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1
ESTIMATION OF ABNORMAL SENSORS

BACKGROUND

Technical Field

The present invention relates to estimating abnormal
SEeNnsors.

Related Art

A conventional method includes mounting a plurality of
sensors 1 a complex system such as an automobile or
manufacturing apparatus, analyzing a plurality of pieces of
time sequence data acquired from the plurality of sensors,
and monitoring the presence of abnormalities, as shown 1n
Japanese Patent Application Publication No. 2010-78467,
for example.

With such a method, the amount of sensor abnormality 1s
scored and 1dentified based on the amount of change 1n the
relational structure between groups of sensors including a
group of sensors indicating detection results for which an
input signal 1s within a normal signal range, i1.e. normal
sensors, and a group of sensors indicating detection results
for which the input signal 1s in an abnormal signal range, 1.¢.
abnormal sensors, from the pieces of time sequence data.
However, with a method such as described in Japanese
Patent Application Publication No. 2010-78467/, the rela-
tional structure between the sensors has a linear relationship,
and therefore 1t 1s dithicult to handle a complex non-linear
relationship that actually occurs among a plurality of sen-
sors. In other words, with the conventional processing
method, even when there 1s normal data corresponding to a
non-linear relationship among the sensors, this data could be
judged to be abnormal due to being an outlier from a linear
model. Furthermore, with the conventional processing
method, even when there 1s abnormal data that 1s an outlier
from the non-linear relationship among the sensors, this data
could be judge to be normal if the data matches a linear
model.

SUMMARY

According to a first aspect of the present invention,
provided 1s an apparatus including a target data acquiring
section operable to acquire target data serving as an exami-
nation target, the target data output by a plurality of sensors,
a calculating section operable to calculate, for each of a
plurality of sensor groups that each include at least two
sensors among the plurality of sensors, a degree of outlier-
ness of the target data relative to a reference data distribution
of output from the sensor group, and an estimating section
operable to estimate a sensor among the plurality of sensors
to be a source of outlierness, based on a calculation result of
the calculating section. The first aspect may be operable to
cause the reference data distribution to be compatible with
the relational structure among the sensors, thereby enabling
the handling of any linear or non-linear relationship among
the sensors. The first aspect 1s also provided as a method and
a computer program product.

According to a second aspect of the present invention,
provided 1s an apparatus 1n which the calculating section 1s
further operable to calculate, for each of the plurality of
sensors, the degree of outlierness of each sensor group
including the sensor, and the estimating section 1s further
operable to calculate, for each sensor, a degree of association
with which the sensor 1s associated with outlierness, from
the at least two degrees of outlierness calculated for the
groups 1ncluding the sensor, and estimates whether the
sensor 15 a source of outlierness based on the degree of
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2

association calculated for each sensor. The second aspect
may be operable to estimate the sources of outlierness and
casily perform the estimation based on the degree of asso-
ciation between two sensors.

According to a third aspect of the present invention,
provided 1s an apparatus 1n which the estimating section 1s
further operable to estimate each sensor having a degree of
association that 1s greater than or equal to a reference value
relative to be a source of outlierness. The third aspect may
be operable to perform the estimation operation based on the
reference value, even i1f the number of sensors that are
causes of outlierness are not discovered.

According to a fourth aspect of the present invention,
provided 1s an apparatus 1n which the estimating section 1s
further operable to sequentially select sensors to be sources
of outlierness, i order of degree of association beginning
with a sensor having a highest degree of association. The
fourth aspect may be operable to select the sensors to be
sources of outlierness 1 a probable order, and may be
operable to attach a score of the probable order to the
selected sensors.

According to a fifth aspect of the present invention,
provided 1s an apparatus including a reference data acquiring
section operable to acquire reference data serving as a
reference for output of the plurality of sensors, and a
distribution generating section operable to generate, for each
of the plurality of sensor groups, a reference data distribu-
tion of output from the sensor group. The fifth aspect may be
operable to generate the reference data distribution corre-
sponding to the relational structure among the sensors.

According to a sixth aspect of the present invention,
provided 1s an apparatus including a reference data acquiring
section operable to acquire reference data serving as a
reference for output of a plurality of sensors, a distribution
generating section operable to generate, for each of a plu-
rality of sensor groups that each include at least two sensors
among the plurality of sensors, a reference data distribution
of output from the sensor group, and an output section
operable to output the reference data distribution generated
for each sensor group. The sixth aspect may be operable to
generate the reference data distribution corresponding to the
relational structure among the sensors, independently from
the estimating apparatus that estimates the sensors that are
causes of outlierness. The sixth aspect 1s also provided as a
computer program product.

The summary clause does not necessarily describe all
features of the embodiments of the present invention. The
present invention may also be a sub-combination of the
features described above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an exemplary configuration of an estimation
apparatus 100 along with a plurality of sensors 10, according
to an embodiment of the present invention.

FIG. 2 shows an operational flow of an estimation appa-
ratus, according to an embodiment of the present invention.

FIG. 3 shows a first example of a reference data distri-
bution and target data, according to an embodiment of the
present invention.

FIG. 4 shows a second example of a reference data
distribution and target data, according to an embodiment of
present invention.

FIG. 5 shows an example in which the degree of outli-
erness ol a sensor group 1s arranged 1n a matrix, according
to an embodiment of present invention.
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FIG. 6 shows an example of a matrix generated by
removing the data in the column and row of the sensor

estimated to be an abnormal sensor, according to an embodi-
ment of present mnvention has estimated.

FIG. 7 shows another example of a matrix generated by 5
removing the data in the column and row of the sensor
estimated to be an abnormal sensor, according to an embodi-
ment of present invention.

FIG. 8 shows an estimation apparatus 200, according to
an embodiment of present invention. 10
FIG. 9 shows an exemplary hardware configuration of a
computer 1900 that functions as a system, according to an

embodiment of the present invention.

DETAILED DESCRIPTION 15

Hereinafter, example embodiments of the present inven-
tion will be described. The example embodiments shall not
limit the invention according to the claims, and the combi-
nations of the features described 1n the embodiments are not 20
necessarily essential to the mvention.

FIG. 1 shows an exemplary configuration of an estimation
apparatus 100 along with a plurality of sensors 10, according
to an embodiment of the present invention. The sensors 10
may be included with a target object, such as a transportation 25
vehicle, e.g. an automobile, an airplane, a boat, etc., a
manufacturing apparatus, a monitoring apparatus, etc., and
may transier detection results to the estimation apparatus
100. The sensors 10 may be connected to the estimation
apparatus 100 through wires, or may be connected wire- 30
lessly.

The sensors 10 may be any type of sensor, such as
temperature sensors, pressure sensors, position Sensors,
angle sensors, location sensors, fluid level sensors, rotational
speed sensors, acceleration sensors, angular speed sensors, 35
geomagnetic sensors, flow rate sensors, oxygen sensors, or
the like. There can be any number of sensors 10, and in some
embodiments there are more than a thousand sensors.

The estimation apparatus 100 of the present embodiment
acquires the output of the plurality of sensors 10, which have 40
a non-linear relationship among one another, and estimates
the accuracy of any abnormal sensors among the plurality of
sensors 10. The estimation apparatus 100 includes a refer-
ence data acquiring section 110, a distribution generating
section 120, a target data acquiring section 130, a storage 45
section 140, a calculating section 150, and an estimating
section 160.

The reference data acquiring section 110 may be operable
to acquire reference data serving as a reference for output of
the plurality of sensors 10. The reference data acquiring 50
section 110 may communicate with the sensors 10 and
acquire, as the reference data, the output of the sensors 10
that are operating normally. If each of the sensors 10 are
being operationally tested, then the reference data acquiring
section 110 may acquire the results of the operational tests 55
as the reference data.

The distribution generating section 120 may be operable
to generate, for each of a plurality of sensor groups that are
cach obtained by selecting a portion of the plurality of
sensors 10, a distribution of the reference data of the output 60
from the sensor group. The distribution generating section
120 may communicate with the reference data acquiring
section 110, receive the reference data of the sensors 10, and
generate a distribution of the reference data. The distribution
generating section 120 may form a set of two or more 65
sensors 10 from among the plurality of sensors 10 as a
sensor group. The distribution generating section 120 may

4

form a set of a prescribed number of sensors 10 as a sensor
group, and may generate the distribution of the reference
data for each of these sensor groups. The distribution
generating section 120 may generate the reference data
distribution by using known distribution functions such as a
normal distribution, a logistic distribution, a Poisson distri-
bution, or a kernel function.

The target data acquiring section 130 may be operable to
acquire target data for the examination target output by the
plurality of sensors 10. The target data acquiring section 130
may communicate with the plurality of sensors 10 and
acquire the target data. The target data acquiring section 130
may be connected to a network or the like, and acquire the
target data via the network. The target data acquiring section
130 may read and acquire the target data stored in an
external storage apparatus, such as a database.

The storage section 140 may be operable to store data to
be processed by the estimation apparatus 100. The storage
section 140 may communicate with the distribution gener-
ating section 120, receive the reference data distribution, and
store the reference data distribution. The storage section 140
may communicate with the target data acquiring section 130,
receive the target data, and store the target data. The storage
section 140 may store each of the intermediate data, calcu-
lation results, parameters, and the like generated by (or used
in) the process by which the estimation apparatus 100
outputs the estimation results. In response to a request from
any component 1n the estimation apparatus 100, the storage
section 140 may supply the stored data to the source of the
request. In response to a request by the calculating section
150, the storage section 140 may supply the calculating
section 150 with the stored reference data distribution and
target data. The storage section 140 may be a computer
readable storage medium such as an electric storage device,
a magnetic storage device, an optical storage device, an
clectromagnetic storage device, a semiconductor storage
device, etc.

The calculating section 150 may be operable to generate,
for each of a plurality of sensor groups obtained by selecting
a portion of the plurality of sensors 10, a degree of outlier-
ness of the target data relative to the reference data distri-
bution of the output from the sensor group. The calculating
section 150 may communicate with the storage section 140
and read the stored reference data distribution and target
data. The calculating section 150 may communicate with the
distribution generating section 120 and/or the target data
acquiring section 130, and receive the reference data distri-
bution and/or the target data.

The calculating section 150 may calculate the degree of
outlierness of the target data from the reference data distri-
bution. The calculating section 150 may calculate how likely
it 1s that the target data 1s an outlier. The calculating section
150 may calculate the degree of outlierness of the target data
from the target data acquired from a sensor group and the
reference data distribution of this sensor group. The calcu-
lating section 150 may sequentially calculate the corre-
sponding degree of outlierness for each sensor group.

For each sensor group, the calculating section 150 may set
the reference data distribution as a distribution of the output
in history data, calculate the occurrence rate of target data
corresponding to this output distribution, and calculate the
degree of outlierness based on the occurrence rate. Alterna-
tively, the calculating section 150 may calculate the degree
of outlierness as a local outlier factor by using a known
outlier detection method.

The calculating section 150 may be operable to calculate,
for each of the plurality of sensors 10, the degree of
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outlierness of each set of two or more sensors 10 including
the sensor 10. The calculating section 150 may calculate the
degree of outlierness for a prescribed number of sensors 10
corresponding to the reference data distribution generated by
the distribution generating section 120 for this prescribed
number of sensors 10, e.g. this sensor group, using the target
data acquired from this prescribed number of sensors 10. In
other words, 1f the distribution generating section 120
selects sensor groups that each include two sensors 10 from
among the plurality of sensors 10 and generates the refer-
ence data distribution for these groups, then the calculating
section 150 may be operable to calculate the degree of
outlierness for each of these sensor groups obtained by
selecting two sensors 10 from among the plurality of sensors
10. The calculating section 150 may calculate, as the degree
of outlierness of a plurality of sensors 10, the degree of
outlierness of the target data output by the sensors 10
included 1n a sensor group relative to the reference data
distribution of this sensor group.

The estimating section 160 may be operable to estimate a
sensor 10 to be a source of outlierness, based on the
calculation results of the calculating section 150. The esti-
mating section 160 may communicate with the calculating
section 150 and receive the degree of outlierness corre-
sponding to the sensor groups. The estimating section 160
may calculate a degree of association with which the plu-
rality of sensors 10 are related to this outlierness, based on
the degrees of outlierness corresponding to the plurality of
sensor groups. In other words, the estimating section 160
may be operable to calculate a degree of association with
which each sensor 10 1s associated with an outlierness, from
two or more degrees of outlierness calculated for a set of two
or more sensors 10 including this sensor 10.

The estimating section 160 may calculate the degree of
association with which one sensor 10 1s associated with
outlierness, based on a plurality of degrees of outlierness
corresponding to a plurality of sensor groups including this
one sensor 10. The estimating section 160 may calculate, as
the degree of association with which one sensor 10 1s
associated with outlierness, the sum of a plurality of degrees
of outlierness corresponding to a plurality of sensor groups
that include this one sensor 10.

The estimating section 160 may be operable to estimate
whether each sensor 10 1s a source of outlierness, based on
the degree of association calculated for the sensor 10. The
estimating section 160 may be operable to select sensors 10
that are sources of outlierness in order, beginning with the
sensor 10 having the highest degree of association. The
estimating section 160 may output the sensors 10 selected as
sources of outlierness as the estimation result.

Each of the reference data acquiring section 110, distri-
bution generating section 120, target data acquiring section
130, calculating section 150, and estimating section 160,
may be a circuit, a shared or dedicated computer readable
medium storing computer readable program instructions
executable by a shared or dedicated processor, etc. The
circuits, computer-readable mediums, and/or processors
may be implemented 1n shared or dedicated servers.

The estimation apparatus 100 according to the present
embodiment calculates, for each set including two or more
sensors 10, 1.e. for each sensor group, the degree of outli-
erness of the target data acquired from the two or more
sensors 10. For each sensor 10, the estimation apparatus 100
calculates the degree of association of the sensor 10 from the
plurality of degrees of outlierness corresponding to sensor
groups including this sensor 10, and selects the sensors
estimated to be sources of outlierness according to these
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degrees of association. An example of the operation of this
estimation apparatus 100 i1s described using FIG. 2.

FIG. 2 shows an operational flow of an estimation appa-
ratus, according to an embodiment of present invention. In
the present embodiment, the estimation apparatus 100
selects and outputs sensors, such as sensors 10, estimated to

be sources of outlierness, by performing the process from
S210 to S250. In the example shown 1n FIG. 2, the estima-
tion apparatus performs processing for a sensor group that 1s
a set including two sensors. FIG. 2 shows an exemplary
operational flow of an estimation apparatus, such as the
estimation apparatus 100 shown 1n FIG. 1, but the estimation
apparatus 100 shown i FIG. 1 1s not limited to this
operational flow, and the operational flow of FIG. 2 may be
performed by other apparatuses.

First, a reference data acquiring section, such as the
reference data acquiring section 110, may acquire the ref-
erence data (S210). The reference data acquiring section
may acquire, as the reference data, output occurring in a case
where the plurality of sensors 1s operating normally. For
example, the reference data acquiring section may acquire,
as the reference data, the output occurring 1n a case where
the target object on which the plurality of sensors are
mounted has operated for a prescribed time. Here, 1f the
target object 1s a transportation vehicle, the reference data
acquiring section may acquire, as the reference data, the
output during a period when the target object moves a
prescribed distance or within a prescribed range.

Next, a distribution generating section, such as the dis-
tribution generating section 120, may form sensor groups
that each include a set of two sensors from among the
plurality of sensors, and generate a distribution of the
reference data for each sensor group (S220). In other words,
the distribution generating section may generate a reference
data distribution for the two sensors in each set of two
SEeNnsors.

The distribution generating section may generate each
reference data distribution for each sensor group of two
sensors 1n a two-dimensional coordinate system, where the
output of one of the two sensors 1s expressed on the X axis
and the output of the other of the two sensors 1s expressed
on the Y axis. If n reference data distributions are being
generated for each sensor group of n sensors, the distribution
generating section may generate the reference data distribu-
tions 1n an n-dimensional coordinate system, where the
reference data of the n sensors 1s expressed 1n a coordinate
system with n dimensions.

The distribution generating section may generate each
reference data distribution using at least one known distri-
bution. The distribution generating section may generate
each reference data distribution by combining two or more
known distributions. Since the relational structure among
the plurality of sensors 1s a complex non-linear relationship,
the distribution generating section preferably generates each
of the reference data distributions using a distribution func-
tion that can handle this non-linear relationship.

The distribution generating section may generate the
reference data distribution corresponding to such a non-
linear relationship by using a kernel function (e.g. Gaussian
kernel, Epanechnikov kernel, or Rectangular kernel) that 1s
known as a kernel density estimation. Alternatively, the
distribution generating section may generate each of the
reference data distributions using a plurality of normal
distributions. The distribution generating section may gen-
erate each of the reference data distributions by combining
a plurality of distribution functions. If the processing time 1s
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to be shortened, the distribution generating section may
generate each of the reference data distributions using one
normal distribution.

The distribution generating section may generate the
reference data distributions corresponding to all of the
sensor groups, 1.e. all combinations of two sensors, among
the plurality of sensors. The distribution generating section
may store the generated reference data distributions in a
storage section, such as the storage section 140.

Next, a target data acquiring section, such as the target
data acquiring section 130, may acquire the target data
(S230). The target data acquiring section may acquire, as the
target data, the output of the plurality of sensors. As an
example, the target data acquiring section may acquire, as
the target data, the output at a timing or during a time period
when abnormalities are to be detected during operation of
the target object on which the plurality of sensors are
mounted. Here, 1f the target object 1s a transportation
vehicle, the target data acquiring section may acquire, as the
target data, the output during a time when the target object
1S moving.

It the output during a time when the target object moves
a prescribed distance or within a prescribed range 1is
acquired by the reference data acquiring section as the
reference data, then the target data acquiring section may
acquire, as the target data, the output of the target object
during a time when the target object again moves the
prescribed distance or in the prescribed range. In other
words, the estimation apparatus may acquire in advance the
reference data during a first period when the target object
moves a prescribed amount, acquire the target data during a
second period when the target object again moves the
prescribed amount, and detect whether an abnormality has
occurred during the second period based on the reference
data and the target data.

Next, for each sensor group, a calculating section, such as
the calculating section 150, may calculate the degree of
outlierness between the target data of the two sensors of the
sensor group and the reference data distribution correspond-
ing to the sensor group (S240). It the distribution generating
section generates the reference data distribution as two-
dimensional coordinates based on the two sensors, then the
calculating section may calculate the degree of outlierness
between the target data of these two sensors and this
reference data distribution.

If the distribution generating section generates the refer-
ence data distribution using a kernel function, then the
calculating section may calculate the degree of outlierness of
the target data as the occurrence rate of this data. The
occurrence rate can be calculated as the kernel density
estimation using a known calculation method. The calculat-
ing section may use the logarithm of the occurrence rate, 1n
order to enlarge the range of the numbers being handled.
Furthermore, the calculating section may multiply the occur-
rence rate by a negative coeflicient, e.g. —1, such that the
value becomes larger when the degree of outlierness i1s
larger. In other words, the calculating section may calculate
the negative log-likelihood as the degree of outlierness.

In this way, the calculating section may calculate the
corresponding degree of outlierness for each sensor group.
In other words, the calculating section may calculate the
corresponding degree of outlierness for each set of two
sensors. The calculating section may calculate the degree of
outlierness for all of the sensor groups among the plurality
of sensors. Here, with 1 representing the number of the first
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sensor 1ncluded in a sensor group and j representing the
number of the second sensor, the degree of outlierness can
be represented as I';; (1#]).

With d representing the number of sensors, the calculating
section may calculate I';, as the combination of all the
numbers of 1 and j from 1 to d (I',,=1,,,). In this case, the
calculating section arranges I',; in a matrix with 1 rows and
J columns, and calculates the value of I, excluding the
diagonal matrix (1=9).

Next, an estimating section, such as the estimating section
160, may estimate the sensors that are sources of outlierness
based on the degree of outlierness 1';; of the sensor groups
(S250). The estimating section may estimate the sources of
outlierness, e¢.g. the abnormal sensors, to be sensors that are
included more often in sensor groups having a large value
for the degree of outlierness 1',. If the number ot abnormal
sensors 1s determined to be k, then the estimating section can
obtain an estimation result of J={1, 2, . . . , k} for the
mathematical set of abnormal sensors, by solving the com-
binatorial optimization problem for the following two
eXpressions.

Expression 1:
[=argmin, . 112, ... a2z el s tl=d-k Expression 2:

14002

Here, the estimation value of J has a *“”” symbol appended
thereto and 1s referred to as “J hat” on the left side of
Expression 1. Furthermore, the mathematical set of sensors
with a small degree of outlierness, 1.e. normal sensors, 1s
represented as I={1, 2, . . ., d-k}, and the estimated value
of I has a “” symbol appended thereto and is referred to as
“I hat.” Furthermore, the symbol “V” represents the math-
ematical set difference. In other words, Expression 1
expresses the estimated value of the abnormal sensors as the
mathematical set obtained by subtracting the estimated value
of the normal sensors from the mathematical set {1, 2, . . .
, d} of the sensors, i.e. the complementary mathematical set
of sensors with a small degree of outlierness.

Furthermore, argmin 1(X) represents X in a case where 1(x)
1s at a mimimum, and Expression 2 means that the math-
ematical set I 1n a case where the right side of the expression,
1.e. the total of the degree of outlierness I';; for 1 and j, 1s at
a minimum 1s the estimated value for I. The number of terms
in the mathematical set I 1s set to d-k as the constraint
condition (s. t.).

The combinatorial optimization problem of Expression 1
and Expression 2 can be solved by known algorithms,
software, or the like 1f the number of sensors d 1s approxi-
mately several hundred or less. Furthermore, even 1f the
number of sensors d does exceed several hundred, it 1s
possible to etliciently obtain an approximation solution
using a known algorithm, such as a greedy algorithm, as
described further below. Accordingly, the estimating section
can accurately estimate the mathematical set of abnormal
SEeNnsors.

If the number of abnormal sensors k 1s not determined,
then the estimating section may estimate each mathematical
set of abnormal sensors for a plurality of values of k. In this
case, a user of the estimation apparatus may select a plau-
sible estimation result based on the plurality of estimation
results of the estimating section. Alternatively, the estimat-
ing section may estimate the mathematical set of abnormal
sensors by combining a threshold value, setting value, or the
like with a known algorithm such as the greedy algorithm
described further below.

In the manner described above, the estimation apparatus
of the present embodiment can estimate the abnormal sen-
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sors based on the degree of outlierness between the refer-
ence data distributions of the sensor groups and the target
data of the sensor groups. The estimation apparatus gener-
ates the reference data distributions of the sensor groups
according to a complex non-linear relationship among the
sensors, and therefore can perform an estimation in accor-
dance with the actual operation of the plurality of sensors. If
it 1s assumed that the relational structure among the sensors
1s linear, then such a case would correspond to the reference
data distributions of the sensor groups having a linear
relationship. Accordingly, 1n cases where the distribution
generating section according to the present embodiment
generates the reference data distributions of the sensor as
one normal distribution, the estimating section can perform
the estimation more accurately than in cases where 1t 1s
assumed that the relational structure among the sensors 1s
linear.

FIG. 3 shows a first example of a reference data distri-
bution and target data, according to an embodiment of
present mvention. FIG. 3 shows an example in which a
distribution generating section, such as the distribution
generating section 120, expresses the reference data and the
target data as two-dimensional coordinates, where output of
one of the two sensors included in the sensor group 1is
represented on the X axis and the output of the other sensor
1s represented on the Y axis. In other words, 1n FIG. 3, the
horizontal axis (X axis) represents the data of a first sensor
and the vertical axis (Y axis) represents the data of a second
sensor. In the example of FIG. 3, the data indicated by a “+”
symbol represents reference data for the sensor group of the
first sensor and the second sensor, and data represented by
a circular symbol represents the target data for the sensor
group of the first sensor and the second sensor.

The distribution generating section may generate the
reference data distribution based on the reference data of this
sensor group. In other words, the distribution generating
section may generate, as the reference data distribution, a
distribution function in which the coordinate regions where
more reference data 1s detected have larger values.

A calculating section, such as the calculating section 150,
may calculate the degree of outlierness of the target data
from this reference data distribution. In the example of FIG.
3, the target data 1s detected within a range over which the
reference data 1s distributed, and therefore the calculating
section may calculate the degree of outlierness to be a
smaller value. In other words, the target data of the sensor
group, 1.e. the first sensor and the second sensor, 1s within a
range of the distribution of the reference data acquired from
the sensor group when operating normally, and therefore this
sensor group can be estimated to be operating normally.

FIG. 4 shows a second example of a reference data
distribution and target data, according to an embodiment of
present invention. In the same manner as 1n FIG. 3, FIG. 4
shows an example 1n which the reference data and the target
data are expressed as two-dimensional coordinates, where
output of one of the two sensors included 1n the sensor group
1s represented on the X axis and the output of the other
sensor 1s represented on the Y axis. In other words, in FIG.
4, the horizontal axis (X axis) represents the data of a first
sensor and the vertical axis (Y axis) represents the data of a
third sensor. In the example of FIG. 4, the data indicated by
a “+” symbol represents reference data for the sensor group
of the first sensor and the third sensor, and data represented
by a circular symbol represents the target data for the sensor
group of the first sensor and the third sensor.

A distribution generating section, such as the distribution
generating section 120, may generate the reference data
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distribution based on the reference data of this sensor group.
In other words, the distribution generating section may
generate, as the reference data distribution, a distribution
function 1n which coordinate regions where more reference
data 1s detected have larger values.

A calculating section, such as the calculating section 150,
may calculate the degree of outlierness of the target data
from this reference data distribution. In the example of FIG.
4, the target data 1s detected outside of the range 1n which the
reference data 1s distributed, and therefore the calculating
section may calculate the degree of outlierness to be larger
than the value of the degree of outhierness calculated for the
example of FIG. 3. In other words, the target data of the
sensor group, 1.e. the first sensor and the third sensor, 1s
outside of the range of the reference data distribution
acquired from the sensor group when operating normally,
and therefore at least one sensor of the sensor group can be
estimated as possibly operating abnormally.

In the manner described above, the distribution generating
section of the present embodiment generates a reference data
distribution that reflects the non-linear relational structure
among the sensors, and the calculating section calculates the
degree of outlierness of the target data from this reference
data distribution. Therefore, 1t 1s possible to calculate the
degree of outlierness for each sensor group while reflecting
the non-linear relational structure among the sensors. An
estimation apparatus, such as the estimation apparatus 100,
can calculate the degree of outlierness I', for all of the sensor
groups by acquiring the reference data and target data from
cach of the sensors.

FIG. 5 shows an example in which the degree of outli-
erness 1',; of a sensor group 1s arranged in a matrix with 1
rows and j columns, according to an embodiment of present
invention. FIG. 5 shows an example 1n which the degrees of
outlierness I',; ot 32 sensors are represented by the shading
amount 1n a pattern of squares in 1 rows and j columns. In
FIG. §, all of the squares 1n the sixth column (sixth row) are
shown with a darker pattern than the other squares, and this
indicates an example in which the degree of outlierness I'y,
(I'.;) 1s a larger value than the other degrees of outlierness.
In other words, among the plurality of sensor groups, the
degrees of outlierness of the sensor groups that include the
sixth sensor exhibit a larger value than the degrees of
outlierness of the other sensor groups. Therefore, 1t can be
estimated that the sixth sensor 1s an abnormal sensor.

As shown 1n FIG. 5, an estimating section, such as the
estimating section 160, has arranged the degree of outlier-
ness I';; in a matrix, and may use a known estimation method
of a greedy algorithm to estimate whether a sensor 1s an
abnormal sensor. The estimating section may calculate, as
each degree of association, the sum 21',; of the degree of
outlierness 1',; for each column of a matrix such as shown in
FIG. 5. Alternatively or 1n addition, the estimating section
may calculate, as each degree of association, the sum 2,I",
of the degree of outlierness I';; for each row of a matrix such
as shown in FIG. 5.

The estimating section may select sensors that are sources
of outlierness in order, beginning with the sensor having the
highest degree of association. In other words, the estimating
section may select the abnormal sensors 1n order beginning
from a j-th sensor having the highest value for 21", , as the
estimation result. Specifically, in the example of FIG. §, the
estimating section may estimate the sixth sensor to be an
abnormal sensor, according to the sum 241, of the degree ot
outlierness of the sixth column having the largest value. The
estimating section may then reduce the size of the matrix by
removing the data in the sixth column and sixth row indi-
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cating the degree of outlierness of the sixth sensor, and
perform an estimation of the next abnormal sensor.

FIG. 6 shows an example of a matrix generated by
removing the data in the column and row of the sensor
estimated to be an abnormal sensor, according to an embodi-
ment of present invention. An estimating section, such as the
estimating section 160, may be operable to calculate the
degree of association with which each sensor 1s associated
with outlierness, from the degree of outlierness calculated
for sets of sensors (sensor groups) that do not include the
sensors already selected as sensors that are sources of
outlierness. The estimating section may perform a subse-
quent estimation from the matrix shown in FIG. 6 having 31
columns and 31 rows, which 1s obtained by removing the
target data of the sensor groups including the sixth sensor.

Specifically, in the example of FIG. 6, the estimating
section may estimate the seventh sensor to be an abnormal
sensor, according to the sum 241 of the degree of outlier-
ness of the sixth column having the largest value. The
estimating section may then reduce the size of the matrix by
removing the data in the sixth column and sixth row 1ndi-
cating the degree of outlierness of the seventh sensor, and
perform an estimation of the next abnormal sensor. Here, 1
the abnormal sensors are being estimated in order beginning
with the sensor having the highest degree of association,
then the estimating section may attach a score to each of the
estimated abnormal sensors. The estimating section may
attach a maximum score to the sixth sensor that 1s estimated
first, and may attach a second-highest score to the seventh
sensor that 1s detected next. The estimating section may use
the value of the degree of association as the score.

FIG. 7 shows another example of a matrix generated by
removing the data in the column and row of the sensor
estimated to be an abnormal sensor, according to an embodi-
ment of present invention. The estimating section may
perform the subsequent estimation from the matrix shown in
FIG. 7 having 30 columns and 30 rows, which 1s obtained by
removing the target data of the sensor groups including any
one of the sixth sensor and the seventh sensor. If a number
k of abnormal sensors 1s to be discovered, an estimating
section, such as the estimating section 160, may repeat the
estimation described above k times to sequentially estimate
k abnormal sensors. In other words, the estimating section 1s
operable to select a set number (or a predetermined number)
of sensors as sensors that are sources of outlierness, in order
beginning with a sensor having the highest degree of asso-
ciation.

If a number k of abnormal sensors 1s not to be discovered,
then the estimating section may determine whether to repeat
the estimation of the abnormal sensors. In other words, the
estimating section may be operable to determine whether to
further select a sensor that 1s a source of outlierness based on
a total or an average of the degrees of outlierness calculated

for the sets of sensors that do not include the sensors selected
as sources of outlierness.

As an example, the estimating section may be operable to
estimate that one sensor 1s a source of outlierness 1f the one
sensor has a degree of association 1indicating an association
that 1s greater than or equal to a reference value relative to
the outlierness. Specifically, the estimating section may
estimate that one sensor 1s an abnormal sensor 1f the degree
ol association of the one sensor 1s greater than a threshold
value, reference value, or setting value, and then perform the
next estimation. Furthermore, the estimating section may
estimate that one sensor 1s not an abnormal sensor if the
degree of association of the one sensor 1s less than a
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threshold value, reterence value, or setting value, and then
stop the estimation operation.

Alternatively, the estimating section may be operable to
estimate that a sensor that has yet to be selected 1s a sensor
that 1s not a source of outlierness 1f the degree of association
of a most recently selected sensor differs from the next
highest degree of association by an amount greater than or
equal to a reference diflerence. Specifically, 1f the difference
between the degree of association of one sensor and the
degree of association of a sensor estimated as an abnormal
sensor immediately prior thereto 1s less than a threshold
value, reference value, or setting value, then the estimating
section may estimate that this one sensor 1s also an abnormal
sensor, and perform the next estimation. Furthermore, if the
difference between the degree of association of one sensor
and the degree of association of a sensor estimated as an
abnormal sensor immediately prior thereto 1s greater than a
threshold value, reference value, or setting value, then the
estimating section may estimate that this one sensor 1s not an
abnormal sensor, and stop the estimation operation.

If the sum of the degrees of association of the remaining
sensors that have not yet been selected after one sensor has
been selected and estimated as an abnormal sensor 1s less
than a threshold value, reference value, or setting value, then
the estimating section may estimate that these remaining
sensors are not abnormal sensors, and stop the estimation
operation. Furthermore, if the sum of the degrees of asso-
ciation of these remaining sensors 1s calculated 1n response
to the repetition of the estimation operation, and the calcu-
lation result has decreased from the previous reference result
by an amount greater than a reference value, then the
estimating section may estimate that these remaining sensors
are not abnormal sensors, and stop the estimation process.

In the manner described above, the estimating section of
the present embodiment can output the sensors estimated to
be abnormal sensors 1n order, by using a greedy algorithm.
Furthermore, even when a number k of abnormal sensors 1s
not to be discovered, the estimating section can perform an
estimation of the abnormal sensors by using a threshold
value or the like or by comparing the degrees of association.
Alternatively, the estimating section can output a prescribed
number of abnormal sensors, by repeating the estimation a
set number of times or a predetermined number of times.
The estimating section may estimate the sensors in order
beginning with the sensor having the highest degree of
association, and 1n this case can output the abnormal sensors
in the probable order 1n which these sensors are estimated as
abnormal. Furthermore, the estimating section can attach a
score corresponding to the degree of association to the
sensors estimated to be abnormal sensors and output these
SEeNnsors.

Alternatively, the estimating section may estimate the
sensors 1n order beginning with the sensor having the lowest
degree of association. In other words, the estimating section
may be operable to select sensors that are not sources of
outlierness 1n order, beginning with the sensor having the
lowest degree of association. In this case, the estimating
section may be operable to estimate that one sensor 1s not a
source of outlierness 1f the one sensor has a degree of
association indicating an association that 1s less than a
reference. Specifically, if one sensor has a degree of asso-
ciation that 1s less than a threshold value, a reference value,
or a setting value, then the estimating section may estimate
that this one sensor 1s a normal sensor.

The estimating section may be operable to calculate the
degree of association with which each sensor 1s related to
outlierness from the degree of outlierness calculated for the



US 10,082,787 B2

13

sets of sensors that do not include sensors already selected
as sensors that are not sources of outlierness. The estimating
section may perform subsequent estimations while decreas-
ing the size of the matrix. If one sensor has a degree of
association that 1s greater than a threshold value, a reference
value, or a setting value, then the estimating section may
estimate that this one sensor i1s an abnormal sensor. In this
case, the estimating section may then perform the next
estimation, or instead of this, if the remaining sensors have
a degree of association higher than that of the sensor that has
just been estimated as an abnormal sensor, the estimating
section may estimate that all of these remaining sensors are
abnormal sensors, and then end the estimation operation.
The estimating section may be operable to estimate that
sensors that have not yet been selected are sensors that are
sources of outlierness, 1f a difference between the degree of
association of the sensor selected most recently and the next
lowest degree of association 1s greater than or equal to a
reference difference. Specifically, 1t the degree of associa-
tion of one sensor 1s greater than the degree of association
of the sensor estimated immediately prior by a threshold
value, a reference value, or a setting value, then the esti-
mating section may estimate that this one sensor 1s an
abnormal sensor. If the degree of association of one sensor
1s less than the degree of association of the sensor estimated
immediately prior by a threshold value, a reference value, or
a setting value, then the estimating section may estimate that

this one sensor 1s not an abnormal sensor and perform the
next estimation.

The estimating section may repeat the estimation until
there are no more sensors remaining after removal of the
already estimated sensors among the plurality of sensors.
Alternatively, the estimating section may be operable to
select a set number of sensors or a predetermined number of
sensors as sensors that are not sources of outlierness, 1n
order beginning with the sensor having the lowest degree of
association. In this way, the estimating section 160 can
output the sensors 10 1n order beginning with the sensors
determined to be operating normally, by using a greedy
algorithm.

In some embodiments, the estimation apparatus may
acquire reference data and generates a reference data distri-
bution. In other embodiments, an estimation apparatus may
use a reference data distribution generated by an external
apparatus, such as the estimation apparatus described in
FIG. 8. In this case, the estimation apparatus may request the
reference data distribution to the external apparatus.

FIG. 8 shows an estimation apparatus 200, according to
an embodiment of present invention. The estimation appa-
ratus 200 1includes an acquiring section 230, a storage
section 240, a calculating section 250, and an estimating
section 260. The storage section 240, the calculating section
250, and the estimating section 260 may perform substan-
tially the same operations as the storage section 140, the
calculating section 150, and the estimating section 160 of the
estimation apparatus 100 according to FIG. 1, except as
otherwise indicated. Each of the acquiring section 230,
calculating section 250, and estimating section 260, may be
a circuit, a shared or dedicated computer readable medium
storing computer readable program instructions executable
by a shared or dedicated processor, etc. The storage section
240 may be a computer readable storage medium such as an
electric storage device, a magnetic storage device, an optical
storage device, an electromagnetic storage device, a semi-
conductor storage device, etc. The description of sensors 10
of 1s the same as 1 FIG. 1, except as otherwise indicated.
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The acquiring section 230 may be operable to acquire
target data serving as the examination target output by the
plurality of sensors 10. The acquiring section 230 may
communicate with the plurality of sensors 10 and acquire the
target data. The acquiring section 230 may be operable to
acquire a reference data distribution. The acquiring section
230 may acquire a reference data distribution generated by
another apparatus, for example. Specifically, the acquiring
section 230 may communicate with another apparatus and
acquire the reference data distribution. The acquiring section
230 may supply the storage section 240 with the acquired
target data and reference data distribution. Instead, the
acquiring section 230 may supply the calculating section
250 with the acquired target data and reference data distri-
bution.

In this way, the calculating section 250 may be operable
to calculate the degree of outlierness of the target data
relative to the reference data distribution. The estimating
section 260 may be operable to estimate sensors 10 that are
sources of outlierness, based on the calculation results of the
calculating section 250. Specifically, the estimation appara-
tus 200 of the present embodiment can estimate a sensor 10
among the plurality of sensors 10 to be a source of outlier-
ness by acquiring the reference data distribution generated
by an external apparatus, for example, and the target data of
the plurality of sensors 10. The external apparatus may be a
generation apparatus 300 according to the present embodi-
ment.

The generation apparatus 300 according to the present
embodiment acquires the reference data of the plurality of
sensors 10 and generates the reference data distribution. The
generation apparatus 300 includes a reference data acquiring
section 310, a distribution generating section 320, and an
output section 340. Each of the reference data acquiring
section 310, distribution generating section 320, and output
section 340, may be a circuit, a shared or dedicated computer
readable medium storing computer readable program
instructions executable by a shared or dedicated processor,
etc. The storage section 330 may be a computer readable
storage medium such as an electric storage device, a mag-
netic storage device, an optical storage device, an electro-
magnetic storage device, a semiconductor storage device,
etc.

The reference data acquiring section 310 may be operable
to acquire reference data that 1s a reference for output of the
plurality of sensors 10. The reference data acquiring section
310 may communicate with the plurality of sensors 10 and
acquire, as the reference data, the output of the plurality of
sensors 10 when operating normally. The reference data
acquiring section 310 may operate 1n substantially the same
manner as the reference data acquiring section 110 of the
estimation apparatus 100 in FIG. 1, except as otherwise
indicated.

The distribution generating section 320 may be operable
to generate, for each of a plurality of sensor groups that are
cach obtained by selecting a portion of the plurality of
sensors 10, a reference data distribution of the output from
the sensor group. The distribution generating section 320
may communicate with the reference data acquiring section
310, receive the reference data of the plurality of sensors 10,
and generate the reference data distribution. The distribution
generating section 320 may be operable to generate, for each
of a plurality of sensor groups that are each obtained by
selecting two sensors 10 from among the plurality of sensors
10, a reference data distribution of the output from the
sensor group. The distribution generating section 320 may
operate 1in substantially the same manner as the distribution
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generating section 120 of the estimation apparatus 100 1n
FIG. 1, except as otherwise indicated.

The storage section 330 may be operable to store data to
be processed by the generation apparatus 300. The storage
section 330 may communicate with the distribution gener-
ating section 320, receive the reference data distribution, and
store the reference data distribution.

The output section 340 may be operable to output a
reference data distribution generated for each of the plurality
of sensor groups, to be used by the estimation apparatus 200
to estimate sensors 10 that are sources of outlierness by
calculating the degree of outlierness of the target data
serving as the examination target output from the plurality of
sensors 10. The output section 340 may communicate with
the acquiring section 230 of the estimation apparatus 200
and supply the acquiring section 230 with the reference data
distribution. The output section 340 may supply the acquir-
ing section 230 with the reference data distribution via a
network or the like.

The generation apparatus 300 of the present embodiment
described above may generate the reference data distribution
to be used by the estimation apparatus 200 to identify the
sensors 10 that are sources of outlierness. In this way, the
generation apparatus 300 can generate the reference data
distribution corresponding to the complex relational struc-
ture among the sensors 10, independently from the estima-
tion apparatus 200. Accordingly, the generation apparatus
300 may generate a more accurate reference data distribu-
tion by using a processing apparatus with greater processing
capability, for example. In this way, the estimation apparatus
200 can perform the estimation of abnormal sensors using a
processing apparatus that 1s more compact than the genera-
tion apparatus 300, for example. Accordingly, the estimation
apparatus 200 may be implemented more easily in the
apparatus on which the plurality of sensors 10 are mounted,
for example, and can perform the estimation of abnormal
sensors 1n real time.

FIG. 9 shows an exemplary configuration of a computer
1900 according to an embodiment of the invention. The
computer 1900 according to the present embodiment
includes a CPU 2000, a RAM 2020, a graphics controller
2075, and a display apparatus 2080 which are mutually
connected by a host controller 2082. The computer 1900
also includes input/output units such as a communication
interface 2030, a hard disk drive 2040, and a DVD-ROM
drive 2060 which are connected to the host controller 2082
via an input/output controller 2084. The computer also
includes legacy iput/output units such as a ROM 2010 and
a keyboard 2050 which are connected to the input/output
controller 2084 through an nput/output chip 2070.

The host controller 2082 connects the RAM 2020 with the
CPU 2000 and the graphics controller 2075 which access the
RAM 2020 at a high transter rate. The CPU 2000 operates
according to programs stored in the ROM 2010 and the
RAM 2020, thereby controlling each unit. The graphics
controller 2075 obtains 1image data generated by the CPU
2000 on a frame bufler or the like provided in the RAM
2020, and causes the image data to be displayed on the
display apparatus 2080. Alternatively, the graphics control-
ler 2075 may contain therein a frame bufler or the like for
storing 1mage data generated by the CPU 2000.

The mput/output controller 2084 connects the host con-
troller 2082 with the communication interface 2030, the
hard disk drive 2040, and the DVD-ROM drive 2060, which
are relatively high-speed iput/output units. The communi-
cation interface 2030 communicates with other electronic
devices via a network. The hard disk drive 2040 stores
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programs and data used by the CPU 2000 within the
computer 1900. The DVD-ROM drive 2060 reads the pro-
grams or the data from the DVD-ROM 2095, and provides
the hard disk drive 2040 with the programs or the data via
the RAM 2020.

The ROM 2010 and the keyboard 2050 and the input/
output chip 2070, which are relatively low-speed iput/
output units, are connected to the iput/output controller
2084. The ROM 2010 stores therein a boot program or the
like executed by the computer 1900 at the time of activation,
a program depending on the hardware of the computer 1900.
The keyboard 2050 inputs text data or commands from a
user, and may provide the hard disk drive 2040 with the text
data or the commands via the RAM 2020. The input/output
chip 2070 connects a keyboard 2050 to an input/output
controller 2084, and may connect various input/output units
via a parallel port, a serial port, a keyboard port, a mouse
port, and the like to the input/output controller 2084.

A program to be stored on the hard disk drive 2040 via the
RAM 2020 1s provided by a recording medium as the
DVD-ROM 2095, and an IC card. The program 1s read from
the recording medium, installed into the hard disk drive
2040 within the computer 1900 via the RAM 2020, and
executed 1n the CPU 2000.

A program that 1s installed in the computer 1900 and
causes the computer 1900 to function as an estimation
apparatus, such as estimation apparatus 100 of FIG. 1,
includes a reference data acquiring section, a distribution
generating section, a target data acquiring section, a storage
section, a calculating section, an estimating section, an
acquiring section, and an output section. The program or
module acts on the CPU 2000, to cause the computer 1900
to function as a reference data acquiring section, a distribu-
tion generating section, a target data acquiring section, a
storage section, a calculating section, an estimating section,
an acquiring section, and an output section, such as the
reference data acquiring section 110, the distribution gen-
erating section 120, the target data acquiring section 130, the
storage section 140, the calculating section 150, the esti-
mating section 160, the acquiring section 230, the storage
section 240, the calculating section 250, the estimating
section 260, the reference data acquiring section 310, the
distribution generating section 320, the storage section 330,
and the output section 340 described above.

The information processing described in these programs
1s read into the computer 1900, to function as a reference
data acquiring section, a distribution generating section, a
target data acquiring section, a storage section, a calculating
section, an estimating section, an acquiring section, and an
output section, which are the result of cooperation between
the program or module and the above-mentioned various
types of hardware resources. Moreover, the estimation appa-
ratus 1s constituted by realizing the operation or processing
of information in accordance with the usage of the computer
1900.

For example when communication i1s performed between
the computer 1900 and an external device, the CPU 2000
may execute a communication program loaded onto the
RAM 2020, to instruct communication processing to a
communication interface 2030, based on the processing
described 1n the communication program. The communica-
tion 1interface 2030, under control of the CPU 2000, reads the
transmission data stored on the transmission bullering
region provided in the recording medium, such as a RAM
2020, a hard disk drive 2040, or a DVD-ROM 2095, and
transmits the read transmission data to a network, or writes
reception data received from a network to a reception
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buflering region or the like provided on the recording
medium. In this way, the communication interface 2030 may
exchange transmission/reception data with the recording
medium by a DMA (direct memory access) method, or by a
configuration that the CPU 2000 reads the data from the
recording medium or the communication interface 2030 of
a transfer destination, to write the data into the communi-
cation interface 2030 or the recording medium of the trans-
fer destination, so as to transfer the transmission/reception
data.

In addition, the CPU 2000 may cause all or a necessary
portion of the file of the database to be read into the RAM
2020 such as by DMA transfer, the file or the database
having been stored in an external recording medium such as
the hard disk drive 2040, the DVD-ROM drive 2060 (DVD-
ROM 2095) to perform various types of processing onto the
data on the RAM 2020. The CPU 2000 may then write back
the processed data to the external recording medium by
means of a DMA transfer method or the like. In such
processing, the RAM 2020 can be considered to temporarily
store the contents of the external recording medium, and so
the RAM 2020, the external recording apparatus, and the
like are collectively referred to as a memory, a storage
section, a recording medium, a computer readable medium,
etc. Various types of information, such as various types of
programs, data, tables, and databases, may be stored in the
recording apparatus, to undergo information processing.
Note that the CPU 2000 may also use a part of the RAM
2020 to perform reading/writing thereto on the cache
memory. In such an embodiment, the cache 1s considered to
be contained in the RAM 2020, the memory, and/or the
recording medium unless noted otherwise, since the cache
memory performs part of the function of the RAM 2020.

The CPU 2000 may perform various types of processing,
onto the data read from the RAM 2020, which includes
various types of operations, processing of information, con-
dition judging, search/replace of information, etc., as
described 1n the present embodiment and designated by an
instruction sequence of programs, and writes the result back
to the RAM 2020. For example, when performing condition
judging, the CPU 2000 may judge whether each type of
variable shown 1n the present embodiment 1s larger, smaller,
no smaller than, no greater than, or equal to the other
variable or constant, and when the condition judging results
in the aflirmative (or in the negative), the process branches
to a different instruction sequence, or calls a sub routine.

In addition, the CPU 2000 may search for information in
a file, a database, etc., in the recording medium. For
example, when a plurality of entries, each having an attri-
bute value of a first attribute 1s associated with an attribute
value of a second attribute, are stored in a recording appa-
ratus, the CPU 2000 may search for an entry matching the
condition whose attribute value of the first attribute 1s
designated, from among the plurality of entries stored in the
recording medium, and reads the attribute value of the
second attribute stored in the entry, thereby obtaining the
attribute value of the second attribute associated with the
first attribute satistying the predetermined condition.

The above-explained program or module may be stored in
an external recording medium. Exemplary recording medi-
ums include a DVD-ROM 2095, as well as an optical
recording medium such as a Blu-ray Disk or a CD, a
magneto-optic recording medium such as a MO, a tape
medium, and a semiconductor memory such as an IC card.
In addition, a recording medium such as a hard disk or a
RAM provided 1n a server system connected to a dedicated
communication network or the Internet can be used as a
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recording medium, thereby providing the program to the
computer 1900 via the network.

The present invention may be a system, a method, and/or
a computer program product. The computer program prod-
uct may include a computer readable storage medium (or
media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present invention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program 1nstructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network 1nterface in each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage in a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine 1nstructions, machine dependent 1nstructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written 1n any combination
of one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
instructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
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an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program instructions by utilizing state information
of the computer readable program instructions to 1ndividu-
alize the electronic circuitry, in order to perform aspects of
the present invention.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the imvention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
istructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the tlowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1n the flowchart and/or block diagram block or
blocks.

The computer readable program 1nstructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer 1mple-
mented process, such that the instructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified in the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams 1n the Figures 1llustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion ol instructions, which comprises one or more
executable instructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted 1n the block may occur out of the order noted
in the figures. For example, two blocks shown 1n succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality involved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.

While the embodiments of the present invention have
been described, the technical scope of the invention 1s not
limited to the above described embodiments. It 1s apparent
to persons skilled in the art that various alterations and
improvements can be added to the above-described embodi-
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ments. It 1s also apparent from the scope of the claims that
the embodiments added with such alterations or improve-
ments can be included i1n the technical scope of the imven-
tion.

The operations, procedures, steps, and stages of each
process performed by an apparatus, system, program, and
method shown 1n the claims, embodiments, or diagrams can
be performed 1n any order as long as the order 1s not
indicated by “prior to,” “before,” or the like and as long as
the output from a previous process 1s not used 1n a later
process. Even 1f the process flow 1s described using phrases
such as “first” or “next” in the claims, embodiments, or
diagrams, 1t does not necessarily mean that the process must
be performed 1n this order.

What 1s claimed 1s:

1. An apparatus comprising:

a target data acquiring section operable to acquire target
data serving as an examination target, the target data
output by a plurality of sensors;

a calculating section operable to calculate, for each of a
plurality of sensor groups that each include at least two
sensors among the plurality of sensors, a degree of
outlierness of the target data relative to a reference data
distribution of output from the sensor group; and

an estimating section operable to estimate at least one
sensor among the plurality of sensors to be a source of
outlierness, based on a comparison of the degrees of
outlierness of the sensor groups that include the at least
one sensor to the degrees of outlierness of the sensor
groups that lack the at least one sensor.

2. The apparatus according to claim 1, wherein the
calculating section 1s further operable to calculate, for each
of the plurality of sensors, the degree of outlierness of each
sensor group including the sensor, and the estimating section
1s further operable to calculate, for each sensor, a degree of
association with which the sensor 1s associated with outli-
erness, from the at least two degrees of outlierness calcu-
lated for the groups including the sensor, and estimates
whether the sensor 1s a source of outlierness based on the
degree of association calculated for each sensor.

3. The apparatus according to claim 2, wherein the
estimating section 1s further operable to estimate each sensor
having a degree of association that 1s greater than or equal
to a reference value relative to be a source of outlierness.

4. The apparatus according to claim 2, wherein the
estimating section 1s further operable to sequentially select
sensors to be sources of outlierness, 1n order of degree of
association beginning with a sensor having a highest degree
ol association.

5. The apparatus according to claim 4, wherein the
estimating section 1s further operable to estimate that sensors
that have not yet been selected are not sensors that are
sources of outlierness, i a difference between the degree of
association of a most recently selected sensor and a next
highest degree of association 1s greater than or equal to a
reference difference.

6. The apparatus according to claim 4, wherein the
estimating section 1s further operable to sequentially select
a set number of sensors to be sources of outlierness.

7. The apparatus according to claim 4, wherein the
estimating section 1s further operable to calculate, for each
sensor that has not been selected, the degree of association
from the degrees of outlierness calculated for sensor groups
that do not include sensors that have already been selected.

8. The apparatus according to claim 4, wherein the
estimating section 1s further operable to determine whether
to further select a sensor, based on a total or an average of
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the degrees of outlierness calculated for sensor groups that
do not include sensors that have already been selected.

9. The apparatus according to claim 2, wherein the
estimating section 1s further operable to estimate that each
sensor having a degree of association less than a reference
value 1s not a source of outlierness.

10. The apparatus according to claim 2, wherein the
estimating section 1s further operable to sequentially select
sensors not to be sources of outlierness, 1n order of degree
of association beginning with a sensor having the lowest
degree of association.

11. The apparatus according claim 10, wherein the esti-
mating section 1s further operable to estimate that sensors
that have not yet been selected are sensors that are sources

of outlierness, 1f a difference between the degree of asso-
ciation of the most recently selected sensor and a next lowest
degree of association of 1s greater than or equal to a
reference difference.

12. The apparatus according to claim 9, wherein the
estimating section 1s further operable to sequentially select
a set number of sensors not to be sources of outlierness, in
order of degree of association beginning with a sensor
having a lowest degree of association.

13. The apparatus according to claim 10, wherein the
estimating section 1s further operable to calculate, for each
sensor that has not been selected, the degree of association
from the degrees of outhierness calculated for sensor groups
that do not include sensors that have already been selected.

14. The apparatus according to claim 1, further compris-
ng:

a reference data acquiring section operable to acquire
reference data serving as a reference for output of the
plurality of sensors; and

a distribution generating section operable to generate, for
cach of the plurality of sensor groups, the reference
data distribution of output from the sensor group based
on the reference data.

15. The apparatus according to claim 1, wherein the
calculating section 1s further operable to calculate the degree
of outhierness for each sensor group.

16. An apparatus comprising:

a reference data acquiring section operable to acquire
reference data serving as a reference for output of a
plurality of sensors;

a distribution generating section operable to generate, for
cach of a plurality of sensor groups that each include at
least two sensors among the plurality of sensors, a
reference data distribution of output from the sensor
group based on the reference data; and

an output section that operable to output the reference
data distribution generated for each of the sensor
groups, to be used by an apparatus that calculates, for
cach of the plurality of sensor groups, a degree of
outlierness of target data serving as an examination
target output from the plurality of sensors relative to the
reference data distribution, and estimates at least one
sensor among the plurality of sensors to be a source of
outlierness, based on a comparison of the degrees of
outlierness of the sensor groups that include the at least
one sensor to the degrees of outlierness of the sensor
groups that lack the at least one sensor.
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17. The apparatus according to claim 16, wherein the
distribution generating section 1s further operable to gener-
ate, for each of the plurality of sensor groups that are each
formed by selecting two sensors from among the plurality of
sensors, a reference data distribution of output from the
SeNnsor group.

18. A method comprising:
acquiring target data serving as an examination target, the

target data output by a plurality of sensors;

calculating, for each of a plurality of sensor groups that
each include at least two sensors among the plurality of
sensors, a degree of outlierness of the target data
relative to a reference data distribution of output from
the sensor group; and
estimating at least one sensor among the plurality of
sensors to be a source of outlierness, based on a
comparison of the degrees of outlierness of the sensor
groups that include the at least one sensor to the degrees
of outlierness of the sensor groups that lack the at least
one sensor.
19. A computer program product comprising a non-
transitory computer readable storage medium having pro-
gram 1nstructions embodied therewith, the program instruc-
tions executable by a computer to cause the computer to
perform operations comprising:
acquiring target data serving as an examination target, the
target data output by a plurality of sensors;

calculating, for each of a plurality of sensor groups that
each include at least two sensors among the plurality of
sensors, a degree of outlierness of the target data
relative to a reference data distribution of output from
the sensor group; and

estimating at least one sensor among the plurality of

sensors to be a source of outlierness, based on a
comparison of the degrees of outlierness of the sensor
groups that include the at least one sensor to the degrees
of outlierness of the sensor groups that lack the at least
one sensor.

20. A computer program product comprising a non-
transitory computer readable storage medium having pro-
gram 1nstructions embodied therewith, the program instruc-
tions executable by a computer to cause the computer to
perform operations comprising:

acquiring reference data serving as a reference for output

of a plurality of sensors;
generating, for each of a plurality of sensor groups that
each include at least two sensors among the plurality of
sensors, a reference data distribution of output from the
sensor group based on the reference data; and

outputting the reference data distribution generated for
cach of the sensor groups, the output reference data
distribution to be used to calculate, for each of the
plurality of sensor groups, a degree of outlierness of
target data serving as an examination target output from
the plurality of sensors relative to the reference data
distribution, and to estimate at least one sensor among
the plurality of sensors to be a source of outlierness,
based on a comparison of the degrees of outlierness of
the sensor groups that include the at least one sensor to
the degrees of outlierness of the sensor groups that lack
the at least one sensor.
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