cause
the signal to be mixed in the analysis of random vibration signals
with wide frequency bands. This issue brings misjudgment to
the prototype system. Therefore, we kept the FFT method in
developer mode to perform manual signal analysis in the pro-
totype system for the experiment used. However, in automatic
acquisition and processing, it will not be possible to empower
automation due to the drawbacks mentioned above of FFT. The
wavelet analysis in vibration signal analysis is characterized by
localization and variable resolution (i.e., integration of time, am-
plitude, and frequency) in the time and frequency domains. Also,
wavelet analysis has multiresolution time-frequency localization
and fast linear multichannel bandpass filtering. These features
are well suited for the rapid assessment of road quality based on
vibration interfaces. Equation (2a) is the definition of wavelet
transform (analytical wavelet). And (2b) is the specific form of
the wavelet transform, the primary function is not a sinusoidal
function, and the parameters α and β can be changed in the
wavelet transform process. It can be fast deteriorating on both
terminal sides in the time domain, and its frequency-domain
band works as the bandpass filtering of vibration signals. Chang-
ing the parameterα changes the bandwidth and center frequency
position of bandpass filtering. These properties constitute the
frequency localization of the wavelet method

Wf (α, β) = |α|− 1
2

∫ ∞

−∞
f (t)ψ

(
t− b

a

)
dt (2a)

ψa,b (t) = |a|− 1
2 ψ

(
t− b

a

)
a, b ∈ R, a �= 0. (2b)

In the time-frequency analysis of vibration signal, the con-
tinuous rms calculations allow identifying information about
roads with big potholes. Then, the fusion of rms and wavelet
analysis allows the identification of the road qualities of the
most irregular. These continuous signals are separated into an
interval of one second during the processing, which matches the
time stamp of the device. At the same time, the maximum value
index is established in the program to obtain the amplitude peak
signal in each set of the spectrum (i.e., a processing interval) with
its corresponding occurrence time and frequency. Eventually, the
time and frequency information corresponding to the maximum

magnitude of each set of spectrum data will be saved in the
database.

C. Fusion of Spatial-Temporal Information

The method in Section II-B only acquires the impact signal
of irregular road surfaces, which does not reflect the real-time
road potholes in smart cities. To establish this capability, the
vehicle’s continuous positioning data (i.e., trajectory data) must
be acquired, i.e., the GNSS data. By recording the time and
position information from the GNSS module in the database,
the Spatio-temporal trajectory can be provided for the moving
object (vehicle). Fig. 3 shows the method of matching anoma-
lous vibration information of road surface with Spatio-temporal
information.

In this context, a prototype builds in a micro-x86 environment,
and the method uses GNSS to obtain positioning information.
At the same time, this method combines the characteristics of
fast observation of road conditions by vehicle vibration infor-
mation, which is necessary for mapping road potholes based on
Spatio-temporal trajectories. When the system is in real-time
acquisition, the system continuously receives the GNSS data
message according to the national marine electronics associa-
tion (NMEA) protocols. It parses the coordinates and timing
information in the messages in real-time and stores them in the
database with time-stamped attributes in the device. Latitude
and longitude record spatial information accurately, but the vast
amount of data will lead to inefficient retrieval and matching
in the background. Therefore, a data splitting method named
Google Plus Codes describes the spatial location efficiently.
Google Plus Code belongs to a gridding method for describing
geospatial locations. This method is based on the geospatial
dissection, which divides geospace into arbitrary grids with
multiscale and assigns globally unique codes as string-type [26],
[27]. Thus, it realizes the multiscale area location identifica-
tion and geospatial correlation at different scales. Using grid
codes can improve the query efficiency of spatial databases
and web services through a service model based on location
reception and information matching at the edge. In fact, besides
Google Plus Code, there are other definition methods such as
Beidou Grid Code. In the database, a string field replaces two
floating-point fields in the database, such as 8P2PFJG4+XC,
representing LAT: 30.477438N, LON: 114.606063. Through
analysis of vibration signals, the program outputs the maximum
magnitude and frequency data with time attributes. Finally, these
data will be mapped with spatial location data in the database.
This approach enables the Spatio-temporal trajectory data to
carry information about the intensity of road vibration.

In order to obtain reliable and valid data, a single observation
is not universal and opportunistic. Therefore, the observation
data uploaded to the cloud server (space-time information plat-
form) and the spatial information of the road (Plus codes ID
in the database) with an abnormal vibration signal for the first
time will be marked and alarmed. When the abnormal vibration
signal appears several times at the same plus codes will be judged
as an irregular road surface. This mechanism will improve the
credibility of the observation results.
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Fig. 3. Method of precise matching of Spatio-temporal information. It consists
of the edge side and the Cloud side. The edge side consists of sensors, signal
processing, and network modules; the cloud provides real-time GIS services
to present the results. The edge side installed on the vehicle for acquiring and
analyzing the vibration signals and the abnormal signals and the occurrence
timestamp is recorded in the database. Meanwhile, the NMEA messages ob-
tained by the GNSS module will be parsed into spatial information (expressed
in Plus Codes) and temporal information (expressed in UTC time). These
anomalies observation of road surface is fused at the edge side and sent to
Cloud by the NB-IoT. The Cloud side provides real-time information service
with road anomaly information by the occurrences of Plus Codes that contain
anomalous observations of the road surface.

III. EXPERIMENT AND RESULTS

A vibration-based road quality reflectometry system is pro-
posed to verify the validity and generalizability. The experi-
mental equipment includes hardware with real-time vibration

TABLE I
CLOSED-COURSE EXPERIMENT TEST PARAMETERS

signal analysis and acquisition with NB-IoT capability. The ex-
perimental vehicles include saloon cars and sport utility vehicle
(SUVs). They tested on a closed test site (with a high-quality
road surface and high-speed driving for testing) and daily road
scenarios in the Guanggu East area in Wuhan, China.

A. Experimental Device Setup

The experimental prototype device used in this article consists
of an edge computing device with x86 architecture executing the
algorithms and data acquisition programs, a National Instrument
9234 data acquisition interface card, and a Bruel&Kjaer 4535-B
three-axis acceleration sensor. The device integrated with GNSS
and NB-IoT modules to fuse the vibration information and
spatial-temporal parameters in real-time. Fig. 4 presents the core
hardware and software in the experiment protocol devices.

The acceleration sensor used to collect vibration signals is
mounted on the steering lever of the vehicle, with the X, Y, and Z
directions of the sensor indicated as perpendicular, parallel, and
horizontal to the steering lever, respectively. It helps to analyze
the vibration in three different directions when the steering
wheel drive lever brings about road defects to identify the most
significant acceleration direction. Figs. 4(a) and 5 present the
mounting position of the triaxial accelerometer.

B. Closed-Course Experiment

In this context, we conducted closed course experiments to an-
alyze which direction of the triaxial acceleration sensor mounted
on the wheel steering lever is more sensitive to vibrations from
road damage. Meanwhile, we use these experiments to verify
whether vehicle speed and engine rotational speed per minute
(r/min) affect vibration-based road potholes reflectometry. The
closed course experiment site with a 3.2 km circular is located at
an automotive parts manufacturing plant in Ningbo, Zhejiang,
China.

On this closed course, we chose a high-performance Acura
TL 3.5L for the field test, which can reach a running speed
of 190 km/h in a short time. The following Table I shows the
parameter records from the on-board diagnostics port. Although
the experimental field is smooth, there are still extremely slight
unsmooth areas in the middle part of the field, as shown in
Fig. 6. We tried to pass this area at different speeds during
the testing period to verify the vehicle speed adaptable to the
road roughness identification method. During the experiment,
the vibration information presents in Fig. 7.

In Group A, we rapidly speeded up the vehicle to 80 km/h
and started vibration observations. In the interval when the road
is almost smooth, there is no significant amplitude increase in
all three directions of the acceleration sensor. When the vehicle
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Fig. 4. Principal hardware and software in the prototype cavity. (a) Three-axis acceleration sensor with TEDS. (b), (c) Signal acquisition module and mini-PC
module embedded in the cavity. (d) Software system for signal acquisition and automatic processing.

Fig. 5. Installation schematic of the acceleration sensor.

Fig. 6. Slightly rough areas of the road where vehicles pass.

passed over a slight abrasion road surface, the Y-axis direction
(parallel to the Wheel steering lever), there was a sudden signal
change with an amplitude of 0.6 at 60–90 Hz [see Fig. 7(b)].
Still, the X-axis [see Fig. 7(a)] and Z-axis [see Fig. 7(c)] were
almost entirely insensitive to the vibration between 20–100 Hz.
In Group B, the cruising speed was increased to 140 km/h and
reached 175.2 km/h over the same slight abrasion road surface
(GNSS speed measurement). As shown in Fig. 7(e) (parallel to
the acceleration direction of the Wheel steering lever), there is
still a significant wave around 80 Hz. However, the amplitude of
the X-axis and Z-axis around 80 Hz is not as significant as that
of the Y-axis.

According to the experimental data, we found that the vi-
bration interface-based road quality fast reflectometry method
works normally, and the reflectometry results do not make
a significant impact on the speed of the vehicle (i.e., within
the speed range of 30–190 km/h). However, when studying
these observation data, we found that the level of the sampling
frequency of the acquisition card affects the observations of
vehicles driving at high speeds, and we will analyze this issue
in the discussion. At the same time, it is not difficult to conclude
that the acceleration observations direction parallel to the wheel
steering lever (Axis Y) is more sensitive to the roughness of the
road surface. The horizontal direction of the wheel steering lever
(Axis Z) is the second susceptible to the roughness of the ground.
Still, the amplitude is already not very significant compared to
the Axis Y direction. The road surface roughness hardly affects
the direction perpendicular to the wheel steering lever (Axis X).
This is due to the fact that when the tire passes over a coarse road
surface, the compression and release of the tire in contact with
the road surface generates a vertical force relative to the parallel
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Fig. 7. Effect of different vehicle speeds on the vibration of the steering lever in three directions under the closed course. (a)–(c) Reference to Group A in Table I.
(d)–(f) Reference to Group B in Table II. These data are recorded when the vehicle is driven over the area shown in Fig. 6. The velocity does not affect the result
of the observations. And its sensitive direction is parallel to the wheel steering lever (vertical to gravity).

direction of the wheel steering lever. And the continuous rolling
and release of the tire in contact with the road surface generate
a longitudinal force relative to the horizontal direction of the
wheel steering lever.

In another aspect, during running and speeding up the vehicle,
the r/min of engine speed will enhance with the acceleration. In
order to exclude whether the rotation speed of the engine has
an effect on the vibration of the steering wheel drive lever, we
added an experiment on the effect of engine speed in the parking
state. The experiment still uses Acura TL 3.5L for acquiring the
vibration signals at idle (neutral position, cutting OFF the trans-
mission input and output). We recorded the vibration signals
on the steering wheel drive lever during the experiment at idle
(Under 1000 r/min), 2000 r/min, and 3000 r/min. The results are
presented in Fig. 8. The vibration signal sampled is in the Axis
Y direction.

In the idle state with full throttle release (when the engine
speed is lower than 1000 r/min), there is no obvious wave peak
around 80 Hz on the spectrum [see Fig. 8(a)], and only a tiny
signal exists at 20 Hz, which is the vehicle jitter at idle speed
when starting from a cold state. When the throttle is held to
2000 r/min and 3000 r/min, there is still no unmistakable signal
around 80 Hz [see Fig. 8(b) and (c)]. The results indicate that
the vehicle is driven in a nonintense state (engine speed within
3000 r/min). From the results, it is concluded that the engine
speed does not have a significant impact on the vibration of the
steering wheel drive lever.

Fig. 8. Effect of engine speed on the observation system. (a) Engine speed
below 1000 r/min. (b) Engine speed is maintained at 2000 r/min. (c) Engine
speed is maintained at 3000 r/min.
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C. Normal Road Condition Experiment

Section III-B presents the results of the vibration tests on
the closed course for various vehicle speeds and engine speeds,
which only provide a reference for the implementation ability
of the method. However, the availability of this method still
requires experiments to be completed under normal road condi-
tions. For the actual tests, we selected a portion of the roadway
in the Guanggu East area of Wuhan, where the road length is
more than 10 km. The condition of the road sections in this area
varies and is suitable for road field testing as this area is newly
opened. In this context, we performed reproducible experiments
based on Acura TL, and Toyota Highlander for a month, up to
10 repetitions on this roadway. This experiment simulates the
device’s operation installed in the taxis.

First, the context needs to verify this method’s effectiveness
in municipal road operations. During the experiment, a drone
tracked the vehicles and recorded the condition of the road
vertically. We selected the DJI Mavic 2 Pro with the Hasselblad
camera, which has the ability to track up to 72 km/h and record
at 4K 60 FPS. The UAV photography and vibration acquisition
equipment operate simultaneously, which helps to compare the
data when analyzing the experiment results. This 5 km section
of the new municipal road in the Guanggu East area of Wuhan
City is generally in serviceable condition, but many places are
damaged. Three different levels of damage were selected as
typical cases: Slight (accumulated rainwater possible), Obvious
(which already affects the driving experience), and Fractured
[see Fig. 10(b), (d), and (f)].

Subsequently, the system still needs to determine the reli-
ability of results through the rms calculation to improve the
confidence of the observation results. The ratio of the previous
second (S-1) to the current time (S) is compared by calculating
the rms value of the acquired signal every second in real-time.
Fig. 9(a) is a normal road section with rms(S−1) = 0.358 and
rms(S) = 0.402, with a ratio of 89%. Fig. 9(b) is in the obviously
damaged road section, rms(S−1) = 0.481, rms(S) = 1.039,
the ratio is 46%, it can be seen that there is a significant
abrupt change in the amplitude of Fig. 9(b). This process can
effectively ensure that the results obtained in the frequency
domain stage are accurate and enhance the reliability of the
system.

Under frequency domain analysis, Fig. 10(a) shows the ob-
served results of the vehicle passing a slight unsmooth road
surface, as shown in Fig. 10(b). At 80 Hz in the spectrum [see
Fig. 10(a)], the amplitude is less than 1. Due to the excellent
NVH performance of modern vehicles, this lightly abrasive road
surface is not perceptible to the occupants or the vehicle’s driving
safety. The spectrum in Fig. 10(c) shows the reflectometry data
when the vehicle passes over an obvious rough road surface with
an amplitude of 1.2 (About−3.2 dB) at 80 Hz. When the vehicle
passes over this road surface [see Fig. 10(d)], the roughness of
the road surface is clearly felt by the vehicle occupants. Fig. 10(e)
shows the vibration data when the vehicle is driving over the
fractured road surface. The amplitude is 1.5 (About −1.4 dB)
signal at 80 Hz is evident after the fractured road surface due to
the height difference between the two sides of the crack. Such
a road surface affects the driving experience and may damage

Fig. 9. Comparison of the rms amplitude of the road. (a) Section without
damage. (b) Section with obvious damage.

the outer wall of the tire and cause traffic accidents. Fig. 10(g)
shows a randomly selected undamaged road surface, where the
amplitude at 80 Hz is extremely small for a good quality road
surface.

By the experiment on the normal municipal roads, this context
proposed that 75–85 Hz is a more sensitive frequency interval
for road roughness reflectometry using acceleration sensors
mounted on the wheel steering lever. By extracting the frequency
amplitude, it is possible to have the reference value for fast road
roughness reflectometry. When the road is in a nondamaged
state, there is almost no significant signal amplitude around
80 Hz of the spectrum. When the road with the section has
different degrees of damage, the signal amplitude around 80 Hz
is proportional to the damage. It is expressed that the higher the
degree of damage, the greater the signal intensity.

D. Experiments on Prototype Devices

According to the experimental results of Sections III-B and
III-C, the acceleration measurement direction parallel to the
wheel steering lever is the most sensitive to the reflectometry
of road quality. Also, vehicle speed and engine speed do not
affect reflectometry results based on the vibration. Also, 80
Hz is a critical parameter for vibration-based reflectometry of
road quality, and the degree of damage and the signal amplitude
located at 80 Hz are positively correlated. However, these experi-
ments are used to validate the methodology of the prototype and
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Fig. 10. Results of the normal road conditions experiment. Four conditions are recorded in this figure. (a) Road with slight damage. (c) Road with obvious
damage. (e) Fractured road surface. (g) Road surface in good condition. As the vibration sensors begin to acquire signals, the UAV automatically tracks the vehicle
and records video of the road vertically for verification, (b), (d), (f), and (h).

the data acquired and analyzed in the developer’s mode only.
The significance of the method for road quality observations
in smart cities still requires experiments with the prototype
system.

Fig. 11 presents the results of the automated process in the
prototype and the server for real-time GIS service (mapping).
In a fully automated acquisition process, the acquisition signal
processes with wavelet analysis at a signal frequency between
60 and 90 Hz per second. The signal amplitude will corre-
spond to the system’s timestamp, as shown in the Rainbow
image in Fig. 11. In this Rainbow image, the system timestamp
(horizontal axis), the controlled observation frequency (vertical
axis), and the reflection amplitude (color contrast) are included.

In wavelet analysis, the amplitude is scaled up by a factor of 100
to improve database management efficiency (as integer data and
no longer as float like Sections III-B and III-C). In the database of
the prototype system, in addition to the signal data, at the same
time, the UTC obtained by GNSS, the latitude and longitude
information converted into Plus codes are recorded, as shown in
the grid in Fig. 11. Its corresponding database in the prototype
device is shown in Table II. It is a part of the data returned
from a car installed with road quality reflectometry equipment
at 13:05–13:06 on May 7, 2022, located on the Road of Keji
second in the East Lake High-tech Zone of Wuhan City. In the
database of the prototype system: The edge-side time obtains
from the GNSS, and it saves in the TimeStamp as an integer.
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Fig. 11. Web-based map service for road potholes mapping. The road quality reflectometry results (maps services) and raw data (amplitude, time, and frequency
determined after wavelet analysis) are selected at different times on the same road section. It can be clearly identified from March to May 2022.

TABLE II
DATABASE EXAMPLE OF THE PROTOTYPE SYSTEM

The longitude and latitude receive from the GNSS data by the
edge-side device as Google Plus Code for saving, and the data is
of string type. Vibration Amplitude acquires by the acceleration
sensor, and it saves as an integer type after being magnified 100
times. Such a database management method helps to improve
the efficiency of database processing.

The database on the prototype equipment will be pushed to
the server according to IPv4 and Port in JSON format. The data
transmit via NB-IoT with a time resolution of 60 s. After the
server effectively parses the data, the number of times counted
by the abnormal amplitude of the road section (i.e., Plus Codes),
which marked on the map in real-time when the threshold value
is exceeded.

This demo experiment uses three vehicles with this prototype
installed to drive through the road section (i.e., FHGV+8,
FHGW+8, and FHGX+8). The road’s right lane was under
construction and had significant potholes, while the left lane
of the road was completed with satisfactory quality. The three
vehicles drive over the damaged road surface three times each,
and the server generates the data shown in Fig. 11(a). The am-
plitude of FHGV+8R - FHGV+8X is about 125 × 0.01v–150
× 0.01v (damaged). Subsequently, the three vehicles simultane-
ously drove over the repaired road section. The server updated
the data, as shown in Fig. 11(b), the average signal amplitude
under 4×0.01v of the road section has been repaired.

IV. DISCUSSION

In Table III, we compared the proposed method with cur-
rent methods. These methods are more dependent on labor,
special vehicles, or loading platforms, while the professional
operation and high price bring limitations to the widespread use
and deployment of these methods. Although vibration-based
monitoring of the quality of roads had also been proposed in
the past, there are no environments for independent operation,
no edge data processing capability, no precise monitoring spot
for the sensors, and a lack of the ability to observe in real-time
constructed by the IoT and GIS environment. These problems
are solved in this context, and a vibration detection-based road
quality reflectometry method is proposed, which combines the
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TABLE III
COMPARISON OF DIFFERENT METHODS IN ROAD QUALITY ASSESSMENT

Web-GIS services to present the real-time reflectometry obser-
vation results in the Web-GIS Server. The comparison shows
that the road quality reflectometry method based on wheel
steering lever vibration observation proposed in this context is
bringing reference to the real-time and rapid identification of
the quality of roads in future smart cities. With the help of the
Web-GIS system of the smart city sensing service platform, it
can provide rapid feedback on abnormal road information and
improve observation efficiency.

Nevertheless, this article still identified some issues in the
experiments that need further investigation. First of all, regarding
the sampling rate of the sensor. In Section III-B, we proved
the method’s effectiveness for the observation in the speed
range of 30–190 km/h. However, further research revealed that
when passing over the same rough road surface at the same
sampling rate, the vibration amplitude located around 80 Hz
appears to decrease when the vehicle speed increases. When
we try to increase the sampling rate, the observed amplitude
of vibration at that frequency will increase accordingly. This
issue is brought about by the vehicle passing over a rough road
surface at a fast speed. The sampling rate is insufficient, and there
may be under sampling, resulting in a decrease in the vibration
signal amplitude. Likewise, when the vehicle passes at slow
speeds, the sampling rate may be oversampled, resulting in an
increase in vibration signal amplitude. Although this problem
does not affect the rapid evaluation and inversion of road quality,
it impacts the evaluation system of road quality that is on the
server-side. For this issue, the team will build an automated

control system to control the sampling rate of the acquisition
device in real-time with dynamic level control by the change of
vehicle speed.

Overall, we believe that the fast reflectometry method of road
quality based on vibration observation is valuable in smart cities.
This method makes up for the low Spatio-temporal resolution of
manual observation and fixed camera observation by continuous
Spatio-temporal trajectory and also makes up for the high cost
of use and lack of plug-and-play of LiDAR vehicle-mounted
computer vision by the vibration monitoring method. This re-
search method has huge application values for road observation
in cities. In addition, compared with the legacy method of using
electromagnetic waves for earth observation, this context pro-
poses mechanical waves for earth surface observation, which can
bring further thoughts for the improvement of earth observation.

Furthermore, with the deployment of the Global Naviga-
tion Satellite System and high-density 5G communication base
stations on the ground, remote sensing reflection measurements
can be performed on the ground through the electromagnetic
wave signals transmitted and received by these satellites or base
stations, e.g., the Global Navigation Satellite System Reflectom-
etry (GNSS-R) based soil moisture observation [28]. Compared
with the soil moisture remote sensing satellites (e.g., Soil Mois-
ture and Ocean Salinity, SMOS, and Soil Moisture Active and
Passive, SMAP) [29], the GNSS-R has a higher revisit period
and provides near real-time observation data. If the reflection
method of the 5G base station near the ground is applied, it
can obtain almost real-time and high-precision remote sensing
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observation results. This remote sensing technique (electromag-
netic wave signals reflectometry) fully applies to road quality or
deformation observation [30], but a series of ground correction
processes are required. The vibration-based observation strategy
provided in this context is valuable to realize the real-time
ground correction with the high temporal and spatial resolution
for the abovementioned remote sensing ways.

V. CONCLUSION

High-quality roads condition will enhance the comfort and
safety of the driver and passengers. The road surface without the
obvious defects improves the speed of the vehicle as much as
possible to ensure the efficiency of life and production. However,
the temperature, external forces, overloads, and human damage
bring road damage. It poses a significant safety risk to vehicles
and motorists if the road damage cannot be observed and re-
solved in time. Although researchers in the past have proposed
various methods, they are inadequate in spatial and temporal
resolution and efficiency.

In this context, we propose to install acceleration sensors
based on the wheel steering lever of the vehicle by capturing the
structural vibrations caused by the contact between the vehicle
wheels and the road surface. The road roughness is judged by
analyzing the amplitude intensity at 60–90 Hz frequency, and
real-time analysis and Spatio-temporal information are fused to
form a set of rapid reflectometry methods for road quality via the
IoT platform. The cumulative analysis of abnormal trajectory
information on the server-side provides a set of road defect
information maps with a real-time resolution by Web-GIS. It
provides a set of reference methods for road management in
smart cities and also provides a reference for future vehicle-road
cooperation for intelligent driving. In the subsequent research,
we will explore the capability of the method to invert other road
features at other frequencies. Finally, an attempt has been made
to use Google Plus code for geospatial location description in
smart city applications in this context. The use of this class
of GeoSOT-based (GEOgraphical coordinates Subdividing grid
with one-dimension integral coding On 2n-Tree) methods helps
to discretize and multiscale the geospatial, and the physical
objects can be quickly associated with data within the same area
by means of unique integer-type codes for each block, like the
Google Plus Code corresponding to the road vibration informa-
tion under the block in this context. GeoSOT’s representation
of spatial location is cutting-edge. In the future, in addition to
Google Plus Code, Beidou Grid Code will also become more
mature, and all observation data obtained based on sensor web
and remote sensing methods can be expressed by Beidou Grid
Code, which brings excellent development space for the cost,
power consumption, and computational pressure of the system
of geospatial observation.
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