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This study calculated the Mahalanobis’ distance, which is a multidimensional space distance with cor-
relations, from the time—series data of 3—axis translational acceleration and 3—axis rotational angular speed,
and examined whether this could be used in judging the abnormalities of the agricultural machineries. As
the result, using the Mahalanobis’ distance to determine the abnormality of the data was not possible for
the changes in not-so-big behaviors, such as turning and temporary stop, but determining the abnormality
of the data using the Mahalanobis’ distance was clearly possible for sudden changes to the operating status
of the equipment, such as a roll over and passing obstacles through an experiment using the model car.

We hypothesized in the beginning that the distribution of the Mahalanobis’ distance at the signal space
could be separated with the distribution of the Mahalanobis’ distance at the unit space. However, unless
there is a large—scale change to the behavior, such as a roll over, etc., complete separation is difficult in
reality, and we determined realistically that conducting the abnormality determination from the significant
difference viewpoint by placing a threshold value to the normalized distribution of the Mahalanobis’ dis-

tance at the unit space is possible.
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INTRODUCTION

Through the development of the processing technol-
ogy in the semi—conductor recently, variety of small and
low—cost sensors have been developed to be applied in
diverse machineries, such as mobile communications
equipment, including mobile telephone, automobile
game equipment, printer, etc. Moreover, collection and
storage of the information acquired from sensors,
through combination of multiple sensors and data com-
munications devices, have become easy.

In agricultural industry, packaging environment
monitoring system, which has integrated multiple sen-
sors and integrated circuit technology (ICT), has been
developed, and introduced and used by some large—
scale farms and agricultural corporations. These sys-
tems accumulate packaging environment information,
such as temperature, humidity, etc., and work history,
and efficient farm work and farming support system are
possible based on these data. Moreover, the develop-
ment of farming robots targeting large—scale packaging
is progressing rapidly in Europe and the US, etc., and
several small sensors are embedded in the navigation
system or the automatic control devices of these robots.

Although development of these advanced farm pro-
duction technology is progressing rapidly, the 400 farm-
ing fatal accidents occurring every year have not been
decreasing for decades in Japan, and although it is diffi-
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cult to find accurate data on similar accidents in Korea,
it is speculated that the occurrence rate would not be
much different from the Japanese condition.
Approximately 70 percent of these farming fatal acci-
dents are fall down/topple from the riding machinery,
and over 70 percent of the dead are elderly over 65 years
of age, who lacks work agility. As a result, the improving
the safety of the agricultural machinery itself to reduce
the agricultural machinery accidents, including the
farming fatal accidents, is becoming an urgent priority.

In order to resolve the task, first, the establishment
of a system to grasp the operating conditions of the agri-
cultural machinery is necessary, and the establishment
of the system is expected to become easier through the
use of diverse small and low—cost sensors that have been
developed, as mentioned earlier (Choe J. S. et al., 2013).

In order to extract characteristics that could evalu-
ate the operating conditions from the information meas-
ured by the sensors installed on the equipment, the
existing studies conducted the change point detection
based on the singular value construction of the vibrating
time-series data to determine the vibrating characteris-
tics based on the frequency of each situations and, at
the same time, determine the point when the operating
conditions change from the vibrating acceleration data
of the agricultural machineries (Inoue E., J. Sakai and S.
Inaba 1990a,b,c,d, Choe J. S. and E. Inoue 2001).
However, because that construction method targets only
a single time—series data, when constructing the vibrat-
ing time—series from several sensors, the amount of cal-
culation increases dramatically because the singular
value analysis must be carried out for each time-—series
data.

Therefore, this study’s final objective is to establish
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an abnormality detection system for the agricultural
machineries that could avoid these types of problems
and use multiple time—series data. As the first step, we
intend to calculate the Mahalanobis’ distance (MD),
which is a multidimensional (multivariate) space dis-
tance from the time—series data of 3—axis translational
acceleration and 3-axis rotational angular speed with
correlations, and we intend to review first whether we
could determine the abnormalities in operational status
of the agricultural machineries using this.

THEORETICAL BACKGROUND

Mahalanobis Taguchi System (MT System) is a
method of determining normality and abnormality using
the Mahalanobis’ distance, which is a multidimensional
distance with correlation, and is used in various uses,
such as determination of defect in the products during
manufacturing process, determination of healthy in
health industry, etc. In order to determine abnormality,
normal data group and abnormal data group are
required. Using the normal data group among multidi-
mensional spaces, the coordinate is determined, and
investigates the distribution by calculating the distance
between that coordinate and the coordinate of other
data. This distance between the coordinates is the
Mahalanobis’ distance. In this study, we tried to deter-
mine the abnormality of the machine’s operating status
by calculating the Mahalanobis’ distance from the 6—
dimensional vibrating time—series data measured during
the operation of the agricultural machineries, and
because the theories on the Mahalanobis’ distance and
MT system are already widely known, we would like to
only discuss a few items that are directly related to our
study.

Selection of Variables from the SN Ratio

The SN ratio used in the MT system is a scale that
shows the distribution degree of the data. The SN ratio
increases as the distribution degree decreases, and the
formula changes depending on the target characteristic
of the variables. The characteristic of the variable is
largely divided into static characteristic and dynamic
characteristic. The static characteristic is when the tar-
get variable postulates a specific value, and the dynamic
characteristic is when the target variable clearly changes
by some variable. In other words, the static characteris-
tic shows whether the target fulfills the target value, and
the dynamic characteristic focuses on how much the tar-
get fulfills the target value.

The purpose of this study is the determination of
abnormality of the measured data, so the static charac-
teristic was presumed and the SN ratio of the nominal—
the-best characteristic was calculated. The SN ratio in
quality engineering is typically used by multiplying
10 times the value presented in common logarithm, as
seen in the Formula (1).

In other words, the SN ratio for the data group from
y, toy, is shown as

2
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Orthogonal Table

The Orthogonal table is an allotment chart with
properties that manifests all combinations of that level
on the same frequency on a random row, and by using
this table, effects of each factor could be independently
evaluated without making all possible levels of combina-
tion of the given multiple factors.

In this study, the Mahalanobis’ distance was postu-
lated as the target variable and used the L12 orthogonal
table. Because with the L12 orthogonal table, interac-
tion does not concentrate on one row, and the large bias
of the results do not occur often; however, it has a char-
acteristic that the factors in 2" level cannot be evaluated
separately. In this study, in order to increase the accu-
racy of the abnormal determination, rather than using all
6 data for various data combinations in calculating the
Mahalanobis’ distance, we looked for the combination
with large SN ratio. In the L12 orthogonal table, we
established level 1 as “Data Used” and level 2 as “Data
Not-Used,” and arranged the acceleration and the angu-
lar speed in the factor row (Table 1).

Table 1. L12 Orthogonal Table after Arrangement

a, a, a, ©, ©, ©,
1 1 1 1 1 1 1
2 1 1 1 1 1 2
3 1 1 2 2 2 1
4 1 2 1 2 2 1
5 1 2 2 1 2 2
6 1 2 2 2 1 2
7 2 1 2 2 1 1
8 2 1 2 1 2 2
9 2 1 1 2 2 2
10 2 2 2 1 1 1
11 2 2 1 2 1 2
12 2 2 1 1 2 1

(1=Data Used, 2= Data Not-Used)

In order to estimate the ultimate factor combination
to be used in the calculation of the Mahalanobis’ dis-
tance, we calculated the SN ratio of the Mahalanobis’
distance in the signaling space from the 6 factor combi-
nation using the L12 orthogonal table. The number of
combinations when not using the orthogonal table is
2°=64, and we were able to drastically reduce the num-
ber of calculations by using the orthogonal table.

We calculated the SN ratio on the 2 types of inter-
vals, at 2.5sec. and 1sec., of the data from the signal
space. This was done to review the appropriate time
interval by considering that the data of the signal space
changes greatly in a very short time, but the calculation
error tend to increase when unnecessary time is
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included.

PSD Construction

Power Spectral Density (PSD) is showing the fre-
quency information on each frequency band of the phys-
ical quantity included in certain signals. By observing
the PSD size for each frequency by PSD construction of
the signal data, the characteristic of that signal could be
determined.

In this study, PSD was used as an index of the sec-
tion length of the data used in the Mahalanobis’ distance
calculation and SN ratio calculation. When using the
Mahalanobis’ distance in abnormality determination, it is
speculated that the data range of the frequency that
becomes the characteristic of that signal, meaning the
PSD’s peak is very high, must be sectioned longer. This
is because the data from the high peaked frequency
range has big impact in that data group, and the peak
deriving from the movement from both the normal and
the abnormal data needs to be included in the
Mahalanobis’ distance calculation.

MATERIALS AND METHOD

MEMS Sensor

In order to obtain vibrating time-series data used in
calculating the Mahalanobis’ distance, translational 3-
axis acceleration and rotating 3-axis angular speed of a
combine during the cutting activity were measured.
Previously, a gyro sensor was generally used to measure
the angular speed of a moving object, but due to the cost
and the large size, its use was limited to large moving
objects. However, due to a rapid development of the
semi—conductor technology recently, small and low cost

Table 2. Specification of an MEMS Sensor, MVP-SDA3-BC

Measuring Range ~ +20/+60 [m/s?]

Sample Period 0.5,1,2,5,10,50,100,200,500 [ms]

Memory Time 33 [hours]
(1 GB SD Card, during 0.5 msec sampling)
Power 1700 [mAh] (Lithium-ion secondary cell)
Battery Operating 50 [hours]
Time (During 5 ms continuous movement sam-
pling)
Body Size 50 [mm]X 75 [mm]x20 [mm)]
Weight 120 [gf]

Table 3. Specification of an MEM Sensor, 3DM-GX3-45

Azimuth Range 3—axis each 360 [deg]

Acceleration Range 49 [m/s* |
Angular Speed Range 300 [deg/s]
Supplied Voltage Maximum 9 [V]
Supplied Current 0.08 [A]

Body Size
Weight

44 [mm]x24 [mm]x14 [mm]
23 [gf]

sensors, called MEMS, have been developed and are
being used. In this study, MVP-SDA3-BC MEMS sensor,
a product from Microstone, with the specifications set
forth in Table 2, was selected to measure the accelera-
tion and angular speed of a combine. For measuring the
acceleration and angular speed of a model car, even
smaller sensor, 3DM-GX3-45, a product from
Microstrain, shown in Table 3, was used.

Cutting Work Experiment

The testing equipment used in this rice harvesting
experiment was a heading—feeding combine, manufac-
tured by M, model VM15G, as seen in Table 4. At the
rice packing of a farm affiliated with Kyushu University,
the MVP-SDA3-BC sensor was attached to the upper
part of the frame of the left—front side of the machine.
The translational 3—axis acceleration and rotating 3—axis
angular speed of the machine was measured at the sam-
pling frequency of 200Hz for each of the operating sta-
tus, idling status, cutting work status, cutting, threshing,
etc. 3-axis acceleration and 3-axis angular speed are
eachrecorded as a, a, a,, ®,, @, and @,.

Table 4. Data of the Testing Combine

Body Size Full Length (mm) 3210
Full Width (mm) 1670
Full Height (mm) 1980
Body Weight (kgf) 1320
Threshing and Sorting Threshing Cylinder Speed of 470
Part Revolution (rpm)

Discharge Cylinder Speed of 1410
Revolution (rpm)

Drive Test of Model Car

Because conducting an experiment with an actual
combine regarding situations such as engine failure or a
fall is difficult, a small model car was produced for a
comparative experiment. The model car shown in the
Diagram 1 is a 2-wheel drive by a motor, and the specifi-
cations are length of 140 mm, width of 94 mm, center
height of 45 mm, weight of 740 gr and tire diameter of
32mm. 3-axis translational acceleration and 3-axis
angular speed were each measured for driving on hard

Diagram 1. Outside of the Model Car.
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flat surface, slope, and crossing obstacle and a fall as a
result. The angle of inclination of the slope was
25 degrees, as seen in the Diagram 2, and the height of
the obstacle was 8 mm, with an angle of inclination at
15 degrees.

Direction of

progress

Obstacle

Diagram 2. Crossing of an Obstacle by the Model Car (Front View,
Side View).

RESULTS AND DISCUSSION

PSD Construction

In order to reveal the characteristics of the fre-
quency of time—series data of the acceleration and the
angular speed obtained from the combine work experi-
ment, the PSD was calculated on 3,000 data unit spaces
(15 sec section). The Diagram 3 shows the PSD on the
translational acceleration in the x-axis direction (pro-
gress direction), and the Diagram 4 shows the PSD on
the angular speed of the y—axis circumference.

From the fact that the first vibration of an engine
rotating at 3,000 rpm is 50 Hz and the first vibration of
the threshing cylinder in the threshing and sorting part
rotating at 470 rpm is approximately 8 Hz, it is easily
understood that the peak appearing from this section
derives from these. In other results, the size of the peak
is different, but the location of the occurrences showed
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Diagram 4. PSD of w,.

almost identical appearances as the two diagrams.
Considering that a peak appeared around 70 Hz,
although not large, it was determined that the signal
space would be better to use the time—series data up to
approximately 100 Hz section.

Calculation of the SN Ratio

SN ratio was calculated for the Mahalanobis’ dis-
tance of each of the combinations of the 6 variables
using the L12 orthogonal table. As with the PSD con-
struction, SN ratio was calculated for signal space of
500 data (2.5sec. duration) and 200 data (1 sec. dura-
tion), and compared the results. Sampling was done
twice in the section under the same conditions, and the
SN ratio was calculated for each.

The Diagrams 5 and 6 shows the SN ratio at turning
and sudden stop at 2.5 sec. space. At turning, the values
are almost identical, except for the combinations 9 and
11, but at sudden stop, special regularities cannot be
found in the relationship between the combination of
the variables and the size of the SN ratio. It is specu-
lated that the reason for a larger distribution of the SN
ratio from the combination of variables during a sudden
stop, as compared to turning, is due to the fact that the
car’s condition changes are much bigger during a sudden
stop.

The Diagrams 7 and 8 show the SN ratio at turning
and sudden stop at 1 sec. space each. Here, the SN ratio
size showed somewhat similar tendencies according to

B 1*sample
0 B 2% sample

SN Ratio
~

-10 -
1 2 3 4 5 6 7 8 9 10 11 12

Variable Combination

Diagram 5. Data’s SN Ratio at Turning (2.5 sec. duration).

B 1% sample
2 B 2™ sample

SN Ratio
Do

1 2 3 4 5 6 7 8 9 10 11 12

Variable Combination

Diagram 6. Data’s SN Ratio at Sudden Stop (2.5 sec. duration).
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6 W 1% sample

4 B 2 sample

SN Ratio

Variable Combination

Diagram 7. Data’s SN Ratio at Turning (1 sec. duration).

the combination of variables for the combine’s each

3

W 1% sample
2 B 2 sample

SN Ratio

Variable Combination

Diagram 8. Data’s SN Ratio at Sudden Stop (1 sec. duration).

behavior. It seems that this is due to the fact that as the
sampling section narrowed, the amount of noise
included has lessened, and the impact on the changes to
the data due to the combine’s behavior has compara-
tively increased.

The combination of variables with large SN ratio is
different according to the combine’s behavior, and this is
due to the fact that the combine’s behavior has a large
impact on certain variables. As such, it is natural for the
SN ratio to be large for a combination with that variable.
For example, because the SN ratio for the combination 1
(using all 6 variables) is comparatively larger than other

SN Ratio

Variable Combination

Diagram 9. SN Ratio from the Data During Sideway Overturning
of a Model Car (1 sec. duration).

combinations at the combine’s 2types of behaviors,
when comparing data measured from other behavior, it
is appropriate to use all 6 data of the 3—axis translational
acceleration and 3-axis angular speed.

As shown in the Diagram 9, when the SN ratio was
calculated from the data during the sideway overturning
at a rigid slope by a model car using the same method,
the tendency was similar to that of an actual combine
during a sudden stop. In other words, the change of the
status from passing an obstacle or rollover of a car
means a switch to a sudden change in speed (accelera-
tion) from a near inertial status of forward driving, simi-
lar to a sudden stop.

Mahalanobis’ Distance

The Mahalanobis’ distance was calculated at
3,000 data (15 sec. duration), as with the PSD construc-
tion, for the unit space, and 500 data (2.5 sec. duration)
and 200 data (1 sec. duration) for the signal space. The
operational status of the combine and the model car at
unit space and signal space is shown in Table 5.

Table 5. Data Allocation for the Calculation of the Mahalanobis’
Distance

Forward (Threshing, Cutting
Non-Operating)

Testing Machine Unit Space

Signal Space Turning
Sudden Stop

Model Car Unit Space Forward at Rigid Flat Surface
Signal Space Forward at Rigid Slope
Passing Obstacle at Rigid Slope

Sideway Overturning at Rigid
Slope

The Mahalanobis’ distance at signal space is calcu-
lated based on the normalized data of unit space. In this
study, in order to evaluate the distribution of the
Mahalanobis’ distance at the unit space and the signal
space nearing the normalized distribution curve and the
legitimacy of the determination of the variables, we cal-
culated the distribution of the Mahalanobis’ distance at
the unit space of the same combination. Because the
regular distribution coefficient is on the vertical-axis of
the graph and the Mahalanobis’ distance is on the hori-
zontal-axis, it means that there are more data indicating
the value of the Mahalanobis’ distance exists in that sig-
nal space as the coefficient is larger.

Because the SN ratio is larger as the distribution is
less, as shown in the Table 6, the Mahalanobis’ distance
was calculated for the combination of 7 and 11 at turn-

Table 6. Combination of 6 Variables with Large SN Ratio

During Turning 7 a, ®, o,
11 a,, &,
During Sudden Stop 2 a,a,d, o,

8 a,, @,
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ing, combination of 2 and 8 at sudden stop, which has a
relatively large SN ratio compared to the other combina-
tions, and this was compared to the Mahalanobis’ dis-
tance of combination 1, which used all 6 variables.

Signal Space Using the Measured Data from the
Testing Equipment

The Diagrams 10 and 11 show the distribution of the
Mahalanobis’ distance at turning and at sudden stop,
each.

In all situations, the Mahalanobis’ distance using the
combination 1, which used all 6 variables, showed wider
and lower normal distribution probability density func-
tion curve as compared to the other two combinations.
This means that when using all 6 variables, the freedom
increases and includes more error, and a more distrib-
uted data is acquired.

When comparing the 2.4 sec. duration graph and the
1 sec. duration graph in each of the signal spaces, the
distribution of the Mahalanobis’ distance of the combina-
tion 1 do not show much change, but the distribution of
the Mahalanobis’ distance of the combination with large
SN ratio show changes. However, the normal distribu-
tion probability density function did not show the similar
changes for the number of data at the signal space, and
this was due to the fact that the normal distribution
probability density function is greatly impacted by the
characteristics of the variables within the sampling sec-
tion, as well as the degree of freedom of data.

When looked at closely, for the combination 7 from
the Diagram 10 and the combination 2 from the Diagram
11, it is noticed that the distribution lessens and the
mean increases as the sampling time is shortened. It
could be speculated that the characteristic of distribu-
tion of data by the movement of the testing equipment is
more clearly reflected because the noise within the sig-
nal space decreases as the sampling time interval of the
data becomes smaller.
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On the other hand, for the combination 11 from the
Diagram 10 and the combination 8 from the Diagram 11,
the shape of the function curve does not change much
even when the length of the signal space changes, and
this may be due to the fact that the number of variables
used for the two combinations is very small, at 2, and
these variables are not much impacted by noise natu-
rally.
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Comparison with the Unit Space and the Signal
Space Using the Measured Data from the Testing
Equipment

The Mahalanobis’ distance was calculated for the
unit space with the same combination of variables as
with the signal space. As the result, only the combina-
tion 2 had a larger normal distribution probability den-
sity function than when using all 6 variables, as can be
seen in the Diagram 12. Overall, data tended to distrib-
ute wider as the number of variables used for calculation
gets smaller. Because the Mahalanobis’ distance at the
signal space is achieved based on the standardized unit
space, it may not be sufficient to select variables with
only the SN ratio calculated at the signal space.

When comparing the distribution of the

Nommnal Distribution Probability
Density Function

o
—
<
—
[
w
W~

Mahalanobis’ Distance

Diagram 12. Distribution of the Mahalanobis’ Distance of Unit
Space.



Judging the Abnormalities of Agricultural Machinery by Using Mahalanobis’ Distance 475

Mahalanobis’ distance at the signal space and the unit
space with 2 combinations of large SN ratio, as seen in
the Diagram 13, there were parts where the signal space
and the unit space overlap for both turning and sudden
stop, but because the distribution curve of the unit
space leaned towards the left limit, it was determined
that the SN ratio could be used as one of the determina-
tion index for abnormality.
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Diagram 13. Comparison of the Mahalanobis’ Distance at Signal
Space and Unit Space.

The Mahalanobis’ Distance of the Measured Data
Sfrom the Model Car

Measuring data under clearly abnormal circum-
stances, such as engine failure or roll over, is very diffi-
cult to carry out with the actual combine, so a model car
was produced and the testing was carried out.

The Diagram 14 shows the Mahalanobis’ distance
distribution curve for roll over, passing obstacle, slope
driving, the unit space (flat surface driving) of a model
car. The Mahalanobis’ distance for all cases were calcu-
lated using all 6 variables of 3—axis translational acceler-
ation and 3-axis rotational angular speed.

As shown in the Diagram 14, unlike the results using
the testing equipment, the distribution of the

r —

-20 -30 80 130 180
Mahalanobis’ Distance

) Roll Over

& ‘g ] eeeees Passing Obstacle
‘g ‘; o4 = Slope Driving
R | ——— Unit Space
an

!

z

Diagram 14. The Mahalanobis’ Distance at Various Operating
Status of the Model Car.

Mahalanobis’ distance at each status showed clear differ-
ences in a test using the model car. The distribution
curve during the slope driving almost overlaps with the
distribution curve of the unit space, and can be deter-
mined as a normal condition. The distribution of the
Mahalanobis’ distance at passing obstacles and in roll
over state are completely separated from the unit space,
and these could be determined as data with high abnor-
malities. This signifies that the Mahalanobis’ distance
could be very useful in judging abnormalities of the com-
bine, other agricultural machineries and cars.

CONCLUSION

This study calculated the Mahalanobis’ distance,
which is a multidimensional space distance with correla-
tions, from the time-series data of 3-axis translational
acceleration and 3-axis rotational angular speed, and
examined whether this could be used in judging abnor-
malities of the agricultural machineries. In order to
increase the accuracy of the abnormality determination
using the Mahalanobis’ distance, the PSD was used as an
index for deciding the section width of the data used in
calculating the Mahalanobis’ distance and the computa-
tion of the SN ratio, and the SN ratio was used in select-
ing the factors used for the computation of the
Mahalanobis’ distance.

As the result, using the Mahalanobis’ distance to
determine the abnormality of the data was not possible
for the changes in not—so—big behaviors, such as turning
and temporary stop, but determining the abnormality of
the data using the Mahalanobis’ distance was clearly
possible for sudden changes to the operating status of
the equipment, such as roll over and passing obstacles
through an experiment using the model car.

The combination of factors with large SN ratio had
increased usefulness as a data because the deviation of
the Mahalanobis’ distance calculated from it gets
smaller; however, even when the SN ratio gets larger, if
the number of factors used in the calculation decreases,
the median value of the distribution of the Mahalanobis’
distance gets closer to 1 and overlaps with the unit
space. This means that when the behavior of the com-
bine changes, this not only impacts a certain specific
factor, but causes chaos to data of almost all factors.
Therefore, when calculating with a small number of fac-
tors, the abnormality of the data also gets smaller, so it
causes the problem of making the determination of
abnormality inaccurate. Moreover, the combination of
the factors that increases the SN ratio changes as the
combine’s behavior changes, and this is estimated due to
the fact that the acceleration and the angular speed that
have increasing impact changes according to the behav-
ior changes. Therefore, when selecting the factors used
for the calculation of the Mahalanobis’ distance by sim-
ply the size of the SN ratio, the median value of the dis-
tribution of the Mahalanobis’ distance must also be con-
sidered, and in conclusion, this method was determined
to be not very useful.

We hypothesized in the beginning that the distribu-
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tion of the Mahalanobis’ distance at the signal space
could be separated with the distribution of the
Mahalanobis’ distance at the unit space. However,
unless there is a large—scale change to the behavior,
such as a roll over, etc., complete separation is difficult
to achieve in reality, and we determined realistically that
conducting the abnormality determination from the sig-
nificant difference viewpoint by placing a threshold
value to the normalized distribution of the Mahalanobis’
distance at the unit space is possible.
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