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A positioning apparatus includes: a satellite positioning device (41) calculating a satellite positioning coordinate based on a
navigation signal received by a navigation signal receiver (10); a movement quantity calculator (42) acquiring a signal from an
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(57) Abrégé(suite)/Abstract(continued):

inertial sensor and sequentially calculating a movement quantity of the movable object by inertial navigation from receiving a
navigation signal until receiving the signal from the inertial sensor; a virtual reference point determinator (43) sequentially
determining a virtual reference point after receiving the navigation signal;, and a position determinator (44) determining the position
of the movable object sequentially based on the movement quantity of the movable object from the virtual reference point. The
virtual reference point determinator determines that the virtual reference point is obtained by multiplying respective weighting
factors on the position of the movable object and the satellite positioning coordinate, and increases the weighting factor used to
multiply the satellite positioning coordinate.
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Abstract

A positioning apparatus includes: a satellite positioning device (41) calculating a
satellite positioning coordinate based on a navigation signal received by a navigation
signal receiver (10); a movement quantity calculator (42) acquiring a signal from an
inertial sensor and sequentially calculating a movement quantity of the movable
object by inertial navigation from receiving a navigation signal until receiving the
signal from the inertial sensor; a virtual reference point determinator (43) sequentially
determining a virtual reference point after receiving the navigation signal; and a
position determinator (44) determining the position of the movable object sequentially
based on the movement quantity of the movable object from the virtual reference
point. The virtual reference point determinator determines that the virtual reference
point is obtained by multiplying respective weighting factors on the position of the
movable object and the satellite positioning coordinate, and increases the weighting

factor used to mulitiply the satellite positioning coordinate.
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DESCRIPTION
TITLE OF INVENTION: POSITIONING APPARATUS

CROSS REFERENCE TO RELATED APPLICATION

[0001]

This application is based on Japanese Patent Application No.
2015-121431 filed on June 16, 2015.

TECHNICAL FIELD

[0002]

The present disclosure relates to a positioning apparatus that receives
navigation signals transmitted by navigation satellites and provides positioning
using the received navigation signals.

BACKGROUND ART

[0003]

A widely known type of satellite positioning system, such as a global
positioning system (GPS), uses navigation satellites, Navigation satellites
transmit navigation signals. A receiver receives the navigation signals,.
performs various types of calculation based on information contained in the
received navigation signals, and provides positioning, in other words,
determines a current position.

[0004]

While a satellite positioning system may be used to determine the
coordinates of a fixed point, it is also widely used to provide positioning for a
movable object, such as a vehicle.

[0005]

Inertial navigation is also widely known as a positioning technology for
a movable object. The inertial navigation uses signals from inertial Sensors,
such as an acceleration sensor and a gyro sensor, to sequentially update the
current position.

CA 2989529 2019-03-27
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[0006]

A positioning apparatus is known that combines the
navigation-signal-based positioning with the inertial navigation for sequentially
determining the current position (for example, Patent Literature 1).
Specifically, such a system performs positioning using navigation signals
periodically. The system also calculates a movement quantity based on the
inertial navigation sequentially in a time period from when coordinates based
on the navigation signals (hereinafter referred to as satellite positioning
coordinates) are determined until when the following satellite positioning
coordinates are determined. The current position is determined sequentially
by adding the movement quantity to the latest satellite positioning coordinates.

[0007]

The satellite positioning coordinates may be degraded in accuracy due
to a signal reception environment in which the navigation signals are received,
such as multipath. Using such less accurate satellite positioning coordinates
as a reference point to which the movement quantity, which is calculated based
on the inertial navigation, is added to determine the current position results in a
stepwise path of the current position, despite the fact that the actual path of
the movable object is continuous.

PRIOR ART LITERATURES

PATENT LITERATURE

[0008]
Patent Literature 1: JP 3848712 B2

SUMMARY OF INVENTION

[0009]

An object of the present disclosure is to provide a positioning apparatus
that enables inhibition of a stepwise change in the path of the position of a
movable object when satellite positioning coordinates are degraded in accuracy.

[0010]

According to an aspect of the present disclosure, a positioning
apparatus is used with a movable object to determine a position of the movable
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object sequentially. The positioning apparatus includes: a satellite positioning
device that calculates a satellite positioning coordinate, which is determined
based on a navigation signal received by a navigation signal recelver; a
movement quantity calculator that acquires a signal detected by an Inertial
sensor and sequentially calculates a movement quantity of the movable object
by inertial navigation from a moment when the navigation signal is received
until a moment when the signal from the inertial sensor is received: a virtual
reference point determinator that sequentially determines a coordinate of a
virtual reference point at and after the moment when the navigation signal is
received; and a position determinator that determines the position of the
movable object sequentially based on the movement quantity of the movable
object from the virtual reference point. The virtual reference point
determinator determines that the coordinate of the virtual reference point is
obtained by multiplying respective weighting factors on the position of the
movable object, which Is determined when the navigation signal Is recelved,
and the satellite positioning coordinate, and increases one of the respective
weighting factors to be used to multiply the satellite positioning coordinate in
incremental steps.

[0011]

Thus, increasing the weighting factor used to multiply the satellite
positioning coordinates in incremental steps brings the virtual reference point
closer to the satellite positioning coordinates gradually, even if the accuracy of
the satellite positioning coordinates is degraded. Since the virtual reference
point Is brought closer to the satellite positioning coordinates gradually, a
stepwise change in the path of the position of a movable object determined
based on the virtual reference point and the movement quantity calculated by
the movement quantity calculator can be inhibited.

CA 2989529 2019-03-27
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[0011a]

According to an embodiment, there is provided a positioning apparatus used
with a movable object to determine a position of the movable object, the positioning
apparatus comprising: a satellite positioning device that calculates a satellite
positioning coordinate based on a navigation signal received by a navigation signal
receiver; a movement quantity calculator that acquires a signal detected by an inertial
sensor, and sequentially calculates a movement quantity of the movable object by
inertial navigation from a moment when the navigation signal is received until a
moment when the signal from the inertial sensor is received; a virtual reference point
determinator that sequentially determines a coordinate of a virtual reference point
after receiving the navigation signal; a position determinator that determines the
position of the movable object sequentially based on the movement quantity of the
movable object from the virtual reference point; and a positioning coordinate reliability
calculator that calculates reliability of the satellite positioning coordinates, wherein the
virtual reference point determinator determines the coordinate of the virtual reference
point by multiplying respective weighting factors on the position of the movable
object, which is determined when the navigation signal is received, and a position of
the satellite positioning coordinate and then adding the weighted positions together,
and increases one of the respective weighting factors to be used to multiply the
satellite positioning coordinate in incremental steps, wherein the virtual reference
point determinator calculates the other of the respective weighting factors to be used
to multiply the position of the movable object by using a first factor calculating
expression, which includes a negative term having a value changed in a decreasing
manner based on number of times the movement quantity calculator calculating the
movement quantity after receiving the navigation signal; wherein the virtual reference
point determinator calculates the one of the respective weighting factors to be used to
multiply the satellite positioning coordinates by using a second factor calculating
expression, which includes a positive term having a value changed in an increasing
manner based on the number of times the movement quantity calculator calculating
the movement quantity after receiving the navigation signal, wherein each of the first

CA 2989529 2019-03-27
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factor calculating expression and the second factor calculating expression includes
an offset term as a constant term regardless of the number of times the movement
quantity calculator calculating the movement quantity, wherein the virtual reference
point determinator increases a value of the offset term as the reliability of the satellite

5 positioning coordinates increases.

BRIEF DESCRIPTION OF DRAWINGS

[0012]

The above and other objects, features and advantages of the present
disclosure will become more apparent from the following detailed description made

10  with reference to the accompanying drawings. In the drawings:

CA 2989529 2019-03-27
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Fig. 1 is a configuration diagram of a positioning apparatus according to
an embodiment;

Fig. 2 is a flowchart illustrating a process to be performed by a
controller in Fig. 1;

Fig. 3 is a flowchart illustrating a process to be performed by the
controller in Fig. 1 in parallel with the process in Fig. 2;

Fig. 4 is a flowchart illustrating in detail a process to calculate a Doppler
velocity in Fig. 3;

Fig. 5 is a flowchart illustrating in detail a process to determine an initial
value in Fig. 3;

Fig. 6 is a flowchart illustrating in detail a process to update a position
in Fig. 3; and

Fig. 7 is a diagram for describing a position of a host vehicle to be
determined by the positioning apparatus according to the embodiment.

EMBODIMENTS FOR CARRYING OUT INVENTION

[0013]

An embodiment of the present disclosure will now be described with
reference to the drawings. A positioning apparatus 1 illustrated in Fig. 1
includes a navigation signal receiver 10, an acceleration sensor 20, a yaw rate
sensor 30, and a controller 40 and is mounted on a vehicle, which is a movable
object. The vehicle is not illustrated. The vehicle in which the positioning
apparatus 1 is mounted may be hereinafter referred to as a host vehicle.

[0014] ,

<Qutline of configuration>

The navigation signal receiver 10 receives a GPS radio wave transmitted
by a GPS satellite, which is a navigation satellite used by the GPS, which is a
satellite positioning system. A GPS radio wave includes a carrier and a
navigation signal superimposed on the carrier. The navigation signal receiver
10 demodulates the received GPS radio wave to extract a navigation signal and
outputs the signal to the controller 40.

[0015]

A navigation signal is output to the controller 40 in a certain cycle
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because code demodulation, among others, is required in order to extract a
navigation signal from a GPS radio wave., The certain cycle takes, for example,
a time period between 200 milliseconds and 400 milliseconds. The navigation
signal receiver 10 also outputs the carrier, the received signal strength, and the
reception time of the navigation signal, together with the navigation signal, to
the controller 40.

[0016]

As widely known, a plurality of GPS satellites are present. The
navigation signal receiver 10 outputs all navigation signals extractable by
demodulation of the GPS radio waves to the controller 40. A navigation signal
includes a Satellite Catalog Number of a corresponding GPS satellite, an
ephemeris, which provides information on the path of the GPS satellite, and the
time when the GPS satellite has transmitted the corresponding radio wave.

[0017]

The acceleration sensor 20 and the yaw rate sensor 30 are inertial
sensors. The acceleration sensor 20 is a three-axis acceleration sensor with its
orientation fixed in such a manner that the z axis is parallel with an up and
down direction of a vehicle, the x axis is parallel with a width direction of the
vehicle, and the y axis is parallel with a forward and rearward direction of the
vehicle. An acceleration sensor that senses acceleration in two axes, namely
in the x axis and the y axis, may be used in place of the three-axis acceleration
sensor. The acceleration sensor 20 transmits a detected value of acceleration
in each axis to the controller 40.

[0018]

The yaw rate sensor 30 senses an angular velocity around a
perpendicular axis of the vehicle and passing through the yaw rate sensor 30;
that is, it senses a yaw rate of the vehicle. The yaw rate sensor 30 then
supplies the detected yaw rate to the controller 40. The perpendicular axis of
a vehicle is an axis that is perpendicular to a cabin floor of the vehicle; it is
parallel with a vertical axis when the vehicle is on a horizontal ground.

[0019]

The controller 40 is a computer that includes a CPU, a ROM, a RAM, and
the like, which are not illustrated. The CPU executes a program stored in a
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real non-transitory recording medium, such as the ROM, while using a
temporary memory function of the RAM. In this manner, the controller 40
functions as a satellite positioning device 41, a movement quantity calculator 42,
a virtual reference point determinator 43, a position determinator 44, a
positioning coordinate reliability calculator 45, and a movement quantity
reliability determinator 46. When these functions are executed, a method that
corresponds to the program stored in the real non-transitory recording medium
is executed. The function of each portion will be described with reference to
Figs. 2 and 3.

[0020]

<Processes performed by the controlier 40>

Processes performed by the controller 40 will now be described. The
controller 40 performs a process illustrated in Fig. 2 in parallel with a process
illustrated in Fig. 3. For example, while performing the process in Fig. 2, the
controller 40 processes an interruption to perform the process in Fig. 3. The
process in Fig. 2 will be described first. The controller 40 performs the process
illustrated in Fig. 2 periodically. The entire process illustrated in Fig. 2, that is,
steps S2 to S12, corresponds to the satellite positioning device 41.

[0021]

It is determined in step S2 whether a navigation signal, a corresponding
carrier, the received signal strength, and the reception time of the navigation
signal have been acquired from the navigation signal receiver 10. If NO is
determined in step S2, the process in Fig. 2 is finished. If YES is determined in
step S2, the process proceeds to step S4.

[0022]

Information on a GPS satellite i including position coordinates (X, Ys;,
Zg) of the GPS satellite i, a pseudo range p;, and a Doppler shift quantity D, is
calculated in step S4 from the navigation signal and the carrier acquired from
the navigation signal receiver 10. Here, i represents the Satellite Catalog
Number of a GPS satellite.

[0023]

The position coordinates (Xg, Ys, Zg) of each GPS satellite i are
calculated based on its ephemeris and the transmission time of a corresponding
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GPS radio wave. The pseudo range p; is calculated by multiplying, by the
speed of light, a time difference between the time at which the GPS satellite i
has transmitted the GPS radio wave and the time at which the navigation signal
receiver 10 has received the GPS radio wave, in other words, a radio wave
propagation time period.

[0024]

The GPS satellite i transmits GPS radio waves continuously, and the
navigation signal receiver 10 receives the GPS radio waves continuously. The
time at which the GPS satellite i has transmitted a GPS radio wave and the time
at which the navigation signal receiver 10 has received the GPS radio wave
represent the time at which the GPS satellite i has transmitted a predefined
portion of the corresponding navigation signal, which is, for example, a first
portion of the signal, and the time at which the navigation signal receiver 10
has received the predefined portion of the signal, respectively.

[0025]

The Doppler shift quantity D; is a frequency difference between the
frequency of a carrier in a radio wave transmitted by the GPS satellite i and the
frequency of the carrier in the GPS radio wave received. The carrier frequency
of a radio wave transmitted by a GPS satellite is defined in advance and is
stored in advance in a predefined storage unit, such as a storage unit that is not
illustrated and provided in the controller 40. Hence, in step S4, the Doppler
shift quantity D; is calculated from the frequency of the carrier of the GPS radio
wave that is acquired from the storage unit and the frequency of the carrier that
is acquired from the navigation signal receiver 10. The frequency of the
carrier acquired from the navigation signal receiver 10 is determined by a
publicly known frequency analysis method; for example, a fast Fourier
transform.

[0026]

It is determined in step S6 whether the signal quality of the navigation
signal is good. The determination of the signal quality is performed on all
acquired navigation signals. The signal quality can be determined based on
various publicly known criteria.

[0027]
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It is determined whether the signal quality is good based on, for
example, S/N being equal to or greater than a predefined value (a
determination condition 1), a residual of the pseudo range p; being equal to or
less than a criterion distance (a determination condition 2), an angle of
elevation 6; being equal to or greater than a criterion angle (a determination
condition 3), or a combination of the determination conditions 1 to 3 (a
determination condition 4).

[0028]

The residual of the pseudo range p; in the determination condition 2 is a
difference between the distance from the position coordinates (Xg, Ys, Zg) of
the GPS satellite i to satellite positioning coordinates B (X,, Y, Z,) of the host
vehicle and the pseudo range p;.  The satellite positioning coordinates B (X,, Y.,
Z,) of the host vehicle are needed to calculate the residual. The satellite
positioning coordinates B of the host vehicle are calculated by the same method
used for calculating the satellite positioning coordinates B in step S10 to be
described hereinafter. Hence, to calculate the residual of the pseudo range p;,
the satellite positioning coordinates B are calculated first.

[0029]

If the residual of the pseudo range p; is greater than the criterion
distance, an effect of multipath or the like is likely to be involved; thus, in this
case, it is determined that the signal quality is not good. In the case of the
determination condition 1, it is determined that the signal quality is good if S/N
is equal to or greater than the predefined value. In the case of the
determination condition 3, it is determined that the signal quality is good if the
angle of elevation 6; is equal to or greater than the criterion angle.

[0030]

It is determined in step S8 whether the number of navigation signals
whose signal quality is determined to be good in step S6 is four or greater. If
the number is four or greater, the process proceeds to step S10.

[0031]

The current satellite positioning coordinates (X,, Y, Z,) of the host
vehicle are calculated in step S10 from the pseudo range p; and the position
coordinates (Xy, Ys, Zs) of the GPS satellite i calculated in step S4. The
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coordinates calculated here are referred to as the satellite positioning
coordinates B.
[0032]

The satellite positioning coordinates B are calculated in a manner
described below. A true distance r; to the GPS satellite i is expressed in an
expression (1). The pseudo range p; is expressed in an expression (2). In
the expression (2), s represents a distance error due to a clock error.

[0033]
[Expression 1]

- F+E-Lf -2 (1)

[0034]
[Expression 2]

p=nts (2)

By solving simultaneous equations described below in an expression (3)
based on the pseudo range p; of four or more GPS satellites obtained from the
expressions (1) and (2), the satellite positioning coordinates B (X,, Y., Z,) can
be calculated.

[0035]

[Expression 3]

P ZJ(Xn _va)2 + Ysl _Yv)z +(Zsl —Zv)2 +5
|0 =Ko - X F + (0o -XF +(Z, -2, +5

(3)

o == X, F + (= 19) 7 +(Z, -2, +5

Subsequently, one is added to k in step S12. The initial value of k is zero.
Here, k represents the number of times the satellite positioning coordinates B
are calculated.

[0036]

Fig. 3 will now be described. A flowchart described in Fig. 3 is
repeated in a cycle in which sensor values are acquired. The cycle in which the
sensor values are acquired is shorter than that in which the navigation signal



10

15

20

25

30

CA 02989529 2017-12-14
. ¢

receiver 10 outputs a navigation signal and takes, for example, several tens of
milliseconds. Each parameter represents a value at the latest time unless
otherwise specified. The latest time is expressed as t = 0. Time expressed
with a negative number represents past time.

[0037]

Detected values from the acceleration sensor 20 and the yaw rate
sensor 30 are acquired in step S20 and stored in a storage device, such as the
RAM. Acceleration in a traveling direction of the vehicle is determined in step
S22 from a detected value of the acceleration sensor 20 acquired in step S20.
As described above, the orientation of the acceleration sensor 20 with respect
to the vehicle is fixed in the predefined manner, in which the y axis is in the
traveling direction of the vehicle. Thus, the detected value of the acceleration
sensor 20 in the y axis is extracted as the acceleration in the traveling direction.

[0038]

A relative azimuth 6%, is updated in step S24 by adding to a previous
relative azimuth 6"y, a relative azimuth change quantity that is obtained
from the detected value of the yaw rate sensor 30 acquired in step S20. The
relative azimuth Btgym is a relative azimuth at a time t with respect to a traveling
azimuth orientation of the vehicle at a reference time point. Additionally in
step S24, the acceleration in the traveling direction determined in step S22 is
added to a previous acceleration integrated value AVICY; to also update an
acceleration integrated value AVY.

[0039]

It is determined in step S26 whether the host vehicle is at a standstill.
This determination uses the detected value of the acceleration sensor 20 in the
z axis acquired in step S20 in the present embodiment. If the detected value
of the acceleration sensor 20 in the z axis is equal to or less than a standstill
criterion value, it is determined that the vehicle is at a standstill. While
traveling, a vehicle exhibits some up and down vibration; thus, the detected
value in the z axis enables the determination of the standstill. In place of the
detected value in the z axis, the detected value in the y axis, a change quantity
of a detected value in the z axis, or a change quantity of a detected value in the
y axis may be used. If a standstill is determined, the process proceeds to step
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S28.

[0040]

A velocity vector is established at (0, 0, 0) in step S28. A velocity V is
of course also zero.

[0041]

A velocity initial value V0 is set in step S30 to the latest acceleration
integrated value -AV's.  When step S30 has been performed, a position update
process is performed in step S42. The position update process in step S42 will
be described hereinafter.

[0042]

If it is determined that the host vehicle is moving in step S26, the
process proceeds to step S32. It is determined in step S32 whether the
satellite positioning coordinates B have been calculated in a time period from
when step S32 is performed last time until when step S32 is performed this
time.

[0043]

The satellite positioning coordinates B have been calculated in step S10.
Note that it is necessary to acquire a navigation signal to calculate the satellite
positioning coordinates B and that the cycle in which a navigation signal is
acquired is longer than that in which the sensor values are acquired. In
addition, note that, even if a navigation signal has been acquired, the satellite
positioning coordinates B are not calculated unless four or more navigation
signals of good quality have been acquired. Calculation is also needed after
the acquisition of sufficient navigation signals, and the calculation takes time.
Hence, NO may be determined in step S32.

[0044]

If YES is determined in step S32, the process proceeds to step S34. A
Doppler velocity is calculated in step S34. The Doppler velocity represents a
velocity vector (Vx, Wy, Vz) of the host vehicle or the magnitude of the velocity
vector. The velocity vector (Vx, W, Vz) is calculated using a Doppler shift
quantity D and thus is referred to as the Doppler velocity herein.

[0045]

The process in step S34 is described in detail in Fig. 4. With reference
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to Fig. 4, a direction R; (6;, ¢;) of each GPS satellite i is calculated in step S342
from the satellite positioning coordinates B (X,, Y., Z,) calculated in step S10
and the position coordinates (X, Ys, Zs) of each GPS satellite i calculated in
step S4. The direction R; of each GPS satellite i is expressed with the angle of
elevation 0, with respect to a horizontal direction and the azimuth ¢; with
respect to a north direction when each GPS satellite i is viewed from the host
vehicle.

[0046]

The velocity vector (Vxs;, Vys;, Vzs;) of each GPS satellite i is calculated
in step S344, by a publicly known method in which differentiation of Kepler's
equation is used, from time-series data of the position coordinates (Xg, Yg, Zs)
of each GPS satellite i calculated in step 54.

[0047]

A velocity Vsat; of each GPS satellite i in a host vehicle direction is
obtained in step S346 from the direction R; of each GPS satellite i calculated in
step S342 and the velocity vector (Vxs, Vys, Vzs) of each GPS satellite i
calculated in step S344 on the basis of Vsat; = R[Vxs, Ws, Vzs]". Here, T
represents transposition of the matrix.

[0048]

Four or more simultaneous equations as indicated in an expression (4)
are formed and solved in step S348. In this manner, the velocity vector (Vx, Wy,
Vz) of the vehicle and a clock drift Cbv* of a clock included in the navigation
signal receiver 10 can be obtained.

[0049]

[Expression 4]

Vsaty+D,-C/F) (-cosf,sing, cosf,cosg, sing, -1)(¥x
Vsa, +D,-C/F | | —cosfsing, cos6cosg, sinf, -1 ||Wy (4)
: = : : : s e

Vsat;+D;-C/F —cos@,sing, cosfcosg, sind -1 ){Chv

The expression (4) will now be described. A relationship between a satellite
direction velocity Vs; and the velocity vector (Vx, Vy, Vz) of the host vehicle is
expressed in an expression (5) below.

[0050]
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[Expression 5]
—Vx-cos),-sing, +¥y-cosd), -cosd, +Vz-sinf, =F5, (5)

A relative velocity Vr; of the vehicle with respect to the GPS satellite i satisfies an
expression (6) described below.

[0051]

[Expression 6]

Vr,=-D,-C/F=Vsat,~ Vs, +vCh (6)

In the expression (6), Vr; represents the relative velocity of the vehicle with
respect to the GPS satellite i, D; represents the Doppler shift quantity, C
represents the speed of light, and F represents a frequency of a carrier of a
radio wave transmitted by the GPS satellite.

[0052]

An expression (7) can be derived from the expression (6).

[0053]

[Expression 7]

Vs, -vCh=Vsat, + D,-CIF (7)

By substitution of the left-hand side of the expression (5) in Vs; of the
expression (7) for each GPS satellite i, simultaneous equations expressed in the
expression (4) are obtained with the velocity vector (Vx, Vy, Vz) of the vehicle
and Cbv as unknowns.

[0054]

When radio waves are received from four or more GPS satellites, the
simultaneous equations in the expression (4) can be solved. Here, any
received GPS radio waves whose signal quality has been determined to be not
good are excluded. Hence, if it is determined in step S8 that GPS radio waves
including navigation signals whose signal quality is determined to be good are
received from four or more GPS satellites, the velocity vector of the host vehicle
is calculated from the expression (4).

[0055]

With reference back to Fig. 3, the velocity initial value V? is determined
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in step S36 from an expression (8) on the basis of the velocity vector (Vx, Vy,
Vz) of the host vehicle calculated in step S348 and the latest acceleration
integrated value AVg updated in step 524.

[0056]

[Expression 8]

V0= JVal + Wy + V2t - AV, (8)

When step S36 has been performed, the position update process is also
performed in step S42. Before describing step S42, step S38 and beyond will
be described.

[0057]

If it is determined in step S32 that the satellite positioning coordinates B
are not calculated, the process proceeds to step S38. It is determined in step
S38 whether the initial value can be updated. Specifically, it is determined
whether four or more of a velocity estimation expression indicated in an
expression (9) can be formed using navigation signals obtained since the
velocity initial value V° has been updated.

[0058]

[Expression 9]

Vs'i =(V° +AV'6)Gx'i cos(8° +8' gno )+ (V° + AV'6)Gy'isin(0° + €' gro ) -Chv° - At (9)

In the expression (9), t represents a time; V° represents the velocity initial value,
which is a vehicle velocity at the initial time; AVg represents an acceleration
integrated value on and after the initial time; 6° represents an azimuth at the
initial time in a vehicle traveling direction (hereinafter referred to as the azimuth
initial value); 0g,r, represents an integrated value of the azimuth in the vehicle
traveling direction, that is, a relative azimuth; Cbv® represents a clock drift at
the initial time; A represents a gradient of changes over time in clock drift; and
Gx and Gy represent an x component and a y component, respectively, of a
line-of-sight vector from the vehicle to the GPS satellite i. The expression (9)
will now be described.

[0059]

In the present embodiment, the velocity of the host vehicle can be also
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calculated in step S34 described above. To calculate the velocity vector (Vx, Vy,
Vz) of the host vehicle in step S34, the satellite positioning coordinates B are
needed. Hence, the velocity vector (Vx, Vy, Vz) of the host vehicle cannot be
calculated if GPS radio waves of good signal quality are not received from four
or more GPS satellites.

[0060]

A time period in which the velocity vector (Vx, Vy, Vz) cannot be
calculated may be prolonged in, for example, an urban area bristling with
high-rise buildings. YES is determined in step S32 only in a certain cycle of
200 milliseconds to 400 milliseconds even in an environment where four or
more GPS radio waves of good signal quality can be received. Hence, the
velocity vector (VX, Vy, Vz) of the vehicle can be calculated only in a cycle in
which YES is determined in step S32.

[0061]

In contrast, the detected values of the acceleration sensor 20 can be
acquired independently of a traveling environment in a certain cycle of, for
example, 20 ms that is shorter than that in which the velocity vector (Vx, Vy, Vz)
can be calculated.

[0062]

Thus, the velocity is estimated based on the acceleration integrated
value AV; in a time period from when the velocity vector (Vx, Vy, Vz) of the host
vehicle is calculated until when the velocity vector (Vx, Vy, Vz) of the host
vehicle is calculated next time.

[0063]

The detected values of the acceleration sensor 20 always have errors,
which, as widely known, have a propensity to diverge. Use of the acceleration
integrated value AV; as the velocity results in divergence of the errors with the
passage of time. Thus, a highly accurate velocity is established as the velocity
initial value V? at a point in time when the highly accurate velocity is obtained.

[0064]

A value resulting from subtracting from the highly accurate velocity an
acceleration integrated value AV that is obtained at the point in time when the
highly accurate velocity is obtained is established as a velocity initial value V°.
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The velocity initial value V° that is obtained in this manner represents an offset for
establishing the acceleration integrated value AVg as a highly accurate velocity that is

regarded as a true velocity. Hence, an estimated velocity V. is obtained by AVg — V°.
[0065]

An error of the acceleration integrated value AVg from the true velocity increases
with the passage of time. Thus, the accuracy with which the velocity is estimated using the
acceleration integrated value AVg improves when a shorter cycle is used in which the velocity

initial value V° is updated.
[0066]

In the present embodiment, the expression (9) is used to update the velocity initial
value V°. The expression (9) results from improvement made to an expression (10)
described below, which is disclosed in JP 2013-113789 A as an equation to calculate a final
velocity vector. The velocity initial value V° and the azimuth initial value 6° can be calculated

simultaneously using the expression (9).
[0067]

[Expression 10]
Vsli = VtwheelGx’i COS(QO +0’gym) + VlwheeIGyti Siﬂ(go + gtm)_vao - At ( 1 O )

in the expression (10), Vunee is a detected value from a wheel velocity sensor. As
comprehensible from comparison between the expressions (9) and (10), the expression (9) is
obtained by replacing the detected value V,nee Of the wheel velocity sensor in the expression

(10) with the sum of the velocity initial value V° and the acceleration integrated value AVg.

[0068]

In step S40 where the expression (9) is used, a process specifically described in Fig.
5 is performed. With reference to Fig. 5, the velocity vector (Vxs; Vys;, Vzs;) of each GPS
satellite i is calculated in step S402 from the time-series data of the position coordinates (Xg;
Ysi, Zs;) of each GPS satellite i calculated in step S4.

[0069]

The relative velocity Vr; of the host vehicle with respect to the GPS



10

15

20

25

30

CA 02989529 2017-12-14
4 v

satellite i is calculated in step S404 by substitution of the Doppler shift quantity
D; calculated in S4 in an expression (11).

[0070]

[Expression 11]

Vr=-D-CIF  (11)

A current position P (X,, Yy, Z,) of the host vehicle is calculated in step S406.
When step 5406 is performed, four or more navigation signals of good signal
quality are not received since No has been determined in step S32. The
position P (X,, Y,, Z,) calculated in step S406 is for use in calculation of a
line-of-sight vector (Gx;, Gy;, Gz;) from the host vehicle to the GPS satellite i in
step S408 that follows.

[0071]

Since the GPS satellite i is present in a distant place, the accuracy of the
current position to be used to obtain the angle between the GPS satellite i and
the host vehicle may be lower. Thus, there does not have to be four or more
signals of good quality.

[0072]

For example, the current satellite positioning coordinates B of the host
vehicle is calculated in step $406 in a similar manner as in step S10 by using
four or more navigation signals including those whose quality has been
determined to be not good and the satellite positioning coordinates B thus
calculated is established as the current position P (X,, Yy, Z,) of the host vehicle,

[0073]

Alternatively, the position P (X,, Y,, Z,) of the host vehicle may be
determined using a position determining method of lower accuracy that does
not involve the pseudo range p;.. While dependent on the estimation accuracy
tolerable by the system or the like, an error in the position of the host vehicle in
the range of a few hundred meters results in an error in the estimated velocity
of 1 m/sec or less, which poses no significant problem. Hence, the position P
(X, Yy, Z,) of the host vehicle may be determined based on, for example, a map
or the like, or from information such as a measurement history of the past
positions or a beacon.
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[0074]

Alternatively, since low accuracy is acceptable, the position P of the host
vehicle updated last time in the position update process (S42) to be described
hereinafter may be established as the position P (X,, Y., Z,) of the host vehicle
here.

[0075]

The line-of-sight vector (Gx;, Gy, Gz;) from the host vehicle to the GPS
satellite i is calculated in step S408. The x, y, and z components of the
line-of-sight vector are calculated from an expression (12).

[0076]

[Expression 12]

=t (Xa-X0) e (Pa-1) GHi=(z-z4)  (12)
pi pi pi

In the expression (12), p' represents a pseudo range of the GPS satellite i at
time t, and (X, Y, Z') represent the position coordinates of the GPS satellite
iatthetimet. They have been calculated in step S4. Alternatively, they may
be calculated in step S408 in a method similar to that in step S4. The current
position of the host vehicle at the time t is represented by (X, Y%, Z\,), which
are calculated in step S406.

[0077]

The satellite direction velocity Vs; of the vehicle in the direction of the
GPS satellite i is calculated in step S410 by substitution of the relative velocity
Vr; calculated in step S404, the line-of-sight vector (Gx;, Gy;, Gz) calculated in
step S408, and the velocity vector (Vxs;, Vys;, Vzs) of the GPS satellite i
calculated in step S402 in an expression (13).

[0078]

[Expression 13]

Vs =&C +GY' Yus'i + Gy s’ + G2’y (1 3)
f !

In the expression (13), the first term of the right-hand side represents the
relative velocity Vr; of the vehicle with respect to the GPS satellite i, and the
second to fourth terms represent the velocity of the GPS satellite i in the host
vehicle direction. The sum of them represents the velocity of the vehicle in the
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direction of the GPS satellite i; thus, the expression (13) is satisfied.

[0079]

The satellite direction velocity Vs calculated in step S410, the
acceleration integrated value AV updated in step 524, the relative azimuth 84yr,
and the line-of-sight vector (Gx, Gy, Gz) calculated in step S408 are
substituted in the expression (9) in step S412. In this manner, the expression
(9) has four unknown parameters, namely, 6%, Cbv®, A, and V°.

[0080]

Thus, four or more of an expression obtained by substitution of the
satellite direction velocity Vs;, the acceleration integrated value AV, the relative
azimuth 04y, and the line-of-sight vector (Gx, Gy;, Gz;) in the expression (9) are
formed. Then, simultaneous equations that include these four or more
expressions are solved. In this manner, the velocity initial value V° and the
azimuth initial value 6°, which are the unknown parameters in the expression
(9), can be obtained simultaneously.

[0081]

Moreover, the unknown parameters 6°, Cbv®, A, and V° are unchanged
at any time after the initial time. Thus, there is no need to form the four
expressions with data obtained at an identical time; the unknown parameters
can be obtained when there are four or more expressions formed with data
obtained at different times. For example, for example, even if the number of
observed satellites is one each at four different times (t,, ty, t;, t3), the velocity
initial value V° and the azimuth initial value 6° can be obtained using data from
the observed GPS satellite(s).

[0082]

With reference back to Fig. 3, if any of steps S30, S36, and S40 is
performed, the process proceeds to step S42. The position update process is
performed in step S42. The position update process is described in detail in
Fig. 6.

[0083]

With reference to Fig. 6, the estimated velocity V. is calculated in step
$422 from the latest velocity initial value V° and the acceleration integrated
value AV; updated in step S24.
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[0084]

If the acceleration integrated value AV; is not reset when the velocity
initial value V° is updated, the estimated velocity V. is calculated by adding the
velocity initial value V° to the acceleration integrated value AVg. If the
acceleration integrated value AV is reset when the velocity initial value V° is
updated, the estimated velocity V. is calculated by adding the acceleration
integrated value AV to the velocity initial value V°.

[0085]

An estimated azimuth orientation 6, is calculated in step S424 from the
latest azimuth initial value 8° and the relative azimuth 8, updated in step S24.
A specific method for calculating the estimated azimuth orientation 6. is similar
to the method in which the estimated velocity V. is calculated from the velocity
initial value V® and the acceleration integrated value AVg but with the velocity
initial value V° replaced by the azimuth initial value 6° and the acceleration
integrated value AV replaced by the relative azimuth 6gyr.

[0086]

In step S426, one is added to j, where o + jiB is less than one. The
initial value of jy is zero. As described in step S12, k increases by one every
time the satellite positioning coordinates B are calculated. Thus, every time
the satellite positioning coordinates B are calculated, new ji is generated. The
initial value of j is zero, and ji is zero at a time t,. The time ty is the time at
which a navigation signal used for the calculation of the satellite positioning
coordinates B(ty) has been received. In addition, j, increases by one every
time the process in Fig. 6 is performed. Hence, j, represents the number of
times the process in Fig. 6 is performed on and after the time t.. The
meanings of « and B will be described when steps S432 and S436 are
described.

[0087]

Subsequently, an inertial navigation position Pp(t) is updated in step
S428. The inertial navigation position Pp(t) is updated by adding to an inertial
navigation position Pp(t-1) obtained last time a distance obtained by
multiplying the estimated velocity V. calculated in step S422 performed this
time by an updating cycle of the inertial navigation position Py in the direction of
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the estimated azimuth orientation 6. calculated in step S424 performed this
time.

[0088]

It is determined in step S430 whether the satellite positioning
coordinates B have been updated in a time period from when step S430 is
performed last time until when step S430 is performed this time. If NO is
determined in step S430, the process proceeds to step S438 without performing
steps 5431 to S436. If YES is determined in step S430, the process proceeds
to step S431.

[0089]

The reliability of the satellite positioning coordinates B is determined in
step S431. The reliability of the satellite positioning coordinates B can be
determined in various publicly known methods. The reliability of the satellite
positioning coordinates B is determined based on, for example, predefined
correspondence between the reliability and any one of (1) the number of
navigation signals used for the calculation of the satellite positioning
coordinates B, (2) S/N of a navigation signal, (3) a residual of the pseudo range
pi, and (4) the angle of elevation 6; of the GPS satellite i or a combination of (1)
to (4). Step S431 corresponds to the positioning coordinate reliability
calculator 45.

[0090]

An offset term o included in a virtual reference point calculating
expression indicated in an expression (15) is updated in step S432. The
expression (15) represents a virtual reference point derivation function F{P}
indicated in an expression (14) in the present embodiment.

[0091]

[Expression 14]

b(t, + j Ay = F({P)t, + j, A1) (14)

[0092]

[Expression 15]

F{P}=(1~a~j,B)P(t,)+ (@ + j,f)B(,) (15)
0<l-a-j,B<1 , 0<a+j A<l

In the expressions (14) and (15), k at the time t; is an integer, and the
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time t, represents a point in time when the navigation signal used for the
calculation of the satellite positioning coordinates B has been received.

[0093]

In the expression (14), At represents a cycle in which the position P of
the host vehicle is updated by the inertial navigation. This cycle is referred to
as an inertial navigation cycle hereinafter. The position P of the host vehicle
can be updated every time the detected values of the acceleration sensor 20
and the yaw rate sensor 30 are acquired. Thus, the inertial navigation cycle is
a cycle in which the detected values are acquired from the acceleration sensor
20 and the yaw rate sensor 30.

[0094]

Since At represents the inertial navigation cycle and jy represents the
number of times the process in Fig. 6 is performed since the satellite positioning
coordinates B have been updated, jiAt represents an elapsed time period since
the satellite positioning coordinates B have been updated until the present point
in time.

[0095]

The expression (14) represents the following: a virtual reference point
b(t, + jeAt) at a time t, + jiAt represents the coordinates indicated by the virtual
reference point derivation function F{P} at the time t + jiAt.

[0096]

The expression (15) represents the following: the coordinates indicated
by the virtual reference point derivation function F{P} at the time t, + jiAt
represent a value obtained by adding the latest satellite positioning coordinates
B(t) at this point in time to the position P (t;) of the host vehicle determined at
the time t, with each multiplied by a weighting factor.

[0097]

Every time j, which is an integer equal to or greater than zero,
increases, the value of —jB decreases. Additionally in Fig. 6, a movement
quantity AD of the host vehicle is calculated in step S440 to be described
hereinafter. Hence, -jB is a negative term whose value decreases in
accordance with the number of times the movement quantity AD is calculated.
Meanwhile, jip is a positive term whose value increases in accordance with the
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number of times the movement quantity AD is calculated. Additionally, (1 - «
- jkB) including -jB, which is the negative term, is defined as a first factor
calculating expression, and (o + jB) including j.8, which is the positive term, is
defined as a second factor calculating expression.

[0098]

In the virtual reference point calculating expression, (1 — « - jB), which
is used to multiply the position P (t) of the host vehicle, and (o + jkB), which is
used to multiply the satellite positioning coordinates B(t;), represent the
weighting factors. The virtual reference point b(t; + jkAt) on and after the time
t is in a position determined by the ratio defined by (1 - o - jxB) and (o + jB)
between the position P (t,) of the host vehicle at the time t, and the satellite
positioning coordinates B(t,) at the time t,.

[0099]

The virtual reference point b(tx + jkAt) is brought closer to the satellite
positioning coordinates B(t,) as the number of times the movement quantity AD
is calculated increases.

[0100]

The offset term o is constant regardless of j. in the virtual reference
point calculating expression. As the offset term o increases, the virtual
reference point b(ty + j«At) is brought closer to the satellite positioning
coordinates B(ty), starting when j, = 0.

[0101]

The virtual reference point b(ty + jxAt) is calculated in order to prevent a
sudden and large change in the position of the host vehicle even when the
accuracy of the satellite positioning coordinates B(t) is degraded. Thus, as
the satellite positioning coordinates B(t,) become more reliable, the virtual
reference point b(ts + jxAt) may be brought closer to the satellite positioning
coordinates B(ty).

[0102]

Hence, the value of a is increased in step S432 in accordance with the
reliability of the satellite positioning coordinates B.  Specifically, with
correspondence between the reliability of the satellite positioning coordinates B
and o predefined, the value of « is updated based on the reliability determined
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this time and the correspondence. In the correspondence between the reliability of the
satellite positioning coordinates B and o, o increases stepwise or continuously as the
reliability of the satellite positioning coordinates B increases.

[0103]

Movement quantity reliability is determined in step S434. The movement quantity
reliability represents the reliability of the movement quantity AD calculated in step S440 to be
described hereinafter. As widely known, the inertial navigation integrate errors. In other
words, errors increase as the position P of the host vehicle is updated by the inertial
navigation for a longer time period. Hence, in step S434, the movement quantity reliability is
reduced as the position P of the host vehicle is updated only by the inertial navigation without
updating the satellite positioning coordinates B for a longer time period. The value j that is
updated in step S426 may be used as the time period over which the satellite positioning
coordinates B is not updated. Step S434 corresponds to the movement quantity reliability

determinator 46.
[0104]

The value of B is updated to be a smaller value in step S436 as the movement
quantity reliability determined in step S434 increases. A reason for making such an update is

described below.
[0105]

As B becomes larger, the virtual reference point b(t + jiAt), which can be calculated
with the virtual reference point calculating expression, agrees with the satellite positioning
coordinates B(t), with a smaller value of j.. That is, 8 specifies the number of the inertial
navigation cycles taken for the virtual reference point b(t + jkiAt) to agree with the satellite
positioning coordinates B(t) after the satellite positioning coordinates B(ty) is obtained. This

B corresponds to a transition speed term.
[0106]

As the movement quantity reliability increases, the need to quickly bring the virtual
reference point b(ty + jAt) closer to the satellite positioning coordinates B (t,) decreases.
Hence, the value of B is updated to be a larger value as the movement quantity reliability

increases. In step $S436, the value
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of B that is to be obtained after the update is determined from a predefined
relationship in which B decreases stepwise or continuously as the movement
quantity reliability increases and the movement quantity reliability determined
in step S434.

[0107]

The virtual reference point b(t, + jkAt) at the time &, + jiAt is calculated
in step S438 by substitution of the position P (t) of the host vehicle at the time
ty and the satellite positioning coordinates B(ty) calculated from the navigation
signal received at the time t; in the latest virtual reference point calculating
expression. Steps 5430, S432, S436, and S438 correspond to the virtual
reference point determinator 43.

[0108]

The movement quantity AD for which the host vehicle has traveled from
the time t. to the current time t; + jiAt is calculated in step S440 from an
expression (16). As comprehensible from the expression (16), the movement
quantity AD is calculated using the inertial navigation position P, calculated in
step S428. Note that step S440 and steps S20 to S40 in Fig. 3 correspond to
the movement quantity calculator 42,

[0109]

[Expression 16]

AD=D(t, + j, AN -D(t,) (16)

The current position P of the host vehicle is updated in step S442 by
using an expression (17). Step S442 corresponds to the position determinator
44,

[0110]

[Expression 17]

P=AD+b(t, + jA)= D(t, + j, A~ Dit, )+, + j,A) (17)

(Conclusion of the embodiment)

The positioning apparatus 1 according to the present embodiment uses
the obtained satellite positioning coordinates B to determine (in S438) the
virtual reference point b(t; + jkAt) as a reference point that serves as a starting
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point for the movement quantity AD, instead of using the satellite positioning
coordinates B as they are as the reference point.

[0111]

As indicated in the expression (15), the virtual reference point b(t, +
jkAt) represents coordinates determined by multiplying the position P (t,) of the
host vehicle at the time t, at which the navigation signal used for the calculation
of the satellite positioning coordinates B(t,) has been received and the satellite
positioning coordinates B(t,) by respective weighting factors and, then, adding
them together. Additionally, the weighting factor (a + jiB), which is used to
multiply the satellite positioning coordinates B(t,), increases every time the
position update process (Fig. 6) is performed.

[0112]

Since the weighting factor (o + jB), which is used to multiply the
satellite positioning coordinates B, increases every time the position update
process is performed, the virtual reference point b(t, + jcAt) is brought closer to
the satellite positioning coordinates B(t) every time j, increases, as illustrated
in Fig. 7.

[0113]

The satellite positioning coordinates B(t) illustrated in Fig. 7 is an
example of those of degraded positioning accuracy. In Fig. 7, a path indicated
with a broken line represents an inertial navigation path; a path indicated with a
double line represents a path of the position P of the host vehicle, which is
updated sequentially in step S442. A dot and dash line represents a path of
the position of the host vehicle updated using, instead of the virtual reference
point b, the satellite positioning coordinates B(ty) as the reference point
immediately after the satellite positioning coordinates B(t,) are calculated.
This path is referred to as conventional method path hereinafter.

[0114]

A calculation processing time period is required from when a navigation
signal is received until when the satellite positioning coordinates B are obtained.
In the example of Fig. 7, the calculation processing time period is 3At. The
satellite positioning coordinates B(ty - ;) illustrated in Fig. 7, for example, are not
obtained until the position update process is performed the third time after
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navigation signals for the calculation of the satellite positioning coordinates B(t,
-1) are received. Thus, at points Q; and Q, in the conventional method path,
the satellite positioning coordinates B(ty - ;) do not serve as the reference point.

[0115]

The satellite positioning coordinates B(ty . ;) serve as the reference point
at a point Qs, which is obtained in the position update process performed the
third time after the navigation signals for the calculation of the satellite
positioning coordinates B(ty. ) are received. The movement quantity from a
point D(t 1) to a point D(t,.; + 3At) in the inertial navigation path is added to
this reference point to obtain the point Qs.

[0116]

Since the positioning accuracy of the satellite positioning coordinates
B(t,) is degraded, a point Q(tx + 3At), at which the satellite positioning
coordinates B(ty) are used as the reference point, exhibits a drastic change in
position from a point Q(tk + 2At), which is immediately before the point Q(t +
3At), leaving a step-like shape in the conventional method path. When the
satellite positioning coordinates B(t; . ;) are obtained next time, another
stepwise change is made to the conventional method path at a point Q(ty , ; +
3At).

[0117]

Conversely, in the present embodiment, instead of using the satellite
positioning coordinates B(t;) as they are as the reference point, the virtual
reference point b(tc + jkAt) is determined. The virtual reference point b(t, +
jkAt), which is calculated with the expression (15), is located between the
position P (t) of the host vehicle and the satellite positioning coordinates B(t)
at the time t; at which the navigation signal used for the calculation of the
satellite positioning coordinates B(t;) has been received. Moreover, the virtual
reference point b(ty + jkAt) is brought closer to the satellite positioning
coordinates B(t,) every time j increases.

[0118]

In the example of Fig. 7, at the time t + 3At, t, + 4At, t + 5At, ty + 6At,
and ty + 7At, the positions of the host vehicle P(t; + 3At), P(t + 4At), P(t; + 5At),
P(tc + 6At), and P(t, + 7At) are calculated using the virtual reference points b(t,
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+ 3At), b(t, + 4At), b(t, + 5At), b(tx + 6At), and b(tx + 7At), respectively.
Accordingly, a stepwise change in the path of the position P of the host vehicle
can be inhibited.

[0119]

Additionally, in the present embodiment, the reliability of the satellite
positioning coordinates B is determined (5431), and the offset term o is
increased as the reliability increases (S432). In this manner, when the
reliability of the satellite positioning coordinates B is higher, the virtual
reference point b is brought closer to the satellite positioning coordinates B.
Accordingly, the accuracy of the position P of the host vehicle is improved.

[0120]

Furthermore, in the present embodiment, the movement quantity
reliability is determined (S434). As the movement quantity reliability increases,
B is updated to be a smaller value (5436). By updating p to a smaller value,
the effect of degraded accuracy of satellite positioning coordinates B, if any, can
be reduced.

[0121]

While an embodiment of the present disclosure has been described, the
present disclosure should not be construed as being limited to the embodiment.
The technical scope of the present disclosure also includes modifications to be
described below, and various other modifications are also possible within a
scope not departing from the spirit of the present disclosure.

[0122]

<First modification>

While the value of the offset term « is determined in accordance with
the reliability of the satellite positioning coordinates B in the embodiment
described above, the value of the offset term o may be unchanged. In this
case, no reliability of the satellite positioning coordinates B may be determined.

[0123]

<Second modification>

While the value of B is updated in accordance with the movement
quantity reliability in the embodiment described above, the value of p may be
unchanged. In this case, no movement quantity reliability may be determined.
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[0124]

<Third modification>

No offset term o, may be used in the virtual reference point calculating
expression indicated in the expression (15).

[0125]

<Fourth modification>

While the movable object is a vehicle in the embodiment described
above, the present disclosure is applicable to other movable objects.

[0126]

<Fifth modification>

The satellite positioning coordinates B are calculated by solving the
expression (3) in the embodiment described above. However, the calculating
method in the embodiment described above is not limitative. The satellite
positioning coordinates B may be calculated in any other method as long as
they are calculated using a navigation signal.

[0127]

For example, the satellite positioning coordinates B may be determined
based on the combination of coordinates calculated using navigation signals
received at different times and an inertial navigation path. Specifically, a
movement quantity of a movable object obtained by the inertial navigation from
the time at which a navigation signal is received one cycle earlier until the time
at which the latest navigation signal is received is added to the coordinates
calculated using the navigation signal received one cycle earlier. In this
manner, the coordinates at the time at which the latest navigation signal is
received are determined based on the navigation signal received one cycle
earlier.

[0128]

Furthermore, in a manner similar to that in which the coordinates at the
time at which the latest navigation signal is received are obtained based on a
navigation signal received one cycle earlier, the coordinates at the time at which
the latest navigation signal is received may be obtained based on a navigation
signal received two cycles earlier, or three or more cycles earlier. In this
manner, one or more sets of the coordinates at the time at which the latest
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navigation signal is received is determined based on a past navigation signal.
Then, the final satellite positioning coordinates B are obtained by performing
averaging or the like on the coordinates at the time at which the latest
navigation signal is received, which are obtained based on the past navigation
signal, and the coordinates obtained from the latest navigation signal.

[0129]

It is noted that a flowchart or the processing of the flowchart in the
present application includes sections (also referred to as steps), each of which is
represented, for instance, as S2. Further, each section can be divided into
several sub-sections while several sections can be combined into a single
section. Furthermore, each of thus configured sections can be also referred to
as a device, module, or means.

[0130]
While the present disclosure has been described with reference to

embodiments thereof, it is to be understood that the disclosure is not limited to
the embodiments and constructions. The present disclosure is intended to
cover various modification and equivalent arrangements. In addition, while
the various combinations and configurations, other combinations and
configurations, including more, less or only a single element, are also within the

spirit and scope of the present disclosure.
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CLAIMS:

1. A positioning apparatus used with a movable object to determine a position
of the movable object, the positioning apparatus comprising:

a satellite positioning device that calculates a satellite positioning coordinate
based on a navigation signal received by a navigation signal receiver,

a movement quantity calculator that

acquires a signal detected by an inertial sensor, and

sequentially calculates a movement quantity of the movable object by inertial
navigation from a moment when the navigation signal is received until a moment
when the signal from the inertial sensor is received;

a virtual reference point determinator that sequentially determines a coordinate
of a virtual reference point after receiving the navigation signal;

a position determinator that determines the position of the movable object
sequentially based on the movement quantity of the movable object from the virtual
reference point; and

a positioning coordinate reliability calculator that calculates reliability of the
satellite positioning coordinates,

wherein the virtual reference point determinator

determines the coordinate of the virtual reference point by multiplying
respective weighting factors on the position of the movable object, which is
determined when the navigation signal is received, and a position of the satellite
positioning coordinate and then adding the weighted positions together, and

increases one of the respective weighting factors to be used to multiply the
satellite positioning coordinate in incremental steps,

wherein the virtual reference point determinator calculates the other of the
respective weighting factors to be used to multiply the position of the movable object
by using a first factor calculating expression, which includes a negative term having a

value changed in a decreasing manner based on number of times the movement

CA 2989529 2019-03-27
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quantity calculator calculating the movement quantity after receiving the navigation
signal;

wherein the virtual reference point determinator calculates the one of the
respective weighting factors to be used to multiply the satellite positioning
coordinates by using a second factor calculating expression, which includes a
positive term having a value changed in an increasing manner based on the number
of times the movement quantity calculator calculating the movement quantity after
receiving the navigation signal,

wherein each of the first factor calculating expression and the second factor
calculating expression includes an offset term as a constant term regardless of the
number of times the movement quantity calculator calculating the movement quantity,

wherein the virtual reference point determinator increases a value of the offset

term as the reliability of the satellite positioning coordinates increases.

2. The positioning apparatus according to claim 1, wherein:

the negative term is obtained by multiplying a transition speed term and
minus 1 on the number of times the movement quantity calculator calculating the
movement quantity after receiving the navigation signal;

the positive term is obtained by multiplying the transition speed term on the
number of times the movement quantity calculator calculating the movement quantity
after receiving the navigation signal;

the positioning apparatus further comprising:

a movement quantity reliability determinator that determines reliability of the
movement quantity,

wherein the virtual reference point determinator decreases a value of the

transition speed term as the reliability of the movement quantity increases.

CA 2989529 2019-03-27
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