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DESCRIPTION

Title of Invention
ATTITUDE DETERMINATION METHOD, POSITION CALCULATiON METHOD,

AND ATTITUDE DETERMINATION DEVICE .

Technicél Field

[6001]'

The present ihvention relates to a method of
determining the attitude of a sensor with respect to a
moving body.

Background Art

[0002]

The use of sensors 1in various fields, such as so-
called seamless positioning;, motion senSing, and attitude
control, has been drawing attention. An _acceleratioﬁ
sensor, a dgyro sensor, a pressure sensor, a geomagnetic
sensor, and the 1like ére widely known as sensors. A
technique of calculating the position of a moving body
(for example, a bicycle Qr an automobile, a train, a ship,
. an airpiane, andv the like} by performing an inertial
navigation operation wusing a ‘measurement\ result of a
sensor has also been perosed;'

[0003].

In the inertial navigation operation, ‘there is a -
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problem in that the accuracy of position calculation is
reduced due to various error componente included in the
measurement result of a sensor. For this reason, vafious
techniques for improving the accuracy of ©position
calculation have been proposed. For’ example, PTL 1
discloses a technique of correcting an inertial navigation
operation result by applying a Kaiman filter ueing the
constraint eondition regarding the movement direction of a
moving body.
Citatien List

Patent Literature

[0004]

[PTL 1] U.s. Unexamined Patent Application
Pubiication'No. 2010/0019963
Sunmary of Invention
‘Technical Problem

[0005] |

The technique disclosed in PTL 1 ‘assumes that an
error 1is inciuded in the measurement result of a sensor
end estimatee errors included in varieus quantities, such
as the posifion or velocity of a moVing body'which is a
result of }the inertial nevigation operation, wusing the
constraint condition regarding the movement direction of
the moving body. 1In this technique, however, the correct

correspondence relationship between the coordinate system
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of a sénsor and the coordinate system of a moving body
should be known. |

[0006]

The measurement result of a sensor ié a value in the
éoordinéte syétem (local coordinate system).of the sensor.
The measurement result of the sensor is nof a value in the
coordinate system of the :moving body. Therefore, when
~using the constraint condition regarding the movement
direction of the moving body, it is necesséry to perform
coordinate transformation betweeﬁ the coordinate system of_
the sensor.and the coérdinate system of the moving body or
to fix the sensor to the moviné body. so that the
coordinate éystem of the sensor and the cobrdinate system‘
of the moving body match- correctly each other. However,
even 1f <calibration 1is performed, it is diffiéult to
correctly perform ‘coordinate transformation  frdm' fhe
coordinate system of the sensor to the coordinate system
of the moving body and it is also difficult to fix the
_sensorbto the moving body so that the coordinaté system of‘
the sensor and the coordinate system of the moving body
match correctly. A slight error may occur/ or an error
may increase with time.

[0007]

In addition,r in thé case of disposing a portable

electronic apparatus, such as a mobile phone, a navigation
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apparatus, a PDA (Personal Digital' Assistant), kor a
personal  computer including a sensor for inertial
navigation) SO as to.be carried by the moving body and
performing an 1inertial navigation operation wusing the
‘electronic apparatus, it is extremely difficult to
correctly know the correspondence relationship between the
coordinate system of the sensor and the coordinate system
of the moving body.

[0008]

When correct coordinate transformation between the
coordinate syStem of\the sensor and the coordinate system
of the movihg body,is not possible, coherence between the“
coordinate system of the sensor énd the coordinate system
of the moving body. is -not satisfied. Accordingly, an
‘error occurs in the inertial navigation operation result.
In addition, a difference between the actual position and
the calculated position tends to iﬂcrease gradually as the
inertial navigation operation contiﬁues.

[0009] |

In order to - know the correct correspondence
relétionship between the coordinate system of the sensor
and the coordinate éystem of the moving body, it is
necessary to determine the correct attitude of the sensor
with‘respeét to the moving body.

[0010]
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The present invention has been made in view of the
problems described above, and it is an object of the
present invention to propose a new technique for
'Vdetermining the attitude of a sensor with respect té a
moving body.

Solution to Problem

[0011]

In order to solve the above-described problem,
according to a first aspect of the present invention,‘
there is provided an attitude determination method
including: a step of measuring a movement vector by a
sensor which is.mounted in a moving body and measures the
movement vector; and 'a step of determining a attitude of
the sensorv with respect to the moving body using the
movement‘ vector measured by the sensor when the moving
body*starts to move.

[0012] |

In addition, according to another aspect of the
present ‘invention, there is provided- anv attitude
determihation device that determines an attitude of a
sensor, which is mounted in a moving body and measures a
movement vector,xwith respect to the moving body using the
movement  vector measured by the sensor when the moving
bédy starts to move.

[0013]
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According to the first aspect and the like of the
pre;ent invention, the attitude of the sensor with respéct
to the moving body is determined usingva movement vector
measured by the sensor when the moving body starts to move.
The'mOVement vector means a vector regarding the movement
of a moving€ body called an. acceleration vector or a
velocity vector of a mo&ing body. In addition, the
attitude of a sensor with respect to a moving body means a
relative attitude of the sensor with reépect to the moving
body. Although described in embodiments in detail later,
the attitude of the sensor with respect to the moving body
can be determined using a movement vector méasured by the
Sensor_wheh the moving body starts fo»move.

'[0014] ) ' . | ‘ '

In addition, according to a second aspect of the
present ‘invention, in the attitude vdetermination method
according té.the first aspect 6f the present inﬁention, a .
step of compensating for a measurement result of fhe
sensor using a first constraint condition fegarding a
velocify of the mo&ing body'when the moving bodylis in a‘
stop state may be further included.

[0015]

According to the second aspect of the present
invention, when the moving body is in a stop state, the

measurement result of the sensor is compensated for using



WO 2012/118232 PCT/JP2012/055894

the first constraint condition regarding the velocity of
the moving bddy. In this casé, the attitude of the'éeﬁsor
can be determined using the movement vector compenséted
for when the moving‘ body is in a stop state, in
combination with the first aSpect of the present invention.
As a result, it becomes poSsible to perform attitude
determination more accurately. |

[0016]

In addition, accordihg to a third aspect of the
present invention, in the attitude determination method
according. to the >fifst or second aspect of the pre§ent
invention, the step of detérmining the attitude may be
determiﬁipg‘at least one of a pitch component and a yaw
compénenf without determining a roll combonent of the
attitudemwith respect to the moving body.

[0617]

According .to* the third aspect of the present
invention, the . attitﬁde of thé - sensor can be easily
determined by  determining at least one of the pitch
component ‘and. the yaw component withouf‘ determining the
roll component of the attitude with respect to the moving
body.

[0018]

In addiéion, according to a fourth aspect of the

.present invéntion, in the attitude determination method
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according to any one of the first to third aspects of the
present invention, the step of measuring the movement
vector may be measuring a movement Vector in an absolute
coordinate system which is a coordinaté system for
determining avnmving space of the moving body, and the
step of determining thé attitude may be determining the’
attitude of the sensor using the movement vector and a
difectionv of the sensor expressed in the absolute
coordinate system.

[0019] |

Accordiﬁg to the fourth aspect, the atfitude of the
sensor with respéct to the moving body is determiﬁed using
a movement vector in the absolute coordinate system for
determining the moving space of the moving body and the
direction of - the sensor expreéséd ‘in the vabsolute
coordinate system. If the 4diréction of the sensor
expressed in the absolute codrdinate system is"known; the
movement vector in fhe,absolute coordinate system can be
coordinate-transformed to that in the coordinate system of
the sensor. I Theh,' the attitude of the sensor ‘caﬁ be
appropriately determined using thebmovement vector after
transformation. . ‘ ‘

[0020]

In addition, according to a fifth aspect éf the

present invention,. in the attitude determination method
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according to any one of the first to third aspects of the
present invention, the step of determining the attitude
may inClude: a step of calculating a velocity vector in a
local coordinate system, which is a measurement coordinate
system of the sensor, using a movement vecter measured by
the sensor when the moving body is stopped and a movement
vector measured when the moving body starts to move; and a
step of determining the atfitude of the sensor using the
velocity vector.

[0021]

According to the fifth aspect of the present
invention,vit is possible to calculate a velocity vector
after removing a bias error and the like of the sensor by
calculating a velocity vector in the local coordinete
'system, which is a measurement coordinate system of the
sensor, using a movement vector measured by the sensor
when the moving body is stopped and a' movement vector
measured when the‘moﬁing body starts to move. | |

[0022] .

In addition, according 'to a sixth aspect of the
present invention, in the’ attitude deterﬂination metnod
according to any one of theufirst to fifth aspeets of the
present invention, the step of determining the attitude
may be determining the attitude using the movement vector

when the stop of the meving body is releesed and the
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velocity or acceleration of the moving body reaches a
predetermined threshold value.v

[0023]

According to fhe sixth aspect of the present
invention, the attitude is determined using the movement
vector when the stop of the moving body is released and
the velocity or acceleration of the moving body reaches a
predetermined thresﬁold value.. By performiné attitude
determination when the Velocity or écceleration of the
moving body reaches a predetermined value without
pefforming attitude determination immédiately even if the
stoppage of the moving body is.released, it is possible to
improve the accuracy of attitude determination.

[0024] |

In addition, according to a seventh aspect of the
pfesent ?invention, there is provided a_ position
calculation method inclﬁding: :a step of determining the
attitude using‘fhe attitude determinétion method according
to any one of the first to sixth aspects of the present
invention; and a -s‘éep of calculating a position of the
moving bddy using the attitude and the movement vector.

[0025]

“According tb the seventh aspect of +the present
invention, the 'position' of the moving body can be

appropriately calculated using the movement vector and thé

- 10 -



WO 2012/118232 PCT/JP2012/055894

attitude determined using_ the attitude determination
method according to the aspect described above.

[0026]

Moreover, according to an eighth aspect of the
preeent. invention, - in the position <calculation method
aceording to the seventh aspect of the present invention,
the step of calcﬁlating the position may include: a step
Qf calculating an absolute coordinatee position of the
moving body in the absolute coordinate eystem using the
movement vector; a step ' of performing coordinate
transformation of the absolute coordinate position to a
moving body coordinate position based on the moving body
using the attitude and a direction of the’sensor expressed
in the absolute coordinate .eystem; and a step of
correcting the absolute coordinate position usiﬁg the
moving body coordinate position and a second constraint
condition regarding\ a movement direction of the moving.
body.

’[0027]

According to the eighth aspeet of the present
_invention, the absolute coordinate position of the moving
body in the absolute coordinate system can be calculated
using the movement vector. For example, the position of a
moving body is calculated by integrating a movement vector

in the absolute coofdipate system. 1In order to associate

- 11 -
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the absolute coordinate system with the coordinate system
having'a moving body as a referenée, a relative attitude.
of the sensor with respect to the moving body and the
direction of the sensor .expresséd: in the absolute
coordinate system are needed. Then, the absolute
coordinate position is coordinate-transformed to thé
moving body coordinate position using the attitude of‘the
sensor,. which is determinea using the attitude
determination method described>above, and the direction of
the sensor egpressed. in- the absolute coordinate system.
" As a reéult/ an operétionlin the coordinate system having
a moving body as a reference becdmes possible. ‘In
addition, the absolute coordinaté position of -the moving
'body can be appropriately corrected using the second
constraint condition regarding the movement‘direction of
the moving body and the moving body coordinate position.
Brief. Description of Drawings

[0028] |

[Fig. 1] Fig. 1 is a System-configuratién view of
the entire system. |

‘[Fig; 2] Fig. 2 is a system configuration view of a

first»mounting attitude determination system.

[Fig. 3] Fig. 3 is a sYstem configuration view of a
second mounting attitude determination system.

[Fig. 4] Fig. 4 is a system configuration view of a

_12_.
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’first position calculation system.

[Fig. 5] Fig. 5 is'a system configuration view of a
first iﬁertial navigation system. | |

[Fig. 6] Fig..6 is a system configuration View of a
second position calculation system.

[Fig. 7] Fig. 7 is a system configuration view of a
second inertial navigation system.

[Fig. 8] Fig. 8 is an example of a simulation result‘
after position calculation using a'knoﬁn method.

[Fig. 9] Fig. 9 is an example, of a simulation result
after position caiculation using a method in an embodiment.

[Fig.\lo] Fig. 10>is a block diagram showing the
functional configuration of a car navigation apparatus.

[Fig. 11] Fig. 11 is a conceptual view showing a
proceséing.ﬁnit as.a functional block. |

[Fig. 12] Fig. 12 isia flow chart showing fhe flow
of navigation processing.

[Fig. 13] Fig. 13 is a flow chart showing the flow
of correction processing.

[Fig. 14] Fig. 14 is an example Of.aﬁ experimental
result of position calculation using known navigatién “
processing.

[Fig. 15] Fig. 15 is an example of an experimental
result‘ of position calculation using the navigation

processing in the embodiment.

;13_
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[Fig. 16] Fig. 16 is a flow chart shpwing the flow
of second navigation processing. |

[Fig. 17] Fig; 17 is an example of an experimental
result ‘when the movement difection switching
" correspondence logic is not applied. |

. [Fig. 18] Fig. 18 is,an’example of an exéerimental
result when the movemenﬁ directioh . switching
cofrespondence logic is applied.

[Fig. 19]' Fig. 19 is a conceptual view showing a
processing unit in a modification.as a functional block.

[Fig. 20] Fig. 20 is a conceptual view showing a
proceseing unit in a modification. as a functional block.

[Fig. 21] Fig.,21 is a.flow chart showing the flow
of second mounting attitude determination processing.
Description of Embodiments

[0029]

Hereinafter, an example of a preferred‘embodiment ef
the present invehtion will be described with‘reference to
the drawings. Here, it ie needless to say that
embodiments to which the present invention can be applied
are ﬁot limited to the embodiment described:below.

- [0030]
1. Principles

1-1. Entire system

Fig. 1 is a view showing an example of the system

_14_
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configuration of the entire system related to an attitude
determinétion method and a poéition calculation method in
the present embodiment. The entire éyétemﬂis configured
as a system having a moving body in which a sensor 3 is
mounted. Although the moving body may be any of a bicycle
or an automobile (including a four-wheeled vehicle and a
motorbike), a train, an airplane,_a'ship, and fhe like,
the ‘present-‘embodiment‘-will be described using a four-
» wheeled vehicle as a moving body.

[0031]

In thé pfesent embodiment, three types of coordinate
systems are defined. The first coordinate system is a
local coordinate- system which 1is a sensor coordinate
system corresponding to the sensor 3. In | this
' specif;cation, the local coordinate system is also‘called
an L (Local). frame. The local coordinate system 1is a
three-dimensional Cartesian ‘, c@ordinate | system
corresponding to the sensor 3. In the present embodiment,
three axesrof the local cQordinate system are written as X,
y, and z axes. |

[0032]

The second coordinate system 1is - a moving body
coordinate system corresponding to the moving body. In
this specificétion, the ﬁoving body coordinate system is

also called a V (vehicle) frame. For example, the V frame

- 15 -
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_is defined as a three-dimensional Cartesian coordinate
system. in which a back and forth direction (front
direction of a moving body. is positive) is a roll axis (R
axis), a left and right direction (right direction is
positive) is a pitch axis (P axis), and a vertical
direction (verticaliy downwafd direction is positive) is a
?aw axis (Qvaxis). In the present embodiment, three axes
of the moving body coordinate systeﬁ are written as R, P,
and Q axes. ; |

[0033] -

The third coordinate system 1is an absolute
coordinate  system which 1is a coordinate system which
oetermines the moving_space of a moving body. .In this
specificatioﬁ, .the absolute coordinate system is also
called an A (Absolute) frame. For example, the A frame is -
defined as the NED (North East Down) coordinate system
known as\a north east oown cooroinate system or the ECEF
(Earth Centeredanrth Fi%edf coordinate system known as an
earth centered earth fixed coordinate system. In the
‘present embodiment, three axes of the absolute coordinate
system are written as X, Y, and Z axes. |

[0034]

The sensor 3 1is various'kinds of sensors mounted in
a moving body. For_example, when applying the sensor 3 to

an inertial navigation system which calculates the

-16 -
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position or the velocity independently using a meésurement‘
fesult of the sensor 3, a sensor for inertial navigation
(inertial_sensor)nsuch as an acceleration senéor 3A or an
attitude sensor 3B is used as thelsehsor 3.

[0035] |

The acceleration sensor 3A is a sensor which detects
the acceleration of a moving body in the local coordinate
‘system. For example, an MEMS sensor using the technique.
.of MEMS (Micro Electro Mechanical Sysfem) is used. Thé
: acceleration senSdf_3A is fixed to the moving body. The
measurement value of the acceleratioh sensor 3A 1is
acceleration of the moving body measured in the local
coordinate system.

[0036]

The attitude sensor 3B is avsensor for detecting the
absolute attitude which is_a‘direction.of'the sensor 3 in
the absolute coordinate system. For example, a sensor,
such as a'gyro‘sensor 3C or a magnetic sehsor/ is used.
. The attitude sensor 3B may be 'formed. as a.‘single gyro
sensor 3C or a single ﬁagnetic sensor or may be formed by
combining these sensors. In addition, the attifude sensor
3B may also bé configured to inclﬁde an acceleration
sensor. The attitude sensor 3B is fixed to thé moving
body. The measurement value of the attitude sensor 3B is -

a direction of the sensor 3 expressed in the' absolute

- 17 -
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coordinate system.

[0037]

The acceleration or the Veiocity_of a moving body:
has both direction and magnitude. Therefore, a scalar and
a vector will be appropriately distinguished for
explanation in this speéification. In principle, it is
~assumed that the acceleration or the velocity expresses
the magnitude (scalar quantitY) ~of acceleration or
velocity and an accelerétion vector or a velocity vector
expresses acceleration or velocity when both .direction and
magnitude are takén‘into consideration. Moreover, in the
-preéent embodiment, the acceleration vector and the
veiocity vector of a moving body are collectively called a
"movement vector" of the moving body. In addition, in
order to clarify various ' quantities defined in each
coordinate system, explanation will be given in a state
where the typé of the toordinate system 1is added to the
head of words indicating each of the wvarious quantities.
For ' example, the acceleration vector eXpressed in the
local coordinate systen is called a "local coordinate
acceleration vector”, and the acceleration vector
éxpressed in the absolute coordinate system is called an
habsolﬁte coordinate acceleration vector". This 1is the
same for other various quantities.

[0038]

- 18 -
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In addition, the attitude of the sensor 3 is
expressed by the Euler anglés of a roll angle, a pitch
angle, and a yaw angle. The direction of-the sensor. 3
expressed in the absolute coordinate system‘is expressed
as an "absQlute attitude", and the attitude angle is
called an "absoclute attitude  angle". In addition, a
relative attitude of the sensor 3 to the moving body
(relative attitude) is expressed as a “mounting attitude”,
and the attitude angle (relative attitude angle) is called
a "mounting attitude angle".

[0039] |

In addition, in drawings referred to in the
fOllowihg explanation, double 1lines indicate blocks of
various kinds of sensofs 3 and a single line indicates a
p;ocessing bioék which performs a;ithmetic pfocessing
using a measurement result of the sensor 3. . The
processing block shown by the single line is a processing
bleck in which a processor mounted in the sensor 3 or a
processor (host broceSsor) ﬁounted in an electronic
apparatus is a main body of processing. In addition, it
is assumed that the main body of processing of each
processing block can be appfopriately set according to a
systém to which the present inventioﬁ is applied.

[0040]

1-2. Mounting attitude determining method

- 19 -
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A mounting attitude determining method in the
present embodiment wiil be described. One object'is to
"determine a monnting attitude, which 1is a  relative
attitude of the sensor 3 with'respect to é moving body,
when the sensorv3 is fixed to the moving body. In the
present embodiment, the mounting attitude of the sensor 3
is .determined nsing' a movement vector measured by the
sensor.3 when a moving body starts to move. As described
'above,'a velocity vecter and en'acceleration vector are
ineluded in the movement vector. Therefore, in the
present embodiment,.the mounting attitude of the sensor 3
is determined using a velocity vector or en acceleration
vectof_measured when e moving body starts to move.

[6041]
(1) first mounting attitude determination method

Fig. 2 ‘is‘ a system configuration view of a first
mounting attitude determinetion,syetem 1A (first attitude
determination device) related to the first mounting
‘attitude determination method. The first mounting
‘éttitude determination s?stem‘ 1A has an acceleratien
sensor 3A, a local coordinate velocity vector calculation
section 5, and a mounting attitude determination sectiQn
10, for example.

[0042]

The local coordinate velocity vector calculation

- 20 -
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séction 5 calculates a local coordinate velocity &ectér by
executing integration and addition processing on the local
coordinate acceleration vector input from the acéeleration,
sensor 3A. In the present embodiment, "integratioﬂ" means
adding values of a ;medetermined time  cumulatively. In
addition, "addition" means adding a result obtained by
integration to a result updated last.

[0043]

Specifically, the 1local ‘coordinéte velocity vector
calculation sectioh 5 calculates a variation of a velocity
vector, which is expressed in fhe'local coordinate system,
for a predetermined time by integrating the 1local
coordinate acceleration vector of the'predetermined time.
Then, the local coordinate velocity vector calculation
section 5 newly calculates and updates a local coordinate
Velocity vector by addinérthe calculated variation of the
velocity veétor to the local coordinate velocity vector
updated last.

[0044]

The mounting attitude determination section 10
determines a mounting attitudé using the local coordinate
vélocity vector input'fromrthe local coordinate velocity
vecﬁor calculation section 5. The mounting attitude
determinafion section 10 determines the attitude (mounting

attitude) of the sensor 3 with respect to the moving body

- 21 -
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using the velocity vector measured when the moving body .
starts to move from the stop state.

[0045] |

In the present embodimenf, when the moving body ie
in a stop state, a_measﬁrement result of the sensor 3 is
compensated for usinglthe constraint condition regarding
the velocity of the moving body (first constraint
condition). If the movihg " body is in a. stop State,
ideally, the velocity vectcr of the moving body is a zerc
vecto;. Accordingly, when the mo&ing body is in a stop
state, a motion model that.each component of the Velocity
vector of the moving body ie 0 can be applied. ihe
velocity vector of the moving body referred to herein is a
velocity vectof iﬁ the moving body coordinate system (V
frame) .

[QO46]

It is possible to apply a method of correcting the
velocity vector of a moving body on the basis of the
motion model described above. Specifically, a technique
may be mentioned in which a velocity constraint'conditioﬁ‘
at'theitime of stop, in which each component of a velocity
vector of a moving body is 0 when the moving body is in a
stop stace, is given and a measufement result of the
sensor 3 1s corrected using a Kalman filter (KF),  for

example.
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[0047]

The Kalman‘filter'is one of estimation methods which
estimate a state of a system on the basis of a probability
theory using the amount of external observation changing
every moment.- For'example; a method may be considered in
which a "state" to be estimated is set to an error
included in the measurement result of.the sensor 3 and fhe
measuremeht result of the sensor 3 is corrected using the
abo?e-described ~ velocity constraint condition as
"observation iﬁformation". Moreover, a method of
resetting the measurement rgsﬁlt of the sensor 3 on the
basis of.thé above-described velocity constraint condition
‘at the time of stoppage may also be considered in addition
to the Kalman filte;. That’is, the sensor 3 is calibrated
using the velocity constraint éondition. at the- time’ of
'stoppage.

[0048]

As described above, when the moving body 1is in a
" stop staté, an error included in the measurement result of
the sensor 3 can be reduced (made'émall) by compensating
for the measurement result of the sensor 3 using the
‘constraint condition (first constraint condition)
regarding the velocity of the.moving body. If the moving
body starts to move in a state where an érror has been

reduced, the measurement result of the sensor 3 is reduced
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for é while. Therefore, in the present embodimént, thé
attitude (mounting attitude) of the sensor 3 with respect
to the moving body is determihed using a movement vector
measured by the sensor 3 when the moving body starts to
move.

+[0049]

There is a relationship of the following Expression
(1} between a velocity vector expressed ih the 1local
coordiﬂate-system (local coordinate velocity vector) and a
velocity vector expressed in.the moving body coordinate
sys£em (movihg body coordinate velocity vector) .

[Expression 1]

Vg vf

ve | = CL|v, (1)
vg vE

[0050]

In Expressions in this specification, a component of
a velocity vector 1is expressed as a lowercase letter "v".
_Moreover, in the notation of a velocity vector, the type
of the coordinate system is expressed ‘by an uppercasé
superscript. "L", "V", and "A" mean a local coordinate
system, a moving body coordinate system,'anq an absolute
coordinate system, respectively.. In addition, a component
of eaéh axis of the corresponding coordinate system is

expressed by a lowercase subscript. For example, the
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vnotation of "x", "y", and "z" is used in the case of three
'axes of the local coordinate system.

[0051]. |

In .addition, in this specification, a coordinate
transformation matrix is expressed by'uppercase "cr. In
each coordinate transformatioﬁ matrix, a subscript
indicates a coordinate system before coordinate
.transfofmation and a superscript indicates a coordinate
system after coordinate transfofmation. For example, "Cﬁ“f
indicates a coordinate transformation matrix from the
local éoordinaté system (L frame) to the moving bédy
coordinate system (V framé), and "Ci'" indicates a
coordinate transformation matfix .‘from the absolute.
coordinate system>(A frame)_to the local coordinate syétem .
(L framé). |

[0052]

Here, a constrainf condition regarding the movement
direction of a moving body (second constraint condition)
is appiied. For example, if the moving body is a four-
Wheeled;vehicie, it can be assumed that the four-wheeled
vehicle does not jump or drift in normal traveling. That
is,_éssuming that velocity éomponents of the moving body
in horizontal and vertical directiéns are 0, the
constraint condition in which velocity cbmponents in the

Q-axis direction and the P-axis direction of the moving
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:body coordinate syétem'(V frame) are 0 is set. That is,
the constraint condition {vy' = vg' = 0} is set for the
velocity of the moving body.
[0053] |
. In this cése, from Expression (1), the pitch angle
ngn which is a pitch component of the mounting attitude
and a yéw angle "y" whiChv is: a yaw combonent ‘can be

calculated as shown in Expressions (2) and (3).

[Expression 2]

L
._vz

) + )

6 = arctan

[ExpresSion 3]
Vu/=arcb:tz£n2(v§,vf‘ cee (3)
. [0054]
The pitch angle "6" and the yaw angle "y indicate
"rétation angles of the sensor 3 around the P and Q axes of
the méving body cobrdinate system, respectively. That is,
it'cén be said that the pitch angle "g" aﬁd the yaw angle
"y indicate relative attitude angles of the sensor 3 with
fespect to the ﬁoving body.

[0055]

‘In addition, the velocity of an _automdbile
immediately after the automébile starts to move becomes a

value close to O. If the mounting attitude angle 1is

calculated according to Expressions (2) and (3) in this
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state, sufficient - arithmetic precision may not be
guaranteed by the opetation of floating-point numbers.
Therefore, it 1is - effective to determine a 'mounting
attitude when tne velocity or accéleration becomes large
te some extent without immediately calculating the
mounting attitude angle even if the automobile etarts to
move. For _example) S it is effective to determine a
meunting attitude when a predetermined time (set as a time
of 1_secondlor less). eiapses immediately after the brake
control of an automobile is released or to determine a
‘mounting attitude  when the automobile reacnes a
predetermined. speed. of "1 km/h or more and 20 km/h or
less" after the brake control is'releaéed.

[0056]

.(2) Second mounting attitude determination method

Fig. 3 1is ei system configuration view of a second
mounting attitude determination system 1B (second attitude
determination device) <related to a second monnting
attitude determination method. The second mounting
attitude determination system 1B vhas\ an acceleration
sensor 3A, a attitude sensor 3B, an..LA coordinate
transformation matrix'calculation section 20, an absolute
coordinate acceleratiQn vector calculation section 30, an
absolute coordinate velocity vector celculation section 40,

and a mounting attitude determination section 10, for
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example. In- the present embodiment, the acceleration
sensor 3A and the attitude sensor 3B are integrali§ formed
so as to measure values in the common local coordinate
system.

.[0057]

The LA coordinate transformationvmatrix calcuiation
section 20 calculates a coordinate transformation matrix
from the local coordinate system to the absolute
coordinate system ’(hereinafter, referred to . as an "LA
_coordinate transformation matrix") wusing the aboolute
attitude angle of the senSor 3 (direction of the sensor 3
expressed in the absolute ‘coordinate system) input from
the attitude sensor. 3B. In addition, since the LA
ooordinate transformation matrix itself 1is well known,v
explanation using Expression and the like wili be omitted.

[0058]

The absolute  coordinate acceleration vector
calculation section 30 perforﬁs coordinate tranSformation

of the 1local coordinate acceleration vector, which is

input from the acceleration sensor 3A, to an aboolute
coordinate acceleration véctor using ‘the LA coordinate
transformation matrix input from ‘the LA coordinate
.traﬁsformation matrix calculation section 20.

[0059]

The absolute coordinate velocity vector Calculation
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section 40 calculate an absolute coordinate velocity
vector by performing iotegration and addition procéssihg
on the absolute coordinate acceleration vector input from
the absolute coordinate acceleration vector calculation
,seotion 30. That 1is, by integrating the absolute
coordinate acceleration vector of a,predetermined time, a
variation of the velocity vector of the moving body for
the predetermined-time is calculated. Theﬁ, the absolute
coordinate velocity voctor calculation section 40 nowly
caloulateo and updates an absolute coordinate velocity
vector by adding the calculoted variation of the velocity
vector to tho absolute coordinate velooity.vector updated
last. | /

[0b601

The mounting attitude determination section 10
determines ’the modnting atritude of the -acceleration
sensor 3A using the absolute coordinate velocity vector
input from the absolute(‘coordinate velocity . vector
calculation ‘section 40 and the absolute attitude angle
input from the attitude sensor 3B. . The mounting attitude
determination section 10 has as a functional section an AL
coordinate transformation matrix calculation section 11
which oalcuiates.a coordinatevfransformation’matrix from

the absolute coordinate system to the local coordinate

system (hereinafter, referred to as an "AL coordinate
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transforﬁation matrix") .

[0061]

Theré-ié a relatiOnship of the'following Expression
(4) Dbetween a velocity vector expressed in the absolute
coérdinate system (absolute coordinéte velocity vector)
"and a velocity vector expressed in the moving body
_ coofdinate system (moving body coordinate velocity vector).

[Expression 4]

Ve | vy

vol =C/Chivi| «+¢ (4)
v, vy

[0062]

Here, "CQM indicates an AL coordinate transformation
matrix. In addition, "Cc.’" indicates 'a coordinate
transformation‘matrix from the locai coordinafe system (L
ffaﬁe) to the 'moving body coordinate éystem (V. frame)
(heieinafter, . referred to as an "LV coordinate
transformation matrix").

..[00631

From Expression - (4), it caﬁ be seen that two steps
of coordinatev transformation 1is required 1in order to
associate the absolute coordinate system with the moving
body coordinaté systém. That is,f as a first step,

coordinate transformation of an absolute coordinate

velocity vector to a local coordinate velocity vector is
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performed using an AL coordinate tranéformation matrix
"Cﬁm, Then, as a second step, coordinate transformation
of the local coordinate velocity vector‘to a moving body
coordinate velocity vector is performed using an LV
coordinate transformation natrix mCLvm.

[0064]

The AL coordinate transformation matrix "Ca*" is a
matrix set by the direction (absolute attitude) of the
.sensor 3 expressed in the absolute coordinate system, and
is an inverse matrix of the LA coordinate transformation
matrix calculated by the LA coordinate .transformation
matrix calculation section 20. - In this case, if
coordinate transformation of "the absolute coordinate
velocity vector to the local coordinate Velocity vector is
performed nsing the AL coordinate transformation matrix,
Expreesioni(4).becomes equal to'Expression (1). That is,
eince the following Expression (5) is satisfied,
Expression (1) is derived from Expressions (4).and (5).

[Expression 5]

vi | |ve
Cilve |=|vs| -+ (5)
vy vk
[0065]
Thus, = since Expression (1) can be derived, the

mounting attitude can be determined in the same manner as
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in the first mounting attitude determination method. -That
is, in the moving bady coordinate system (V frame), the
mounting attitude angle is . caléulated according to
Expressions (2) and (3): oﬁ the basis of the conétraint
condition in which velocity Componentsl in the. Q-axis
direction and the P-axis direction ére 0 {ve' = vy’ = 0}.

[0066]

In oraer ‘to realize the -above, the AL 'coordinate
'transforﬁation matrix calculafion section 11 of the
mounting attitude defermination section lb calculates an
AL coordinate trénéformation matrix using -‘the absolute
attitude angle input from-the attitude sensor. 3. Then,
the mounting attitude determination section 10 performs
coordinate transformationv of the 'abéolute ‘coordinate
velocity vector, which ié input from the absolute
coordinate velocity vector calcdiation section 40,  to a
Vlocal coordinate velocity vector uéing the AL coordinate
transformation matrix calpulated by the AL coordinaté
transformation métrix calcﬁlation section 11. Then, using
the local coordinate velocity vector, the mounting
attitude angle is finally calculated  according to
Expressions (2) and (3).

[0067]
1-3. Position calculation method

Next, a position calculation method for calculating
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the position of a moving body using the movement vector
and the mounting attitude of the sensor 3 determined using
the above mounting attitude determination method will be>
described.

[0068]

(1) First position calculation methbd

Fig. 4 is a system configuration view of a first
position calculation system 2A (first position calqulatioh
device) related to a first position calculation Inethed.
The first position calculation system 2A has a first
inertial navigation system (first 1INS) 4A,‘ a mounting
~attitude determination éection 10, a moving  state
determination section 60, a velocity eonstraint setting
section 70, an LV coofdinate 'trensformation metrix
calculation section 80, and a cotrection section 90, for
example; |

[0069]

The first inertial -navigation system 4A is an
inertial navigation system known as an INS, and an example
of the system configuration is shown in Fig. 5. The first
inertial navigation system 4A has an acceleration sensor
3A,-a gyro sensor 3C, a local coordinate velocity vector
calculation.section'S,van absolute attitude determinetion
section 15, an LA coordinate transformation matrix

calculation section 20, an absolute coordinate
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‘acceieration vector calculation section 30, an absolute
coordiﬁate Velocity vector .calculation section 40, and an
absolute coordinate position calculation.sectiqn 50, for
example.

[0070]

The local; coordinate velocity Vector calculation
section 5 calculates a local coordinate velocity vector by
executing integration and addition proceséing on the local
coordinate acceleration vector input from the acceleration
sensor 3A. |

[0071]

The absolute \attitude determination section 15
determines an abéolute attitude "angle by executing
integration and addition processing on the- local
éoor@inate angular velocity input from the gyro seﬂsor 3C:
Specifically, a variation of the attitude angle of the
sensor 3 from the given reference attitude which 1is
expressed in the absolute éoordinafé system is calculated
by integrating the local coordinate angular velocity input
from the gyro sensor 3C. Then, 'tﬁe absolute attitude
angle is newly <calculated and wupdated by adding the
attitude angle variation to the reference attitude,

[0072]

The LA coordinate transformation matriX'calculation

section 20, the absolute coordinate acceleration Vector
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calculation section 30,  and the absolute coordinate
velocity vector calculation Section‘ 40 calculate an LA
coordinate transformation matrix, an absolute coordinate
acceleration vector, and an absolute coordinate velocity
-vector, respeetively, as in Fig. 3.

[0073]

The absolute coordinate position calculation section>
50 calculates the absolute coordinate position of a moving
body by executing integration and additionbprocessing on
the absolute ceordinate velocity vector input from the
absolute coordinate velocity vector calculation section 40.
That ie, by integrating'the absolute coordinate velocity
vector of a predetermined time, a position variation for
the predetermined time is calculated. Then, the’absolute
coordinate ‘poeition calculation section 50 newly
calculates and updates an absolute\coordinate position by
adding the célculatedvposition variation to the absolute
coordinate position updated last.

[0074]

The 1local velocity vector calcuiated. by the loeal
coordinate velocify vector calculation section 5, the
absolute attitude angle calculated by the absolute
attitude determination Secfion 15, the absolute coordinate
- velocity vector calculated by the absolute coordinate

velocity vector calculation section 40, and the absolute
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coordinate position calculated by the absqlute coordinate
position.calculation:section 50 are output from the first
inertial navigation system 4A. |

[0075]

Returning to the explanation of Fig. 4, the mounting
attitude determination section 10 determineé the mounting
attitude of the first inertial navigation system 4A with
respect to the moving quy using the 1local coordinate
velocity vector input from the first inertial névigation
system 4A.

[06761

The méving state determination section 60 determines
a moving statg of the moving body. | Determination
regarding the mdving state of the moving. body ,can bé
réalized by Variéus kinds of methods. For exémple,‘ a’
method of performing determination using .a. measurement
result of the acceleration sensor 3A or fhe gyro sensor 3C
provided in the inertiél navigation system may Dbe
mentioned. In additién, when the moving body is. an
automobile, a moving state of the moving body may be
-determined using the‘speed measured by a speed detection
system (for example, a speed pulse) mounted in the‘
automobile. | |

[0077]

The velocity constraint setting -section 70 sets the
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velocity constraint condition appiied to the correction
section ‘90 on the basis of the moving state input from the
moving state determination section 60. In the present
embodiment, two types of "veldcity constraint condition at

the time of stop" which is a velocity coﬁstraint conditioﬁ'
when a moving body ié in a stop state and "velocity
constraiﬁt condition at the time of movement" whiéh is a
velocity constraint condition when the moving body moves
are changeably set. | |

[0078]

The wvelocity chstraint condition at the time of
stop 1is 'a first constraint conditiqn regarding the
velocity of a moving body, and is avconstraint condition
applied when the moving body is in a stop state.
Specifically, ‘the velocity constraint condifion at the
time of stop is a constraint condition setv on the
assumption fhat the veiocity vector of a moving body is é
zero vector when the moving body is stopped. Although the '
coordinate system in ~which the <velocity constraint
condition at the time of stop. is applied is arbitrary,
applYing it in the absolute coordinate system may be
considered, for example. In this case, for example, (v =
v = v,® = 0} is éiven as the constraint condition.

[0079] |

The Velocity constraint. condition at the time of
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movement is a second constréint condition regarding the
movément direction of a moving body, and is a.constraint
applied when the moving body moves. As descfibed above,
if the moving body is a four-wheeled vehicle, the velocity
constraint condition at the time of mbvement is a
constraint condition set on the assumpfion that the moving
body does not jump or drift in normal tra#eling. In this
case, for example, {ve" = wvo' = 0} is éivén as the
constraiht condition.  This  constraint condition is an
effective condition in.the moving body coérdiﬁate system.

[0080]

The LV coordinaté transformation matrix calculation
section 80 calculates a coordinate transformation matrix
from the local coordinate 'system to the moving body
coordinate system (hereinafter, referred to "as. an "LV
coordinate transformation matrix") wusing the mounting
attitude anélé | input from ‘the mounting attitude
determination section 10., 1In 'addition, since the LA
éoordinate transformation matrix itself is well. known,
explanation using Expressions and the like will be omitted.

[0081]

The corredtion section 90 -cdrrects inertial
navigation.operation results input-ffom the first inertial

navigation 'system 4A. It is preferable that the

correction section 90 be configured to correct at least an
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absolﬁte coordinate position .Of the inertial navigation
operation results._ That is, it is préferable'to configure
the correctionl section 90 so as to perform an error
estimation operation.for at least the abéolute coordinate
position énd estimate the absolute coordinate position
using the éstimated position error.

[0082]

In the present embodimént; a case is exemplified in
which the corfection sectioh 90 corrects not only the
absolute coordinate ©position - but alsq 'the absolute
coordinate velocity vector and thé absoluté attitude anﬁle
- collectively. The correction section 90 has an error
estimation section 91 and an AL coordinate transformation
matrix calculation section 93.

[0083]

The'errbr estimation Section 91vestimates an error
included in the inertial navigation operation result input
from the first inertial navigation system 4A (hereinafter,
referred to as an "inertial navigétion operation errorf)
by performing a predetermined error estiﬁatidﬁ operation.
Various methods may be applied as a methpd of estimating
an inertial navigation. operation error. As 'a typical
method, a Kalman'fiiter may be applied.

[0084] |

Specifically, a state vector "X" is set as in the
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following Expression (6), fof_example.
[Expression 6]
oP
X=\oV| --- (6)
oA

fHere, "dp", "dV", and "OA" indicate an error of an
absolute coordinate position (position error), an error of
an absolute coordinate velocity vector (velocity vector
error), and an error of an absolute attitude angle
(attitude angle error), respectively.

[0085]

When the moving body is in a stop state, for example,
an observation vector at the time of stop "Zstop" shown in
the_ fellowing Expreseion (7) 1is set according to the
velocity constraint condition at the time of stop. In
addition, when the moving body moves, for eXampie, an
observation vector at the time of movement "Zpove" shown in\
the following ‘Expression (8) 1is set according to Lthe-
velocity constraint condition at the time of movement.

[Expression 7]

0 vy
Zp =0 = vy (7)
0 vg

[Expression 8]
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IVI Vr
z. . =lo|=|v| - (8
0 vg

[0086]

In Expression (8), |[V| indicates the magnitude of the
velocity. The magnitude of the velocity may be.calculated
as the magnitudev (scalar) of an absolute coordinate
velocity vector»obtained by inertial navigation operation
or may be calculated as the magnitude of a velocity
‘acquired from an external .sysfém, such as va velocity
detection system. | |

[0087]

The s£ate vector "X" and the observation vector "Za
aré Set as dgscribed above, and an estimation operation
(time update)  and a correctign operation ‘(observation
update) based on the théory of the Kalman filter are
performed to calculate an estimate (state.estimate) of the
state vector "X".

[0088]

In fhe above definition Expréssion, the state'véctor
"X" is defined as an inertial navigation operation error
expressed in the absolute coordinate system. Since the
observation vector at the time of stop "Zsop" is defined

in the absolute coordinate system, an operation in the

same coordinate system is possible. However, since the
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observation vector at the time of movement "Zuove" .is
defined in the moving body coordinate system, an operation
in the same coordinate system is_difficult.

[0089]

‘Thérefore, the AL coordinéte transformation matrix
calculation seétion 93 calculates an AL coordinate
transformation matrix using the absolute attitude angle
input from the first inertial navigation system 4A; Then,
the state &ector‘"Xf expressed in the absolute coordinate
- system 1is coordinate-transformed to the‘stéte vector "X"
'expreSsed in the mdvingvbOdy céordinate system using the
calculated AL coordinate transformation matrix and the LV
coordinate transformation} matrix - input ffom the ‘LV
coordinate transformation matrix calculétion section 8Q.
That is, two steps of coordinate transformation into the
state vector ‘"X"' are performed using two kinds‘ of
coordinate transformation matrices.

[0090]

Similarly, vusing the AL coordinate transformation
matrix and the LV coérdinate transformation‘ matrix, an
absoluté_ coordinate— position, an abéolute coordinate
Velocity vectbr, and an absolute attitude angle which are
inertial navigation operation results are coordinate-
transformed to a moving body coordinate position, a moving

body coordinate velocity vector, and a moving body
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attitude angle expressed in the moving body coordinate
system, respectiveiy.»'That is, two steps of coordinate
transformation into inertial navigation operation results
are performed using two kinds of coordinate tfansfofmation
matrices.

[0091]

An inertial navigation operation error is estimated
by performing an error estimation operation using a'Kalman
filter for the state vector "X",. which has been
coordinate~-transformed to the moving body coordinate
system; by applying the obeervation‘vector’at the time of
movement "Zpove" defined in the moving body coordinate
systemrv Then, the moving body coordinate position, the
moving body coordinate velocity vector, and - the moving
body attitude angle are. corrected wusing the inertial
navigation operation error estimated in the moving body
coordinate system. Then, final correction results are
obtained by performing retransformation from the moving
body coordinate system to the absolute coordinate system.

[0092]

The corrected position, the corrected velooity
'Vector, and the corrected attitude angle which are output
from the correction section 90 are fed back to the first
inertial navigation system 4A. In the first inertial

vnavigation system 4A, the absolute coordinate position,
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the absolute coordinate velocity vector, and the absolute
attitude angle calculated by the absolute coordinate
position calculation section 50? the absoiute coordinate
Qelocity vector calculation section 40,.and the absolute
attitude determination section 15 are corrected using the
corrected position, the corrected velocity vector, and the
corrected attitude angle input from the correction section
90, respectively. '

[0093]

(2) Setond position calculation‘method

Fig., 6 is a system configuration view of a second

position calculation system 2B (second position
calculation device) related to a second position
calculation method. The second position calculation

system 2B has a second inertial'navigation system (second
INS) 4B, a mounting attitude determination section 10, a
moVing state determination section .60, a velocity
éonstraint setting section 70, an Lv coordinate
transformation matrix calculation section 80, and a
correction section 90, for example..

[0094) |

Fig. 7 is a view showing an examplé of the system
configuration of the second»inertial'navigation system 4B.
The second inertial navigation system 4B  has an

acceleration sensor 3A, a gyro ‘sensor 3C, an absolute
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attitude"determination section 15, an LA . coordinate
transformation matrix calculation section 20, an absolute
coordinate acceleraiion vector calculation section 30, an
absolute coordinate velocity vector calculation section 40,
and an absolute coordinate oosition calculation section 50,
for. example; This. configuration is a configuration‘
excluding the local coordinate velocity vector calculation
section 5 from the first inertial navigation system 4A of
Fig. 5. |
(0095]

\The absolute ‘attitude angle calculated by the
ébsolute attitude determination section.15, the absolute
coordinate velocity vector~ calculated by the absoluce
coordinate velocity vector calculation section'40, and the
absolute coordinate position calculated by tho absolute
coordinate.position‘calculation séction 50 are output from
the second inertiél navigation'system 4B.

[0096]

" Returning to the explanatioﬁ of Fig. 6, the mounting
attitude determination section 10 determines the mouﬁting '
attitude of the second inertial navigation system 4B with
respect to the moving body using the absolute coordihate
velocity vector input from the secono inertiél navigation
system 4B. The-mounting attitude determination section 10

has an AL coordinate transformation matrix 'calculation
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section 11 as a functional seétion and vdetermines the
mounting attitude in the same manner as in the second
mouﬁting attitude determinafion syétem 13 of Fig. 3.

| [0097]

The correction section 90 corrects the inertial
navigation operation results input from ' the second
inertial navigafion system 4B using the mdunting attitude
angle and the AL cbordinate.transformétion matrix input
froﬁ the mounting attitude determination section 10, the-
velocity constraint cohdition input from the velocity
.constraint setting section 70, and .the LV coordinate
‘transformation matrix input froml the LV. coordinate
tfansformation ‘matrix calculation section 80. The
correction section 90 has the error estimation section 91
as a functional section.

[0098]

.The vcorrectéd position, the corrected . velocity
vector, and the corrected attitude angle which aré
. correction results of the inertial navigation operation
results are output from the qorrection section 90. In
addi£ion, thesé correction results are fed back to the
second inertial navigation system 4B. The second inertiai
navigation system 4B corrects the inertiél navigation
operation result using the correction results input from

the correction section 90.
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[0099]

1-4. Simulation result

In order to show the effectifeness of the above
position calculation method, ‘a result. of a simulation
experiment for calculating the position of a moving body
will be described. A simulation experiment was conducted’
in which the sensor 3 was fixed to the moving body SO0 as
to cause inStellation-shift and the position of the moving
body was calculated wusing the aboVe—described- position
calculation method. |

[0100]

Fig. 8 shows a simulation result when a known method
is used. In contrast, Fig; 9 shows a simulation result
when the method of the present embodiment is used. In
each drawing? the horizontal axis indicates an east-west
ditection, the‘ vertical axis indicates a north-south
direction, and.the unit is meter [m].' A diamond-shaped
path which took one round largely in the counterclockwise
direction with the position of "0 m" in the eastfwest’
direction and "0 m" in the north~soutn direction asiits
start point was followed. The goal point is the‘same as
tne start point. . A dotted 1line indicates the actual
trajectory of a moving body, and a solid line indicates
the trajectory of the calculated position.

[blOl]
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Referring to Fig. 8, it can be seen that a serious
position error occurs when the known method is used. That
.is, far from calculating the position along_the diamond-
shaped trajectory, it can be .seen that the position
deviates toward the east direction immediately after the
start and eventually, the position far fromithe goal point
is determined to be a goal point. This 1s because the
position calcu;ation was performed without determining the
ﬁounfing attitude of the sensor 3. That 1is, sinqe
positidﬁ calculation was performed by applying the
velocity‘ constraint condition at the time of movement
(seéond constraint condition) défined,in the movihg body
coordinate system although the local coordinate system and
the moving body coordinate system did not match each other,
the position was.calculated in a wrong direction from the
fifst and the error increases cumulatively with time;

[0102]

In contrast, referring to Fig. 9, it can be seen
that the almost correct trajectory aloﬁg the diamond-
shaped actual trajectory is obtained when the method of
the  present embodiment 1is used. This is because’ the
poSition calculation could be performed by determining the
mounting attitude of the sensor 3 as\correctly,as possible:
That 1is, such a good result was obtained since the

mounting attitude of the sensor 3 was determined and then
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coordinate transfbrmatien. to the moving body coordinate
system was performed in consideratioh. Qf the amount ’of.
shift between the local coordinate system and the moving
body coordihate_ system end position celculation .was
performed by applying the velocity constraint condition at
the time of movement defined in the moving body-coordinate
system.v

[0103]

2. Examples

Next, an example of a'navigaﬁion system:to which the
above attitude determination method and the above pesition
celCulation method are applied will be described. Here,
it is needless to say that examples to which the presenf
invention can be applied are.not-limited to the example
described below. |

[0104]

The navigation system in this example is configured
ae a system_ih which a car navigation apparatus 1000, to
which the mounting attitude determination system (attitude
determination device) and the position calculation system
(position calculation device) explained in the principles
are applied, is mounted 1in a four—wheeled‘ vehicle
(hereinafter, simply referred to.as an "automobile") which
is a kind of moving body. |

[0105]
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The car navigation apparatus 1000 is an electronic
appafatus mounted in an automobile, and includes an IMU
(Ine£tial Measurement Unit) 400 as a sensor module having
the acceleration . sensor 3A and the gyro sensor 3C. The
IMU 400 is avsensdr unit known as an inertial measurement
unit, and is configured to be able tobmeasure and output
an acceleration vector and.an angulér Velocity expressed
in the local coordinate system.

[0106]

The car navigation apparatus 1000 calculates thé
"position _of the automobile in the absolute “coofdinate
system by performing inertial navigation operation
proéessing using a measurement result of the IMU 400. 1In
this bexample, a case where an NED coordinate system is
used as the absdluté coordiﬁate system will be described.
That\is, the car navigation apparatus 1000 calculates the
position of the automobile in the NED coordinate system.
Then, the car navigation. apparatus ‘10C0 generates a
navigation 'screen obtained by plotting the calculated
position and dispiays the navigation_screen on a display
which is a display unit 300.

[0107]

2-1. Functional configuration

Fig. 10 is a block diagram showing an examplé of the

functional configuration of the car navigation apparatus
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1000. The car navigation apparatus 1000 is éonfigured to
include as the main functional configuration a processing
unit 100,.an_operation unit 200, the display unit 300, the
IMU 400, and é storage uniﬁ 500.

f0108]

The propessing unit 100 is a controller which
performs oVérall contrbl of the units of thé‘ car
navigation apparatus 1000 acéording to wvarious kinds of
‘programs; such as a_éyétem progrém, stored in the storage
ﬁnit 500, and includes a pfocessor, such as a CPU (Central
Prdcessing Unit). The processing unit 100 calculates the
position and the 1like of the- autémobile by. pefforming :
inertial navigatién operation proceSsing using :the
measurement result of the IMU 400. The processing unit
100 functions as an atfitude _determination:.devicé Which

~determines the attitude of the IMU 400 with respect to the
‘ rautomobile and also functions ‘as a ‘position calculation
ldevice'which calculates tﬁe position of the automobile.

[0109]

Fig. 11 1is a block diagram mainly showing. a
fuﬁctionalvblock'related to,the processing unitvibo. The
processing unit 100 has as functional sections an inertial
navigation oﬁeration section 105, a mounting attitﬁde
determination sectibn 110} a ﬁoving state determination

section 160, a velocity constraint setting section 170, an
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LV coordinate transformation matrix Calculation section
180, and alcorréction.section 190.

[0110]

The inertial naQigation operation section 105
calculates an NED coordinate position, an NED coordinate
velocity vectdr, énd an absolute attitude angle of an
automobile by performing inertial navigation operation
processing using the local coordinate acceleration vector
éhd the 1local Coordinate angular velocity input from - the
IMU 400.

[0111]

The —cbrrection section 190 corrects the NED
coordinate position, the NED coordinate‘velocity vector,
and the absolute attitude angle input from the inertial
navigation operation section 105 using the mounting
attitude angle of the IMU 400 input from the mounting
attitude vdetermination section 110 and the wvelocity
-constraint condition input from the veloqity conétraint
§etting section 170. The correétion section 190 has a KF
error estimation section 191 ‘and an NL coordinate
transformation matrix. calculation section 193 as a
functional section;

[0112]

The KF error estimation section 191 estimates an

inertial navigation operation error included in the
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inertial navigation operation result in the NED coordinate
system using a Kalman filtei.

[0113]

The NL coordinate transformation matrix calculation
section 193 calculates a Coordinatevtranéformation matrix
from the NED coérdinate‘ system to the local coordinate
system (hereinafter, referred to as anv "NL coordinate
transformation'matrix") using'the absSlute attitude angle
input’from the inertial navigation operation sectibn 105;

[0114] |

Returning to the explanation of Fig. 10, the
operation unit 200 1is an input device configured to
“include a ﬁoUch panel or a button switch; for example, and
6utputs a signal of a pressed key or button to the
processing unit 100. By the operation of the operation
unit 200, various\ kinds of instruction input, such as
input of a destination, are performed. |

[0115]

The display unit' 300 1is formed -by an. LCD (Liquid
Crystal Display) or the like, and -isv a display device:
which performs various kindslof display oh the basis of a
display signal input from the processing‘ unit 100. A
navigation screen or the like is displayed on the display
‘unit 300.

[0116]
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The IMU 400 is a sensor unit known as an inertial
méasufement unit, and 1is configured to include the
'acceleration sensor 3A and the gyro sensor 3C, for example.

| [0117]

The storage unit 500 is formed by storage devices;
'such as a ROM (Read Only Memory) or a flash ROM and a RAM
(Random Access Memory), and stores a system program of the
- car 'navigation device 1000, variousvprOgrams or data used
to realize wvarious functions involVing a navigation
funétion, and the like. 1In addition, the storage unit 500
has a work area where data being proceséed, a processing
result, and the like in various kinds of processiné are .
temporarily stored..

[0118]

- 2-2. Data configuration

As shown in Figﬁ 10, a navigation program 510 which
is read by .the processing unit 100 and executed as
navigatioﬁ processing (refer to Fig. 12)‘is stored as a
. program in the_Storage unit 500. The navigation program
510 includes a correction preram 511, which is executed
as correction processing (refer to Fig. v13)} as a
subroutine. Detéils of this processing will be described
latér using a flow chaft.

[6119]

In addition, a velocity constraint condition  520,
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IMU measurement data 530, inertial navigation operation
data 540, mounting attitude data 550, coordinate
transformation matrix data 560, estimated error data 570,;
and corrected inertial havigation operation data 580 are
stored as data in the storage unit 500.

[0120]

The velocity constraint condition 520 is a
constraint coﬁdition of a velocity acco:ding to the moving
otate. of an autoﬁobile, and . a rvelocity constraint
oondition at the time of stop 521 and a velocity
constraint condition at the 'timé of movement 523 are
included in the velocity constraint condition 520.

[0121]

The IMU measurement data 530 is data of a
measurement result of the IMU 400. A local coordinate
acceleration vector measuréd by the acceleration sensor 3A
“and a iocal coordinate angularvvelocity measured by the
gyro sensor 3C arevstored,in time series.

'[0122]

The inertial navigation oberation data 540 is data
of the 'NED coofdinate position, bthe NED coordinote
~velocity vector, and. the absolute attitude angle
caloulated when the processing unif 100 performs inertial
navigation operation processing using fhe measurement

result of the IMU 400.
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[0123]

The mounting attitude data 550 is data in which the
mounting attitude angle of the IMU 400 calculated by the
processing unit 100 is stored. The coordirate
transformafionvmatrix data 560 is data in 'which various
kinds Qf coordinate transformation matrices calculated by
the processing unit 100 ére stored.

[0124]

The estimated error data 570 is data in which an
inertial navigation operation error estimated by
performing a KF errof estimation operation . by the
processing unit 100 is stored. 1In additioh, the cbrrected
inertial _navigatibn, operétion data 580 is data obtained
when the processing unit 100 corrects an inertial
navigation operation result uéing the inerfial navigation
éperation efrpr.
| [0125]

2-3. Fiow of processing

| Fig. 12 1is a flow chart showing the flow of
navigation processing which is executed :in the car
navigation apparatus 1000 when the navigation program 510
stored in'the storage unit 500 is fead and executed by the
pro¢essing unit 100, in the following navigation
précessing, the local coordinate acceleration vector and

the localvcoordinate angular velocity measured by thé IMU
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400 are Sfored in the IMU lnéasurément data 530 of the
storage unit 500 when necessary. | f

[0126]

First, the processing wunit 100 performs initial
setting (step Al). For example, the processingvunit 100
performs initial'setting of various parameter values used
in a Kalman filter. 1In addition, the processing unit 100
assumes that an automobile is in a stop state and sets the
velocity constraint conditionfat the time of stop 521 to
"ON" and the velocity constraint condition af~the time of
movément 523 to "OFF".

[0127]

Then, the inertial navigation operation.section 105
starts inertial navigation operation processing (step A3).
That 1is, the inertial navigation operation- sectiqn 105
performs vinerfial navigation operation pfocessing -using
the measurement data of the IMU V4OQ\ stored in the IMU
measurement data 530. Then, the result is stored in the
storage unit 500 as the inertial navigétion operation data
540. | |

[0128]

Then, the correction section 190 'starts correction
processing according to the. correction program 511 stored
in the storage unit 500 (step A5).

[0129]
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Fig. 13 is a flow chart showing the flow of
correction processing.

First, the KF error estimation sestion 191
determines whether or not the velocity <constraint
condition at the time of movement 523 is set to "ON" (step
Bl). Then, when it 1is determined that the velocity
constraint condition at the time sf movement 523 is set to
"ON" = (step Bl; Yes), Athe. NL coordinate transformation
matrix calculation section 193 calculates an NL coordinate
transformation matrix using the newest absolute attitude
angls and stores the calculated NL coordinate»
transformation» matrix in the coordinats transformatibn
matrix data 560 of the storage unit 500 (step B3).

' [0130] |

Then, the KF error estimation .section 191 converts
the ‘NED cqordinate velocity vector into a. moving» body.
cosrdinate velocityl vector using the NL coordinate
transformation matrix calculated. in step B3 {step BS5).
Then, the KF error estimation section 191 calculates a
differénce between a constraint velocity vector at ths
time of movement and a inoving body coordinate velocity
vector and sets this as an observation vector at the time
of movement (step B7). ' |

[0131]

Theﬁ, the KF error estimation section 191 performs
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KF error estimation processing (step B9). That is, the KF
error estimation section 191 estimatee an inertial
navigation operation error by performing a prediction
operation anq a correction operation using as observation
information the observation vector at the time of movement
set in step B7. Then, the KF error estimation section 191
corrects the inertial navigation .operation result using
the estimated inertial navi@atien operation error and
stores the result in the corrected inertial navigation
operation data 580 of the storage unit 500 (step Bll), and
then the precess returns to step Bl. |

[0132]

In addition, when it is determinedvthat the velocity
constraint eendition at the time of movement 523 is not
set to "ON" in step Bl (step Bl; No), the KF error
estimation section 191 determines whether or not the
velocity constraint condition at the time of stop: 521 is
set to "ON" (step_Bl3); Then, wheh it'isidetermined that
- the velocity constréiﬂt condition at the time of movement
523 is set to "ON" (step >B13;'iYes), the KF error
estimation section 191.calculates.a difference between the
conétraint velecity vector at the time of stop and the NED
coordinate velocity vector and sets this as an observation

vector at the time of stop (step B15).

‘[0133]
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- Then, the KF error estimation section 191.performs
KF error estimation processing (step B1l7). That is, thé
KF error ~estimation section 191 estimates ‘an inertial
navigation. operation error by pérforming a prediction
operation and a‘correction operation using as observation
information the obsérvation vector at ﬁhe time of stop set
in step B15. " Then, the KF error estimation section 191
corrects the inertial navigation operation result using
the . estimated inertial navigation operation error vand
stores the result in the corrected inertial névigation
operation data 580 of the storage unit 500 (step B19), and
then the procéss returns to step Bi. | |

[0134] |

In gddition, when it is determined that the velocity
constraint condiﬁion at the time‘of stop 521 is not set to
"ON" in step Bl3 (step Bi3; No), the correction secfion
190 returns to step Bl.

[0135]

Returning to the explanation nf Fig. 12, when
correction processing starté in step AS, the‘moﬁing state
determination_section 160 determines a moVing state of the
"automobile (step A7). Then, the processing‘ unit 100
détermine; whether or not the autqmobile has started to

move from the stop state (step  A9). For example, the

processing unit 100 determines the start of movement of
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the automobile by receiving a release signal of bfake
control of the automobile from the outside or receiving
the vehicle speedvinfofmatidn from the.outside.

[0136]

When it is determined that the automobile has
started to move (step A9; Yes), the velocity constraint
setting section 170>seté the velocity constréint condition
at the time of stop 521 to "OFF" (step'All). Then, the
p;ocessing unit 100 determines whether or not a
predetefmined mounting attitude determination activation
condition is satisfied (step Al3). 'As also described in
the principlgs, the mounting attituae determination
activation condition is a condition set in order to ensure
the detefmination accuracy of the/mounting attitude. be
exampie, a condition "velocity or acceleration of a moving
body reaches a predetermined thfeshold value after the
stop of thé moving body is'released"vis preferably set as
thé activation condition‘ |

[0137]

When it is 'detérmined that the mounting attitude
determination ‘activation condition is not yet satisfied in
step Al3 (step A13; No), the processing unit 100 proceeds
to» step A27. When"it is determined that the mounting
attitude determination activation condition 1is satisfied

(step Al3; Yes), the mounting attitude determination
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section 110  performs mounting attitude determination
processing (step AiS). That is, using the newest local
coordinate velocity vector, a'mounting attitude angle is
calculated according to Expressions (2) and (3) and the
mounting attitude data 550 of the stofage unit 500 1is
updated. |

[0138]

Then, the processing unit 100 caicﬁlates an LV
coordinate transformation matrix using the mounting
attitude angle calculated in step Al5 and updates the
coordinate transformation matrix data 560 of the storage
unit 500 (step Al17). Then, thé processing unit 100 ‘sets
the veldcity constraint condition at the tiﬁe of movement
523 to "ON" (step Al9).

[0139] |

On the other hand, when the start of movement of the
autombbile is not detected.in step A9 (step A9; No), the
processing wunit 100 determines whethér or not the
automobile has changed from tﬁe movement Stéte to the stop
state . (step‘ A21). ‘ When it 1is determinéd that the

automobile has not changedbto,the éfép state (step A21;

No), the processing unit 100 prpceeds to step A27.‘

[0140]

In addition, wheﬁ it is determinéd that the

aﬁtomobile has changed from the movement state to the stop
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state (step A21; Yes), the processing unit 100.sets the
velocity constraint condition ét thé time of movement 523
to "OFF" (stép A23) and also sets the velocity constraint
condition at the time of' stop 521 to "ON" (step A25).
Then, the processing_unit 100 proceeds to step A27.

[0141] | |

The proqessing unit 100 determines whether or not
this is a position output timing (step A27). When it is
détermined that‘this is not a position output timing (step
A27; No), the process proceeds tQ étep A3l. In addition,
when it is‘ determinedv_fhét» this 1is a position output
timing (step Aé7; Yes), the proceésing unit 100 outputs
the newest corrected position (step A29). That is, the
processing unit 100 updatés the navigation screen of the
display unit 300 by pérforming map matching processing or
the-like on the newest corrected position.

‘(01421

Then,_fhe processiné unit 100 determines whether to
end the navigation proces§ihg (step A31). For example,
when the user gives an instruction to end the'navigation
- through the operation unit 200, it is determined that the
navigation procéssing is to be ended. Then, when it is
determined that the processing is not yet to be ended
(step A31l; No), the processing unit 100 returns to step A7.

In addition, when it is determined that the processing is
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to be ended (stép A31l; Yes), the processing unitv100 ends
the navigation procéssing. | |

[0143]

2-4. Experimental results

An experiment.to calcﬁlatevthe position by—mounting
tﬁe car navigation apparatus 1000 in an automobile and
making the automobile actually travel was performed.
Specifically, anv experihent to calculate the ‘above
navigation position and plot tﬁe position was performed.
| [0144] |

Fig. 14 shows an experimentaliresult when the khown
car navigation apparatus 1060 is used./ In contrast, Fig.
15 shows an experimental result when the car navigation
apbarétus 1000 in this example is used.v In both the caées,
the map matching function is set to OFF. Although “the
view on the drawings is the same as the simulatioh reSults
in Figs. 8 and 9, the paths .are different since the
expérimental results in Figs. 14 and 15 are results
obtained by actually performing traveling experiments. An
automobile 'was made to actuaily travel from the start
point to the goal point in a state where the position of
"o m" in the east-west direction and "O m" in the north-
south direcfion_ was set as its start point‘ and the

position near "12000 m" in the east direction and "10000

m" in the south direction was set as its'goal position.
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[0145]

This result shows that the-position is calculated in
a wfong direction immediately affer the start and a
position far from the goal point is eventually determined
as the goal point in the expefimental résult.pf the known
car navigation épparatuS» 1000. in 'Fig. 14, as in the
simulation result of Fig. 8. ~ In contrast, frbm the
experimental result of the car navigation apparatus_lOOO
rin this examplel of Fig. 15, it can be seen that the
correct'trajectory along the almosf actual trajectory is
obtained as in the siﬁulation result of Fig. 9. Therefore,
it was clear that the position calculation method of the
present embodiﬁent waé also effective 1in the‘ real
4environment.

A[0146]

3. Operations and effects

According to vthe present embodiment, a movement
vector is measufed by the sensor 3 mounted,in.the moving
body. Then, the attitude of the sensor 3 with respect to .
the moving body is determihed ~uéing a ﬁovement vector
measured’ by the Sensor 3 when the moving body starts to
move.

[0147]

In the first mounting attitude determination system

1A, the 1local coordinate velocity vector calculation
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section 5 calculates a local coordinate wvelocity vector.
using a lbcal coordinate.aéceleratiod vector measured by
the acceleration sensor 3A. Then, the mdunting\attitude
determination section 10 determines a pitch component and
a yaw compqnent of the ﬁéunting attitude of the
acceleration sensor 3A using a local coordinate velocity
vector when the moving body starts to move.
[0148]

'In addition, in the second mounting attitude
determination system 1B, thé LA coordinate transformation
matrix calculation section 20 calculates a coordinate
‘transformation matrix from the local coordinate»system to
the absolute céordinéte system (LA coordinate
tranSformation matrix) .using A<a direction . (absolute
atti&ude) of the‘ sensor 3 expressed 1in the absolute.
coordinatevsyétem which is ﬁeasured by the attitude sensor
3B. Then, the absolute: coordinate acceleration Vecéof'
calculation Section 30 performs coordinate transformation
of the 1local coordinate acceleration vector, which has
beeﬁ measured by the acceleration sensor 3A, té an
absolute coordinate acéelefation vector using the LA
véoordinate trénsformation matrix. In addition, the
absolute coordinate velocity vector calculation section 40
calculates an absolute coordinate velocify Qector using

the absolute coordinate acceleration vector. The mounting
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attitude determination section 10 caléulates a coordinate
transformation matrix from the absolute coordinate system
vto the local coordinate system (AL coordinate
transformation matrix) using the diréction of the sensor 3
e#pressed. in the absolute coordinate system, which has
been measured by the attitude sensor 3B, and determines a
pitch component and a yaw component Qf the mounting
attitude of the‘ acéeleration sensor 3A using the AL
coordinate transformation matrix and the absolute
coordinate velocity vector.
[0149]

~In addition, when the ﬁoving body is-in a stop state,
a compensation operation for compensating vfor a
measurement . result of the sensor 3 1is performed. For
example, when the moving body is in a stop state,. a
meaéurement ‘resﬁlt of .the ‘sensor 3 1is compensated for
using a constraint condition.in which each component of a
Velocify vector of the moving body is 0 (first constraint
condition). As a result, an error included in the
measurement result of the sensor 3 can be reduced whén the
moving body is in a stqp state. Even if the'moving body
starts to move in a state where an error is reduced, an
errdr of the velocity vector 6f the moving bbdy is
suppressed if time has not elapsed that much. Therefore,

the relatiye,attitude-of'the sensor 3 with respect to the
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~moving. body can. be correctly determined by using the
velocity vector when the moving body starts to move.
- [0150]

In addition, in the first position calculation
system 2A, the inertial navigation operation results.(the
absolute: caordinaté positién, the absolﬁte coordinate
velocity vector, and the absolute attitude angie) of the
first inertial ﬁavigation system 4A are corrected by the
' correction section 90.‘ The correction .section 90
estimates an 1inertial navigation operation error by
performing a predetermihed error estimation operation
using the mounting attitude of the first inertial
ﬁavigation system 4A determined by the mounting attitude
determination sectién' 10, the velocity constraint
condition at the time of stop (first constraint condition)
or the velocity constraint condition at the time of
‘movement (second constraint'condition) set by;the velocity
;onstraint setting section 70, and the LV coordinate
transformation matrix .calcuiated by the LV coordinate
transformation matrix'calculation_section 80. Then, the
inertial navigation operation lresult vis corrected using
the estimated inertial navigation abperation error. In
addition, also in the second position calculation system
2B, the inertiél navigation operatiOn results (the

absolute coordinate ’position, the absolute coordinate
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velocity vector, and tﬁe absolute attitude angle) of the
second inertial navigation system 4B are similarly
corrected.by the correction section 90.

[0151]

vThus, by appropriately performing cdordinate
transformation between the two kinds of coordinate systems
in consideration of the amount of shift between the local
coordinate system and the moving body coordinate system
using /the mounfing attitude of the sensor 3 determined
using the first‘dr second mounting attitude determination
ﬁéthod and.the movement vecfor (the acceleration vector or
the velocity vector) measured by the sensor 3, the
ﬁosition of the movihg body can be calculated more
accurately.

[0152]

4. Modifications
. Undoubtedly, examples to which the present inventionv
cén be aﬁplied are not limited to the above-described
, examples, and various modifications may be made without
departing fromv the spifit ahd scope ‘of the present
invention. Hereinafter, modifications will be déscribed,
and the same components as 1in the abové example are
denoted by the same reference numerals and explanation

‘thereof will be omitted. The following explanation will

be focused on different parts from the above examples.
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[0153]

4-1. ‘Travel direction switching correspondence logic

In the above embodiment, calculating the position
using the LV coordinate transformafion matrix éalculated
when a moving body starts to move has been described.
However, t’he moving body does not necessarily move only
forward in the movement direction. For example, if the
moving body is a four-wheeled vehicle, the four—wheeled
vehicle m_éy move backward without being limited to moving
forward.

[0154]

According}ly, berférming calculation using the same
LV coordinate transfofmation matrix before and after the
movement direction chang.é'whén the movement direction of a
ﬁoving body switches between forward movement and backward
‘movement is based on’ the assu;mption that the velocity or
the bosition of the moving body 1is not appropriately
calculated in that case: This 1s because the mounting
attitude of the se‘nsor. 3 is determined using a movemént
vector with respec_t\ to the movement direction of the,
moving body when the moving body starts to move 1n the
method of the present embodiment and accordingly,
coherence between the mounting attitude énd the movement

direction is not satisfied if the movement direction of

the moving body is reversed.
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[0155]

In view of 'the above-described problem, it is
preferable to apply rthe"following movement. direcfion
switching correspondence logic. Speéificallv,. it 1is
determined whether or -not the movement diréction of a
moving body has been reversed on the basis of a velocity
vector of the moving body in the moving body coordinate
system, for example. Then, wnen the movement direction of
the | moving body is reversed, an LV coordinate
transformation matrix stored after being calculated at the
start of movement is updated by. rofation of 180° and
calculation is performed using the updated LV coordinate
transfgrmation matrix. |

[0156]

Fig. 16 is a £low chart showing the flow of second
navigation processing .executed by the car navigation
apparatus 1000. of the examplevinstead of the navigation
processing in Fig. 12.

[0157]

In the second navigation processing, the processing
unit 100 determinea whéther or not poaitivé and negative
Signs of veigcity components of therroll axis (R axis) of
the moving body coordinate system have been reversed after
step Al9 or‘step A25 (step C25). When the signs have not

been reversed (step C25; No), the processing unit 100

~

- 71 -



WO 2012/118232 v ‘ PCT/JP2012/055894

‘detérmiﬁes ‘that the ‘movement‘ direction of an éutomobile
has notvéhanged and proceeds to step A27.

[0158] |

On the other hand, when the positive and;‘negativé
signs héve béen reversed (step C25; Yes), the processing
unit 100 determines that the movement direction of the
automobile has changed and updates the coordinate
transformation matrix data 560 by rotating the newest LV
coordinate transformation matrix, which is stored in the
coordinate fraﬁéformation matrix data 560, by 180° (step
" C26) . Then, the proéessing unit 100 proceeds to step A27.

[0159]

Figs. 17 agd 18 are expefimental résults showing fhe
effectiveness of fhe above-described movement direction
switching ‘correspondence logic. Fig. 17 | is an
ex?erimental result when the movement direction switching
correspondence logic is not applied. 1In contrast, Fig. 18
is an experimental result when the movemenf direction
switEhing correspondence logic is applied. The.sensor 3
was mouhted such that the front of a movement direction
(forward direction) of an automobile and the X-axis
.positive direction éf the .sensor~ 3 matched each other.
That is, the mounting attitude angle of the sensor 3 in

this case is "0°".

[0160]
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The automobile was in a stop state during a period
from time "tO" to "tl". Then, the automobile started to
move backward at‘timel"tl", and the automobile stopped for
the moment at 'time "t2" and moved forward. In each
drawing; the horizontal axis indicates a time axis, and
the vertical axis indicafes a roll axis velocity (unit is
[m/s]) of an automobiie and a mounting attitude .angle
(unit is [°]) of the sensor 3. In addition, a thick solid
line indicates a determined mouhting attitude angle of the
sensor 3, and a thin solid line indicates a calculated
roll axis velocity of an automobile.

[0161]

Referring to these drawings, the roll axis velocity
is 0 from time "tO“vto "tl". Theﬁ,.when the autoﬁobile
sfarts to move backward at time "tl1", the roll axis
velocity becomés a negative Valué and decieases graduaily
.until time "t2";

[0162]

Then, when the absolute ‘value of the. roll axis
velocity exceeds a predetermined threshold.§alue at time
.ﬁt2", the mounting attitﬁde determination activatioﬁ
condition 1is satisfied (step Al3 in Fig. -16; Yes) .
Accordingly, the mounting attitude "of the sensor 3 is
determined (step Al5 in Fig. 16). 1In this cése, since the

mounting attitude determination section 10 determines the
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mounting attitude by recognizing the backward movement
direction of the automobile as a movement direction of the
~automobile, the mounting attitude determination section 10
determines the mounting attitude to be "180°" although the
actual mounting attitude angle of the sensor 3 is_50°".

[0163]

In this case, the LV coordinate transformation
matrix is calculated using the mounting attitude angle of
"180°" (step Al7 in Fig. 16) and caiculation using the LV
coordinate transformation matrix is performed. For this
reason, ‘the roll axis velocity of the automobiie is
calculated as a positive value. Since the automobile
moves backward, the actual roll axis velocity. is a
negatiVe value.

[0164]

When the movement direction switchiﬁg correspondence
logic is not applied, the sign of.the roll axisléelocity
is not changed as shown in Fig. 17'$ince calculation is
performed in a state where the'mounting attitude angle of
the sensor 3 is"recognized to be _ﬁ180°“ even 1if the
automobile = starts to move forward at time "t3".
Accordingly, the roll axis velocity which 1s to bé
calculatedvas a positive:value is calculated as a negative
value, and‘ the roll axis velocity increases in vthe

negative direction as the automobile accelerates forward.
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[0165]

In contrast, a case when the movement difection
vswitching correspondence logic is applied is.as shown in
Fig. 18. = When the start of forward movement of an
automobile at time "t3" is detected (step'C25 in Fig. 16;

Yes), the LV coordinate transformation matrix calculatéd
by setting the mounting attitude angle to "180°" is
inverted to- be updated (step C26 in Fig.. 16). Then,
calculation is performed using the inverted LV coordinate
»transformatidn matrix. Accordingly, the Isign of the
calculafed roll axis velocity .changes ‘from negative to
positive.‘ _Then, as the automobile. accelerates forward,
the roll axis velocity increases in the positive direction.
Thus, 'it is possible to respond té changes in the movement
direction of a moving body appropfiately by applying the
mdvement direction switching correspondence logic.
 [ol66] - | \

4-2. Correction method of a correction sectibn

In the above embodiment; the Kalman filter has been
described as an example of a method of correctingl an
inertial navigation operation .result, the correction
hethod_is not limited to this. For example, a .velocity
vector_may be cbrfected by performing averaging processingv
of a constraint velqcity vector, which is included in the

velocity constraint condition set by the velocity
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constraint setting section 70, and a velocity vector
obtained by the inertial navigation operation.

[0167]

In addition, the velocity. vector obtained by the
inertial navigation opération may be corrected using the
.speed of a moving body measured by é speedv detection
system and the direction of the moving body measured by an
azimuth sensor, such as a magnetic sensor. Fof example,
regarding thévmagnitude of a velocity vector, it is also
possible to perform averaging processing of the magnitude
of the velocity vector obtained by the inertial navigation
operation énd the speed measured by the speed detection
system. In vaddition, regarding the direction of a
veldcity vector, it is also possible td perform averaging
processing of the direction of the velocity wvector
obtained by the inertial navigation operation and the
direcfion of the moving quy measured by the ‘azimuth
sensor.

[0168]

Asy thei averaging processing,r simple arithmetic
averaging or (Jeometric 'averaging may be applied ‘or
weighted' averaging may be applied. If the inertial
navigation operation result is trusted and the velocity
vector 1is corrécted, it is preferable tdtperfo:m weighted

averaging under the condition in which the weight of the
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inertial navigation operation.result is sét to be higher
than the Weight df a measurement result of a speed
detection system or an azimuth sensor. On the contrary,
if a measurement result of avspeed detection system or an
azimuth sensor 1is trusted and the ‘velocify vector is
corrected, it is preferable to perform weighted averaging
under the condition in which the weight of the inertial
navigation operation result is set tQ be lower than the
weight of the ﬁmasurémentvresult Qf the speed detecfion
system or the azimuth sensor. In addition to these
methods, any method may be applied as a correction method
of a cor;ection section.

[0169]

4-3. Main component of processing

in the example described above, the IMU " 400 1is
mounted in an electronic apparatus, and a proéessing unit
of the electronic apparatus perfofms inertial navigation
operation processing on the basis of a measurement result
of the IMU 400. However, it is also possible to mount ah
INS in an eleétronic, apparatus and to perform inertial
navigation ope;étion processing by a processing unit.of
the 1INS. In this caSe,» the processing unit of the
electronic apparatus perfofms processing for estimating an
error (inertial navigation operation error) included in an

inertial navigation operation result output from the INS.
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Then, . an inertialvnavigation operation result input ftom
the INS is corrected "using the estimated inertial
navigation operation error.

[0170]

In addition, it is also possible to mount a sensor-
unit, to which a satellité positioning system such as a.
. GPS (Global Positioning System) is applied, in an
electronic apparatus and to correct an inertial navigation
operation result-usind a measurement result of this sensor
unit.

[0171]

Fig.. 19 is a .view bshowing the configuration of an
electronic apparatus in this case, and mainly shows a
functional block reléted to the processing unit 100. In
the.electronic apparatus shown in Fig. 19, an INS 700 is
mounted instead of the IMU 400 in Fig. 11, and a GPé unit
800 1is fnrther mounted. In this case, since the
processing unit 160 does not perform inertial navigation
operation processing, the inertial navigation operation

section 105 in Fig. 11 is removed.

[0172]

The mounting attitude determination section 110
determines the mounting attitude of the INS 700 using a
local coordinate velocityvvector input from the INS 700.

The KF error estimation section 191 of the correction
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section 190 estimates an inertial .navigationv operation
error, which 1is included in the inertial navigatioﬁ
operation.:resuit of the INS 700, wusing not only the
.velocity constraint condition input from the velocity
constraint setting section 170 Dbut aiso measurement
information input from the GPS unit 800 as observation
information.

[0173]

The measurement informatiqn is‘ various quantities
related to a GPS .satellité signal received from a GPS
satellite. For example, various quantities called a
carrier phase or a code phase, a Doppler frequency, a
pseudo range, and‘a pseudo range changé rate (range fate)
of a GPS satellite signal are included in the measufement
information. 1In éddition; since the.method.of estimating
an inertial havigation opération error using the
measurement information of a GPsS as observation
information ié well known, explahation using Expreséions
and the like will be omitted.

[0174]

4-4. Attitude determination timing .

In the abové embodiment, . determining the mounting
attitude of the sensor 3 whenever a moving body starts to
move after the moving body stops has 5een described.

However, the attitude determination timing may Dbe
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" appropriately set. .For example, it is also possible to
determine the mounting attitude of the sensor 3 only at
the first movement start timing‘of a moving body after the
sensor 3 is mounted in the moving bbdy.‘ In this case, it
is preferable that.mounting attitude determination be not
performed after the first time and procéssing be performed
using the mounting attitude determined at the first time.

[0173]

4;5. Component of attitude determination

| In the above embodiment, determining both the pitch

component and the yaw component of the mounting attitude
of the sensor 3 with respect to the moving‘body haé been
described. However, only one of fhe pitch cdmponent and
‘the yaw component may_bé determined.

[0176]

4-6. Error of installétion shift

The above embodimeht is based on the assumption that
the mounting attitude of the sensor 3 1is not changed
during movement. However, a 'change of the mounting
attitude of thé sensor 3 caused by Vibration“or-the like'
during the movement} that is, installation shift may occur.
Therefore, it is possible to estimate an error angle of
installation shift by adding a component of an érror angle.
caused by installation shift to the ‘state vector -of

Expression = (6) and to perform KF error estimation
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processing (step B9) usinq an observation vector at the
time of moVement calculated by the KF error estimation
section 191 in' a state where thev'Velocity constraint
condition at the time of movement 523 is set to "ON". 1In
this way, even if the mounting attitude of the sensor 3
change during movement, it becomes possible to correct the
mounting attitude determined in the_bmounting attitude
determination processing of step Al5 in Fig. 12 or Fig; 16
when necessary. |

[0177]

4-7. Modifications of mounting  attitude
determination processing

in the mounting attitude determination described
usiﬁg Fig. 3 and the liké,vwhen there is a.bias érror in a
.local coordinate acceleration vector measured by the IMU
400, a case. may be considered in which attitude
determination caﬁnot be correctly performed since a bias
error is .also included in the calculated AL coordinate
transformétion matrix. - Therefore, the following
processing may be performed.

[0178]

That 1is, 7as "shown in Fig. 20, in the functional
block of the processing unit 100 shown in Fig; 11, the
.local coordinate acceleration vector and the .local

coordinate angular velocity measured by the IMU 400 are
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input to the moﬁnting attitude determination section 110.
Then, the mounting attitude determination sectioﬁ 110
(processing unit 100) executes second mounting attitude
determination processing shown in Fig. 21.

[0179]

In Fig. 21, the.-proeessing unit 100 determines
‘whether or not an automobile is in a stop state (step D1).
When the autpmobile is in. a stop state, the processing
unit 100 resets the locai coordinate velocity vector to a
zero vector (step D3f, and acquires and updates the local
coordinate enguler velocity and the local coordinate
acceleration vector measured by the IMU 400 aé measureﬁent
data at the time ef stop (step D5)f “In this case, the
localv coqrainate‘ angular velocity is referred to as ‘a
- local coordinate aﬁgular velocity at the time of stob Qs,
and the 1local coerdinate acceleration is referred to as
local coordinate acceleretion at the time ef stop as.

[0180] |

While the stop state continues, steps D3 to D5 are
repeatedly performed. When it is determined that the stop
is released and the automobile has started to move (step
D7; YES), the proceseing unit 100 proceeds to the next
processing. Here, the local coordinate angular velocity

and the local coordinate acceleration measured by the IMU

400 during movement are denoted by reference numerals QOm
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and am; respectively,‘ for» the foilowing explanation.
First, rotation information of thé local coordinate is
calculated (step D9). Specifically, a time chaﬁge (time
differential) of the local coordinate angular velocity Om
with respect to the local coordinate angular velocity at
the time of stop S)é is integrated and added. This wvalue
indicates rotation of the ‘coordinate system itself with
respect to the local coordinate system at the time'of stop,
that is} local coordinate rotation information.

[0181]

Then, thé local coordinéte' aécelération vector at
the timevoﬁ stop as is converted into acceleration ams in
the local coordinate system, which is measured by the IMU
400, byvinverse transformation using the local coordinate
rotation information ‘calculéted in step D9 (step D11).
Then, by téking a difference between the local coordinate
acceleration am measured by the IMU 400 and the converted
acceleration oms, acceleration of at the cofresponding
point of time ‘is calculated (step D13). .The converted
acceleration oams and the acceleration om in' the' local
coordinatevsystem measured by the IMU 400 are acceleration
on the'same local coordinaté system. In addition, even if
there is a bias error in both the acceieration vectors,
the bias 'error is offset ~as a result of the error

calculation. In additionk the acceleration of gravity is
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also offset. Therefore, the vector af related to the pute
acceleration of the automobile itself in the -local
coordinate system Which. is measured. by the IMU 400 is
obtained.

[0182]

-, Then, the local <coordinate velocity vector is
updated using the obtained acceleration vector of (step
D15). 1In the case of first updating, a velocity vector
immediately after the start of movement in the local
coordinate system at the time of stop is obtainedfsince
the local coordinate velocity vector reset in step D3 is
updated for the first time. = Then, processing of steps D9
tb D15 is repeated untii. the . mounting attitude
determinatibnw timing ~(step D17). The ‘mounting attitude
determination timihg’is preferably determined on the basis
of whether or not the mounting attitudé .determination
activation condition in step Al3 6f.Fig. 12 is.satisfied.
At the attitude determination timing, the mounting
attitude is determinéd on the basis ot'the newest local
cootdinate veloéity vector wusing the above-described
Expressions (2) aﬁd_(3) (step D19).

[0183]
The seCond1- mounting attitude determination
processing ’described above is pfeferably executed in

parallel during the execution of navigation proCessing.
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For example, a step of starting the execution of the
second mounting attitude determination‘processing is added
between steps A3 and A5 of Fig. 12 or Fig. 16. In this
case, since the secondv mounting attitude determination
processing becomes processing which replaces the mounting
attitude determination processing executed' in step Al5 of
Fig. 12 or Fig. 16, the mounting attitude determination
processing may not be performed in step AlS5.

[0184]

In addition, tests to check the effect of the second
mounting attitude determination processing were performed.
A determination_ result of the. known mounting attitude
detéfmination processing and a determination result of the
second mounting ;attitude‘ determination pfocessing when
bias errors were caused in the x and z axes of the local
coordinate syétem were compared With each other. 1In the
first test in which a bias error of +1 [mG] was caused in
the x axis and a bias error of -1 [mG] was caused in the z
axis, an error of the yaw angle waé -3.40 [deg] and an
. error of the pitch éngle was +5.53 [deg]v in the known.
mounting attitude determination proceséing.' On the other
hand, in the 'second mounting attitude determination
procéssing) an érror of the yaw angle was +0.06 [deg] and
an erfor of the pitch anglé was -0.01 [deg]L Moreover, in

the second test in which a bias error of +100 [mG] was
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caused in the x axis and a bias error of -100 [mG] was
caused'in the z axis, an error of the yaw angle was +74.26
[deg] and an error of the pitch angle was -34.30 [deg] in
the known mounting attitude determination pfoeessing. On
the other. hand, 'in the second mounting attitude
determination processing, an error of the yaw angle was
| +0.05 [deg] and an  error ofvthe pitch angle was ;0.00
[deg]. |

[0185]

4-8. Moving body

The’ present\ invention can be epplied to wvarious
kinds of moving bodies. A preferable application example
is a four—wheeled vehicle. However, if‘constraints on the
movement direction\ihat vertical er horizontal movement is
not performed at the time of movement can be imposed, the
present inirention may also be appiied to moving ,bodieé
involviné‘two—wheeled Vehiclee or bicycles, traine, ships,
and human beings, for example.

[0186]

4_9f Electronic apparatus

In the above example, the case :where' the present
invention 'is epplied to the car navigation apparatus has
been described as an eiemple.' However, electronic
apparatuses to which the present invention can be applied

are not limited to this. . For example, the present
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invention may also be applied to other electronic
apparatuses, - such as 'portable. navigation apparatuses
(portable navigation) or mobile phones, personal computers,
and_PDAs.
Reference Signs List

[0187]

1A: first mounting attitude determination system

1B: -sécond mounting attitude determination system

2A: first positidn calculation system

2B: second position calculation system

3: sensor |

3A: acceleration sensor

3B: attitude sensor

3C: gyro sénsor |

4p: first inertial navigation system

4B: second inertial navigation system

5: local coordinate velocity vector calculation
section

10: mounting attitude determination section

15: absolute attitude determination section

20: LA coordinate transformation matrix calculation
section
30: absolute coordinate acceleration vector

calculation section

40: absolute coordinate velocity vector calculation
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section

50:

60:

70:

80:

section

90:

absolute coordinate position calculation section
moving state determination section
velocity constraint setting section

LV coordinate transformation matrix calculation

correction section
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Claims

[Claim 1]

An attitude determination metnod comprising:

a step of nmasnring a nmvement vector by a sensor
which is mounted in a moving body and measures the
movement vector; and

a stepiof determining an attitude of the sensor with
respect to the moving body using the movement vector
measured by the sensor when the moving body starts to move.
[Claim 2]

The attitude determination method according to claim
1, further comprising:.

a step of compensating for a measurement result of
the sensor using elfirst conetraint condition.regarding a
velocity of the meﬁing'body when the moving body is in a
stop state.

[Claim 3]

The attitude determination method accerdingvtO«claim
1 or 2,_

wherein the step of determining the‘attitude is to
.determine at least one of a ‘pitch component and /a yaw
component without determining a roll component of the

attitude with respect to the moving body.

"[Claim 4]
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The attitude determination method according to any
one of claims 1 to 3,

wherein the step of measuring the movement vector 1is
to measure a movement vector in an absolute coordinate
system which describes a moving space of the moving body,
and

the step of determining the’attitude is to determine
the attitude of the sensor using the movement vector and a
direction of the sensor expressed 1in the 'absolute
coordinate system.

[Claim 5]

The attitude determination method according to any
one of‘claims 1 to 3,i

wherein ' the step of determining the attitude
includes:

a step of.calculating a velocity vector in a local
coordinate system, which is a measurement coordinate
‘system of the sensor, using a movement vector measured by
the sensor when the moving body is stopped end a movement
vector measured'when the moving body starts to move; and

a step of determining the attitude of the sensor
using the velocity’vector.

[Claim 6]
The attitude determination method according to any

one of claims 1 to 5,
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wherein the step of determining the attitude is to
determine the éttitude'using the movement vector when the
-stop of the moving body is released and the velocity or
acceleration of the moving body reaches a predetermined
threshold value.

[Claim 7]

A position calculation method comprising:

a step of determining the attitude wusing the
éttitude determination method .according' to -any one of
- claims 1 to'6;‘and |

a step of calculating avposition of the moving body
using the attitude and the movement vector.

'[Claim 8]
- The position caiculation method according to claim 7,
wherein the step of <calculating the position
includes: |

a step of; calculating an absolute coordinate
position of the moving body in theb absolute coordinate
system using the movement vectof;

a stép of performing coordinate transformation of
the ‘absolute coordinate . positioﬁ to a moving quy
coordinate position based on the moving"body using the
attitudé andla direction of the sensor expressed in the
absolute coordinate system; and

\

a step of correcting the absolute coordinate
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position using the moving body coordinate position and a
second cohstraint condition regarding a movement direction
of tho moving body.

[Claim 9]

An attitude determination device that determines a
attitude of a Sensorp which is mounted in a moving body
and measures a movement vector; with respect to the moving
body using the movement'vectorvmeasured_by the sensor.when

the moving body starts to move.
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