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ABSTRACT Defects and vertical short-wave irregularities significantly influence the maintenance of the
railway tracks and the train safety, and hence, they need to be detected and eliminated in the early stages of
formation. We studied the principles and algorithms to detect the defects and to measure the vertical short-
wave irregularities by using a fiber optical gyroscope and an odometer, and the associated software was also
developed. The principles of deformation index, namely, the ratio of angular rate to velocity and the method
to determine the threshold of defects detection, are expatiated. The influence of the transfer function in
measuring the vertical irregularities has long been a tough issue. The relation between the characteristics of
deformation index and the wavelength of irregularities is studied by converting the deformation index from
the time domain to the spatial domain. The post-processing module utilizes the results of the spectrum analy-
sis of the deformation index to determine thewavelength of the track irregularities and eliminate the influence
of the transfer function. To improve the accuracy of the calculation results, we analyzed the characteristics
of the output of the gyroscope and the odometer and designed a series of targeted error-elimination methods.
The forward and reverse dead-reckoning method is utilized to reduce the error accumulation, especially
a high frequency noise when calculating the magnitude of the vertical short-wave irregularities. The
experimental results show that the repeatability is 0.038 mm when the chord length is 1 m and 0.65 mm
when the chord length is 10 m. The accuracy is 0.05 mm when compared with the results obtained using
a ruler of 1 m. The moving speed of the instrument was approximately 0.6–1.2 m/s during the experiment.
Both the accuracy and the efficiency can fulfill the requirements for the measurement of the short-wave
irregularities.

INDEX TERMS Fiber optical gyro, short-wave irregularity, deformation index, transfer function, dead
reckoning.

I. INTRODUCTION
A. BACKGROUND
Vertical track irregularities refer to the deviations between
the designed values and actual values of the rail surface’s
geometry of railway track. Among which, the wavelength of

The associate editor coordinating the review of this manuscript and
approving it for publication was Lubin Chang.

short-wave irregularities is less than 1 m and the amplitudes
are less than 2 mm [1]. Figure 1 and Figure 2 [2] shows
examples of defects and short-wave irregularities on the rail
surface.

The presence of defects and short-wavelength track irreg-
ularities not only cause the unnecessary noises and vibra-
tions that bring discomfort to train passengers, but also
increase the interaction force betweenwheels and rails, which
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FIGURE 1. Defects on rail surfaces.

FIGURE 2. Irregularities on rail surfaces.

results in reduction of the lifetime of railway tracks, asso-
ciated instruments, instability of the train and possibility of
derailment [3]–[6]. According to practical experience, track
irregularities must be eliminated in the early stages of its
formation, otherwise it can deteriorate rapidly. Thus, how
to measure vertical irregularities efficiently and precisely
is a key issue in the maintenance and repair of railway
tracks [5]–[7].

B. CURRENT RESEARCH STATUS
The instruments developed for the detection of short-wave
irregularities can be classified into two categories according
to the techniques used, and include the mid-chord offset
method and inertial reference method [7]–[8].

1) INSTRUMENTS BASED ON THE MID-CHORD OFFSET
METHOD
This type of instrument generally requires setting up a mea-
surement baseline and then measuring the deviation between
the rail surface and the baseline. For instance, a Dutch com-
pany developed an instrument namely, RailProf, which uti-
lizes the framework of this instrument to set up the baseline
ofmeasurement andmeasures the deviations directly by using
a vertical distance sensor [9]. Shen et al. [10] developed an
instrument that also utilizes the framework to set up the base-
line of measurement, but the deviation is obtained indirectly

by using an angle-measuring device and a guide rod of fixed-
length. These two instruments have the disadvantages of low
efficiency and unchangeable chord length. Ono, Numakura,
and Odaka developed a device that can be mounted on the
inspection train capable of running at 275 km/h. The principle
is to measure the distance between the rail and the refer-
ence line by using three displacement detectors at intervals
of 5 m, but it can only get the result of the versine of
a 10 m chord [11].

2) INSTRUMENTS BASED ON THE INERTIAL REFERENCE
METHOD
This method is the commonly used and can be further
classified into two categories, the direct and indirect iner-
tial reference methods. The direct inertial reference method
utilizes an accelerometer to sense the irregularities on the
rail surface and calculates its value by double integration
of the accelerometer outputs. The indirect inertial reference
method utilizes an accelerometer to sense the movements
of the measuring carrier and calculate the vertical displace-
ment of the carrier by double integration of the accelerom-
eter outputs; then, by measuring the distance between the
rail surface and the carrier, the irregularities of the rail
surface can be obtained by adding the distance and the
deviation [12], [13]. The instrument, namely, Corrugation
Analysis Trolley (CAT), which was developed by RailMea-
surement, a British company, can achieve favorable accuracy
at a measuring speed of 1 m/s, but we have little knowl-
edge of its inner algorithm and it is too expensive to use in
China [13], [14]. Yu developed an instrument that detects
short-wave irregularities using the direct inertial reference
method, which can measure irregularities with a wavelength
smaller than 1.3 m at an accuracy of 0.07 mm [8]. Japanese
researchers have determined rail surface roughness by ana-
lyzing the outputs of accelerometers installed on the axle
box of an inspection car, and has been successfully applied
to the actual track inspection work [15]. Liu, Du, and
Yang developed a rail corrugation detection system, namely,
RCIU-1 using the indirect inertial reference method. This
instrument can provide the amplitude of the rail surface
irregularities and the standard deviation (SD) of the rail sur-
face roughness, but its accuracy is unknown [16]. Gilbert
and Wirksworth utilize an accelerometer and a displace-
ment transducer to monitor the alignment of railway tracks.
Double integration of the acceleration outputs in conjunc-
tion with the signals from the displacement transducer
facilitates the determination of the effective lateral [17].
Weston. P F. et al., used sensor sets, including accelerom-
eters, rate gyros, and displacement transducers, to measure
vertical and lateral alignment of the track. The axle box
accelerometers are used to measure short wavelengths irreg-
ularities while the pitch rate gyro is used to obtain the long
wavelength irregularities, this research finding provides an
effective way to reconstruct the vertical and lateral track
geometry [18], [19]. Tsunashima H. et al., also utilizes a set
of sensors to measure track irregularities, wherein vertical
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FIGURE 3. Structure and internal workflow of the instrument.

and lateral irregularities are estimated from the acceleration
of the car body, the roll angle is obtained by using a rate
gyroscope that is used to distinguish line irregularities from
level irregularities, and the cabin noise is used to detect
the rail corrugation. This device is already installed in six
N700 train sets working on Tokaido shinkansen in Japan [20].

This type of instrument can usually move at a relatively
high speed but requires complicated algorithms to process the
outputs, and its accuracy is heavily affected by the detection
speed.

3) INSTRUMENTS BASED ON LASER OR VISIUAL
MEASUREMENT METHODS
Mandriota et al. [21] proposed a technique, based on Gabor
filters and texture analysis of rail surface, to detect and clas-
sify rail corrugation. KLD Labs, USA, developed a vehicle-
mounted rail-wear measurement system namely ORIAN
(Optical Rail Inspection and Analysis), which utilizes two
ultra-high-pixel-density digital cameras and two-line lasers
to obtain the profiles of transverse sections, instead of the
profile in the longitudinal direction [22]. Liu [23] utilized the
visual inspection technique and an image processing algo-
rithm to measure the rail wear, and also obtain the profiles
of transverse sections only. Li, Tan, and Zhang developed a
system for the detection of rail corrugation, which includes
an on-board image acquisition subsystem and a corrugation
identification subsystem. The rail corrugation is identified
based on local frequency features [24]. The shortcoming of
the system is that it cannot obtain the specific quantitative
indicators of rail irregularities.

C. WORK PRESENTED IN THIS STUDY
In this study, we utilized a fiber optical gyroscope (FOG) and
an odometer as the core sensors and developed an instrument
to efficiently detect the short-wave irregularities and provide
irregularities under any specified chord length. Additionally,
it is portable and can be easily installed on other track inspec-
tion equipment. While the instrument moves along the rail
surface, the existence of track irregularities can lead to the
change of the pitch angle of the measuring unit, which can be
sensed by FOG. Themileage of the instrument is concurrently

measured by the odometer. Then, the change rate of the
pitch angle and the forward velocity of the instrument are
used to assess the condition of the rail surface, including
track irregularities and defects, simultaneously. In the post-
processing process, the forward and reverse dead-reckoning
(DR) technique is utilized to calculate more accurate values
of deviations under different chord lengths; however, these
values are not theory based because of the effects of the
transfer function. We analyzed the influence of the transfer
function and developed a novel method to eliminate its influ-
ence, which will be discussed in a later section.

II. IMPLEMENTATION OF THE DETECTION SYSTEM
In this section, the implementation of the detection system
is examined with regards to two aspects, the hardware and
software.

A. WORK PRINCIPLE OF THE DETECTION SYSTEM
The components of this rapid detection system can be
divided into two categories: the hardware and the data-
processing part. The whole structure and internal workflow
of the detection system is briefly introduced in Figure 3.

The hardware part mainly consists of the car body, the biax-
ial measurement unit, power-transformers, the control circuit
board, and the host computer. The data reception and time
synchronization are realized by the control circuit board. The
data storage, pre-processing, real-time display, warning, and
post-processing are performed by the host computer. The
communication between the control circuit and the host com-
puter is realized by the serial port RS422, and the observation
data of the odometer and FOG are transmitted to the control
circuit board through pulse signals and the serial port RS422,
respectively.

B. BIAXIAL MEASUREMENT UNIT
The biaxial measurement unit is the core of the whole system
and the embodiment of the fundamental principles used in
this study. The structure and photographs of the biaxial mea-
surement unit are shown in Figure 4 and 5, respectively.

The size of biaxial measurement unit is 20 cm × 15 cm ×
10 cm, it is portable and can be easily installed on other track
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FIGURE 4. Structure of the biaxial measurement unit.

FIGURE 5. Photographs of the biaxial measurement unit. (a) Gyroscope
and (b) odometer.

inspection equipment. In Figure 6, show the FOG (black)
and the odometer of the biaxial measurement unit represented
by (a) and (b), respectively. Although the FOG is not installed
in the designated position of the unit because of its size, and
that does not affect the results of test.

The two wheels of the biaxial measurement unit maintain
contact with the rail surface under the joint action of the
guiding axle and the pressing component; to a particular
extent, this is similar to the interaction condition between the
train wheel and the track. While it is operating, irregularities
on the rail surface lead to changes in the unit’s pitch angle,
which can be measured by FOG and transmitted to the host
computer.

The specifications for the FOG are shown in Table 1.

C. SOFTWARE OF THE DETECTION SYSTEM
The software of the detection system can be divided into two
parts: the real-time processing part and the post-processing
part. Their interfaces are described in the following sections.

1) REAL-TIME PROCESSING
The main interface of the real-time processing software is
shown in Figure 6.

The main interface includes the selection of the serial port
and data display in text form. Furthermore, the deformation
index (DI), and deviation value can be displayed simulta-
neously on the main interface in graphic form while the

FIGURE 6. Example of main interface of real-time processing software.

TABLE 1. Specifications of FOG.

instrument is operating. This is intended to monitor the work-
ing state of the device and give real-time information about
the geometric state of the rail surface, and an acoustic or pho-
toelectric alarm is generated, if the deviation exceeds the
threshold.

2) POST-PROCESSING
The four major interfaces of the post-processing software are
shown in Figure 7.

Interface (a) realizes functions including data reading,
gross error detection for the outputs of the odometer, pre-
processing of the angular rate, and calculation of the deviation
with the DR algorithm. The list box on the left shows the raw
data while the list box on the right shows the detected gross
errors of mileage or the irregularities of rail surface, textboxes
on the bottom shows the basic information of observations
and calculation results. Interface (b) utilizes the DI to evaluate
the rail surface roughness (picture box on the upper part) and
can also determine the wavelength of the track irregularities
by performing spectrum analysis of the DI (picture box on
the lower part). Interface (c) convert the original irregularities
(picture box on the upper part) into the true irregularities (pic-
ture box on the lower part) by eliminating the influence of the
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FIGURE 7. Interfaces of post-processing software.

FIGURE 8. Workflow of the detection system.

transfer function when the wavelength has been determined
by interface (b), textboxes on the bottom shows the basic
information of the calculation results. Interface (d) outputs
the statistical results of rail surface irregularities under a
specified series of wavelengths (picture box on the upper part)
and can also provide the rail defects detected by using the DI
(the bottom left corner of the interface).

III. DATA PROCESSING TECHNIQUES
A. WORKFLOW OF THE DETECTION SYSTEM
The workflow of the detection system is shown in Figure 8.

The host computer initializes the system, and subsequently
the instrument moves along the rail in the longitudinal direc-
tion and samples the FOG and odometer data at regular
time intervals. The measured data are transmitted to the host
computer followed by storing for post-processing, and also
displayed on the screen of the host computer to monitor the
state of the rail surface. The ratio of the angular rate to the
velocity is used as an indicator to evaluate the severity of rail
surface irregularities, and an acoustic or photoelectric alarm
is produced if the indicator exceeds the threshold. During
post-processing, the data are first pre-processed, and then
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the geometric information of the rail surface is calculated by
utilizing more complicated and accurate algorithms.

B. MATHEMATICAL MODEL OF DETECTION
1) PRINCIPLES OF DEFECT DETECTION
Irregularities on the rail surface lead to the change of the pitch
angle of the biaxial measurement unit, and the angular rate is
influenced by the velocity of the instrument, along with the
amplitude and wavelength of track irregularities. This can be
outlined as follows: the longer the wavelength, the smaller
the angular change rate is (on the condition that the veloc-
ity of the device and the amplitude of rail corrugation are
constant), or the larger the amplitude, the larger the angular
rate is (on the condition that the velocity of the device and
the wavelength of track irregularities are constant). Thus,
the ratio of the angular change rate to the velocity is used
as the DI, which is employed to evaluate the state of the rail
surface.

DI =ω/v (1)

In formula (1),ω denotes the angular rate of the pitch angle,
which is the output of FOG and is expressed in degrees per
second; v represents the velocity of the instrument(the output
of the odometer), and measured m/s SI unit; and the DI is
expressed in degrees per meter. It is obvious that the influence
of the velocity has been eliminated.

The DI also represents the magnitude of angular change
per unit distance, which can reflect the severity of rail surface
irregularities. Defects existing on the rail surface lead to a
sudden increase in the DI, and the larger the value of the DI,
the greater the impact on the car body. Thus, the DI can be
used to evaluate the roughness of the rail surface and detect
existing defects.

To avoid an unrealistic result of formula (1) when the
velocity is 0 or small, different situations must be taken into
consideration:
• The instrument is considered to be stationary when the
absolute value of the velocity is smaller than a threshold
νmin(νmin > 0); in this case, there is no real-time warn-
ing. The determination of νmin requires a comprehensive
analysis of various factors, including the precision of the
odometer, the required accuracy of the detection, and the
actual working conditions.

• The instrument is considered to be in motion when the
absolute value of the velocity exceeds the threshold
νmin(νmin > 0). Then, the DI is calculated to evaluate
the geometric state of the rail surface.

2) PRINCIPLES OF THE CALCULATION OF IRREGULARITIES
The chord length must be specified to calculate the irreg-
ularities by using the DR algorithm. Because the outputs
of FOG and the odometer are synchronized, the observa-
tions can be divided into different segments with selected
chord length according to the mileage. The principle of the
DR algorithm for the calculation of irregularities is illustrated
in Figure 9.

FIGURE 9. Principle of DR algorithm for the calculation of irregularities.

In Figure 9, p0pn is the measurement baseline and devi
and devi+1 are the irregularities of points pi (xi, yi) and
pi+1(xi+1, yi+1), respectively.

The formula of the forward DR algorithm is:{
xi+1 = xi + dsi · cos θi
yi+1 = yi + dsi · sin θi,

(i = 1, 2 . . . n)

θi+1 = θi +1θi (2)

The formula of the reverse DR algorithm is:{
xi = xi+1 − dsi · cos θi
yi = yi+1 − dsi · sin θi,

(i = n, n− 1, . . . 1)

θi = θi+1 −1θi (3)

In formula (2) and (3), xi and yi denote the mileage in the
longitudinal direction and the irregularity in vertical direc-
tion, respectively, at sampling point i. xi+1 and yi+1 have the
same meaning, but at sampling point i + 1. dsi and θi are
the mileage increment and pitch angle between sampling
points i and i + 1, correspondingly. The pitch angles at the
start point, θ1, and the end point, θn, in every chord are 0.
Combining the first half of the forward calculation results

and the second half of the backward calculation results can
reduce the calculation distance by half when compared with
the unidirectional DR algorithm. In a way, it can also reduce
the accumulation of errors, especially the high frequency
noise for the pitch angle is obtained by integrating the angular
rate.

After the above calculation process, the mileage xi and
deviation yi at every sampling point within a chord can be
obtained, and the geometry of the rail surface can be recon-
structed. Then, the first point and last point are connected
with a line segment and the distance from each sampling
point to this line segment is calculated—this distance is the
irregularity [25].

C. ACCURACY ANALYSIS AND ERROR CORRECTION
1) ANALYSIS OF THE INFLUENCE OF TRANSFER FUNCTION
• Principle of transfer function

The measured value of the irregularity is not equal to the
theoretical value. This is not due to the existence of errors,

VOLUME 7, 2019 31563



C. Dong et al.: Algorithms and Instrument for Rapid Detection of Rail Surface Defects and Vertical Short-Wave Irregularities

FIGURE 10. Principles of the transfer function.

FIGURE 11. Relationship between the transfer function and the
wavelength of track irregularities.

but caused by the relationship between the structure of the
device and the character of track irregularities [8], [26]. The
ratio of the measured value of the irregularity to its theoret-
ical value varies from different wavelengths and amplitudes.
Figure 10 shows the principles of the transfer function.

The geometry of rail surface with irregularities can be
represented by a sinusoidal function as follows:

f (x) = A sin(
2π
λ
x) (4)

In the above formula, f (x) is the true value of the deviation,
and A, λ are the amplitude and wavelength, respectively.

The measured value of the deviation,M (x), is expressed as
follows:

M (x) =
A
2

[
sin

2π
λ
(x −

l
2
)+ sin

2π
λ
(x +

l
2
)
]

(5)

In formula (5), l is the distance between the front wheel
and the rear wheel of the biaxial measurement unit, which
equals 80 mm. Hence, the transfer function, H (x) can be
obtained by the following formula:

H (x) = M (x)/f (x) = cos(
π l
λ
) (6)

From the above formula, we know that the value of the
transfer function is only related to the wavelength of track
irregularities when l is fixed.
The relationship between the value of the transfer function

and the wavelength of irregularity is shown in Figure 11.
From Figure 11, we know that the ratio of the measured

irregularity to the theoretical irregularity is not 1, which

FIGURE 12. Principle of angular rate calculation.

means that they are not equal. However, as the wavelength
increases, the ratio approaches 1. When the wavelength is
larger than 400 mm, the ratio is larger than 0.8, which means
that the measured irregularity is very close to the theoretical
value. However, the influence of the transfer function needs
to be eliminated when track irregularities with a short wave-
length exists. The method is described in subsequent section.
• Influence of the transfer function on the angular rate

The principle used to calculate the angular rate is shown
in Figure 12.

The vertical distance of the front wheel is:

f (x +
l
2
) = A sin

2π
λ
(x +

l
2
)

The vertical distance of the rear wheel is:

f (x −
l
2
) = A sin

2π
λ
(x −

l
2
)

The sine of the pitch angle of the biaxial measurement unit
is:

sin θ = A
[
sin

2π
λ
(x +

l
2
)− sin

2π
λ
(x −

l
2
)
]
/l

Because the track irregularity is very small, the pitch angle
is equal to the sine value.

θ ≈ sin θ =
2A
l

cos(2π
x
λ
) sinπ

l
λ

(7)

Then, by replacing x with v·t (where v and t are the velocity
and time, respectively), we obtain:

θ =
2A
l

cos(2π
v · t
λ

) sinπ
l
λ

(8)

The derivative of the angle is the angular rate:

θ̇ = −
4πA
lλ

v sinπ
l
λ
sin(2π

v · t
λ

) (9)

Formula (9) shows that the angular rate keeps changing
provided that there are irregularities and the velocity is non-
zero.

The largest angular rate is:

θ̇max = −
4πA
lλ

v sinπ
l
λ

(10)

This rate is related to the velocity, amplitude, and wave-
length of track irregularities when l is constant. The influence
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FIGURE 13. Influence of the transfer function on the largest angular rate.

of the transfer function on the largest angular rate is shown
in Figure 13.

Figure 13 shows that the angular rate is 0 when the wave-
length is 20 mm, 40 mm, and 80 mm. This means that
irregularity cannot be detected at these wavelengths.

2) CORRECTION FOR THE INFLUENCE OF THE TRANSFER
FUNCTION
In this section, the relationship between the DI and the wave-
length of track irregularities is used to correct the influence
of the transfer function.

The ratio of angular rate, θ̇ , to the velocity, ν, is used as
the DI, which can be obtained by:

DI = θ̇/v = −
4πA
lλ

sinπ
l
λ
sin(2π

v · t
λ

) (11)

Because v and t are not constant, the maximum value,
DImax, is obtained when sin(2π · v · t/λ) is equal to 1.

DImax =
4πA
lλ

sinπ
l
λ

(12)

According to the description in references [8], [10], [18],
the wavelength and amplitude of track irregularities that usu-
ally exist are 300 mm and 1000 mm, respectively, and the
corresponding maximum value, DImax, is:

DImax 300 ≈ 22◦/m

Therefore, the threshold for the detection of defects is 25,
which is slightly larger than Nmax 300.

We replace v · t with x in formula (11) to transform the DI
from the time domain to the space domain.

DI = θ̇/v = −
4πA
lλ

sinπ
l
λ
sin(2π

x
λ
) (13)

Now, the amplitude of the DI changes with mileage when
l and λ are fixed; to be specific, the spectrum of the DI is
equal to the spectrum of track irregularities because they both
have the same wavelength λ. Thus, the wavelength of track
irregularities can be obtained through the spectrum analysis
of the DI, and then the ratio of the measured irregularity to the
theoretical irregularity can be calculated using formula (6) to
eliminate the influence of the transfer function.

FIGURE 14. The influence of earth’s rotation.

3) ANALYSIS OF THE INFLUENCE OF EARTH’S ROTATION
The output of gyroscope is the rotation rate relative to inertial
space, thus, the earth’s rotation can be projected onto the
axis of gyroscope. The angular rate caused by earth’s rotation
can be considered as a constant value because the direction
and elevation of the instrument does not change significantly
during detection. The maximum value projected onto the axis
of gyroscope is the earth’s rotation rate 360◦/24h, assuming
that the instrument moves along a flat and straight track,
the output of gyroscope is 360◦/24h (practically it should
be 0), which means that the trajectory is a circle after 24 h.
The corresponding circumference can be calculated by using
the velocity (1 m/s) multiplied by the time (24 h), which
gives 86.4 km. The radius R of this circle is 13.75 km.
The versine 1s can be calculated by using:

1s = R(1− cos(S/2/R)) (14)

where S is the chord length and R is the radius. The error
caused by earth’s rotation or any other constant drift can
be calculated by formula (14). Assuming that the chord
length is 1 m, the versine that corresponds to earth’s rotation
is 0.009 mm; if the chord length is 10 m, it is 0.909 mm. The
method used to eliminate the influence of earth’s rotation is
described in later section.

4) ANALYSIS OF GYROSCOPIC DRIFT
The gyroscopic drift is the value of the gyroscope’s output
when the external input is 0. It can be considered as the
difference between the actual value and the real value. When
integrating the gyro’s outputs, the existence of gyroscopic
drift will reduce the accuracy of pitch angle. The gyroscopic
drift is defined as follows:

ε = ε0 + Asin (2π ft + θ0)+ kt +∇ (t)+1(t), (15)

where ε0 is the constant bias of the gyroscopic drift, A, f ,
and θ0 are the amplitude, frequency, and initial phase of the
periodical part of the gyroscopic drift, respectively, k is the
coefficient of its linear part, ∇ (t) is the colored noise, and
1(t) is the white noise [27]–[29].

We analyzed the error characteristics of FOG by calcu-
lating the Allan variance of the output of FOG, which was
obtained by sampling for 8 h in a state of rest and at a
sampling frequency of 300 Hz.

The raw data in 20 s and the analysis result of all the data by
using Allan variance are shown in Figures 15 and Figure 16,
correspondingly.
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FIGURE 15. Output of FOG in 20 s at a stationary state.

FIGURE 16. Analysis result of the output of FOG by using the Allan
variance method.

The existence of different error terms leads to the existence
of lines with specific slope in Figure 16, and this feature
can be used to analyze the error conditions of the output
of FOG [30]–[32].

Most of the curves in Figure 16 are dominated by a straight
line with a slope of−1/2, which means that white noise is the
main part of the gyroscopic drift. However, the problem is
that the constant bias cannot be distinguished because of the
character of the Allan variance. Therefore, initially we must
examine the constant part of the drift before discussing the
influence of white noise.

The periodical term can be comprehended by using spec-
trum analysis method or wavelet transform and the colored
noise can be modeled as a first-order Markov process. How-
ever, the error model established under static circumstances
cannot be utilized for the correction of errors produced on
moving conditions, for the time start of the model that cannot
be determined. Thus, the next section presents the method for
the approximate corrections of other error terms.

5) CORRECTION FOR EARTH’S ROTATION AND THE
CONSTANT AND LINEAR PARTS OF THE
GYROSCOPIC DRIFT
The influence of high frequency noise of Gyro’s outputs is
reduced by integrating the angular rate. As described in 3.3.3,
the angular rate caused by rotation of the earth can be con-
sidered as a constant and has the same effect as the constant
bias of the gyroscopic drift. Therefore, we regard the earth’s
rotation and the constant bias as one constant value. The
formula for the calculation of the correction εc is:

εc = ε1 + kt (16)

where ε1 the sum of earth’s rotation and the constant is bias
of the gyroscope and k is the slope of the linear drift.
If we keep the instrument immobilized for a few minutes

before operation, t equals 0, and the correction is:

εc0 = ε1

If we keep the instrument immobilized for a few minutes
after operation, t equals te, and the correction is:

εce = ε1 + kte

Consequently, the correction εc at time t is:

εct = ε1 + ktt= [εc0 · (te − tt )+ εce · tt ]/te (17)

This formula can be used for the correction of earth’s
rotation and the constant and linear parts of the gyroscopic
drift.

6) ANALYSIS OF THE DETECTION ACCURACY
Following the correction discussed in the previous section,
the gyroscopic drift can be regarded as a random constant
with zero mean white noise; therefore, the SD can be utilized
to evaluate the accuracy of the output of the gyroscope. The
procedure followed for the accuracy analysis in following
steps:
Step 1: The formula for the calculation of the increment

of xi and yi in one step is:{
1x = 1s · cos θ
1y = 1s · sin θ

(18)

Step 2: The corresponding error equations are as follows:{
δ1x = δ1s · cos θ −1s · sin θ · δθ
δ1y = δ1s · sin θ +1s · cos θ · δθ

(19)

Because the pitch angle θ is very small on the rail surface,
the error equation of the increment in the y coordinate (devi-
ation in the vertical direction) can be simplified as follows:

δ1y ≈ 1s · δθ (20)

Step 3: θ (the integral of the angular rate) shows the error
character of random walk because of the white noise in the
angular rate.
Because of the forward and reverse DR utilization,

the maximum error will not appear at the middle of a chord,
instead, it will appear at 1/4 of a chord length. Thus, the error
of θ at 1/4 of a chord is used as the error of the entire stage.
Assuming that the chord length is 1 m, the velocity is 1 m/s,
and the sampling frequency is 300 Hz, the corresponding data
length in the calculation of one chord length is 300 m and the
SD of the output shown in Figure 13 is 0.0022◦ /s. Therefore,
the SD of θ at 1/4 of a chord length is:

δθmid =
√
300/4 · 0.0022 · π/180

The sampling distance is approximately 0.33 mm and the
whole process consists of 300 increments. According to our
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FIGURE 17. Experimental conditions.

practical experience, the maximum value of y coordinate
often occurs at 1/4 of a chord length; therefore, δymax (the error
of the y coordinate at 1/4 of a chord length) is:

δymax =
√
300/4 · 0.33 · δθmid

δymax =
√
75 · 0.33 ·

√
75 · 0.022 · π/180

δymax = 0.009mm

This is the theoretical accuracy that can be obtained by
using this rapid detection system when the chord length
is 1 m, however for irregularities with wavelength less
than 1m, the accuracy can be better.

7) DETECTION OF GROSS ERRORS IN MILEAGE
In case of intense movement or sideslip or outburst errors
of the instrument, we utilized the cubic spline curve-fitting
method to detect possible gross errors in the mileage. The
principle of the cubic spline curve-fitting method can be
found in [33]–[35]. The procedure used for gross error detec-
tion is as follows:
Step 1: Utilize a certain number of adjacent outputs of the

odometer to fit cubic spline curve.
Step 2:Estimate a value in the latest time interval according

to the fitted cubic spline curve.
Step 3: Compare the estimated value with the value pro-

vided by the odometer, simultaneously. The measured value
is considered to be an output with gross error if its difference
from the estimated value exceeds a threshold.

The determination of this threshold should be based on
the speed of the instrument. Assuming that the highest speed
is 2 m/s, then the increment of the mileage during one-
time interval is 0.67 cm; the threshold is set as three times
this, i.e. 2 cm.

IV. EXPERIMENTAL AND ANALYSIS
A. VERIFICATION OF REPEATABILITY
1) EXPERIMENTAL CONDITIONS
The experiment was performed in the Training Section for
Vocational Skills of High-Speed Railways, Wuhan, China.

The biaxial measurement unit was provisionally installed
on the car body of a different track-inspection instrument,
but that did not influence the test results. The experimental
conditions are shown in Figure 17.

The rail of the track, shown in Figure 17, was measured
five times. The detection device was kept stationary for 5 min
before operation and after operation. This was intended to
eliminate the influence of the earth’s rotation, including the
constant and linear parts of the gyroscopic drift. The speed
of the detection device was approximately 0.6 m/s in the first
three tests and 1.2 m/s in the last two tests; this was intended
to increase the complexity of the experimental conditions.

2) VERIFICATION OF DEFECT DETECTION CAPACITY
The DI can reflect the roughness of the rail surface and it is
used by the real-time working module, to determine whether
there is a defect or not. The irregularities in the first of the
five trials was calculated with a chord length of 1 m and
displayed in Figure 18 for comparison with the DI obtained
from five trials, which is shown in Figure 19. In practice,
the DI is sampled in time domain by the frequency of 300 Hz
and converted into space domain by resampling in designated
distance interval.

The DI obtained from five trials shows a satisfying repeata-
bility. The amplitude of the irregularities increases and do
not show a good repeatability where the DI is larger. This is
probably because the DI reflects the instantaneous changing
character, whereas the track irregularities reflects the periodi-
cal and smooth changing character. Although there is a certain
relationship between the DI and the track irregularities, they
do not correspond well.

From the analysis described in section 2) in part C,
the spectrum of the DI is the same as the spectrum of
track irregularities. The spectrum analysis is carried on the
DI based on five trials, which is shown in Figure 19, and the
results are shown in Figure 20.

In general, the horizontal axis represents the frequency
in the results of spectrum analysis. But we resampled the
DI and converted it into space domain. Now the analysis
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FIGURE 18. Irregularities obtained in the first trials.

FIGURE 19. DI obtained from five trials.

FIGURE 20. Results of spectrum analysis of the DI.

results show the characters of irregularities with different
wavelengths. The horizontal axis represents the wavelengths
and the vertical axis represents the corresponding intensity.
The larger the intensity, the higher the possibility of existence
of the irregularity with corresponding wavelength. There is
a lower-value section around 80 mm and an obvious peak
around 100 mm in the five-measurement spectrum. The rea-
son for the presence of this lower-value section is, the length
of the biaxial measurement unit is 80mm, which can filter
out irregularities with wavelength is 80 mm. The reason for
the presence of the peak is, the encoder was not aligned with
the bearing of the wheel (whose circumference is 100 mm),
and a slight vibration occurred every time the wheel makes
a full turn. This influence has been already eliminated. The
dirt attached on the wheels will cause a periodic mutation

FIGURE 21. Irregularities calculated with a chord length of 1 m.

TABLE 2. Statistics of the irregularities calculated with a chord length
of 1 m.

in the DI, which is distinguishable and will also appear
in Figure 19. The results of spectral analysis of the DI in
spatial domain will contain a periodic term with the period
is 10 cm, which is equal to the circumference of the wheel.

3) VERIFICATION OF THE REPEATABILITY OF THE
ORIGINAL IRREGULARITIES
• Experimental results with a chord length of 1 m

The wavelengths of track irregularities are always smaller
than 800mm [8], [10], [33]. The chord length should be larger
than the wavelength, and the sampling interval of the calcu-
lated irregularities should be smaller than the wavelength.
Therefore, a chord length of 1 m was utilized to calculate
the corresponding irregularities and results were obtained in a
sampling interval of 20 cm. Irregularities obtained from five
trials and calculated with a chord length of 1 m are shown
in Figure 21.

The five irregularity curves are very similar to some
degree, which means that the repeatability is acceptable.
We calculated the repeatability of each point by using its cor-
responding five irregularities. Other related statistical infor-
mation is also shown in Table 2.

According to [8], the detection errors of the short-wave
irregularities should be lower than 0.1 mm. The number of
points with repeatability > 0.1 mm is 22, which accounts
for 3.3% of the total. This means that the requirements for
detection accuracy can be fulfilled at a probability of 96.7%.
The mean repeatability, which is also the repeatability,
is 0.038 mm in this test, indicating that this instrument is
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FIGURE 22. Irregularities calculated with a chord length 10 m.

TABLE 3. Statistics of the irregularities calculated with a chord length
of 10m.

sufficiently accurate for the detection of irregularities with
a chord length of 1 m.
• Experimental results with a chord length of 10 m

A chord length of 10 m is often used to calculate the irregular-
ity of long wavelengths, thus, the irregularities with a chord
length of 10 m and obtained in a sampling interval of 0.5 m
from five trials are calculated to verify the performance of
this instrument. Results are shown in Figure 22.

The repeatability of the five curves is good except at the
position of the peak. The relevant statistical information is
shown in Table 3.

To evaluate the detection accuracy with a chord length
of 10 m, we used 2 mm as the threshold, as referred in [36].
The number of repeatability smaller than 1 mm is 230, which
accounts for 92.7% of the total. Themean repeatability, which
can reflect the internal accord accuracy, is 0.649 mm in this
test, and it is larger than that acquired when the wavelength is
1m for the irregularities (calculated by using DR algorithm).
The larger the wavelength, the more the integral steps, which
means that the accumulated errors will be larger, however,
the allowance for measurement accuracy will also be larger
for longer wavelength. It is still sufficiently accurate for the
detection of vertical short-wave irregularities with a chord
length of 10 m.

B. VERIFICATION OF EXTERNAL ACCORD ACCURACY
1) EXPERIMANTAL CONDITIONS
This experiment was also performed in the Wuhan Training
Section for Vocational Skills of High-Speed Railways, at a
different time and track. The irregularities measured by the

FIGURE 23. Irregularities measured by the two methods.

FIGURE 24. The absolute values of differences of the irregularities
obtained by using two methods.

instrument were compared with independent results obtained
manually by using a flat ruler and feeler.

The flat ruler was 1m long and the thickness of the thinnest
piece of the feeler was 0.02 mm. The measuring accuracy
should be half of the minimum thickness. Considering the
machining accuracy and the influence of the operating condi-
tions, the final accuracy of the irregularities obtained by using
the flat ruler and feeler is approximately 0.02 mm.

2) EXPERIMENTAL RESULTS
The comparison of the results is shown in Figure 23.

The red line represents the irregularities measured by the
new instrument, and the green line represents the irregu-
larities measured by the combination of the flat ruler and
feeler. The two lines are similar, which indicates conformance
between the two methods.

The absolute values of the difference between the results
of the two methods are shown in Figure 24.

The corresponding DI is shown in Figure 25.
There are severe defects at a distance of approximately

20 m and 60 m in Figure 25, and the corresponding defects
are shown in Figure 26 and Figure 27.

The defects shown in Figure 26 and Figure 27 can lead to
vibrations of the instrument, decreasing the measuring accu-
racy in the vicinity of the defects. However, these vibrations
would not appear on the rail that is actually used. Therefore,
the values affected by severe defects must be eliminated to
evaluate the accuracy of the instrument.

VOLUME 7, 2019 31569



C. Dong et al.: Algorithms and Instrument for Rapid Detection of Rail Surface Defects and Vertical Short-Wave Irregularities

FIGURE 25. The DI.

FIGURE 26. Defects at a distance of approximately 20 m.

FIGURE 27. Defects at a distance of approximately 60 m.

The differences between irregularities obtained by using
two methods at i-th point is calculated with formula (21) in
the following.

1i = DiI − D
i
m

1i = (DiI − D
i
R)− (Dim − D

i
R) (21)

DiI and Dim are the irregularities at i-th point that are
obtained by using the developed instrument and the flat ruler
or feeler, respectively. DiR is the real value of irregularities at
i-th point. Assume that δ is the average of absolute value of
1i.

δ =
1
N

N∑
i=1

abs(1i) (22)

abs(·) is the function to get absolute value. According to
formula (21) and the law of error propagation, formula (23)
can be obtained as follows.

δ2 = (δiI )
2+(δim)

2 (23)

δiI and δim are the accuracy of DiI and Dim respectively.
Considering that the measuring accuracy of the flat ruler and
feeler δm is 0.02 mm, the accuracy of the new instrument
δI can be calculated based on the law of error propagation.

δI =
√
0.054 · 0.054-0.02 · 0.02 = 0.050mm

This accuracy is slightly larger than the repeatability obtained
in section 6) in part C because of other types of errors that
were not considered in this error calculation. However, it can
fulfill the accuracy requirement for measuring the short-wave
irregularities, which is described in reference [8] and must be
lower than 0.1 mm.

V. CONCLUSION AND DISCUSSION
A. CONCLUSION
In this study, the relevant theory and algorithms were studied
in detail to ensure its practicability and accuracy of defects
detection and measurement of vertical short-wave irregu-
larities, and the corresponding software was developed for
convenience of use.

By using the DI proposed in this study, the real-time
working module can detect defects and evaluate the state of
the rail surface while the instrument moves along the track.
The post-processing module utilizes the forward and reverse
DR algorithm and a series of error-correction methods to
calculate the irregularities, under any specified chord length
and distance interval. The experimental results show that
the requirements of detection accuracy can be fulfilled at a
probability of 95.8% and the repeatability of the instrument
is 0.038 mm when the chord length is 1 m. The repeatability
is 0.649 mm and the requirements can be met at a probability
of 92.7% when the chord length is 10 m. When compared
with the results obtained using a flat ruler and feeler, the accu-
racy of the new instrument is 0.050 mm. The experimental
results confirmed the efficiency and accuracy of the system.

B. DISCUSSION
Although the detection of defects on a rail surface is realized
by evaluating the value of the DI, this method cannot dis-
tinguish the type of defects. When the biaxial measurement
unit passes over a certain type of defects, the DI shows
typical characteristics that correspond to this type of defects;
thus, the machine-learning algorithm can be applied for the
classification of defects.

More types of errors can be considered in the calculation
process, to improve the accuracy of the measurement of
irregularities.
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