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ABSTRACT 
 

Aims: In this paper, we propose a new measure for analysing data obtained from an 
accelerometer with the aim of improving road surface condition monitoring and defect detection 
systems. 
Study Design: The study consisted of an experimental setup involving the use of an 
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accelerometer embedded device connected to a laptop, all mounted in a vehicle for data 
acquisition and storage. 
Place and Duration of Study: Data gathering was conducted within the campus of the Federal 
University of Technology, Minna, for a period of two months. 
Methodology: The accelerometer was programmed to capture vibration signals along the x, y and 
z-axis with special interest in the z-axis because it monitors the up/down motion of the vehicle. Our 
algorithm uses what we call the “z-difference square” measure to analyse raw accelerometer data 
towards improving road defect detection. LABVIEW was used to configure the accelerometer 
device, while the algorithm for post data processing and statistical analyses were implemented in 
MATLAB.  
Results: Inferences drawn from the raw data and other statistical measures indicate that the 
proposed measure provides the advantage of using single threshold values for detection, inherent 
averaging, and potential for spatial localization of potholes, as compared to other statistical 
measures. 
Conclusion: The use of our proposed “z-difference square” measure for analysing accelerometer 
data will provide a simple yet efficient and effective statistical measure for improving road defect 
detection systems. 
 

 
Keywords: Road Defects; potholes; smartphone; accelerometer; difference equation and profiling.   
 

1. INTRODUCTION  
 

Road defects are imperfections noticed on the 
surface of a road. These may be in the form of 
potholes, road bumps, rutting and pavement 
cracks. These defects are prominent on Nigeria 
roads, and this can be traced to poor or lack of 
drainage systems, excessive waterlogs, poorly 
maintained asphalt roads, excessive or 
unexpected traffic patterns and poor quality of 
roadway materials/construction, all contributing 
to the increase in the number of road accidents 
[1] in the country. This has further resulted in the 
loss of lives and properties, and has slowed 
down the rate of development in the country [2]. 
 

Efforts have been made to address these 
problems, and these include the enforcement of 
Law and order by the Federal Road Safety Corps 
(FRSC) [3] and Vehicle Inspection Officers (VIO) 
[4], training and retraining of drivers in 
compliance with safety tips [5,6], compliance with 
speed limit, making sure that vehicles are in 
good condition, durable road construction and 
repair of defect roads [2]. Nevertheless, the 
effectiveness of these solutions greatly depend 
on a number of factors, among which includes 
adherence to acceptable road construction and 
repair regulations/standards, time constraints 
and the availability of funds. Thus, while these 
constraints linger, it becomes necessary to 
develop alternate or supplementary solutions as 
considered in this article. 
 

The main purpose of this paper is to propose the 
use of a new measure termed “z-difference 
square”, towards enhancing accelerometer data 

analysis. The “z” acronym in the name of the 
measure is attributed to the z-axis of the 
accelerometer output. Existing methods based 
on normal difference equations, mean, variance 
or standard deviation require the use of a double-
sided threshold for classifying portions of 
anomaly in the data set. This is because 
oscillations along the z-axis of the accelerometer 
output typically swing in a transverse manner 
across the mean 1g value calibration of the 
device. A double-sided threshold system 
increases the complexity of the system, coupled 
with the possibility of an increase in the false 
alarm or missed detection rate. Consequently, 
the concept behind the “z-difference square” 
measure is to ensure that the derived statistic is 
positive definite, which leads to the use of a 
single threshold system, and future possibility for 
threshold automation. In addition, the 
differencing factor in our proposed measure 
introduces a filtering effect which naturally 
reduces the noise content in the data. We note 
that this work is an initial effort in the course of 
developing an automated threshold system for 
an efficient road defect profiling system.  
 

The rest of the paper is structured as follows: 
Section II presents related works on road defect 
detection using embedded systems, section III 
presents the proposed methodology, while result 
analysis and discussions are provided in section 
IV, and conclusion in section V. 
 

2. REVIEW OF RELATED WORKS 
 

This section provides review of related works, 
with particular emphasis on those that use 
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sensor-embedded devices to detect road 
defects. In addition, we discuss the merits and 
demerits of these methods as they apply to road 
defect detection. 
 
In [7], the relationship between acceleration 
vibration of different smart phones was used to 
estimate road roughness condition. Data was 
collected by placing two smart phones on two 
different vehicles, which were then driven with 
normal driving condition on different roads with 
varying surface conditions. These conditions 
were classified as good, fair, poor and bad 
respectively. The sensors on the Smartphone 
usually log acceleration and GPS data 
respectively, while a video camera installed on 
the vehicle was used to verify the acceleration 
data logged by the phones. It was assumed that 
the acceleration coordinates of the vehicle and 
phones are the same. The proposed method has 
a merit of low cost and wide coverage potential 
as a result of the number of users acting as 
probe devices within the population. Also, data 
obtained from experimental results shows that 
there is a linear relationship between 
accelerometer data and road roughness 
condition. However, accuracy of acceleration 
data obtained depends on the type of smart 
phone used, vehicle speed and the type of 
vehicle itself. Furthermore, there seemed to be 
no realistic smartphone setting used by authors 
due to their assumption that the acceleration 
coordinates of the vehicle and smartphone are 
the same. 
 
In [8], three android smart phones with GPS and 
accelerometer sensor software were used to 
monitor and evaluate road surface quality. The 
smartphones were placed on the dash board of a 
car and drive tests were performed while the 
phones acquired road surface smoothness data. 
An empirical event detection using the standard 
deviation of the Z-axis data set, Z-Diff, Z-thresh 
and G-Zero were used in analyzing detection. 
Preliminary results obtained confirmed the 
possibility of using smart phones to monitor road 
surface condition. However, the accuracy of the 
sensor software used phone was not validated. 
Also, smart phones with the same accelerometer 
software installed on it gave different GPS and 
accelerometer data acquisition accuracy, which 
reveals the uncertainty in using a single data 
acquisition system. 
 
Authors in [9] proposed a novel means of driving 
event recognition using smart phone. Associated 
data from various sensors were combined into 

one classifier together with a dynamic time 
warping algorithm to recognize, detect and 
record offensive driving. The proposed system 
identifies portion of the recorded video segment, 
sends an alert to an external system and notifies 
the driver. The driver’s driving behavior was 
determined from the number of potential 
aggressive driving events recorded. Results 
obtained show the possibility of using smart 
phones to detect, record and alert both the driver 
and an external system of aggressive driving 
behaviors. A major drawback of this approach is 
the inability to differentiate or determine the 
vibration acceleration as a result of noise from 
vehicle interior vibration, while considering the 
speed of the vehicle and road conditions.  
 
In [10], readings from a GPS and mobile phone 
accelerometer were used for pattern recognition 
towards detecting road anomalies. The proposed 
system involved 3 stages namely preprocessing, 
classification and visualization. A program written 
in java was used for data collection from the 
accelerometer reading in Nokia N98 8Gb, where 
samples were taken at 38Hz and the GPS 
reading at 1Hz. Performance evaluation showed 
that the proposed system performed better when 
compared to similar approaches in the literature, 
and sampling errors were reduced by 
preprocessing the GPS and acceleration signals. 
However, experimental results show 
unsatisfactory speed estimate irrespective of how 
the filter was tuned. Also, limited available data 
made it difficult to cluster data with road anomaly 
from multiple drivers during clustering 
experiment. This reduced the performance of the 
proposed method. We also note that the 
accuracy of the proposed system depends on the 
type and model of the mobile phone used. 
 
A collaborative road surface condition monitoring 
system using a mobile application and a geo-
referenced data base was proposed in [11]. An 
algorithm which runs on a mobile device with an 
android application was used to process the 
roughness parameter signal captured. A 
mathematical model used for computing road 
roughness index was presented. The road 
roughness estimate was derived from sampled 
points using linear predictive coding. Results 
obtained showed that a mobile device running on 
the customize application can be used to detect 
road surface anomalies. But there is need to 
improve the mathematical modelling.  
 

The focus of authors in [12] was to estimate the 
gravity component of accelerometer 
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measurements and develop new sets of 
accelerometer features to capture key 
characteristics of vehicular pattern. Their results 
showed an improvement of over 20% in 
transportation mode detection over current 
accelerometer based systems. In similar light, 
the work of [13] proposed the application of a 
combinatorial optimisation technique for the 
characterisation of pavement roughness. 
Particularly, the technique aided in determining 
the profile height from measured accelerations at 
and above the vehicle axle. The flashpoint of this 
work was the overall reduction in general cost of 
this method, and the validated performance from 
simulated road profiles. 

  

Authors in [14] provided a review on the use of 
acoustic signal techniques for improving 
intelligent transportation systems. Focus was on 
classification of such signals associated with the 
vehicle, which can suffice from engine noise, tyre 
noise, or general mechanical effect noise. Other 
interesting deductions included vehicular speed 
estimation and density estimation in different 
environments. Another interesting application 
was found in [15] which presented dynamic 
analysis of a tank with particular three-axle road 
tank for loose material transportation. Several 
simulations of models for several speeds were 
conducted. By using finite element method along 
with some frequency analysis, authors were able 
to show how maximum responses of the 
observed truck can be deduced at different 
speeds. Their research output finds significance 
in fatigue analyses of road tank in real traffic 
conditions. Similarly, the main purpose behind 
the work of [16] was to prove that some coherent 
relationship exists between horizontal and 
vertical curves, and the number and severity of 
accidents on a specific road termed Road Nr. 82. 
Authors developed techniques for detecting 
straight sections, arcs, and arbitrary curves of the 
observed road. They used accident data from the 
road of interest to evaluate their methods, and 
concluded that a close relationship existed in 
support of their hypothesis. 
  

All these works though related to either the use 
of accelerometers, or typical approaches to road 
surface profiling leads us to the conclusion that 
while most works focus on direct interpretation of 
the raw accelerometer data, others provide 
statistical measures which require specialized 
thresholding systems to achieve classification. It 
is thus necessary to develop new measures that 
avail to simple thresholding rather than complex 
double-side thresholding systems. 

3. METHODOLOGY 
 
3.1 Experimental Overview  
 
A Myrio accelerometer embedded device was 
used for the data acquisition process. It was 
placed on the dashboard of a Toyota Siena car, 
used for the drive test (as shown in Fig. 1). The 
accelerometer embedded device was 
programmed using LABVIEW to actualise 
acquisition and filtering of data. A view of the 
physical experimental setup can be seen in Fig. 
1. Recall that the x, y and z vibration axis usually 
monitor the turning (left and right) motion of the 
vehicle, the slope of the road and the upward 
and downward movement of the vehicle, 
respectively. The required number of samples 
per second was initially set in the LABVIEW 
environment before we commenced acquisition. 
Numerical datasets we acquired were logged in 
Excel and subsequently transferred to MATLAB 
for further statistical analysis. 
 

3.2 Using Other Statistical Measures  
 
The accelerometer data was analysed to obtain 
the mean, standard deviation and the variance. 
The expression for mean of a time series is given 
in (1), with the signal samples expressed from x0 
to xN-1 as 
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where, µ is the mean, and N is the total numbers 
of samples. The standard deviation is a measure 
of how far the accelerometer’s measured signal 
fluctuates around the mean, while the fluctuation 
power is known as the variance. These statistical 
measures were computed using (2) and (3) 
respectively, 
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2var  ,                                                   (3) 
 

where, σ is the standard deviation and var is the 
variance. 
 
The energy content (E) of the measured time 
series signal x(n) was computed using (4). We 
note that areas with road defects will have higher 
energy content than other anomaly free portions 
of the dataset. Please note that threshold values 
were manually set to identify portions of higher 
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energy content, and hence, indicating of the 
presence of possible road defects within the 
dataset. 
 

 
1

2

0

( )
N

i

E x n




 .                                        (4) 

  
For computing the difference, the model used is 
expressed in (5). However, equation (7) was 
used for a non recursive system as obtainable in 
a typical accelerometer system, where the 
present output y(n) of the time series signal is 
computed from the present input x(n) and the 
previous input x(n-i) for i= 1,2,3 .. n.. 
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where, M is the number of previous data points, 
and bi and aj are the coefficients that 
characterize the system. However, we consider a 
second order difference equation with an initial 
condition of x(n) = 0, and rewrite (6) as 
 

1 2
( ) ( 1) ( 2)y n b x n b x n    ,                     (7) 

3.3 The Proposed “z-difference Square” 
Measure  

 
The model to compute the newly proposed “z-
difference square” measure, (Z-diff2), is given in 
(9). We consider a second order difference 
equation, with initial condition x(n) = 0, and 
hence compute Z(n) as the output of the 
difference between the present accelerometer 
time series input signal x(n-1) and the previous 
input signal x(n-2), with the Z-diff2 being the 
square of Z(n). Also note that for data already 
measured by the accelerometer, the coefficients 
of (8) simply have values b1 = 1, and b2 = -1, 
respectively. The squaring operation in (9) is 
proposed to remove the negative components of 
the signal and to achieve a single threshold value 
for anomaly detection. The flowchart of the 
proposed methodology is shown in Fig. 2. 
 

1 2
( ) ( 1) ( 2)Z n b x n b x n    ,                   (8) 

 
2 2- ( ( ))Z Diff Z n .                                   (9) 

 
The raw accelerometer data was first windowed 
with a percentage overlap to enhance spectral 
analysis, and the window size (Win) was set at 
10 samples, along with a sampling rate of 20 
Samples/s. Also note that an overlap percentage 
(Ovp) of 60% was used during our analysis.

 
  

 
Fig. 1. Experimental setup within the vehicle, and the actual vehicle used 
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Fig. 2. Flowchart of the proposed methodology 

 

The pseudocode of the proposed algorithm as 
implementable in MATLAB is as follows: 
 
Step 1: Obtain dataset xi 
Step2: Set Win, Ovp 
Step3: If 100 ≤ Ovp ≤ 0 

do; Ovp=100 
Step4: Ovl = (Ovp/100)*Win 
Step5: L = length (x)%Obtain length of input data 
Step6: N = L/Ovl 
Step7: LL = N×Win 
Step8: xx = zeros(1, LL)  %Initialize memory to 
zero 
Step9: xx(1, 1:L) = x 
Step10: R = zeros (N, Win); h = 0; 

Step11: for a = 1:N; 
PP = xx(1+h*ovl:win+h*ovl); 

% Compute the mean, standard deviation, 
% variance, and Energy Spectral Density of  
%PP using equations (1) – (4); 
h = h+1; 
   end 

Step12: for b = 1:L-1 
 zdiff(:,b) = xx(:,b+1) - xx(:,b); 
%Compute proposed measure 

Zdiff_square(:,b) = (xx(:,b+1) - xx(:,b))^2; 
End 
 

4. RESULTS AND DISCUSSION 
 

In this section, we provide results of 
accelerometer data captures, statistical 
measures, and the proposed measure, and use 
them to discuss how each measure contributes 
towards enhancing road profiling systems. The 
raw accelerometer data obtained along the z-axis 
is shown in Fig. 3a, while the mean, standard 
deviation and variance of the same data are 
shown in Fig. 3b. 
 
By observing the raw data of Fig. 3a. it can be 
visually seen that some road anomalies exist 
between the 25th – 50th sample, 180th – 200th 
sample, and the 360th – 370th sample, as such; 
we focus our discussion on these segments. The 
mean data in Fig. 3b. offers little in observing 
these anomalies as can be seen in the figure. 
We note that though the standard deviation and 
variance provide some information (as can be 
seen in the extrusions), it remains difficult to 
make important inferences from these measures 
– such as information on the spatial location of 
these anomalies. Fig. 4a gives us a frequency
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Fig. 3. (a) Accelerometer vibration signal (top plot); (b) The mean, standard deviation, and 

variance of the vibration signal (bottom plot) 
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domain perspective of the same accelerometer 
dataset of Fig. 3a. 
 
The motive behind frequency analysis is to 
ascertain how much information on road 
anomalies can be obtained from the dataset in 
this domain. Consequently, by using a threshold 
value of 11 W.s, it can be observed in Fig. 4b 
that the three anomalies were detectable, using 
their energy content alone. However, little can be 
inferred with respect to spatial location, depth, 
width, or characterisation of these anomalies. 
 
By considering the difference measure of Fig. 5a, 
it can be seen that a one sample difference of 
the data produces a measure quite similar to the 

original raw dataset. Consequently, nothing 
much can be deduced, except for some little 
filtering effect achieved by the differencing. We 
also note that thresholding this measure will 
require two values for both the upper and low 
portions of the data. However, by using the 
proposed difference square of Fig. 5b, it can be 
seen that the difference measure is made 
positive definite. All anomaly effects are 
translated appropriately, hence making it easy to 
apply a single threshold for detection. Also note 
the filtering effect achieved by the measure, 
which reveals clearly, only areas of road 
anomaly. Finally, because the difference square 
measure is computed directly from the samples, 
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Fig. 4. (a) Energy content of vibration signal; (b) Threshold spectrum of the energy content 
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Fig. 5. (a) One sample difference of the vibration signal of Fig. 3a; (b) Our proposed one 

sample difference square measure of the vibration signal 
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i.e. as a function of the sample index, it becomes 
straightforward to deduce spatial details. This 
can be done by correlating the samples obtained 
with either the respective GPS location, or with 
actual distance (measured in metre). 
 

5. CONCLUSION 
 
The main purpose of this paper is to propose the 
use of a “z-difference square” measure for 
analysing accelerometer datasets towards 
improving road condition monitoring systems. 
Several other statistical measures normally used 
for analysis were considered here to include time 
and frequency domain features, e.g. mean, 
standard deviation, variance, energy spectral 
density, and normal difference measures. By 
implementing all these measures on a particular 
dataset, we have been able to discuss some of 
their merits and demerits. In addition, we 
inspected the newly proposed measure, and 
discussed its merits. This measure presents us 
with some advantages, such as the opportunity 
to use a single threshold system, rather than 
double if the normal dataset or ordinary 
difference measure is used. The proposed 
measure introduces an inherent averaging 
(filtering) effect which effectively emphasises the 
defects from noise, and it provides us with the 
opportunity to infer spatial related information, 
owing to its direct relationship with the sample 
indices themselves. Our effort in this article forms 
an initial step in a long term project geared 
towards developing an autonomous real-time 
road condition profiling system. This future 
direction will involve developing new algorithms 
for threshold automation, and also seeking new 
ways to deduce spatial information from the 
accelerometer data. 
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