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1. Introduction 

1) The issues 
Ø Due to more and more 

vehicles on the roads in 
recent years, roads capacity 
becomes less available. 

Ø  Traffic congestion, travel 
delay and traffic safety have 
become national issues.  



1. Introduction 

•  2) The solutions  
•  Transportation agencies collect vehicle information to plan 

highway maintenance programs, evaluate highway usage, 
manage the movement of more vehicles on existing 
infrastructure, which are objective of intelligent 
transportation systems(ITS).  



1. Introduction 

3) The kernels 
•  ITS applications rely on traffic sensors to provide vehicle 

detection, such as speed of vehicle, vehicle counting, axle 
counting and measurement of axle length of each vehicle.  

•  The success of vehicle detection in ITS applications 
depends on the proper design and installation of sensor 
components.  



1. Introduction 

•  4) The categories of vehicle detection sensors  
(1)  in-roadway sensors :In-roadway sensors are embedded 

in the pavement or the subgrade. inductive loop 
detector, piezoelectric sensors and magnetic detectors  

(2)  over-roadway sensors: over-roadway sensors are 
mounted either alongside or above the pavement. 
Video, active and passive infrared, microwave radar, 
ultrasonic and passive acoustic belong to over-roadway 
sensors.  



1. Introduction 

5) The limitations of in-roadway sensors 
• Because those sensors do not transmit energy and 

belongs to passive devices, a portion of vehicle must pass 
over the sensor to be detected.  

•  In other words, the in-roadway sensors must be installed 
in the traffic lane in order to sense passing vehicles that 
needed to stop traffic flow as sensors are installed and 
maintained.  
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6) The disadvantages of in-roadway sensors 
•  The operation of in-roadway sensors can be degraded by 

pavement deterioration, improper installation and 
weather-related effects and also be impaired by street and 
utility repair. 

•   Existing sensors, such as inductive loops and 
piezoelectric sensors, require effective installation, 
acceptance testing and repair programs which cause very 
high installation and maintenance costs  



1. Introduction 

7) The disadvantages of over-roadway sensors 
•  The over-roadway sensors’ operation can be affected by 

weather conditions, such as fog, blowing snow and 
raining.  

• Another disadvantage is that its installation and 
maintenance, including periodic lens cleaning, require 
lane closure when it is mounted above the road.  



2.Motivation 

• We discusses the use of seismic signals for moving 
vehicle detection.  

• We propose an alternative traffic detector based on two 
seismic sensors which were installed on road shoulder 
and named as side-roadway sensors.  

•  This technology is deployed in roadside as a replacement 
to traditional in-roadway and over-roadway sensors. 



A true story 





TIRES !!! 



Traffic vibrations can be characterized by a source path-receiver scenario 

"   Like most vibration problems, traffic vibrations 
can be characterized by a source-path receiver 
scenario. 

"   Vibrations induced by road traffic are a 
common concern in cities in worldwide. 



Comparison between vibration levels induced by a transit 
bus and a truck. Vibration levels are significantly different 
because of differences in suspension systems. 



Vibration Generation Mechanisms 

• Tread impact 
• Air pumping 
• slip-stick 
• stick-snap 



Tread impact 
•  The tire tread blocks travel 

around the tire as the tire 
turns. At the entrance of the 
interface between the tire and 
pavement,  an impact occurs 
as the tread hits the 
pavement. 

•   The tread impact can be 
compared to a small rubber 
hammer hitting the pavement.  

•  This impact causes vibration 
of the tire carcass.  



Air pumping 
• Within the contact patch, the passages and grooves in 

the tire are compressed and distorted, pumping air in 
and out.  

•  This compression and pumping effect aerodynamically 
generates sound. The effect can be compared to that of 
clapping hands creating sound 



Slip-stick 
• During acceleration and braking, and during 

cornering, horizontal forces are transferred from the 
pavement to the tread blocks in the contact patch.  

"   Additionally, tire carcass 
distortion in the contact 
patch can add to this 
effect. If the horizontal 
forces exceed the limits 
of friction, the tread block 
will slip briefly and then 
re-stick to the pavement.  

"   This repeated effect of 
slipping and sticking will 
generate both noise and 
vibration.  



Stick-snap 

•  The contact between the tread block and the 
pavement causes adhesion between them.  

• When the tread block exits the contact patch, the 
adhesive forces pulls on the tread block.  

"   The release of the tread 
block causes both noise 
and vibration of the tire 
carcass. 



Sensors Location 

Implementation 
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Sample Rate: 
100kHz 
Sample Bit    : 16 









Blue line: Sensor #1 Vibration Data @ mg 100kHz 
Green line: Sensor #2 Vibration Data @ mg 100kHz 



Blue line: Sensor #1 FFT 
Green line: Sensor #2 FFT 



3. Theoretical background  
3.1 Mechanism of vehicle seismic signal 
3.2 Source localization theories 



3.1 Mechanism of vehicle seismic signal 
•  Like most seismic issues, a source-path-receiver scenario 

can characterize traffic seismic.  
• Vehicles contact with irregularities in the road surface 

induce dynamic loads on the pavement. 
•  These loads generate stress waves, which propagate in 

the soil. 
•   When a vehicle, such as a car or a trunk, strikes an 

irregularity in the road surface, it generates an impact load 
and an oscillating load due to the subsequent “axle hop” 
of the vehicle.  



3.1 Mechanism of vehicle seismic signal 
•  The impact load generates seismic waves that are 

predominant at the natural seismic frequencies of the soil 
whereas the axle hop generates seismic at the hop 
frequency.  

•  In contrast to irregularities, such as cracks, uneven 
manhole covers or potholes, normal road surface 
roughness induces continuous dynamic loads on the road.  



3.1 Mechanism of vehicle seismic signal 
•  If the road surface roughness includes a harmonic 

component which leads to a forcing frequency, substantial 
seismic was induced.  

•  This effect which is termed as the washboard effect is 
familiar to car drivers travelling over dirt or gravel roads 
with ripples.  



3.2 Source localization theories 

• Source localization is an important component of a 
multichannel signal processing system which in addition 
to localization may include other functions such as 
tracking, signal separation, enhancement and noise 
suppression.  

• Depending on how localization is achieved, it may be 
alternatively referred to as source signal strength or 
energy estimation, time delay of arrival(TDOA) estimation 
and direction of arrival(DOA) estimation in various fields.  



3.2 Source localization theories 

•  For far field source scenario, it assumes the source is far 
away from sensors such that source’s contribution have 
the same intensity at all sensors, source signal strength is 
not used in localization.  



3.2 Source localization theories 

• DOA can be estimated by exploiting the phase difference 
measured at receiving sensors and is applicable when the 
source emits a coherent, narrow band signal.  

•  TDOA requires accurate measurements of the relative 
time delay between sensors and is suitable for broadband 
source localization and has been extensively investigated.  

• Source localization using acoustic sensors has found in 
numerous applications. 



3.2 Source localization theories 

•  In sonar signal processing, the focus is on locating 
underwater acoustic sources using an array of 
hydrophones. 

•  In video conference and multimedia human computer 
interface applications, microphone arrays have been 
developed to locate and track speakers head position in a 
room environment.  

• Acoustic signatures have also been used to estimate 
vehicle locations in an open-field sensor network. 



3.2 Source localization theories 

• Based on different processing domains, localization 
methods for seismic signals can be classified into three 
categories: time domain methods, frequency domain 
methods and time-frequency domain methods.  

•  The time domain methods include time domain cross 
correlation, average-magnitude-difference function 
method, LMS-type adaptive TDE method and adaptive 
eigenvalue decomposition algorithm associated with blind 
channel identification.  



3.2 Source localization theories 

•  In general, time-domain analysis is always not very 
accurate because of the interfering noise, the complicated 
waveforms and the variation of the terrains.  

• Most researchers use either frequency-domain or time-
frequency domain methods, which include MUSIC, 
ESPRIT, spatial power spectrum based approach, 
maximum-likelihood method and adaptive multichannel 
time delay estimation method based on blind equalization, 
linear regression method, well known generalized cross-
correlation(GCC) family of methods. 



3.2 Source localization theories 

• We describes a two sensor-based source for moving 
source using generalized cross-correlation. 

•  There are two main approaches to moving source 
localization. 

•   One approach involves formalization and prediction of the 
motion of the source using a dynamic model. This 
approach is advantageous in that the whole motion history 
can be utilized.  

• However, such modeling can be difficult in practice.  



3.2 Source localization theories 

•  In the other approach, the source is considered to be fixed 
at short intervals and localization is performed at each 
interval.  

•  This approach has been widely adopted because a 
number of methods can be used for localization of a fixed 
source, such as those based on correlation functions 
between two sensors. 



4. Problem Formulation 

•  4.1 Seismic propagation model of moving vehicles 
•  4.2 Estimation of vehicle speed 
•  4.3 Estimation of axle spacing 
•  4.4 Detection of vehicle axles 



4.1 Seismic propagation model of moving 
vehicles 



4.1 Seismic propagation model of moving 
vehicles 



Simulation of Moving Vehicle 

Wheel Base= 106 
inches Tire Base= 60 inches 

Vibration wave 
velocity=1290m/s 



4.1 Seismic propagation model of moving 
vehicles 

!

 

Figure!1!The!scenario of moving vehicle driving in lane 
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4.1 Seismic propagation model of moving 
vehicles 



4.1 Seismic propagation model of moving 
vehicles 

 
Figure'2'The'seismic propagation model of moving vehicle 
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4.1 Seismic propagation model of moving 
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4.1 Seismic propagation model of moving 
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4.1 Seismic propagation model of moving 
vehicles 

!

 
Figure!3!The!curve of TDOA v.s. relative time as moving vehicle at 40km/h 
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4.2 Estimation of vehicle speed 



4.2 Estimation of vehicle speed 



4.2 Estimation of vehicle speed 



4.2 Estimation of vehicle speed 

!

 
Figure!4!The!curve of TDOA v.s. relative time as moving vehicle at 20km/h, 

40km/h, 60km/h, 80km/h and 100km/h respectively 
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4.2 Estimation of vehicle speed 



4.2 Estimation of vehicle speed 

!

 
Figure 5 The estimation error of speed at 20km/h, 40km/h, 60km/h, 80km/h and 

100km/h  respectively 
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4.3 Estimation of axle spacing 



!

 
Figure!3!The!curve of TDOA v.s. relative time as moving vehicle at 40km/h 
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4.4 Detection of vehicle axles 



5. Generalized cross-correlation-based 
TDOA estimation 



5. Generalized cross-correlation-based 
TDOA estimation 







5. Generalized cross-correlation-based 
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5. Generalized cross-correlation-based 
TDOA estimation 



5. Generalized cross-correlation-based 
TDOA estimation 
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Figure!7!TDOA!Estimation!for!moving!source 
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6.Experiments in Actual Environments 

•  6.1 Experimental Setup 

•  6.2 Experimental Results 



6.1 Experimental Setup 
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6.1 Experimental Setup 

 
Figure'7'The'seismic'waves'of'vehicle'detected'by'two'sensors'respectively 
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(b) Seismic wave detected by Sensor D2

 

 



6.1 Experimental Setup 

  
(a) The signal of seismic sensor D1 (b) The signal of seismic sensor D2 

Figure'8'The'Spectrum'of'seismic'waves'detected'by'two'sensors 
'
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6.2 Experimental Results 

 
Figure'9'The'time'delay'of'arrival'(TDOA)'as'vehicle'passes'by 
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6.2 Experimental Results 
Table&2&Speed&estimations&of&15&vehicles 

Vehicle 
No. 

Actual 
speed(km/h) 

Measured 
speed 
(km/h) 

Front 
axle 

speed 

Rear 
axle 

speed 

Speed 
error(%) 

1 40.28 44.55 43.75 45.34 10.6 
2 21.20 21.86 19.72 24.00 3.1 
3 20.66& 22.38 20.73 24.03 8.3 
4 28.77 31.77 30.10 33.43 10.4 
5 23.70 27.68 26.79 28.57 16.8 
6 27.78 31.47 29.19 33.75 13.3 
7 30.99 36.05 36.15 35.94 16.3 
8 25.18 28.28 28.39 28.16 12.3 
9 28.77 34.43 32.43 36.42 19.7 
10 30.99 34.17 31.40 36.94 10.3 
11 32.23 34.98 33.46 36.49 8.5 
12 28.77 33.73 31.52 35.94 17.2 
13 28.77 33.07 32.11 34.02 14.9 
14 25.18 29.01 28.06 29.95 15.2 
15 40.28 44.79 42.83 46.75 11.2 

&



6.2 Experimental Results 
Table&3&The&results&of&both&axle&difference&time&and&axle&length&

estimations 

Vehicle 
No. 

Actual 
difference 

time(s) 

Estimate
d 

differenc
e time(s) 

differenc
e time 

error(%) 

Actua
l axle 
length 

(m) 

Measured 
axle length 

(m) 

Axle 
length 
error 
(%) 

1 0.250 0.241 63.6 2.8 2.98 6.4 
2 0.467 0.486 4.1 2.8 2.95 5.3 
3 0.683 0.696 1.9 3.9 4.33 11.0 
4 0.350 0.355 1.4 2.8 3.13 11.8 
5 0.400 0.393 61.8 2.6 3.02 16.2 
6 0.350 0.340 62.9 2.7 2.97 10.0 
7 0.333 0.340 2.1 2.8 3.40 21.4 
8 0.367 0.383 4.4 2.6 3.01 15.8 
9 0.433 0.435 0.5 3.5 4.16 18.9 

10 0.367 0.363 61.1 3.2 3.45 7.8 
11 0.317 0.309 62.5 2.8 3.00 7.1 
12 0.383 0.372 62.9 3.1 3.49 12.6 
13 0.517 0.510 61.4 4.0 4.68 17.0 
14 0.367 0.373 1.6 2.6 3.01 15.8 
15 0.300 0.313 4.3 3.6 3.89 8.1 

&



6.2 Experimental Results 

 
Figure'10'The'error'curves'of'speed,'axle'length'and'time'difference'

respectively 
'
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THANK YOU FOR YOUR 
ATTENTION !! 


