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Abstract

There are a number of methods that can be used for the development of a driving cycle. Among them, the
Markov chain is a promising approach which has been being widely studied in recent years in many
developed countries but still is scarce in Vietnam. In this study, the real-world driving data of bus system in
Hanoi are proved to be a stationary time-series and have the Markov property, based on the analysis of
random number series which are the values of instantaneous speed of the bus recorded by the GPS in a
whole bus route. The typical driving cycle of the bus route No.9 was then developed based on this finding.
The developed cycle was assessed in the comparison with the on — road driving data. A good conformity of
this driving cycle with the real —world driving data was observed.
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1. Introduction

A driving cycle is a time series of vehicle
speeds recorded at successive time points; it is
developed from the data collected by driving the
testing vehicle on the real road network. The driving
cycle provides the basis data for vehicle design and
the important index for emission measuring. In recent
years, there were several studies on real driving cycle
building in Vietnam such as Tong et al (2011) [1] and
Tuan Anh et al (2012) [2].

The most widely used method for developing
the driving cycle is based on the clustering and
combination algorithm of microtrips. One of the most
important limitations of this method is that it does
not fully reflect the vehicle’s operating conditions,
typically referred to as the intensity and duration of
modal events, within the driving cycle [3, 4]. Jie Lin
(2002) was the first to use this method to construct
the driving cycle in her doctoral dissertation. In
recent years, many scholars have also used Markov
chain for designing the driving cycle such as Brady et
al (2013) [5], Ashtari et al (2014) [6] and so on.

A Markov chain is a random process with the
property that the conditional probability of the
process value at any future time depends only on its
value at the current time (Gubner, 2006). The
description of the present state fully
captures all the information that could influence the
future evolution of the process. A discrete-time
Markov chain is a sequence of random variables Xi,
Xa, Xs, ... with the Markov property, namely that,
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given the present state, the future and past states are
independent [7]. The formula is as follows:

P(X l:Xn+1|X1=X1,X2=X2,...,Xn :Xn) 1

:P(Xn+1:Xx+1 |xn :Xn)

n+.

The set of random variables X, is called the
state space of the chain. The conditional probabilities
Piii = P(Xn+t1 = j[Xn = i) are called transition
probabilities. Note that the sum of all probabilities
leaving a state must be unity.

2 R=2 P(X,,=ilX,=0)=1 2

In the Jie Lin’s dissertation, driving patterns
such as acceleration, deceleration, cruising, idling are
defined as the states in Markov process. Other
scholars in the more recent studies proposed to use
vehicle velocity and acceleration as states for the
Markov chain to capture features of naturalistic
driving [7]. So the information of instantaneous
velocity is used in this study to analyze the Markov
property of real-world driving data. The analytical
results are very important as they provide with a good
basis for the application of the Markov chain theory
to develop the driving cycle.

2. Methodology
2.1. Vehicle Dynamics Analysis

The most important thing in the application of
Markov chain is the selection of the number of states.
These states can be determined based on vehicle
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dynamics equation. The dynamics equation for the
vehicle motion is [7]:

Fnet = Fprop - FRR - FWR - FGR =M,.a,,

®3)

Where Fre is the net force applied to the vehicle,
Forop IS the propulsion force from the power train, Frr
is the rolling resistance force, Fws is the wind
resistance force, Fgr is the grade resistance force and
all other external forces applied to the vehicle, me is
the equivalent vehicle mass, vven is the vehicle
velocity and aven is the vehicle acceleration.

=m_.V,

e’ veh

In the equation (3), vehicle dynamics can be
represented fully by using vehicle velocity and
acceleration. Hence, vehicle velocity and acceleration
are selected to analyze the Markov property of the
real-world driving data and the typical driving cycle
that was developed on the basis of the real-world
driving data.

2.2. Route selection

The routes should normally be selected in the
light of the purposes and objectives of the
development of the driving cycles. In this study, to
determine the Markov property of the real-world
driving data, the bus route No.9 in Hanoi was
selected. The summary information of this bus route
is presented in Table 1.

Table 1. The information of the bus route No.9 in
Hanoi

Length
Route Type of Star_tlng F|n|s_h|ng of the
route point point route
(km)
Hoan Hoan
Closed | Kiem | Kiem 19.7
09 Lake Lake
Average duration: 4449 seconds
Average velocity: 15.9 km/h

2.3. Data collection

There are three major approaches for collecting
real-world driving data that are the chase car method,
the on-board measurement, and using Global
Positioning System (GPS) technology. Among them,
GPS data acquisition devices have been proven to be
an useful tool for gathering real-world driving data
because the data of vehicle instantaneous speed and
position can be captured continuously by this
technology [8, 9]. A GPS, Garmin etrex vista HCX,
was used in this study to collect the travel data of a
bus in the bus route No.9. Data were recorded
continuosly, from the starting point at around 6 am to
the finishing point at around 8 pm. Data were
recorded with the time step of one second to avoid
losing information. The MapSource software was
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used to convert data from GPS equipment to Excel
file.

2.4. Data analysis
2.4.1. Test of stationarity

In this study, with the way of data collection as
mentioned above, the continuous data of velocity are
converted into discrete data to make a sequence of
discrete random variables with the time step of one
second. So we have a time series (X) in which t = 1,
2,...n,... and the value of X; is an observed
instantaneous speed value at time t. This time series
must be tested on stationarity before it is used in other
analysis. In this study, the method of unit root testing
using the Augmented Dickey—Fuller (ADF) tests was
used to verify the stationarity for one real-world
driving data series of the bus route No.9. The
EVIEWS 8.0 software was used to do so. The results
show that the real-world driving data series is a
stationary time series because the absolute value of
the test statistics (Jt| = 17.2) exceeds the test critical
values so the time series is stationary [10].

2.4.2. Analysis of Markov property of real-world
driving data

The time series (X;) with 7590 observed points
above is used to analyze the Markov property.
Supposing that the value of X; at the current time is
V;, at the future time (next state) is Vis«, and at the
past time is Vis, Viso,... Then (Xi) will have the
Markov property if we could determine the fact that
the next state velocity (Vis«1) depends only on the
current state (V;) and not on the sequence of events
that preceded (Vi with j£0, Vj<i). The analysis of the
correlation between the speeds at the future time
(Vi+1) and the present (V;) and the past time as (Vi.s or
Vi.s0),... Were applied to determine this dependence. If
the results indicate that there is a good correlation
between Vi and Vi1, and that the correlation get
worse or that there is almost no correlationship
between Vis1 and Vis or Vig then the real-world
driving data are proved to have the Markov property.

Besides, a Matlab code was also developed to
discretize the sequence of abovecollected speed data
into time series with time step of 5 seconds. So we
have a time series (Vi) with 1518 data points. This
time series is used to analyze the correlation between
Vi and Vi to determine the suitable time step for the
conservation of the Markov property of the sequence
of random variables which are instantaneous velocity
values.

The collected data are splitted into trips, in
which each trip is a instantaneous velocity values
series between the starting point and the finishing
point. In this study, we chose randomly two trips that
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describe moving of a vehicle from the starting point
to the finishing point and coming back the starting
point.

2.5. Driving cycle development

There are a number of methods that can be used
for the development of a driving cycle. In this study,
the methodology which is based on the Markov chain
theory was used. In order to do so, firstly, the
velocity-acceleration (VA) probability must be
calculated. Therefore, the two-dimension distribution
map of velocity and acceleration is divided into grids
to define the states. Each grid stands for one kind of
state. All one-step state probabilities can be arranged
in a matrix which is called the transition probability
matrix (TPM), where each element contains the
probabilities for every other state to be the next in the
chain.

The size of the matrix is determined by the
maximum velocity and the absolute maximum
acceleration, combined with the resolutions for
velocity and acceleration. The number of rows (ny)
and columns (n¢) are calculated as follows [11]:

El 4
n =2—%41
a

res

5
nc=2.vm—ax+1 ©)
v,

res

When a TPM has been created, it is possible to
start generating a driving cycle. The process
generating a driving cycle is described on Figure 1.
This process is started in the idle state (zero velocity
and acceleration).

2.6. Driving cycle evaluation

The assessment of the conformity of developed
driving cycle with the real-world driving data is done
based on the analysis of the difference between the
Speed Acceleration Frequency Distribution (SAFD)
of the developed driving cycle and the real-world
driving data. In order to calculate SAFD, the speed
and acceleration fields are divided into equal cells
(being called bins) and the probability for each cell is
determined. SAFDgirsr is the percentage difference
between the SAFD of all bins in the real-world
driving data and the developed driving cycle as
defined by Equation 6. The smaller SAFDyis is, the
higher the commonality between the two cycles is [5,
6].

Z (SAFDcycle (I) - SAFDdata (I))Z (6)

SAFD,, =1
> (SAFD,,, (i)’
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Where, i is the i bin in the SAFD, SAFD¢yc is
the SAFD of the developed driving cycle, and
SAFDudata is the SAFD the collected data.

Starting state:
v=0,a=0

Calculate matrix position
from new state

Extract sub-matrix

Randomly select the
next transition

Approved
duration and
end velocity?

I Validate finished cycle I

Figure 1.The process generates a driving cycle [11]

Yes

3. Results and discussions

3.1. Markov property of the real-world driving data
of Hanoi bus

The correlation of speeds between Vi and Vi is
shown on Figure 2. It can be seen that the coefficient
of determination, R? = 0.9538, means that 95.38% of
the variability of velocity in the next state (Vi) is
explained by velocity at the current state (V). In other
words, the correlation of Vi and Vi1 is very good,
meaning that the velocity of the next state depends
strongly on the velocity of the present state. However,
the correlation between Viand Vi.s gets worse (Figure
3). And lastly, there is almost no correlation of speeds
at current time with the time farther back in the past
(for example Vi and Vigo) (Figure 4). In other words,
the velocity value at the future state does not depend
on the velocity values at past states.

So, the farther values of speed in sequence of
random variables are, the weaker correlation between
them are. In other words, the velocity of the next time
has a very good linear relation with the velocity of the
present time but has almost no correlation with the
velocity of the past time. It means that the sequence
of speeds that were discretized with the time step of
one second has Markov property. This finding
contributes to verify the results of vehicle dynamics
analysis reported in the study of ShumingShi et al.[4].
And the real-world driving data of Hanoi bus only
has the Markov property when they are discretized
with small time step (one second) because, when they
are discretized with time step of 5 seconds, the
correlation of Vi and Vi.1 become weaker (see in
Figure 5).
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Figure 2. Correlation of Vj and Vi1
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Figure 5. Correlation of V; and Vs with time step 5
second

3.2. Typical driving cycle of the bus route No.9

The input data consist of 19 driving cycles
where each driving cycle is the data of real-world
vehicle instantaneous speeds which were recorded
from the starting point to finishing point of the bus

route No.9. With Vres = 1km/h and ares = 0.2m/s?, the
size of TPM which was determined based on the
input data is 51 rows and 53 columns.

The proposed driving cycle of the bus route
No.9 was developed based on the Markov theory and
is shown on Figure 6. The driving cycle
characteristics is shown on Table 2.
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Figure 6. Speed-time curves of representative driving
cycle

Table 2. The characteristic parameters of proposed
driving cycle for the bus route No.9

57

Parameter | Value Value
Parameters
S S S
Length |19 65 Idling 6.01
(km) Time :
Duration 174 proportio Acceleratio 3493
O] n of n
- Deceleratio
Average drlvdlng n 31.43
velocity 16.9 moo/ &s Cruisin 16.60
(km/h) (%) ng :
Creeping 11.73
60
R2=09715
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Figure 7. Correlation of speeds between one second
in the developed driving cycle

The velocity data of this driving cycle are then
used to analyze the correlation of speed between one
second (Vi and Vi.1) (Figure 7).

It can be seen from Figure 7 that the velocity of
the present time and next time has a good linear
relation (the correlation coefficient is 0.9856). This
result is very similar to the one which was based on
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the FTP test cycle and used in the study of Shuming
Shi et al.[4].

3.3. Conformity estimation

Conventionally, the conformity of the developed
cycle and the real-world driving data is estimated
based on the SAFDygitr in Equation 6.

For the recorded driving data of the bus route
No.9 and the developed driving cycle, the SAFDyits is
11.3%. This result is smaller (meaning better) than
other studies which used other methods (microtrip or
trip snippets) for designing the driving cycle. For
example, the test cycle FTP72 has SAFDitr = 17.7%,
the test cycle FTP75 has SAFDgir = 30.4% [6]. With
the smaller SAFDygifr, it can be concluded that the
driving cycle developed in this study is fitted in the
real-world driving data better than other studies.
Therefore, the driving cycle, which is based on the
Markov chain theory, can be more representative for
the real-world driving data because the real-world
driving data has Markov property as mentioned in
Section 3.1.

4, Conclusions

The relationship of speed versus time at any
moment in the driving process is uncertain, so an
actual driving cycle is needed to be considered as a
random process. In this study, the continuous series
of real-world vehicle speeds were discretized with
step of one second to avoid losing information,
therefore we have a time series (speed vs. time). This
time series is a stationary time series, in which, its
stationarity was tested based on the EVIEWS
software. This time series also has a very good
correlation of speed values with the time step of one
second (Vi and Vi.1), and this correlation gets worse
when using longer time steps.

For the driving data that are discretized with
time step of one second, the velocity value at the next
time depends only on the velocity value at present
time and does not depend on the velocity value in the
past.

Consequently, it can be concluded that the
collected real-world driving data of Hanoi bus has the
Markov property when they are discretized with time
step of one second. Therefore, when developing the
driving cycle for Hanoi bus, it is recommended to use
the  methods that follow these essential
characteristics. A test of the development of the
driving cycle which is based on the Markov theory
was performed with the real-world driving data of the
bus route No.9 in Hanoi. The driving cycle developed
is fitted very well in the real-world driving data
(SAFDgitr = 11.3%). In this approach, the nature of
randomness of the driving data can be reserved.
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Therefore, the development of the driving cycle based
on the Markov chain theory is a proper and promising
approach.
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