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Abstract—Road roughness is a very important road condition for the infrastructure, as the roughness affects both the safety and ride
comfort of passengers. The roads deteriorate over time which means the road roughness must be continuously monitored in order to
have an accurate understand of the condition of the road infrastructure. In this paper, we propose a machine learning pipeline for road
roughness prediction using the vertical acceleration of the car and the car speed. We compared well-known supervised machine
learning models such as linear regression, naive Bayes, k-nearest neighbor, random forest, support vector machine, and the multi-layer
perceptron neural network. The models are trained on an optimally selected set of features computed in the temporal and statistical
domain. The results demonstrate that machine learning methods can accurately predict road roughness, using the recordings of the
cost approachable in-vehicle sensors installed in conventional passenger cars. Our findings demonstrate that the technology is well
suited to meet future pavement condition monitoring, by enabling continuous monitoring of a wide road network.

Index Terms—Machine learning, artificial neural networks, support vector machines, random forest, road roughness, sensor data.

1 INTRODUCTION

HE road infrastructure is a basic physical asset essen-
Ttial for the facilitation of society and for generating
economic growth and development [1]. With time and ex-
posure to traffic and climate loading, the road conditions
continuously change and deteriorate affecting the safety of
drivers and passengers, ride comfort, handling stability, en-
ergy consumption and vehicle maintenance costs [2]. Thus,
maintenance of the road infrastructure is one of the primary
concerns of road administrations. Maintenance is typically
performed in a reactive (i.e. repairing damaged road sec-
tions) or preventive manner (i.e. repairing road sections
that are expected to deteriorate rapidly). Both strategies
require regular monitoring of the road network condition,
identifying imminent or developing damage.

In order to support decision-makers in optimizing repair
and maintenance efforts several road condition indicators
have been developed [3]. In this regard, the road roughness
is considered most important, as it does not only affect
the pavement’s ride quality, but also energy consumption,
vehicle delays and maintenance costs [4]. The International
Roughness Index (IRI) is the most common index applied
worldwide for characterizing longitudinal road roughness
and managing road systems. IRI serves as a measure of
pavement performance and ride quality, and is highly corre-
lated with the overall ride- and pavement loading vibration
level [5].
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The IRI is calculated using the algorithm proposed by
[6], which essentially provides the response of a mathemat-
ical quarter-car vehicle model moving over a road profile.
IRI is based on the simulation of the roughness response
of a car travelling at 80 km/h - it is the reference average
rectified slope, which is a ratio of a vehicle’s accumulated
vertical suspension motion divided by the distance traveled.
A detailed overview of IRI specifications worldwide can be
found in [7].

Calculation of IRI requires measurements of the longi-
tudinal road profile, typically in each wheel-track. Standard
methods for this purpose include manual inspection sur-
veys (e.g., rod and level and walking profilometers) and
automated inspection surveys involving specially equipped
vehicles (i.e., inertial sensors). These measurements pro-
vide accurate and detailed spatial measurements but often
lack the required surveying frequency. Thus, defects that
progress faster than the current surveying frequency will
escape detection.

In recent years, several new concepts have been pro-
posed to overcome some of the limitations of standard
road condition monitoring methods, utilizing vehicles as
sensing platforms. The approach for doing so have mainly
focused on crowdsensing methods, using inertial sensors in
smartphones [8], [9], [10] or custom-made sensor platforms
[11], [12], [13]. In this paper, both built-in vehicle sensors and
external embedded sensors are utilized, a concept recently
proposed in [14]. Some of the advantages with this approach
over others include: (i) vehicle information is known, (ii)
sensors and vehicle is well coupled and (iii) vehicle infor-
mation and sensor data is synchronized.

The relation between vehicle vibrations and the road
profile have traditionally been investigated utilizing dy-
namic response models [15], [16], [17], [18]. However, the
difficulties associated with the practical implementation of
such a methodology may include: (i) determination of sys-
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tem parameters, (ii) model formulation, (iii) model inver-
sion, and (iv) sensitivity to changes in system parameters
with time.

Another approach, which is the focus of this paper, is
road roughness prediction utilizing machine learning (ML)
methods which have the advantage that vehicle system
parameters are not needed a priori.

A Bayesian-regularized NARX neural network for road
profile prediction from simulated vehicle response, under
varying vehicle speeds, payloads and noise was proposed in
[19]. The network was trained and evaluated on simulated
artificially generated road profiles. The study showed possi-
bility of road roughness prediction, using the well controlled
data, under known conditions.

A multi-layer perceptron (MLP) artificial neural net-
work, trained using the simulated response of a full vehicle
model of the Land Rover, at measured road profiles with
minor corrections was developed in [20]. The model was
tested on data driven over discrete obstacles and Belgian
paving, resulting in RMSE of 15%. [21], [22], [23] developed
linear regression models using acceleration to predict IRI
and [24] showed that the addition of gyroscope and speed
data into the linear model improves the prediction. [25] de-
veloped linear and logistic regression models to predict the
IRI value and category and demonstrated higher accuracy
when predicting the IRI categories.

A comparison of different ML models for the weighted
longitudinal profile prediction, using simulated dynamic
response of a vehicle traversing over a measured road
profile was done in [26]. They compared the performance of
the multilayer perceptron (MLP), support vector regression
(SVR) and random forests (RF), with the SVR resulting in the
best performance, although the models achieved a similar
performance. As inputs, they computed features in the sta-
tistical and the frequency domain from the 3D acceleration
and the wheel’s angular velocity. The models were tested on
data recorded with a probe vehicle and a target measured
using an inertial profilometer. The results showed the effec-
tiveness of machine learning for the weighted longitudinal
profile prediction and while the models were trained using
the simulated data, they were validated on measured data,
however without including the effect of varying speed.

A study of IRI prediction using the simulated signals of
connected vehicles traversing over the same road segments
was done in [27]. They applied a convolution operation to
extract common road related features, while suppressing
the impact of different mechanical properties and speeds of
vehicles. The extracted features were used as input features
to an ANN model which resulted in performances with
Fy-score range of 0.94 — 0.98 for different IRI levels.

A methodology for IRI prediction, based on a half-car
model simulation of vehicle dynamic response, at measured
road profile and realistic driving speed profiles was pro-
posed in [28]. Simulated are the responses of four vehicle
types, under five different driving speed profiles and ex-
plored were multiple combinations of sensors, namely the
vertical acceleration, driving speed and angular velocity.
They represented inputs as 2D images and utilised a 2D-
convolutional neural network (CNN) model, typically ap-
plied on image data. They explored the CNN performance
under different combinations of vehicles, inputs and driving
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speeds and concluded that they showed similar perfor-
mances with the RMSE errors of 0.5 — 0.6 mkm™*

A detailed study on variables affecting the road rough-
ness prediction using a smartphone inside of a moving
vehicle, in state-of-the-art simulation settings was conveyed
in [29]. They studied the impact of different vehicle types
and their mechanical properties and the driving styles on
dynamical responses, as well as the position and the smart-
phone type. They devoleped multiple machine learning
models for IRI, obtaining the best results of RMSE between
0.73 between 0.91 m km~! using the MLP model.

A random forest regression model for IRI prediction
from the initial IRI (IRI at the moment of pavement con-
struction) along with the rutting depth, road distress, traffic,
climate and pavement structure variables, was proposed in
[30] and obtained R? = 0.974 on test data. [31] proposed
MLP model using the initial IRI, pavement age, rutting
depth and cracks data and obtained R? = 0.75. A study
using the MLP and climate and traffic parameters as inputs
was conveyed in [32]. A study of the impact of differ-
ent SVM kernels for IRI regression task using pavement
structure, climate changes, and traffic loadings as input
variables was performed in [33] and the best performance
was obtained using the Pearson III Universal kernel.

While all these methods show merit, they are typically
based on smartphone measurements, without a wider and
calibrated usage, or developed in simulated settings and
hence dependent on the complexity of the simulation. The
purpose of this study is to explore the usage of machine
learning methods for IRI prediction, in a realistic manner,
using the data recorded by cars, at varying speeds, hence
tacking the inevitable problems occurring in such setup.
Hence, this study aims at aiding the transition efforts from
traditional road roughness condition surveys, characterized
by information gaps of the order of years, to real-time mon-
itoring of wide road network utilizing in-vehicle sensors.

The proposed pipeline and the analysis method for per-
forming road roughness prediction from the collected sensor
readings is described in Section 2, followed by the results
and conclusions presented in Sections 3 and 4, respectively.
Overall, the obtained results provide confidence in the pro-
posed methodology, and demonstrate that the technology is
suited to meet future pavement condition evaluation needs.

2 METHODOLOGY
2.1 Data Collection

The data collection was carried out using Green Mobility
(GM) [34] Renault Zoe electric cars, equipped with an IoT
hardware unit - AutoPi Telematics Unit with an embedded
Raspberry Pi unit including the GPS and accelerometer
modules as described in [14].

In this study, we utilize geo-referenced location data
collected using the GPS sensor sampled at 1Hz with 3m
accuracy, vertical vibrations data via accelerometer sampled
at 50Hz with a 3mg accuracy and speed collected using
the built-in vehicle sensor. The data is collected on 52.6 km
route, covering the both lanes of M3 Highway in Copen-
hagen.

The GM data is labeled using the reference data,
recorded by the the Greenwood Profiler and operated by the
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Fig. 1. Overview of the proposed framework.

Danish Road Directorate, providing the IRI measurement
per every 10 m segment.

2.2 Proposed Framework

The proposed framework for estimating the IRI is based on
the analysis of the (a,,v), namely the acceleration in the
z-direction and the car speed. The framework consists of
three phases: i) data preprocessing, ii) data preparation and
iii) machine learning, as illustrated in Fig. 1.

In the preprocessing phase, the car data is geographically
aligned with the reference data, providing the IRI labels for
machine learning and an optimal subset of discriminative
features is computed. Subsequently, the prepared dataset is
split into a set for training and validation of the machine
learning models and a holdout test dataset for performance
evaluation. In the last phase, a set of supervised machine
learning models is trained to predict the IRI label from the
optimal feature set and the performance is tested on the test
dataset.

2.3 Segment Alignment

The alignment between the GM and the reference data
is performed in three stages: i) map matching where the
GPS recorded routes are corrected, using the road network
information, ii) interpolation where GPS coordinates are
assigned to all sensors and iii) segment alignment where
the closest matching GM and referenced data segments are
matched, resulting in labeled GM segments.

In the first stage, the vehicle routes, obtained using the
GPS sensors are map matched to the OSM road network
[35], using the Open Source Routing Machine (OSRM) [36].
The OSM is a collaborative map project which freely shares
the geodata. The OSRM is a web-based network service
that uses the road data from OSM and has implemented
several services mainly for routing purposes but also the
map matching service. The map matching is done using
the Hidden Markov model (HMM). According to the HMM
applied on the map matching problem [37], the hidden
states are defined as road segments, while the observed
states are defined as GPS observations. Finally, the HMM
is employed to detect the most probable sequence of road
segments while taking into account the GPS measurement
noise and the road network.
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In the next stage, the GPS geolocations are associated
to all sensor measurements by performing interpolation
between the adjacent GPS measurements, assuming the
constant vehicle speed between them.

In the final stage, the starting and the ending point of
each reference segment are matched to the closest inter-
polated car points and the measurements in between are
assigned to a matching segment. Additionally, the data is
cleaned by applying the requirement of > 2 points per
segment. The alignment error is reduced by averaging the
IRI over 100m and the number of segments is increased,
by applying a sliding 100 m window with a step of 10m is
applied.

2.4 Feature Extraction

In the feature extraction stage, a set of 68 features is com-
puted in the statistical and the temporal domain per seg-
ment and the optimal subset of relevant features is further
described in Section 3. Initially, the segment lengths are
equalized by resampling them using the linear interpolation
between the closest points.

The features are computed using the tsfel library [38] and
subsequently standardized, namely centered at the mean
value of 0 and scaled to the standard deviation of 1.

2.5 Feature Selection

Irrelevant features, namely the features uncorrelated with
the target and redundant features which carry the informa-
tion already present in the subset, increase the noise in the
data, making the training process harder. Hence, removal
or irrelevant and redundant features is an important step in
machine learning.

In our analysis, feature selection is employed in two
stages. In the first stage, the constant features are discarded
as they do not provide information that is useful for dis-
crimination between different cases. In the second stage, the
optimal subset of irredundant input features is selected us-
ing the forward Sequential Feature Selection (SFS) algorithm
[39].

The SFS belongs to the class of wrapper methods which
evaluate possible feature subsets, while taking feature in-
teractions into account. The SFS selects the subset which



results in the best performance in terms of the chosen
metrics, evaluated using a specific ML model. The SFS
starts by evaluating all features individually and selects the
feature resulting in the best performance. In the following
stages, the combinations with the remaining variables are
tested and at each step, the variable which results in the
largest performance improvement is selected. Hence, the
performance improvement is related to the subset, meaning
that if a feature is independently informative, it will not be
selected if the provided information is already present.

The SFS performance is evaluated using the random
forest model and optimized to minimize the RMSFE, in a 5-
fold cross-validation manner. The algorithm is implemented
the mixtend library [40].

2.6 Principal Component Analysis

While all the features in the subset obtained using the SFS
provide new information, the correlations between them are
still possible. Hence, we additionally test our models on a
decorrelated subset obtained using the Principal Compo-
nent Analysis (PCA) [41] applied after the SFS.

The PCA is a dimensional reduction technique where
the initial feature set is transformed into a reduced set
of features, e.g. principal components. An advantage of
the PCA transformed feature set is that a smaller number
of uncorrelated principal components can be selected to
explain a large percent of the data variance. In our analysis,
the number of PCA components is selected to explain 99%
of the variance.

2.7 Machine Learning Algorithms

The objective of supervised ML models if to find a function
f(z; @) which predicts the real-valued or categorical target
y=(y1,..,yn) fromaset X = (x1,..,xn):

y = f(X;0) 1)

where x; denotes the feature vector of for sample i, N
the number of samples and € are the model parameters.
The 6 vector is estimated to minimize the cost function,
defined to measure the discrepancy between the predicted
9 = (91, .., yn) and the actual values y = (y1, .., YN )-

In regression, we use the the mean squared loss MSE as
the cost function:

LN
MSE = N Zi:(yi —§)? @)

In classification, we use the categorical cross entropy CE
as the cost function:

1 N C
CE= N Xl: ZJ: Yijlogyi; ®)

where C' denotes the number of classes of the categorical
target y. The cost functions are optimized in the training
stage, but if the model has too high flexibility, it can begin
to adapt to the noise in the training data instead of the
general patterns. This leads to overfitting, which negatively
impacts the generalization error. To handle this problem, ad-
ditional regularization terms can be introduced into the cost
function, which act as a penalty on model parameters and

TABLE 1
IRI Level Definition.

IRI<09 09<IRI<16 IRI>25

IRI level Low Medium High

favors smoother models. Commonly applied regularization
terms are the L; and Ly norm on the model weights which
penalize the sum of absolute and squared model weights
respectively:

Li=X\) 16l @)
j=1
Ly=X\) 03 (5)
j=1

where n denotes the number of model parameters.

The model parameters which are not directly optimized
in training procedure are denoted as hyperparameters. In
our analysis, the model hyperparameters are tuned using
the grid search with 5-fold cross-validation. Standard cross-
validation procedure is employed with random split, but
due to the correlations between the adjacent road segments,
the observations in our analysis are not independent and
random split is not appropriate. It has been observed that
this procedure leads to overfitting. Hence, the data is split
into folds while preserving the ordering of segments.

In the classification task, we developed models for the
prediction of the IRI level determined by the Danish Road
Directorate as described in Table 1. The higher IRI levels re-
fer to worse road states and are less frequent in our dataset.
The data is resampled by generating synthetic samples for
minority classes using the Adasyn algorithm [42] in which
the class examples that are harder to learn are generated
more frequently compared to the examples easier to learn.
The Adasyn algorithm is implemented using imblearn [43].

The ML performance is compared to a simple baseline
model, defined by always predicting the mean IRI (re-
gression) or the most frequent class (classification) of the
training dataset. In our analysis, considered are the i) linear
and regularized linear models, ii) k-Nearest Neighbors, iii)
Random Forest, iv) Support Vector Machine and v) Multi-
Layer Perceptron Neural Networks. In classification, addi-
tionally considered is the Naive Bayes model. The models
are implemented using the sklearn library [44].

2.7.1 Linear Models

Employed are the multiple linear and regularized linear
models, namely Ridge, Lasso and elastic net in regression
and logistic regression in classification modelling.

The simplest model is a multiple linear model where
the target y is modelled as a linear combination of input
features:

y=0X (6)

An advantage of the linear model is its simplicity and
interpretability. It performs well when there is a linear
relationship between the target and the input features and
in the absence of multicollinearity and extreme outliers.



However, when these conditions are not met, it leads to
unstable solution and poor performance.

As mentioned earlier, to combat the overfitting problem,
commonly employed are the regularized linear models,
such as Lasso, Ridge and the elastic net, constructed by the
linear combination of the L1 and L2 regularization terms
[45].

In classification, employed is the logistic regression
model, which maps the continuous output of the linear
model to a class probability, by applying the logit function in
binary and categorical cross-entropy or logit with the one-
vs-rest scheme in multiclass classification. In our analysis,
logistic regression model is implemented with the L2 regu-
larization and the L2 regularization strength is tuned in grid
search.

2.7.2 k-Nearest Neighbors

The k-nearest neighbors (kNN) [46], [47] is a simple, non-
parametric model where the prediction is based on the sur-
rounding neighborhood in the training set. The prediction
is computed as the mean value (regression) or the most
frequent class (classification) of the k nearest data points.
The k hyperparameter is an important hyperparameter, sig-
nificantly affecting the model performance. Small k£ values
can cause overfitting, leading to a large generalization error,
while high values can cause underfitting and increase the
bias error.

2.7.3 Naive Bayes

Naive Bayes is a simple probabilistic classification model

based on Bayes theorem. The probability of a class ¢, given

the observed values of input features P(cy|x) is computed

as:

P(x|cy)P(ck)
P(x)

where x is the feature vector, P(x|cy) is the probability to
obtain x given class ¢, P(cy) is the probability to observe
class ¢, and P(x) is the evidence. In (7), there is an “naive”
assumption of independence between input features.

P(Ck‘:li) = 7)

2.7.4 Random Forest

Random forest (RF) [48] is a powerful model formed by
an ensemble of decision trees, each trained on a random
subsample using a random subset of input features, which
reduces overfitting and increases the performance. Random
forests can be employed as a classification model, where
the predicted class is decided by majority voting or as a
regression model where the predicted target is computed as
the mean of all predicted targets of the individual trees.

The trees are trained by making selections on input
features which results in partitions of the data into smaller
and more homogeneous groups. A tree consists of multiple
nodes where at each node, a split is made based on the value
of one specific feature which leads to the highest impurity
decrease. In our analysis, the impurity decrease is defined as
the decrease in the MSE for regression, and for classification
we use the Gini index, defined as:

C
Gini=1-> p? (8)
i=1
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where C'is the number of classes and p; is the probability of
class i.

The trees are grown on using random samples with
replacement, resulting in different training subsamples for
different trees.

A number of hyperparameters is tuned in grid search,
namely the number of the trees, the number of input fea-
tures considered at every split and the maximum depth of
the trees.

2.7.5 Support Vector Machine

Support vector machine (SVM) is a powerful model, ini-
tially proposed for classification and later developed for
regression problems [49]. The objective of the SVM is to
maximize the margin of the decision boundary between
different classes. Since many real cases are not fully sepa-
rable, violation of the margin is permitted but penalized by
a hyperparameter C. Smaller values of C' allows for more
margin violations resulting in simpler models while larger
values allow less violations and are more likely to overfit the
data. Hence, the tuning of the parameter C' directly impacts
the bias-variance tradeoff.

For regression, a parameter, ¢, is introduced which char-
acterizes the margin of tolerance. Predictions with a devia-
tion larger than the ¢ are penalized (e-insensitive function).
Hence, the objective of SVM for regression task is to mini-
mize the e-insensitive function L.:

N M
CY Le(yi—9:)+ Y07 ©)
i=1 j=1

where L, is defined as

. Al): ‘yz_:gl|_€7
Yi 0,

Due to the relationship between the C' and ¢, € is fixed while
the other hyperparameters are tuned as suggested in [50].

The support vector methods can be applied to nonlinear
problems, by projecting the input space into a Reproduc-
ing Kernel Hilbert Space, using a kernel function. In our
analysis we apply the radial basis function (RBF) kernel (or
squared exponential kernel), defined as:

if ly; — 9] > €

Le(ys (10)

if ly; — i <€

k(@i @) = exp(—l|@; — ;%) 11

where x; and x; are input features in the original space and
«v is a kernel hyperparameter, tuned jointly with the cost
parameter C.

2.7.6 Multilayer Perceptron

Multilayer perceptron (MLP) [51] is a class of feedforward
artificial neural networks. The typical architecture consists
of three types of layers: i) the input layer which received
the input features «, ii) an arbitrary number of hidden
layers where the main computation is done and iii) the
output layer which outputs the prediction. Each layer is
formed by one or multiple operational units, e.g. neurons
which compute a linear combination of the outputs from
the previous layer. The nonlinearities are incorporated into
the model by passing the output through an activation
function. In our analysis, we applied the RELU activation
function at the end of each hidden layer. Additionally, in



the classification task, we applied the softmax [52] activation
function. To reduce the overfitting we employed the L,
(weight decay) regularization. The training is done using
the Adam optimizer [53] with the adaptive learning rate, in
batches of 200 samples. The training is stopped if the loss
does not improve by 10~* (tolerance) over 10 epochs.

The architecture, e.g. the number of layers, the number
of neurons together with the initial learning rate and the L
regularization strength are tuned in grid search.

3 RESULTS

The analysis is performed on a 50.3km long route, ob-
tained by applying the segment alignment procedure and
the sliding window approach. The obtained route and the
impact of map matching are illustrated in Fig. 2. Due to
the correlations between the segments, the random shuffled
split can overestimate the performance - hence the final per-
formance is evaluated on a holdout dataset which is defined
as the last 20% (1006 segments) section of the road. The
first 80% section (4025 segments) is exploited for training
and hyperparameter tuning in the 5-fold cross-validation
manner.

Fig. 2. The full (left) route (in Copenhagen municipality) and the zoomed
in (right) route before (blue) and after (yellow) map matching.

After the segments have been prepared, the 68 fea-
tures are computed in the temporal and statistical domain.
Subsequently, the feature selection procedure is performed,
including the removal of constant features and the SFS algo-
rithm. The SFS feature performance is evaluated in a 5-fold
cross-validation manner, selecting the feature giving the best
mean performance across the folds. The SFS performance for
different number for features selected is shown in Fig. 3.

A subset of 38 features is giving the best performance in
terms of the MSE, given in Table 2 and detailed in [38]. The
machine learning models are tested on two different sets of
features: i) the 38 features selected by SFS, and ii) the PCA
projections of the SFS subset, selected to explain the 99 % of
the variance, reducing the number of features to 23.

A set of regression and classification machine learning
models is trained on the feature subset. The hyperparameter
tuning is performed in a 5-fold cross validation. The folds
are split so that the validation fold always follows the train
folds, as appropriate to time series.

3.1 Regression

In the regression task, the models are trained to predict
the value of the IRL. As performance metrics, computed are
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Fig. 3. The feature subset selection using the SFS.

TABLE 2

The Optimal Subset of Features Selected for Machine Learning.

Extracted Feature

Sensor

Variance

Mean of differences in the signal

Median of absolute deviations in the signal
80 % percentile value of the signal ECDF
Median of differences in the signal
Median

Mean of absolute deviations in the signal
Median of absolute deviations in the signal
Median of differences in the signal

Mean

Number of positive turning points

The slope of the signal from a linear fit
Standard deviation

Number of negative turning points
Autocorrelation of the signal

Area under the curve of the signal

Root mean square of the signal

Centroid along the time axis

Absolute energy of the signal

Total energy of the signal

5% percentile value of the signal
Median of absolute deviations in the signal
Kurtosis of the signal

Sum of absolute differences in the signal
Skewness of the signal

Shannon Entropy of the signal

The total distance traveled by the signal
Number of negative turning points
Number of neighbourhood peaks

80 % percentile value of the signal ECDF
Interquartile range (75 %-25 %)
Minimum

Maximum

Mean of absolute deviations in the signal
20 % percentile value of the signal ECDF
Peak to peak distance

Mean of absolute deviations in the signal
Mean of differences in the signal

Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Vehicle speed
Vehicle speed
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Vehicle speed
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Vehicle speed
Acceleration-z
Acceleration-z
Acceleration-z
Vehicle speed
Vehicle speed
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Acceleration-z
Vehicle speed
Vehicle speed
Vehicle speed




the R2, mean absolute error M AF, root mean square error
RMSE and mean relative error M RE.

The multiple linear model has no tunable hyperpara-
maters, while in the regularized linear models, the regular-
ization parameters are set at 0.05 (Lasso) and 600 (Ridge). In
the elastic net, the L1 regularization parameter is set at 0.05
and the 11 ratio is set at 0.2, leading to a slight improvement
than when using L1 regularization alone. In the kNN, the
number of neighbors is set at 22, while in the random forest
model, the number of trees is set at 400, the maximum
tree depth at 5 and the maximum number of features at
6. In the SVR model, the kernel coefficient +y is set at 0.001
and the cost parameter C at 1. In the MLP model, tested
were multiple architectures with different sizes of layers and
units. The best performance was obtained using the network
with 3 hidden layers (2,4, 6), adaptive learning rate which
starts at 0.01 and L2 penalty set at 1.

The performance is summarized in Table 3. Since the
baseline model is defined as a model which always predicts
the mean value of the train dataset, due to a slight difference
in the means between the train p(IRI) = 1.23 and the test
dataset p(IRI) = 1.22, the baseline modelling results in a
negative Ry = —0.15. The linear model performs poorly
when trained on the SFS subset due to its high sensitivity to
the correlations between the input features, but a large im-
provement is obtained after reducing the multicollinearity
with the PCA. In terms of all metrics, the best performance
is obtained with the MLP model, both when trained using
the SFS subset and the PCA transformed subset. The second
best performance is obtained with the SVR, while other
models show a slightly worse performance, but significantly
better than the baseline model.

TABLE 3
The Performance Comparison of Machine Learning Models for IRI
Prediction, Evaluated on Test Data.

Model Without Dimension Reduction PCA
R? MAE RMSE MRE R? MAE RMSE MRE

Baseline -0.15  0.33 0.38 0.36 -0.15 033 0.38 0.36
Linear -0.64 037 0.46 0.39 057 019 0.24 0.20
Lasso 057 019 0.23 0.21 054 019 0.24 0.21
Ridge 057  0.19 0.23 0.20 057  0.19 0.24 0.20
Elastic Net 057 019 0.23 0.20 056  0.19 0.24 0.20
K-Nearest Neighbors  0.59  0.18 0.23 0.20 059  0.19 0.23 0.20
Random Forest 058  0.19 0.23 0.20 053 020 0.25 0.22
SVR 063 018 0.22 0.19 062 018 0.22 0.19
MLP 0.64 0.17 0.21 0.18 0.66 0.16 0.21 0.16

The predicted versus the actual IRI values for models,
trained on the PCA transformed subset are presented in
Fig. 4. All models show a good prediction trend, since
majority of predictions are near the diagonal. Observed is a
slightly worse performance for higher values of IRI, which
is expected due to the smaller number of samples with high
IRI.

3.2 Classification

In the classification task, a set of ML models is trained to
predict the IRI severity. As performance metrics we compute
the Precision, Recall and F-score and averaged over all
classes. The performance is summarized in Table 4, with
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the best results per each metric being showed in bold face.
The best performance in terms of the F}-score is obtained
with the logistic regression model when trained on the
SFS subset. When trained on the PCA transformed subset,
the best performance is obtained with the SVM model
followed by the logistic regression and the MLP. The highest
Recall = 0.74, with Precision = 0.65, is obtained using the
logistic regression and the SVM models. All models result
in a significantly better performance in terms of all metrics
than the baseline model.

The performance evaluation for different classes is visu-
alized via confusion matrices, shown in Fig. 5 for the models
trained on the PCA transformed subset. The rows show the
true class, while the columns show the predicted class. A
good performance of our models is indicated by the fact
that the majority of all predictions fall onto the diagonal,
indicating the correct predictions and that the mislabeled
classes are in majority of cases assigned to the neighboring
class (the classes are on an ordinal scale).

TABLE 4
The Performance Comparison of Machine Learning Models for IRI
Level Prediction, Averaged over all Classes and Evaluated on Test

Data.
Model Without Dimension Reduction PCA
Precision Recall F1-Score  Precision Recall F1-Score

Baseline 0.18 0.33 0.23 0.18 0.33 0.23
Logistic Regression 0.67 0.76 0.67 0.65 0.74 0.65
K-Nearest Neighbors ~ 0.67 0.56 0.53 0.66 0.56 0.53
Naive Bayes 0.48 0.52 0.50 0.61 0.63 0.61
Random Forest 0.65 0.66 0.59 0.63 0.66 0.59
SVM 0.65 0.75 0.66 0.65 0.74 0.66
MLP 0.67 0.59 0.51 0.66 0.70 0.64

4 CONCLUSION

We have presented a machine learning pipeline for road
roughness prediction, developed using the car acceleration
in the z-direction and a varying car speed, recorded by
the in-vehicle sensor. The dataset included 50.3km long
road section along the M3 Motorway in Copenhagen. We
developed a preprocessing pipeline, including the map
matching of the vehicle trajectory to the OSM road net-
work based on the HMM model, and implemented using
the OSRM service and segment alignment using the GPS
sensor data. The predicting features are computed in the
temporal and statistical domain from the sensor data and
an optimal subset is selected using the SFS. Traditional
machine learning methods were compared including the
multivariate ordinary and regularized linear models, naive
Bayes, k-nearest neighbors, random forest, support vector
machines, and the multi-layer perceptron neural network.
The models were trained both to predict the exact value and
the severity of the IRI, averaged over 100 m. The models
were tuned in cross-validation manner and evaluated on
an independent holdout test dataset, resulting in a perfor-
mance of R? = 0.66 (MLP) and RMSE = 0.21 (MLP) for
IRI value prediction, and for classification we achieved a
recall = 0.74 with precision = 0.65 (logistic regression,
SVM) and F';-score = 0.66 (SVM). The results demonstrate
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Fig. 4. The performance comparison of ML models for IRI prediction. Shown are the actual versus predicted values. The models are trained on the
PCA components and evaluated on test data.
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Fig. 5. The performance comparison of ML models for IRI class prediction, visualized per each class. Shown are the true versus predicted labels.
The models are trained on the PCA components and evaluated on test data.

that the proposed pipeline can be used for accurate IRI pre- ACKNOWLEDGMENTS

diction, hence enabling timely monitoring of road network, ) .
using affordable in-vehicle sensors. The authors would like to thank the Innovation Fund Den-
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Road Assessment tool based on modern car sensors LiRA” .



REFERENCES

(1]

(2]

(3]

(4]

(5]

6]

(71

(8]

(9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

F. Sharif and A. Taugqir, “The effects of infrastructure development
and carbon emissions on economic growth,” Environmental Science
and Pollution Research, pp. 1-15, 2021.

N. Radovi¢, I. Jokanovié, B. Mati¢, and M. geélija, “ A measurement
of roughness as indicator of road network condition—case study
serbia,” Technical Gazette, vol. 23, no. 3, 2016.

Y. U. Shah, S. S. Jain, D. Tiwari, and M. K. Jain, “Development of
overall pavement condition index for urban road network,” 2nd
Conference of Transportation Research Group of India (2nd Ctrg), vol.
104, pp. 332-341, 2013.

L. Janani, V. Sunitha, and S. Mathew, “Influence of surface dis-
tresses on smartphone-based pavement roughness evaluation,”
International Journal of Pavement Engineering, pp. 1-14, 2020.

M. W. Sayers, “The little book of profiling: basic information
about measuring and interpreting road profiles,” University of
Michigan, Ann Arbor, Transportation Research Institute, Tech.
Rep., 1998.

——, “Guidelines for conducting and calibrating road roughness
measurements,” University of Michigan, Ann Arbor, Transporta-
tion Research Institute, Tech. Rep., 1986.

P. Mrtic¢ka, “International roughness index specifications around
the world,” Road Materials and Pavement Design, vol. 18, no. 4, pp.
929-965, 2017.

F. Seraj, B. J. van der Zwaag, A. Dilo, T. Luarasi, and P. Havinga,
“Roads: A road pavement monitoring system for anomaly detec-
tion using smart phones,” in Big data analytics in the social and
ubiquitous context. Springer, 2015, pp. 128-146.

G. Alessandroni, A. Carini, E. Lattanzi, V. Freschi, and A. Bogliolo,
“A study on the influence of speed on road roughness sensing: The
smartroadsense case,” Sensors, vol. 17, no. 2, p. 305, 2017.

S. Sattar, S. Li, and M. Chapman, “Road surface monitoring using
smartphone sensors: A review,” Sensors, vol. 18, no. 11, p. 3845,
2018.

J. Eriksson, L. Girod, B. Hull, R. Newton, S. Madden, and H. Bal-
akrishnan, “The pothole patrol: using a mobile sensor network
for road surface monitoring,” in Proceedings of the 6th international
conference on Mobile systems, applications, and services, 2008, pp. 29—
39.

J. Masino, J. Thumm, M. Frey, and F. Gauterin, “Learning from the
crowd: Road infrastructure monitoring system,” Journal of Traffic
and Transportation Engineering (English Edition), vol. 4, no. 5, pp.
451463, 2017.

A.S. El-Wakeel, J. Li, A. Noureldin, H. S. Hassanein, and N. Zorba,
“Towards a practical crowdsensing system for road surface con-
ditions monitoring,” Ieee Internet of Things Journal, vol. 5, no. 6, p.
8294187, 2018.

E. Levenberg, A. Skar, S. M. Pour, E. Kindler, M. Pettinari,
M. Bajic, T. S. Alstrom, and U. Schlotz, “Live road condition
assessment with internal vehicle sensors,” Transportation Research
Record, vol. XX, pp. 1-11, 2021.

H. Imine, Y. Delanne, and N. M’sirdi, “Road profile input esti-
mation in vehicle dynamics simulation,” Vehicle System Dynamics,
vol. 44, no. 4, pp. 285-303, 2006.

A. Gonzalez, E. J. O’brien, Y.-Y. Li, and K. Cashell, “The use of
vehicle acceleration measurements to estimate road roughness,”
Vehicle System Dynamics, vol. 46, no. 6, pp. 483-499, 2008.

M. Doumiati, A. Victorino, A. Charara, and D. Lechner, “Estima-
tion of road profile for vehicle dynamics motion: experimental
validation,” in Proceedings of the 2011 American control conference.
IEEE, 2011, pp. 5237-5242.

W. Fauriat, C. Mattrand, N. Gayton, A. Beakou, and T. Cembrzyn-
ski, “Estimation of road profile variability from measured vehicle
responses,” Vehicle System Dynamics, vol. 54, no. 5, pp. 585-605,
2016.

H. M. Ngwangwa, P. S. Heyns, E. Labuschagne, and G. K. Kulu-
langa, “Reconstruction of road defects and road roughness clas-
sification using vehicle responses with artificial neural networks
simulation,” Journal of Terramechanics, vol. 47, no. 2, pp. 97-111,
2010.

H. M. Ngwangwa, P. S. Heyns, H. G. A. Breytenbach, and P. S. Els,
“Reconstruction of road defects and road roughness classification
using artificial neural networks simulation and vehicle dynamic
responses: Application to experimental data,” Journal of Terrame-
chanics, vol. 53, pp. 1-18, 2014.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

(34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

9

S. Islam, W. G. Buttlar, R. G. Aldunate, and W. R. Vavrik, “Use of
cellphone application to measure pavement roughness,” in T&DI
Congress 2014: Planes, Trains, and Automobiles, 2014, pp. 553-563.
L. Forslof and H. Jones, “Roadroid: Continuous road condition
monitoring with smart phones,” Journal of Civil Engineering and
Architecture, vol. 9, no. 4, pp. 485-496, 2015.

Y. Du, C. Liu, D. Wu, and S. Li, “Application of vehicle mounted
accelerometers to measure pavement roughness,” International
Journal of Distributed Sensor Networks, vol. 12, no. 6, p. 8413146,
2016.

V. Douangphachanh and H. Oneyama, “Exploring the use of
smartphone accelerometer and gyroscope to study on the estima-
tion of road surface roughness condition,” in 2014 11th Interna-
tional Conference on Informatics in Control, Automation and Robotics
(ICINCO), vol. 1. IEEE, 2014, pp. 783-787.

B. Belzowski, A. Ekstrom et al., “Evaluating roadway surface rat-
ing technologies.” Michigan. Dept. of Transportation, Tech. Rep.,
2015.

P. Nitsche, R. Stiitz, M. Kammer, and P. Maurer, “Comparison
of machine learning methods for evaluating pavement roughness
based on vehicle response,” Journal of Computing in Civil Engineer-
ing, vol. 28, no. 4, p. 04014015, 2014.

Z. Zhang, C. Sun, R. Bridgelall, and M. Sun, “Application of
a machine learning method to evaluate road roughness from
connected vehicles,” Journal of Transportation Engineering, Part B:
Pavements, vol. 144, no. 4, p. 04018043, 2018.

J. H. Jeong, H. Jo, and G. Ditzler, “Convolutional neural networks
for pavement roughness assessment using calibration-free vehi-
cle dynamics,” Computer-aided Civil and Infrastructure Engineering,
vol. 35, no. 11, pp. 1209-1229, 2020.

G. Wang, M. Burrow, and G. Ghataora, “Study of the factors af-
fecting road roughness measurement using smartphones,” Journal
of Infrastructure Systems, vol. 26, no. 3, p. 04020020, 2020.

H. Gong, Y. Sun, X. Shu, and B. Huang, “Use of random forests
regression for predicting iri of asphalt pavements,” Construction
and Building Materials, vol. 189, pp. 890-897, 2018.

N. Abdelaziz, R. T. Abd El-Hakim, S. M. El-Badawy, and H. A.
Afify, “International roughness index prediction model for flexible
pavements,” International Journal of Pavement Engineering, vol. 21,
no. 1, pp. 88-99, 2020.

M. Hossain, L. S. P. Gopisetti, and M. S. Miah, “Artificial neural
network modelling to predict international roughness index of
rigid pavements,” International Journal of Pavement Research and
Technology, pp. 1-11, 2020.

H. Ziari, M. Maghrebi, ]. Ayoubinejad, and S. T. Waller, “Pre-
diction of pavement performance: application of support vector
regression with different kernels,” Transportation Research Record,
vol. 2589, no. 1, pp. 135-145, 2016.

Green mobility. [Online]. Available: https:/ /www.greenmobility.
com

M. Haklay and P. Weber, “Openstreetmap: User-generated street
maps,” IEEE Pervasive Computing, vol. 7, no. 4, pp. 12-18, 2008.

D. Luxen and C. Vetter, “Real-time routing with openstreetmap
data,” in Proceedings of the 19th ACM SIGSPATIAL International
Conference on Advances in Geographic Information Systems, ser. GIS
"11.  New York, NY, USA: ACM, 2011, pp. 513-516. [Online].
Available: http://doi.acm.org/10.1145/2093973.2094062

P. Newson and ]. Krumm, “Hidden markov map matching
through noise and sparseness,” in Proceedings of the 17th ACM
SIGSPATIAL international conference on advances in geographic infor-
mation systems, 2009, pp. 336-343.

M. Barandas, D. Folgado, L. Fernandes, S. Santos, M. Abreu,
P. Bota, H. Liu, T. Schultz, and H. Gamboa, “Tsfel: Time series
feature extraction library,” SoftwareX, vol. 11, p. 100456, 2020.

D. W. Aha and R. L. Bankert, “A comparative evaluation of
sequential feature selection algorithms,” in Learning from data.
Springer, 1996, pp. 199-206.

S. Raschka, “Mlxtend: Providing machine learning and data
science utilities and extensions to python’s scientific computing
stack,” The Journal of Open Source Software, vol. 3, no. 24, Apr.
2018. [Online]. Available: http:/ /joss.theoj.org/papers/10.21105/
joss.00638

W. E. Massy, “Principal components regression in exploratory
statistical research,” Journal of the American Statistical Association,
vol. 60, no. 309, pp. 234256, 1965.

H. He, Y. Bai, E. A. Garcia, and S. Li, “Adasyn: Adaptive synthetic
sampling approach for imbalanced learning,” in 2008 IEEE inter-


https://www.greenmobility.com
https://www.greenmobility.com
http://doi.acm.org/10.1145/2093973.2094062
http://joss.theoj.org/papers/10.21105/joss.00638
http://joss.theoj.org/papers/10.21105/joss.00638

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

national joint conference on neural networks (IEEE world congress on
computational intelligence). 1EEE, 2008, pp. 1322-1328.

G. Lemaitre, F. Nogueira, and C. K. Aridas, “Imbalanced-
learn: A python toolbox to tackle the curse of imbalanced
datasets in machine learning,” Journal of Machine Learning
Research, vol. 18, no. 17, pp. 1-5, 2017. [Online]. Available:
http:/ /jmlr.org/papers/v18/16-365.html

L. Buitinck, G. Louppe, M. Blondel, F. Pedregosa, A. Mueller,
O. Grisel, V. Niculae, P. Prettenhofer, A. Gramfort, ]J. Grobler,
R. Layton, J. VanderPlas, A. Joly, B. Holt, and G. Varoquaux, “API
design for machine learning software: experiences from the scikit-
learn project,” in ECML PKDD Workshop: Languages for Data Mining
and Machine Learning, 2013, pp. 108-122.

C. De Mol, E. De Vito, and L. Rosasco, “Elastic-net regularization
in learning theory,” Journal of Complexity, vol. 25, no. 2, pp. 201-
230, 2009.

E. Fix and J. L. Hodges, “Nonparametric discrimination: Consis-
tency properties,” Randolph Field, Texas, Project, pp. 21-49, 1951.
N. S. Altman, “An introduction to kernel and nearest-neighbor
nonparametric regression,” The American Statistician, vol. 46, no. 3,
pp. 175-185, 1992.

L. Breiman, “Random forests,” Machine learning, vol. 45, no. 1, pp.
5-32, 2001.

V. Vapnik, S. E. Golowich, A. Smola et al., “Support vector method
for function approximation, regression estimation, and signal pro-
cessing,” Advances in neural information processing systems, pp. 281
287,1997.

M. Kuhn, K. Johnson et al., Applied predictive modeling. ~Springer,
2013, vol. 26.

F. Rosenblatt, “Principles of neurodynamics. perceptrons and the
theory of brain mechanisms,” Cornell Aeronautical Lab Inc Buf-
falo NY, Tech. Rep., 1961.

I. Goodfellow, Y. Bengio, and A. Courville, “6.2. 2.3 softmax units
for multinoulli output distributions,” Deep learning, no. 1, p. 180,
2016.

D. P. Kingma and J. Ba, “Adam: A method for stochastic optimiza-
tion,” arXiv preprint arXiv:1412.6980, 2014.

Innovation fund denmark. [Online]. Available: https:
/ /innovationsfonden.dk

10


http://jmlr.org/papers/v18/16-365.html
https://innovationsfonden.dk
https://innovationsfonden.dk

	1 Introduction
	2 Methodology
	2.1 Data Collection
	2.2 Proposed Framework
	2.3 Segment Alignment
	2.4 Feature Extraction
	2.5 Feature Selection
	2.6 Principal Component Analysis
	2.7 Machine Learning Algorithms
	2.7.1 Linear Models
	2.7.2 k-Nearest Neighbors
	2.7.3 Naive Bayes
	2.7.4 Random Forest
	2.7.5 Support Vector Machine
	2.7.6 Multilayer Perceptron


	3 Results
	3.1 Regression
	3.2 Classification

	4 Conclusion
	References

