
DESCRIPTION 

TITLE OF INVENTION: TRAVEL DISTANCE ESTIMATION DEVICE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] 

The present application is based on Japanese Patent Application No. 

2014-115954 filed on June 4, 2014, the disclosure of which is incorporated 

herein by reference. 

TECHNICAL FIELD 

[0002] 

The present disclosure relates to a travel distance estimation device 

that estimates a travel distance of a movable object, in particular to a 

technology of improving the estimation accuracy of the travel distance. 

BACKGROUND ART 

[0003] 

A travel distance of a movable object is used together with a traveling 

direction, for estimating a traveling trajectory, for example. If a traveling 

trajectory can be estimated, a relative position, which is relative to a position 

at a certain point of time, can be determined. Even when a radio wave for 

positioning transmitted by a satellite positioning system including a GPS or the 

like cannot be received, it is possible to estimate a current position based the 

past measured position and a traveling trajectory. 

[0004] 

A travel distance can be calculated by the product of a velocity and a 
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time. As a method of estimating a velocity of a movable object, Patent 

Literature 1 discloses a technology of: measuring an acceleration and then 

calculating a velocity from the acceleration; and additionally calculating a 

velocity also from a Doppler shift amount of a GPS carrier wave (hereunder a 

5 Doppler velocity). In Patent Literature 1, a velocity calculated from an 

acceleration is corrected successively by a Doppler velocity. 

[0005] 

A velocity calculated from an acceleration can be renewed in a short 

cycle but is more likely to cause an error than a Doppler velocity. 

10 Consequently, a velocity calculated from an acceleration is corrected 

successively by a Doppler velocity. A velocity of good accuracy can be 

obtained by the correction. 

[0006] 

An advantage of the technology according to Patent Literature 1 is 

15 that wiring for obtaining a signal of a vehicle velocity sensor is unnecessary 

when the technology is applied to a vehicle. 

[0007] 

Patent Literature 2 discloses a technology of estimating a velocity 

vector of a vehicle with a high degree of accuracy. Concretely, in the 

20 technology according to Patent Literature 2, an expression showing a 

relationship among a satellite direction vehicle velocity, a tire wheel velocity, a 

line-of-sight vector from a vehicle to a satellite in a positioning system, a 

vehicle orientation, and a clock drift is used for estimating a velocity vector. 

The expression is an expression formed by modifying an expression showing a 

25 relationship among a satellite direction velocity, a line-of-sight vector, a 

velocity vector, and a clock drift by using a constraint condition. The 

constraint condition comprises the condition that a velocity vector is 
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constrained by a velocity and a yaw rate of a movable object and the condition 

that the time variation of a clock drift is linear. 

PRIOR ART LITERATURE 

5 PATENT LITERATURE 

[0008] 

Patent Literature 1: JP2012-42318A 

Patent Literature 2: JP2013-113789A 

10 SUMMARY OF INVENTION 

[0009] 

The present inventors have found the followings regarding the above 

background art. The technology of Patent Literature 2 requires a tire wheel 

velocity. The technology of Patent Literature 2 therefore cannot be applied 

15 to a velocity estimation device that cannot be connected to a tire wheel 

velocity sensor. 

[0010] 

In the technology of Patent Literature 1 in contrast, a velocity is 

calculated from an acceleration detected by an acceleration sensor equipped 

20 in an own device and hence the device is not required to be connected to a 

tire wheel velocity sensor. 

[0011] 

Since a sensor has a phenomenon called drift as it is widely known, 

the error of a value detected by a sensor diverges with the lapse of time. For 

25 that reason, in the technology of Patent Literature 1, a velocity calculated 

from an acceleration is corrected by a Doppler velocity. 

[0012] 
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Even when a velocity calculated from an acceleration is corrected 

successively by such a velocity as a Doppler velocity having better accuracy 

than the velocity calculated from the acceleration however, a travel distance is 

calculated by the product of a velocity calculated from an acceleration and a 

5 time during a time from when the velocity calculated from the acceleration is 

corrected and to when the velocity is corrected next. Since a velocity error 

increases during using a velocity calculated from an acceleration, the error of 

a travel distance also increases cumulatively. The estimation accuracy of a 

travel distance therefore has not been sufficiently good. 

10 [0013] 

The present disclosure is made in view of the above circumstances 

and an object of the present disclosure is to provide a travel distance 

estimation device capable of estimating a travel distance with a higher degree 

of accuracy. 

15 [0014] 

A travel distance estimation device of an example of the present 

disclosure comprises: a traveling direction acceleration determination unit 

that successively determines a traveling direction acceleration, which is a 

traveling direction component of a detection value of an acceleration sensor 

20 moving together with a movable object; an integration processing unit that 

successively calculates an acceleration integrated value by integrating the 

traveling direction accelerations determined by the traveling direction 

acceleration determination unit; an initial setting value determination unit that 

determines, as a velocity initial value of the movable object, a velocity of the 

25 movable object calculated based on a Doppler shift amount from a satellite of 

a satellite positioning system or a velocity of the movable object at a time of 

stoppage of the movable object; an estimated velocity determination unit that 
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successively estimates an estimated velocity of the movable object based on 
the acceleration integrated value calculated by the integration processing unit 
and the velocity initial value determined by the initial setting value 
determination unit; a travel distance calculation unit that successively 

5 calculates an estimated travel distance of the movable object based on the 
estimated velocity determined by the estimated velocity determination unit 
and a time; a past velocity correction unit that, upon determining the velocity 
initial value by the initial setting value determination unit, determines 
corrected past velocities by correcting pre-correction past estimated velocities 

10 so that the corrected past velocities are continuous with the velocity initial 
value determined this time, wherein the pre-corrected past estimated 
velocities are the estimated velocities that were successively determined by 
the estimated velocity determination unit during a time period from when the 
velocity initial value was determined by the initial setting value determination 

15 unit the previous time until the velocity initial value is determined by the initial 
setting value determination unit this time; and a travel distance correction unit 
that, upon determining the corrected past velocities by the past velocity 
correction unit, recalculates based on the corrected past velocities and the 
time period an estimated travel distance during the time period from when the 

20 velocity initial value was determined by the initial setting value determination 
unit the previous time until the velocity initial value is determined by the initial 
setting value determination unit this time. 

[0015] 
According to this travel distance estimation device, the initial value 

25 setting unit determines, as the velocity initial value of the movable object, the 
velocity of the movable object calculated based on the Doppler shift amount 
of the radio wave from the satellite of the satellite positioning system or the 
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velocity of the movable object at the time of stoppage of the movable object. 
Because the velocity of the movable object calculated based on the Doppler 
shift amount of the radio wave from the satellite and the velocity of the 
movable object at the time of stoppage can be determined with a high degree 

5 of accuracy, the velocity initial value therefore represents the velocity of the 
movable object at the time when the velocity initial value is determined with a 
high degree of accuracy. 

[0016] 
Then the estimated velocity is estimated by using the velocity initial 

10 value and the acceleration integrated value. After the velocity initial value is 
renewed therefore, the accuracy of the estimated velocity having deteriorated 
due to the cumulative error of the acceleration integrated value improves. 

[0017] 
In the travel distance estimation device in addition, when the initial 

15 setting value determination unit determines the velocity initial value, the 
corrected past velocities are determined by correcting the pre-correction past 
estimated velocities so that the corrected past velocities are continuous with 
the velocity initial value determined this time. The pre-correction past 
estimated velocities are the estimated velocities after the velocity initial value 

20 was determined the previous time until the velocity initial value is determined 
this time. As a result, the accuracy of the past estimated velocities having 
deteriorated due to the cumulative error of the acceleration integrated value 
also improves. Then when the corrected past velocities are determined, the 
estimated travel distance after the velocity initial value was determined 

25 previous time until the velocity initial value is determined this time is 
recalculated by using the corrected past velocities. As a result, the accuracy 
of the estimated travel distance having deteriorated due to the deterioration 
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of the accuracy of the past estimated velocities also improves. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] 

5 The above and other objects, features, and advantages on the present 

disclosure will be more apparent from the following detailed description made 

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

FIG. 1 is a configuration diagram of a current position estimation 

device according to an embodiment; 

10 FIG. 2 is a view showing that the error of an acceleration integrated 

value AVG diverges; 

FIG. 3 is a detailed configuration diagram of a position renewal unit in 

FIG. 1; 

FIG. 4 is a view explaining the correction of a velocity by a past 

15 velocity correction unit in FIG. 3; 

FIG. 5 is a flowchart showing the flow of processing carried out by a 

control unit in FIG. 1; 

FIG. 6 is a detailed flowchart of Step S22 in FIG. 5; 

FIG. 7 is a detailed flowchart of Step S28 in FIG. 5; and 

20 FIG. 8 is a detailed flowchart of Step S34 in FIG. 5. 

DESCRIPTION OF EMBODIMENTS 

[0019] 

Configuration of embodiment 

25 An embodiment is explained hereunder in reference to drawings. A 

current position estimation device 1 shown in FIG. 1 is an example of a travel 

distance estimation device. The current position estimation device 1 



includes a GPS signal reception unit 10, an acceleration sensor 20, a yaw rate 

sensor 30, and a control unit 100 and is mounted on a vehicle not shown in 

the drawings. 

[0020] 

The GPS signal reception unit 10 is a receiver that receives GPS radio 

waves transmitted by a GPS satellite included in a global positioning system 

(hereunder, GPS) that is one of satellite positioning systems. The GPS radio 

waves mean waves formed by superimposing a GPS signal over carrier waves. 

The GPS signal reception unit 10 extracts a GPS signal by demodulating 

received GPS radio waves and sends it to the control unit 100. Further, 

carrier waves and a received signal strength are also sent to the control unit 

100. The GPS signal corresponds to an example of a satellite signal. 

[0021] 

As is well known, a plurality of GPS satellites exist. The GPS signal 

reception unit 10 receives all of the GPS radio waves receivable from GPS 

satellites. A GPS signal includes the satellite number of a GPS satellite, an 

ephemeris which is trajectory information of a GPS satellite, the time when a 

GPS satellite transmits radio waves, and the like. 

[0022] 

The acceleration sensor 20 is a triaxial acceleration sensor and the 

orientation of the acceleration sensor 20 is fixed so that the z axis may be 

parallel with the vertical direction of a vehicle, the x axis may be parallel with 

the width direction of the vehicle, and the y axis may be parallel with the 

anteroposterior direction of the vehicle. Here, an acceleration sensor that 

detects the accelerations along two axes of the x axis and the y axis may be 

used instead of the triaxial acceleration sensor. The acceleration sensor 20 

sends the detected values of accelerations along the respective axes to the 
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control unit 100. 

[0023] 

The yaw rate sensor 30 detects a rotational angular velocity around 

the vertical axis of a vehicle passing through the yaw rate sensor 30, namely a 

5 yaw rate. Then the detected yaw rate is supplied to the control unit 100. 

Here, the vertical axis of a vehicle is an axis vertical to a vehicle interior floor 

of the vehicle and is an axis parallel with the zenith direction when the 

vehicle is located on a horizontal ground. 

[0024] 

10 The control unit 100: is a computer equipped with a CPU, a ROM, a 

RAM, and others; and functions as the respective units 102 to 140 shown in 

FIG. 1 by having the CPU carry out a program stored in the ROM while the 

temporary memory function of the RAM is used. 

[0025] 

15 A traveling direction acceleration determination unit 102 determines a 

traveling direction acceleration of a vehicle from a detection value of the 

acceleration sensor 20. As stated earlier, the acceleration sensor 20 is fixed 

to a vehicle in the predetermined orientation and the y axis is directed to the 

vehicle traveling direction. As a result, the y axis detection value of the 

20 acceleration sensor 20 is extracted as the traveling direction acceleration. 

[0026] 

An integration processing unit 104 successively integrates traveling 

direction accelerations determined by the traveling direction acceleration 

determination unit 102, namely values of the y axis detected by the 

25 acceleration sensor 20. The integrated value is hereunder called an 

acceleration integrated value AVG. Further, the integration processing unit 

104 integrates values detected by the yaw rate sensor 30 and calculates a 
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relative azimuth 0^. The relative azimuth is a relative azimuth, which 

is the azimuth at time t relative to the traveling orientation of a vehicle at a 

base point of time. The relative azimuth 0^ is calculated from the 

expression (1). In the expression (1), At is a time step and ^ is a value 

detected by the yaw rate sensor 30 at the time t. 

[0027] 

[Num 1] 

t 

6'gyro = 0)' 
«M> (1) 

Here, the value detected by the acceleration sensor 20 and the value 

detected by the yaw rate sensor 30 for calculating the acceleration integrated 

value AVG and the relative azimuth 0^0 respectively are acquired at the same 

timing. The timing of the acquisition is at a certain period of time or at the 

time of traveling a certain distance, for example. 

[0028] 

A satellite information acquisition unit 106 acquires a GPS signal and a 

carrier wave from the GPS signal reception unit 10. When the GPS signal 

reception unit 10 receives GPS radio waves from a plurality of GPS satellites, 

the satellite information acquisition unit 106 acquires the GPS signals and 

carrier waves on all of the GPS satellites from which the GPS signal reception 

unit 10 receives the GPS radio waves. The satellite information acquisition 

unit 106 is an example of a satellite signal acquisition unit. 

[0029] 

Further, the satellite information acquisition unit 106 also calculates a 

positional coordinate (Xsi, YS|, Zs,), a pseudo distance p,, and a Doppler shift 

amount Dj of a GPS satellite i, those being information on the GPS satellite i 
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obtained from the GPS signals and the carrier waves. 

[0030] 

A positional coordinate (Xs!, Ysi, Zsi) of a GPS satellite i is calculated 

based on the ephemeris of the GPS satellite i and the time when a radio wave 

5 is transmitted. A pseudo distance pj is calculated by multiplying the velocity 

of light by the time difference between the time when a GPS satellite i 

transmits a GPS radio wave and the time when the GPS signal reception unit 

10 receives the GPS radio wave, namely the radio wave propagation time. 

[0031] 

10 The Doppler shift amount D| is a frequency difference between the 

frequency of a carrier wave of a radio wave transmitted by a GPS satellite i 

and the frequency of a carrier wave of a received GPS radio wave. The 

carrier wave frequency of a radio wave transmitted from a GPS satellite is 

predetermined and the frequency is stored beforehand in a predetermined 

15 memory unit such as a memory unit, not shown in the drawings, included in 

the control unit 100. The satellite information acquisition unit 106 therefore 

acquires the frequency of a carrier wave of a GPS radio wave from the 

memory unit and calculates a Doppler shift amount D| from the frequency and 

the frequency of a carrier wave acquired from the GPS signal reception unit 10. 

20 Here, the frequency of a carrier wave acquired by the satellite information 

acquisition unit 106 is determined by a known frequency analysis method, for 

example by fast Fourier transformation. 

[0032] 

A relative velocity calculation unit 108 calculates a relative velocity Vn 

25 of a vehicle to a GPS satellite i based on a Doppler shift amount D| calculated 

by the satellite information acquisition unit 106. The relative velocity Vn is 

calculated from the following expression (2). In the expression (2), Vn is a 



-12-

relative velocity of a vehicle to a GPS satellite i, D[ is a Doppler shift amount 
calculated by the satellite information acquisition unit 106, C is the velocity of 
light, and F is a frequency of a carrier wave of a radio wave transmitted from a 
GPS satellite. 

5 [0033] 
[Num 2] 

Vri = -Di-C/F (2) 
A satellite velocity calculation unit 110 calculates a velocity vector, 

namely a three-dimensional velocity Vxs,, Vys,, and Vzsi, of a GPS satellite i 
10 from time-series data of a positional coordinate (Xsi, Ysi, Zs!) of the GPS 

satellite i calculated by the satellite information acquisition unit 106 by a 
known method of using differential of the Kepler's equation. 

[0034] 
A current position calculation unit 112 calculates a current position (Xv, 

15 Yv, Zv) of a vehicle by using a pseudo distance p| of a GPS satellite i calculated 
by the satellite information acquisition unit 106. 

[0035] 
In the event of positioning using a GPS signal, a current position (Xv, 

Yv, Zv) of a vehicle is calculated based on a positional coordinate (X^, Ys,, ZS|) of 
20 a GPS satellite i and a pseudo distance pi from the GPS satellite in accordance 

with the principle of triangulation. Here, a true distance n to a GPS satellite i 
is represented by the expression (3). Meanwhile, the pseudo distance p( is 
represented by the expression (4). In the expression (4) here, s is a distance 
error caused by time error. 

25 [0036] 
[Num 3] 
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n = J(xd-XJ+(Y,-rj+iz,-z,y (3) 

Pi = n+s (4) 

From the expressions (3) and (4), a current position (Xv, Yv, Zv) of a 
vehicle can be calculated by solving the following simultaneous equations (5) 
obtained from pseudo distances pf of four or more GPS satellites. 

[0037] 
[Num 4] 

A = Vta -X.y -Y.f +K-Z.f+s 
A - -J(X,7-Xj -irJ +&,-Zj+s 

P* = ^-Xj + iY^-Yv) 1 +(Z^-Zj+s 
(5) 

Here, in the present embodiment, a current position (Xv, Yv, Zv) of a 
10 vehicle is used as a final current position, and also is used for obtaining the 

direction of a GPS satellite i, namely an angle between the GPS satellite and 
the vehicle in a satellite direction calculation unit 114 that will be described 
later. 

[0038] 
15 Since a GPS satellite is in the distance, the accuracy of a current 

position used for obtaining an angle between a GPS satellite and a vehicle 
may be low. Further, a current position of a vehicle can be obtained also 
from an estimated travel distance or a corrected travel distance and an 
estimated orientation 0^, the details being described later. 

20 [0039] 
Consequently, there is no need to determine a current position always 

by using a pseudo distances pi and the current position (Xv, Yv, Zv) of a vehicle 
may be determined by a method of a low accuracy other than the method of 
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determining a position by using a pseudo distances p|. Although it depends 
on estimation accuracy allowed in a system or the like, as long as the 
positional error of a vehicle is within the range of several hundred meters, the 
velocity estimation error is not more than 1 m/sec and the error is not a major 
problem. As a result, for example, a position may be determined from a map 
or the like or a current position (Xv, Yv, Zv) of a vehicle may be determined 
from past measurement history of a position or information of a beacon or the 
like. Further, in the case of determining a current position by using a pseudo 
distances pi too, there is no need to calculate the pseudo distances pi from a 
GPS radio wave of good signal quality. A judgment criterion for good signal 
quality will be explained in the explanation of a signal quality judgment unit 
120. 

[0040] 
A line-of-sight vector calculation unit 113 calculates a line-of-sight 

vector (Gxi, Gy, Gz,) from a vehicle to a GPS satellite i. The x component, y 
component, and z component of a line-of-sight vector are calculated from the 
expression (6). 

[0041] 
[Num 5] 

Gx', ~X''\ —7-fF* -•*"')> Gz', = \{z'a -Z',) 
Pi pi Pi 

In the expression (6), p® is a pseudo distance of a GPS satellite i at 
time t and (X^, Y^, Z^,) is a positional coordinate of the GPS satellite i at time 
t. Those are calculated by the satellite information acquisition unit 106. 
OCw Ytv, l\) is a current position at time t and is calculated by the current 
position calculation unit 112. 

[0042] 
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The satellite direction calculation unit 114 calculates a direction Rj to a 
GPS satellite i based on a current position (Xv, Yv, Zv) calculated by the current 
position calculation unit 112 and a positional coordinate (Xsi, Yg, Zsi) of the 
GPS satellite calculated by the satellite information acquisition unit 106. The 

5 direction R| to the GPS satellite i is represented with an elevation 0j to the 
horizontal direction and an azimuth <f>, to the north direction when the GPS 
satellite i is viewed from a vehicle. 

[0043] 
A satellite direction velocity calculation unit 116 calculates a satellite 

10 direction velocity Vs, that is the velocity of a vehicle in the direction to a GPS 
satellite i. The satellite direction velocity VSj is calculated from the following 
expression (7). 

[0044] 
[Num 6] 

Vs', = —C +Gx'lVxs'l +Gy',Vys',+Gz',Vzs'i 
15 ' (7) 

In the expression (7), the first term on the right side is a relative 
velocity Vr and is calculated by the relative velocity calculation unit 108. Gx, 
Gy, and Gz represent a line-of-sight vector and are calculated by the 
line-of-sight vector calculation unit 113. Vxs, Vys, and Vzs are the x, y, and z 

20 components of a velocity of a GPS satellite i and are calculated by the satellite 
velocity calculation unit 110. The first term on the right side in the 
expression (7) is a relative velocity Vrf of a vehicle to a GPS satellite i and the 
second to fourth terms represent a velocity of the GPS satellite i in the 
direction to the vehicle. The sum of them means the velocity of the vehicle in 

25 the direction to the GPS satellite i and hence the expression (7) can be 
formed. 
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[0045] 

A velocity vector calculation unit 118 calculates a velocity vector of a 

vehicle. When a velocity vector of a vehicle is represented by (Vx, Vy, Vz), 

the relationship between a satellite direction velocity Vss and a velocity vector 

(Vx, Vy, Vz) of the vehicle is represented by the following expression (8). 

[0046] 

[Num 7] 

- Vx • cos 8,-sin 4,+Vy- cos 6, • cos ^ + F'z • sin 9, = Vs, 
Vr, = -D, -C IF = Vsat, - Vs, + vCb 
Vs,-vCb = Vsat, +D,-C/F (8) 

From the expression (8) obtained with respect to a GPS satellite i, a 

10 simultaneous equation represented by the following expression (9) including a 

velocity vector (Vx, Vy, Vz) of a vehicle and Cbv as unknown quantities is 

obtained. 

[0047] 

In the expression (9), Vsati is a velocity of a GPS satellite i in the 

15 direction to a vehicle and is obtained from Vsat, = Rj[Vxs,, VySi, Vzs|]T. T 

means transposition of a matrix. Here, the velocity Vsat, of a GPS satellite i in 

the direction to a vehicle may also be obtained by calculating the second to 

fourth terms on the right side in the expression (7). Cbv is a clock drift of a 

clock included in the GPS signal reception unit 10. 

20 [0048] 

[Num 8] 

(Vsat, +D0 -C/F 
Vsatl+Dl-C / F 

VsatN +DN-C / F 

WJO 1/Q 3lil y/0 UU3 I/Q WO yCjj dill i 

- cos 0, sin cos cos <p{ sin 0, -1 

— cos 0N sin <j>N cos 9N cos tj>N sin 9N - ly 

\ 'Vx > 

Vy 
Vz 
Cbv, (9) 

The simultaneous equation represented by the expression (9) can be 
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solved when the number of GPS satellites that have received GPS radio waves 

is four or more. Here, even when a GPS radio wave is received, the GPS 

radio wave that cannot be judged as a good signal quality is excluded. The 

velocity vector calculation unit 118 therefore calculates a velocity vector of a 

5 vehicle from the expression (9) when GPS radio waves that have been judged 

as good signal qualities are received from four or more GPS satellites. 

Whether or not a signal quality is good is judged by a signal quality judgment 

unit 120 that will be explained below. 

[0049] 

10 The signal quality judgment unit 120 judges whether or not the signal 

quality of a GPS radio wave from a GPS satellite i received by the GPS signal 

reception unit 10 is good. Various known criteria can be used for the 

judgment of a signal quality. 

[0050] 

15 For example, whether or not a signal quality is good is judged by the 

condition that S/N is not lower than a predetermined value (judgment 

condition 1), the condition that a residual error of a pseudo distance p( is not 

higher than a judgment standard distance (judgment condition 2), the 

condition that an elevation 0j is not less than a judgment standard angle 

20 (judgment condition 3), or a combination of the judgment conditions 1 to 3 

(judgment condition 4). 

[0051] 

Here, the residual error of a pseudo distance pi is the difference 

between the distance between a positional coordinate (Xsi, Ysi, Zg|) of a GPS 

25 satellite i and a current position (Xv, Yv, Zv) of a vehicle and the pseudo 

distance pj. When the residual error is large, the influence of a multipath or 

the like is conceivable and hence the signal quality is judged as poor. Here, 
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in the case of the judgment condition 1, the signal quality is judged as good if 

S/N is not lower than a predetermined value. In the case of the judgment 

condition 3, the signal quality is judged as good if an elevation 0| is not less 

than a judgment standard angle. 

5 [0052] 

A stop judgment unit 122 judges whether or not a vehicle stops. 

Then when a vehicle is judged to stop, the velocity of the vehicle is set at 0 

km/h. As the method of stop judgment, various kinds of known methods can 

be used. For example, a vehicle is judged to stop if a value on the z axis 

10 detected by the acceleration sensor 20 is not more than a stop judgment 

value. When a vehicle travels, there are some vertical vibrations and thus 

stop judgment can be done based on a detected value on the z axis. In place 

of a detected value on the z axis, a detected value on the y axis, the variation 

of a detected value on the z axis, or the variation of a detected value on the y 

15 axis may be used. When stop judgment is carried out by a value detected by 

the acceleration sensor 20, wiring for acquiring a brake signal or a shift 

position signal is advantageously unnecessary. Obviously, it is also possible 

to make a brake signal or a shift position signal acquired and carry out stop 

judgment by using such a signal. 

20 [0053] 

An initial setting value determination unit 126 determines a velocity 

initial value V° used in an estimated velocity determination unit 128 and an 

orientation initial value 9° used in an estimated orientation determination unit 

130. 

25 [0054] 

In the present embodiment, it is possible to calculate a velocity of a 

vehicle also at the already-explained velocity vector calculation unit 118. The 
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velocity vector calculation unit 118 however cannot calculate a velocity vector 

(Vx, Vy, Vz) of a vehicle unless GPS radio waves having good signal qualities 

are received from four or more GPS satellites. In an urban area of many 

high-rise buildings for example therefore, a velocity vector (Vx, Vy, Vz) may 

5 not be calculated for a long period of time in some cases. Further, even in 

such an environment as to be able to receive four or more GPS radio waves 

having good signal qualities, the velocity vector calculation unit 118 can 

calculate a velocity vector (Vx, Vy, Vz) of a vehicle only at every constant 

period of 100 ms for example because the velocity vector calculation unit 118 

10 uses a Doppler shift amount D requiring frequency analysis. 

[0055] 

In contrast, a value detected by the acceleration sensor 20 can be 

obtained at a constant frequency without depending on a travel environment 

and moreover at every period of 20 ms for example shorter than the period at 

15 which the velocity vector calculation unit 118 can calculate a velocity vector 

(Vx, Vy, Vz). 

[0056] 

A velocity is therefore estimated based on an acceleration integrated 

value AVG from when a velocity vector (Vx, Vy, Vz) of a vehicle is calculated by 

20 the velocity vector calculation unit 118 to when a velocity vector (Vx, Vy, Vz) 

of the vehicle is calculated next. 

[0057] 

A value detected by the acceleration sensor 20 always has an error 

and the error diverges in nature. FIG. 2 is a graph showing the nature. FIG. 

25 2 is a graph of an acceleration integrated value AVG in a stopped state. 

Because a vehicle is in a stopped state, the acceleration integrated value AVG 

in FIG. 2 means an error when the acceleration integrated value AVG is directly 
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used as a velocity. From FIG. 2, it is obvious that the error diverges with the 

lapse of time when the acceleration integrated value AVG is directly used as a 

velocity. Here, although the error takes negative values in FIG. 2, the error 

may inversely take positive values in some cases. 

5 [0058] 

In this way, when an acceleration integrated value AVG is directly used 

as a velocity, the error diverges with the lapse of time. Consequently, at a 

time when a highly-accurate velocity is obtained, the highly-accurate velocity 

is used as a velocity initial value V°. 

10 [0059] 

A value obtained by subtracting an acceleration integrated value AVG 

obtained at this time point from the highly-accurate velocity is regarded as a 

velocity initial value V°. The velocity initial value V° obtained in this way 

means an offset fraction for correcting the acceleration integrated value AVG 

15 into a highly-accurate velocity regarded as a true velocity. An estimated 

velocity Ve therefore is obtained from AVG - V°. 

[0060] 

An error between an acceleration integrated value AVG and a true 

velocity increases with the lapse of time. Consequently, as the renewal cycle 

20 of a velocity initial value V° decreases, the estimated accuracy of a velocity 

using the acceleration integrated value AVG improves. 

[0061] 

In the present embodiment therefore, a velocity initial value V° is 

calculated from the expression (12) formed by improving the following 

25 expression (11) disclosed as a final velocity vector calculation formula in 

Patent Literature 2. Further, an orientation initial value 6° is calculated at the 

same time. 
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[0062] 
Meanwhile, with regard to a velocity initial value V°, the velocity initial 

value V° is determined from the expression (10) when the velocity vector 
calculation unit 118 can calculate a velocity vector (Vx, Vy, Vz). The reason is 

5 that the velocity vector (Vx, Vy, Vz) calculated by the velocity vector 
calculation unit 118 is highly accurate and hence the accuracy of a velocity 
initial value V° improves when the velocity initial value V° is determined by 
using the velocity vector (Vx, Vy, Vz). Further, when the stop judgment unit 
122 judges that a vehicle stops, the velocity initial value V° is set at -AVG. 

10 [0063] 
[Num 9] 
v° = -t-jv -&V0 

Vs', = V'^Gx', cos(0° +0'Dm)+V'*mlGy't sin(5° +9'^)-Cbv" - At 

Vs', '(V0 +AV'o)Gx'lea3(90 +&'^)+(V +AV'0)Gy,Lsin(9'' +9'^)-Cbv"-At ^2) 

15 In the expression (11), t is time, Vwheei is a value detected by a tire 
wheel velocity sensor, 6° is an azimuth of a vehicle in the traveling direction at 
initial time (hereunder an orientation initial value), 0gyro is an integrated value 
of azimuths of a vehicle in the traveling direction, namely a relative azimuth, 
Cbv0 is a clock drift at initial time, A is a gradient of the time variation of a 

20 clock drift, and Gx and Gy are the x component and the y component of a 
line-of-sight vector from a vehicle to a GPS satellite i. 

[0064] 
Further, in the expression (12), V° is a velocity initial value being a 

vehicle velocity at initial time and AVG is an acceleration integrated value on 
25 and after the initial time. That is, the expression (12) is an expression 

obtained by replacing a value Vwheei detected by a tire wheel velocity sensor in 
the expression (11) with the sum of a velocity initial value V° and an 
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acceleration integrated value AVG. The expression (12) corresponds to an 

example of a velocity estimation expression. 

[0065] 

Firstly, a method of deriving the expression (11) is explained. As 

disclosed also in Patent Literature 2, the relationship between a satellite 

direction velocity Vs1! and a velocity vector (Vx, Vy, Vz) of a vehicle can be 

represented by the expression (13). 

[0066] 

[Num 10] 

Vs't = Gx'iVx' +Gy'iVy' +Gz'iVz' - Cbv' 

In the expression (13), there are four unknown parameters of Vx1, Vy1, 

Vz®, and Cbv1. The expression (11) is derived by substituting the constraint 

conditions 1 to 3, those being described below, into the expression (13) in 

Patent Literature 2 in order to reduce the number of the unknown parameters. 

[0067] 

[Num 11] 

tvx1 cos(<?° + eV > 

Constraint condition 1 \Vy'sm(6''+e'^ 

Constraint condition 2 Vzf = 0 

Constraint condition 3 Cbv1 = Cbv0 + At 

The constraint condition 1 represents that the magnitudes of the x 

component and the y component of an estimated velocity vector are 

constrained by a tire wheel velocity and further the time variation fractions of 

the x component and the y component are constrained by the time variation 

of an azimuth. 6° in the constraint condition 1 is an azimuth of a vehicle in 

the traveling direction at initial time. The constraint condition 2 represents 
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that the variation of a velocity in the vertical direction is assumed to be always 
trifle. 

[0068] 
The constraint condition 3 represents that the variation of a clock drift 

5 in a short period of time is assumed to be linear because the time variation of 
the clock drift is mild. Cbv0 in the constraint condition 3 shows a clock drift at 
initial time and A shows a gradient of the time variation of the clock drift. 

[0069] 
Here, although only the velocity components in a two-dimensional 

10 plane are constrained by time variation in the constraint conditions 1 and 2, it 
is also possible to constrain the z axis component by time variation by using a 
pitch rate obtained by a three-axis gyroscopic sensor or the like. The 
expression (11) is obtained by taking the constraint conditions 1 to 3 into the 
expression (13). Then the expression (12) is obtained by replacing a value 

15 Vwheei detected by a tire wheel velocity sensor in the expression (11) with the 
sum of a velocity initial value V° and an acceleration integrated value AVG. 

[0070] 
In the expression (12), the satellite direction velocity Vs* is a satellite 

direction velocity in the GPS satellite i direction at time t and is calculated by 
20 the satellite direction velocity calculation unit 116. AVG is an acceleration 

integrated value at time t and is calculated by the integration processing unit 
104. (Gx', Gy *, Gz1,) is a line-of-sight vector at time t and is calculated by the 
line-of-sight vector calculation unit 113. e^o is a yaw rate integrated value 
and calculated by the integration processing unit 104. The unknown 

25 parameters in the expression (12) therefore are four of 0°, Cbv0, A, and V°. 
[0071] 
If four expressions can be formed therefore, a velocity initial value V° 
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and an orientation initial value 6°, those being unknown parameters, can be 

obtained. Moreover, the unknown parameters 0°, Cbv0, A, and V° are 

constant at different times as long as the time is on and after initial time. As 

a result, four expressions are not required to be formed at the same time and 

5 the unknown parameters can be obtained as long as the number of the 

expressions formed at more than one time is four or more in total. For 

example, even when the number of observation satellites at each of four 

times (to, ti, t2, and t3) is one, a velocity initial value V° and an orientation 

initial value 0° can be obtained by using data from the observed GPS satellites. 

10 [0072] 

Here, a velocity initial value V° is a vehicle velocity at initial time as 

stated earlier. Further, in the expression (12) to calculate a velocity initial 

value V°, a satellite direction velocity Vs calculated from a Doppler shift 

amount D is used. It can also be said therefore that the initial setting value 

15 determination unit 126 calculates the velocity of a vehicle at initial time based 

on a Doppler shift amount. 

[0073] 

The estimated velocity determination unit 128 calculates an estimated 

velocity Ve successively in an acceleration acquisition cycle by adding an 

20 acceleration integrated value AVG calculated by the integration processing 

unit 104 to a velocity initial value V° determined by the initial setting value 

determination unit 126. 

[0074] 

The estimated orientation determination unit 130 determines an 

25 estimated orientation 0^ showing the traveling direction of a vehicle 

successively in a relative azimuth determination cycle by adding a relative 

azimuth 0gyro calculated by the integration processing unit 104 to an 
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orientation initial value 0° determined by the initial setting value determination 

unit 126. 

[0075] 

A position renewal unit 140 successively renews the current position 

5 of a vehicle. A detailed configuration of the position renewal unit 140 is 

shown in FIG. 3. As shown in FIG. 3, the position renewal unit 140 includes a 

travel distance calculation unit 141, a past velocity correction unit 142, a travel 

distance correction unit 143, and a position determination unit 144. 

[0076] 

10 The travel distance calculation unit 141 calculates a travel distance of 

a vehicle every time when the velocity of the vehicle is renewed. The 

velocity of a vehicle is renewed in an acceleration acquisition cycle. The 

velocity of a vehicle is determined by any one of the estimated velocity 

determination unit 128, the velocity vector calculation unit 118, and the stop 

15 judgment unit 122. The travel distance calculation unit 141 calculates an 

estimated travel distance L'e, which is an estimated value of a distance which 

the vehicle travels during an acceleration acquisition cycle, by multiplying the 

acceleration acquisition cycle by a velocity determined by any one of the 

estimated velocity determination unit 128, the velocity vector calculation unit 

20 118, and the stop judgment unit 122. 

[0077] 

Every time when the initial setting value determination unit 126 

renews the velocity initial value V°, the past velocity correction unit 142 

corrects estimated velocities that were estimated successively by the 

25 estimated velocity determination unit 128 during a time period from when a 

velocity initial value V° was renewed previous time until a velocity initial value 

V° is renewed this time. The estimated velocity to be corrected is 
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hereunder referred to as a pre-correction past estimated velocity Vt(i)e. Here, 

i means an integer of any one of N to 0, t(N) means a time when the velocity 

initial value V° is renewed previous time, and t(0) means a time when the 

velocity initial value V° is renewed this time. Further, a value obtained by 

correcting a pre-correction past estimated velocity Vt(,)e is referred to as a 

corrected past velocity The corrected past velocity Vt(i)co is calculated 

from the following expression (14). 

[0078] 

[Num 12] 

y«f> _ +(y° ) '(')-'(*) 

The velocity initial value V° can be regarded as a velocity of a good 

accuracy. In the expression (14) therefore, a difference (V° - Vt(0)e) between 

a velocity initial value V° and a pre-correction past estimated velocity Vt(0)e at 

the time when the velocity initial value V° is renewed means an error 

cumulated on the pre-correction past estimated velocity Vt(0)e until the time 

when the velocity initial value V° is renewed. 

[0079] 

Then (t(i) - t(N)) / (t(0) - t(N)) is a coefficient representing a ratio of 

a time period, which is a time period after a velocity initial value V° is renewed 

previous time until a pre-correction past estimated velocity is estimated, 

to a time period (t(0) - t(N)), which is a time period after the velocity initial 

value V° is renewed previous time until the velocity initial value V° is renewed 

this time. In the expression (14), a difference (V° - Vt(0)e) is multiplied by the 

coefficient. A corrected past velocity Vt(l)co calculated from the expression 

(14) therefore is a value obtained by correcting a pre-correction past 

estimated velocity Vt(i)e on the assumption that the errors of the pre-correction 
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past estimated velocities Vt(i)e increase linearly. 

[0080] 

FIG. 4 is a graph showing a pre-correction past estimated velocity V1^ 

and a corrected past velocity comparatively. As shown in FIG. 4, at the 

time t(0), there is a difference (V° - V^e) between a velocity initial value V° 

and a pre-correction past estimated velocity V*0^. The difference means an 

error cumulated on an estimated velocity VV At the time when a velocity 

initial value V° is renewed, the expression "estimated velocity Ve = velocity 

initial value V°" is established. An estimated velocity Vle therefore comes to 

be discontinuous at the time when a velocity initial value V° is renewed. 

[0081] 

In the present embodiment, a corrected past velocity Vt(l)co is obtained 

by correcting a pre-correction past estimated velocity by using the 

expression (14). As shown in FIG. 4, the corrected past velocities Vt(i)co have 

continuity with an estimated velocity on and after t(0). Since the actual 

velocity variation of a vehicle has a continuity, it can be said that a corrected 

past velocities V*0^ calculated by using the expression (14) are closer to true 

velocities than pre-correction past estimated velocities Vt(i)e. 

[0082] 

When the past velocity correction unit 142 calculates corrected past 

velocities Vt(i)co, the travel distance correction unit 143 recalculates an 

estimated travel distance by using the corrected past velocities Vt(0co in place 

of estimated velocities in the same way as the travel distance calculation 

unit 141. The estimated travel distance is defined as a corrected travel 

distance Lt(i)co-

[0083] 

When the current position calculation unit 112 calculates a current 
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position (Xv, Yv, Zv) of a vehicle from the expression (5) by using a GPS radio 

wave the signal quality of which is judged to be good by the signal quality 

judgment unit 120, the position determination unit 144 determines the 

current position (Xv, Yv, Zy) calculated by the current position calculation unit 

112 as a current position after renewal. 

[0084] 

When the current position (Xv, Yv, Zv) calculated by the current 

position calculation unit 112 is not determined as a current position after 

renewal, a current position (Xv, Yv, Zv) is calculated successively by using a 

travel distance Lle calculated by the travel distance calculation unit 141 and an 

estimated orientation 0^ determined successively by the estimated orientation 

determination unit 130. 

[0085] 

Concretely, a current position (Xvt(0), Yvt(0)) at the present time t(0) is 

calculated from a current position (X/"15, YwtC4)) previous time, an estimated 

travel distance Lt(0)e this time, and an estimated orientation 0t(o)s this time by 

using the following expressions (15) and (16). Here, it is a matter of course 

that the current position (Xvt(0), Yvt(0)) is also a relative position to the current 

position (Xvt( 15, Y/"^) previous time. 

[0086] 
xv'(o)=xvt(-nL<(«9xcoseti°'8 ^ 

Y/I^Y/I-HL'I^XS i n0' we 
(lb) 

Further, when the travel distance correction unit 143 calculates a 

corrected travel distance L^, the position determination unit 144 corrects the 

current position (Xvt(0), Yvt(0)) by successively correcting positions (Xvt(i), Yvt(l)) 

after the time T(N) when a velocity initial value V° was renewed previous 

time until the time t(0) when a velocity initial value V° is renewed this time. 
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[0087] 
Xv'C>=Xvtt'-i>+ !_*<•>.Xcos©*"). (17) 

Yvt(i)=Yvt(i-1)+Ltti)eXs i n9t(ila ^ 

<Flow of processing by control unit 100> 

An example of flow of processing by a control unit 100 is hereunder 

explained in reference to the flowcharts in Figs. 5 to 8. The processing of the 

flowchart shown in FIG. 5 is carried out repeatedly in a cycle of acquiring a 

value of a sensor. Here, each of the parameters means a value at a latest 

time period, namely time period t = 0, unless otherwise specified. 

[0088] 

In FIG. 5, values detected by the acceleration sensor 20 and the yaw 

rate sensor 30 are obtained and stored in a memory unit such as a RAM at 

Step S2. The processing is carried out by the integration processing unit 104 

for example. 

[0089] 

Step S4 is the processing carried out by the traveling direction 

acceleration determination unit 102 and a traveling direction acceleration is 

determined from a detected value of the acceleration sensor 20 acquired at 

Step S2. 

[0090] 

Step S6 is the processing carried out by the integration processing unit 

104 and a relative azimuth egyro is renewed by adding a detected value of the 

yaw rate sensor 30 acquired at Step S2 to the last relative azimuth e^Vo-

Further, an acceleration integrated value AV^ is renewed by adding a traveling 

direction acceleration determined at Step S2 to the last acceleration 

integrated value AVt(1)G. 

[0091] 
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Steps S8 and S10 are the processing carried out by the satellite 
information acquisition unit 106. At Step S8, a GPS signal and a carrier wave 
are acquired from the GPS signal reception unit 10. At Step S10, a positional 
coordinate (Xsi, Yg, Zsi), a pseudo distance plA and a Doppler shift amount D, of 

5 a GPS satellite i are calculated from the GPS signal and the carrier wave 
acquired at Step S8. 

[0092] 
Step S12 is the processing by the stop judgment unit 122 and whether 

or not a vehicle stops is judged from a detected value on the z axis of the 
10 acceleration sensor 20 obtained at Step S2, for example. The processing 

advances to Step S14 when the vehicle is judged to stop and to Step S18 
when the vehicle is judged to be moving. 

[0093] 
Step S14 is also the processing by the stop judgment unit 122 and a 

15 velocity vector is set at (0, 0, 0). Needless to say, a velocity is also 0. 
[0094] 
Step S16 is the processing by the initial setting value determination 

unit 126 and a velocity initial value V° is set at the latest acceleration 
integrated value -AVG. After Step S16 is carried out, position renewal 

20 processing at Step S34 is carried out. The position renewal processing at 
Step S34 is described later. 

[0095] 
Step S18 that is carried out when a vehicle is judged to be moving at 

Step S12 is the processing by the signal quality judgment unit 120 and 
25 whether or not the signal quality of a GPS signal is good is judged based on 

the aforementioned judgment condition. The judgment of the signal quality 
is applied to all of the acquired GPS signals. 
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[0096] 
Step S20 is the processing by the velocity vector calculation unit 118 

and whether or not the number of GPS signals the signal qualities of which are 
judged to be good at Step S18 is four or more is judged. When the number 
is four or more, the processing advances to Step S22. 

[0097] 
At Step S22, a Doppler velocity is calculated. The Doppler velocity 

means a velocity vector (Vx, Vy, Vz) calculated by the velocity vector 
calculation unit 118 or the magnitude of the velocity vector. The velocity 
vector (Vx, Vy, Vz) is calculated by using a Doppler shift amount D and hence 
is called a Doppler velocity here. 

[0098] 
The detailed processing at Step S22 is shown in FIG. 6. In FIG. 6, 

Step S222 is the processing by the current position calculation unit 112 and a 
current position (Xv, Yv, Zv) of a vehicle is calculated from a pseudo distance p, 
and a positional coordinate (Xs!, Ysi, ZS|) of a GPS satellite i calculated at Step 
S10. 

[0099] 
Step S224 is the processing carried out by the satellite direction 

calculation unit 114 and a direction Rj (0,, <j>,) to a GPS satellite i is calculated 
from a current position (Xv, Yv, Zv) of a vehicle calculated at Step S222 and a 
positional coordinate (Xs!, Ysi, Zs!) of the GPS satellite calculated at Step S10. 

[0100] 
Step S226 is the processing carried out by the satellite velocity 

calculation unit 110 and a velocity vector (Vxs,, Vys,, VzsO of a GPS satellite i is 
calculated from the time-series data of a positional coordinate (Xs(, Ysi, Zsi) of 
the GPS satellite i calculated at Step S10. 
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[0101] 

Steps S228 and S230 are the processing by the velocity vector 

calculation unit 118. At Step S228, a velocity Vsat} of a GPS satellite i in the 

vehicle direction is obtained from a direction Rj to the GPS satellite i calculated 

at Step S224 and a velocity vector (Vxsi, Vys,, Vzs,) of the GPS satellite i 

calculated at Step S226 by Vsati = R, [Vxs,, VySj, VzS|]T. 

[0102] 

At Step S230, four or more simultaneous equations shown by the 

expression (9) are formed and the simultaneous equations are solved. As a 

result, a velocity vector (Vx, Vy, Vz) of a vehicle and a clock drift Cbv' can be 

obtained. 

[0103] 

Let's return to the explanation on FIG. 5. Step S24 is the processing 

by the initial setting value determination unit 126 and a velocity initial value V° 

is determined from a velocity vector (Vx, Vy, Vz) of a vehicle calculated at Step 

S22 by the expression (10). When Step S24 is carried out too, the position 

renewal processing at Step S34 is carried out. Before Step S34 is explained, 

Step S26 and succeeding steps are explained. 

[0104] 

When the number of the signals having good qualities is judged to be 

three or less at Step S20, the processing advances to Step S26. Step S26 is 

the processing by the initial setting value determination unit 126 and whether 

or not an initial value can be renewed is judged. The judgment means 

concretely that whether or not four or more expressions (12) can be formed 

by using GPS signals after a velocity initial value V° is renewed is judged. 

When the judgment is NO, the processing advances to Step S30 and, when 

the judgment is YES, the processing advances to Step S28. 
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[0105] 
At Step S28, a velocity initial value V° and an orientation initial value 0° 

are determined by using a tight coupling type estimation expression. The 
tight coupling type estimation expression is concretely the expression (12). 

5 [0106] 
The detailed processing at Step S28 is shown in FIG. 7. In FIG. 7, 

Step S282 is the processing carried out by the satellite velocity calculation unit 
110 and a velocity vector (Vxsi, Vysi, Vzsi) of a GPS satellite i is calculated from 
the time-series data of a positional coordinate (Xs!, Ysi/ Zsi) of the GPS satellite 

10 i calculated at Step S10. 
[0107] 
Step S284 is the processing carried out by the relative velocity 

calculation unit 108 and a relative velocity Vr, of a vehicle to a GPS satellite i is 
calculated by substituting a Doppler shift amount D, calculated at Step S10 

15 into the aforementioned expression (2). 
[0108] 
Step S286 is the processing by the current position calculation unit 

112 and a current position (Xv, Yv, Zv) of a vehicle is calculated from a pseudo 
distance pi and a positional coordinate (Xsi/ YS|, Zs,) of a GPS satellite i 

20 calculated at Step S10. 
[0109] 
Step S288 is the processing carried out by the line-of-sight vector 

calculation unit 113. At Step S288, a line-of-sight vector (GXj, Gy, Gzi) is 
calculated by substituting a pseudo distance p, and a positional coordinate (Xsi, 

25 Ysi, ZS|) of a GPS satellite i calculated at Step S10 and a current position (Xv, Yv, 
Zv) of a vehicle calculated at Step S286 into the aforementioned expression 
(6). 
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[0110] 
Step S290 is the processing carried out by the satellite direction 

velocity calculation unit 116. At Step S290, a satellite direction velocity VS| of 
a vehicle in the direction to a GPS satellite i is calculated by substituting a 

5 relative velocity Vr, calculated at Step S284, a line-of-sight vector (GXj, Gyf, 
Gzi) calculated at Step S288, and a velocity vector (VxSj, Vys,, Vzs,) of the GPS 
satellite i calculated at Step S282 into the aforementioned expression (7). 

[0111] 
Step S292 is the processing carried out by the initial setting value 

10 determination unit 126. At Step S292, four or more expressions are formed 
by substituting a satellite direction velocity VSj calculated at Step S290, an 
acceleration integrated value AVG renewed at Step S6, a relative azimuth 0gyro, 
and a line-of-siaht vector (Vxsi. Wsi. Vzs^ calculated at Step S288 into the 
aforementioned expression (12). Then the simultaneous equations 

15 comprising the four or more expressions are solved. As a result, a velocity 
initial value V° and an orientation initial value 0° which are the unknown 
parameters in the expression (12) can be obtained simultaneously. 

[0112] 
Let's return to the explanation on FIG. 5. When Step S28 is carried 

20 out or when the judgment at Step S26 is NO, Step S30 is carried out. Step 
S30 is the processing carried out by the estimated velocity determination unit 
128 and an estimated velocity Ve is calculated from the latest velocity initial 
value V° and an acceleration integrated value AVG renewed at Step S6. 

[0113] 
25 As shown in FIG. 5, when a velocity initial value V° is renewed but an 

acceleration integrated value AVG is not reset, an estimated velocity Ve is 
calculated by adding the velocity initial value V° to the acceleration integrated 
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value AVG. When a velocity initial value V° is renewed and an acceleration 

integrated value AVG is reset, an estimated velocity Ve is calculated by adding 

the acceleration integrated value AVG to the velocity initial value V°. 

[0114] 

5 Step S32 is the processing carried out by the estimated orientation 

determination unit 130 and an estimated orientation 0e is calculated from the 

latest orientation initial value 0° and a relative azimuth 0gyro renewed at Step 

S6. The concrete calculation method of an estimated orientation 0e is the 

same as the case of replacing a velocity initial value V° with an orientation 

10 initial value 0° and replacing an acceleration integrated value AVG with a 

relative azimuth 0gyro in a method of calculating an estimated velocity Ve from 

the velocity initial value V° and the acceleration integrated value AVG. When 

Step S32 is carried out too, the position renewal processing at Step S34 is 

carried out. Step S34 is carried out by the position renewal unit 140. 

15 [0115] 

The detailed processing of Step S34 is shown in FIG. 8. Here in FIG. 

8, Step S348 is carried out by the travel distance calculation unit 141, Step 

S352 is carried out by the past velocity correction unit 142, and Step S354 is 

carried out by the travel distance correction unit 143. Other steps are carried 

20 out by the position determination unit 144. 

[0116] 

At Step S342, whether or not a GPS current position is determined is 

judged. The GPS current position means a current position (Xv, Yv, Zv) 

calculated by the current position calculation unit 112 from the expression (5) 

25 by using a GPS radio wave the signal quality of which is judged as good by the 

signal quality judgment unit 120. When the judgment is YES, the processing 

advances to Step S344. At Step S344, the GPS current position (Xv, Yv, Zv) is 
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used as the latest current position. 
[0117] 
When the judgment at Step S342 is NO, the processing advances to 

Step S346. At Step S346, whether or not the velocity initial value V° is 
renewed is judged. When any one of Steps S16, S24, and S28 of FIG. 5 is 
carried out, the judgment at Step S346 is YES. In contrast, when the 
judgment at Step S26 of FIG. 5 is NO, the judgment at Step S346 is also NO. 
When the judgment at Step S346 is NO, the processing advances to Step 
S348. 

[0118] 
At Step S348, an estimated travel distance U is calculated by 

multiplying an estimated velocity Ve calculated at Step S30 by an acceleration 
acquisition cycle. At Step S350, a latest current position (Xv, Yv) is calculated 
by using the estimated travel distance U calculated at Step S348, an 
estimated orientation 0e estimated at Step S32, the expression 15, and the 
expression 16. Here, a value on the z coordinate is regarded as unchanged. 

[0119] 
At Step S352 that is carried out when the judgment at Step S346 is 

YES, a corrected past velocity Vt(l)co is calculated by correcting an estimated 
velocity after a time point t(N) when a velocity initial value V° is renewed 
previous time until a time point t(0) when a velocity initial value V° is renewed 
this time, namely a pre-correction past estimated velocity Vt(l)e, with the 
expression (14). 

[0120] 
At Step S354, a corrected travel distance Lt(i)c0 is calculated by 

multiplying the corrected past velocity Vt(i)co calculated at Step S352 by an 
acceleration acquisition cycle. 
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[0121] 

At Step S356, a current position (Xv, Yv) is recalculated by using the 

corrected travel distance Lt(i)co calculated at Step S354, an estimated 

orientation 0t(i)e estimated at Step S32, the expression 17, and the expression 

18. Here, a value on the z coordinate is regarded as unchanged. 

[0122] 

cTechnical of embodiment 

In the present embodiment, when a Doppler velocity is calculated 

(S22), the Doppler velocity is used as a velocity initial value V° (S24) and, 

when the velocity of a vehicle is 0 km/h (S14), the velocity is used as a velocity 

initial value V° (S16). Further, when the expression (12), which is a tight 

coupling type estimation expression, can be solved, a velocity at the initial 

time obtained from the expression (12) is used as a velocity initial value V° 

(S28). A velocity initial value V° determined by any one of such methods has 

a good accuracy. 

[0123] 

Then an estimated velocity Ve is estimated by using the velocity initial 

value V° determined in this way and an acceleration integrated value AVG 

(S30). After the velocity initial value V° is renewed therefore, the accuracy of 

an estimated velocity Ve that has deteriorated due to the cumulative error of 

the acceleration integrated value AVG improves. 

[0124] 

In the present embodiment in addition, when a velocity initial value V° 

is determined, a corrected past velocity Vt(l)co is obtained by correcting a 

pre-correction past estimated velocity Vt(i)e which is an estimated velocity Ve 

after a time point t(N) when a velocity initial value V° is renewed previous time 

until a time point t(0) when a velocity initial value V° is renewed this time, so 
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that the corrected past velocity V^co is continuous with the velocity initial 

value V° renewed this time (S352). As a result, the accuracy of a past 

estimated velocity Ve, which has deteriorated due to the cumulative error of 

the acceleration integrated value AVG, also improves. Then when the 

5 corrected past velocity V^co is determined, a corrected travel distance Lt(i)co 

obtained by recalculating an estimated travel distance after a velocity initial 

value V° is renewed previous time until a velocity initial value V° is renewed 

this time by using the corrected past velocity V^co is determined (S354). As 

a result, the accuracy of an estimated travel distance, which has deteriorated 

10 due to the accuracy drop of a past estimated velocity Ve, also improves. 

[0125] 

In the present embodiment further, when a corrected travel distance 

Lt(i) is calculated, a current position is corrected by using the corrected travel 

distance Lt(i) (S356). As a result, even in a situation of continuing the 

15 circumstance of not being able to determine a GPS current position, it is 

possible to continue to determine a current position with a high degree of 

accuracy. 

[0126] 

In addition to, upon renewing a velocity initial value V°, correcting a 

20 current position by correcting a pre-correction past estimated velocity Vt(i)e 

which is a past estimated velocity, the following technical effects can be 

obtained in the present embodiment. 

[0127] 

A satellite direction velocity VS| of a vehicle can be calculated based on 

25 a line-of-sight vector (Gx, Gy, Gz) from the vehicle to a GPS satellite i, a 

velocity vector (Vx, Vy, Vz) of the vehicle, and a clock drift Cbv as shown in the 

expression (13). 
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[0128] 
In the present embodiment, in the expression (13), the x component 

and y component of a velocity vector are constrained by a velocity of a vehicle 
and the time variation of an azimuth in the traveling direction of the vehicle, 

5 namely a relative azimuth 6^ (constraint condition 1). The initial setting 
value determination unit 126 determines a velocity initial value V° by using the 
expression (12) thus obtained. 

[0129] 
Since the expression (12) is constrained by the condition related to 

10 time variation in this way, simultaneous equations can comprise the 
expressions (12) using GPS signals at a plurality of different observation 
points. Unknown parameters other than a velocity initial value V° exist in the 
expression (12) and hence the simultaneous equations have to comprise the 
number of the expressions (12) corresponding to the number of the unknown 

15 parameters. In the present embodiment however, since the simultaneous 
equations can comprise the expressions (12) using GPS signals at a plurality 
of different observation points, simultaneous equations comprising the 
expressions (12) of the number allowing the unknown parameters to be 
solved are likely to be formed. 

20 [0130] 
The initial setting value determination unit 126 therefore can obtain a 

velocity initial value V° with a high frequency. Then by renewing the velocity 
initial value V° with a high frequency, the frequency of removing the influence 
of drift from a value detected by the acceleration sensor 20 increases and 

25 hence the estimation accuracy of an estimated velocity Ve calculated from an 
acceleration integrated value AVG and a velocity initial value V° improves. As 
a result, the accuracy of a current position determined by using the estimated 
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velocity Ve also improves. 
[0131] 
Further, in the present embodiment, in addition to the constraint 

condition 1, the expression (12) is derived by using the constraint condition 3 
5 that the time variation of a clock drift is linear. The number of unknown 

parameters in the expression (12) can therefore be reduced. As a result, the 
simultaneous equations of the number allowing the unknown parameters to 
be solved are likely to be formed and hence the frequency of renewing a 
velocity initial value V° can be increased further. 

10 [0132] 
Further, the expression (12) includes the terms of a velocity initial 

value V° and an acceleration integrated value AVG in the term of a velocity of a 
vehicle. By solving the simultaneous equations comprising the expressions 
(12) of the number corresponding to the number of the unknown parameters 

15 therefore, a velocity initial value V° can be obtained directly. 
[0133] 
Further, in the present embodiment, the velocity vector calculation 

unit 118, which calculates a velocity vector (Vx, Vy, Vz) without using an 
acceleration integrated value AVG, is provided. When the velocity vector 

20 calculation unit 118 calculates a velocity vector (Vx, Vy, Vz), a velocity initial 
value V° is determined by using the velocity vector (Vx, Vy, Vz) calculated by 
the velocity vector calculation unit 118 (S24). The accuracy of a velocity 
vector (Vx, Vy, Vz) calculated by the velocity vector calculation unit 118 is 
good and hence the accuracy of a velocity initial value V° improves 

25 accordingly. 
[0134] 
Further, in the present embodiment, when the stop judgment unit 122 
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judges that a vehicle stops, the velocity of the vehicle is regarded as zero and 

a velocity initial value V° is determined (S16). The accuracy of the velocity 

initial value V° hereby improves. Then as a result of improving the accuracy 

of the velocity initial value V°, the accuracy of an estimated velocity Ve 

calculated from the velocity initial value V° and an acceleration integrated 

value AVG also improves. 

[0135] 

Although the embodiment has heretofore been exemplified, the 

embodiment is not limited to the embodiment described above, the following 

modifications are also included in the embodiment, and the embodiment can 

further be modified variously within the range not deviating from the tenor, in 

addition to the following modifications. 

[0136] 

< First modification> 

Although a clock drift is constrained by the condition that the time 

variation is linear, namely the constraint condition 3, in the above embodiment, 

the constraint condition 3 may be omitted. When the constraint condition 3 

is omitted, Cbv0 + At in the expression (12) is replaced with Cbv4 that is an 

unknown parameter. 

[0137] 

<Second modification > 

Further, it is also possible to keep the constraint condition 3 and omit 

the constraint by the time variation of an azimuth in the constraint condition 1. 

On this occasion, the constraint condition 1 is the condition that the 

magnitude of a velocity vector is constrained only by the velocity of a vehicle 

and G'gyro in the expression (12) is an unknown parameter. 

[0138] 
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<Third modification > 
Although a GPS is used as a satellite positioning system in the above 

embodiment, another satellite positioning system may also be used. Further, 
both a satellite included in a GPS and a satellite included in another satellite 

5 positioning system may be used. 
[0139] 
<Fourth modification > 
Although a movable object is a vehicle in the above embodiment, a 

travel distance estimation device can be applied also to a movable object 
10 other than a vehicle. 
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CLAIMS 

1. A travel distance estimation device comprising: 

a traveling direction acceleration determination unit (102) that 

5 successively determines a traveling direction acceleration, which is a traveling 

direction component of a detection value of an acceleration sensor (20) 

moving together with a movable object; 

an integration processing unit (104) that successively calculates an 

acceleration integrated value by integrating the traveling direction 

10 accelerations determined by the traveling direction acceleration determination 

unit; 

an initial setting value determination unit (126) that determines, as a 

velocity initial value of the movable object, a velocity of the movable object 

calculated based on a Doppler shift amount from a satellite of a satellite 

15 positioning system or a velocity of the movable object at a time of stoppage of 

the movable object; 

an estimated velocity determination unit (128) that successively 

estimates an estimated velocity of the movable object based on the 

acceleration integrated value calculated by the integration processing unit and 

20 the velocity initial value determined by the initial setting value determination 

unit; 

a travel distance calculation unit (141) that successively calculates an 

estimated travel distance of the movable object based on the estimated 

velocity determined by the estimated velocity determination unit and a time; 

25 a past velocity correction unit (142) that, upon determining the 

velocity initial value by the initial setting value determination unit, determines 

corrected past velocities by correcting pre-correction past estimated velocities 
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so that the corrected past velocities are continuous with the velocity initial 

value determined this time, wherein the pre-corrected past estimated 

velocities are the estimated velocities that were successively determined by 

the estimated velocity determination unit during a time period from when the 

5 velocity initial value was determined by the initial setting value determination 

unit the previous time until the velocity initial value is determined by the initial 

setting value determination unit this time; and 

a travel distance correction unit (143) that, upon determining the 

corrected past velocities by the past velocity correction unit, recalculates 

10 based on the corrected past velocities and the time period an estimated travel 

distance during the time period from when the velocity initial value was 

determined by the initial setting value determination unit the previous time 

until the velocity initial value is determined by the initial setting value 

determination unit this time. 

15 

2. The travel distance estimation device according to claim 1, further 

comprising: 

an estimated orientation determination unit (130) that successively 

determines a traveling orientation of the movable object; and 

20 a position determination unit (144) that, based on the estimated travel 

distance calculated by the travel distance calculation unit and the traveling 

orientation determined by the estimated orientation determination unit, 

successively determines a relative position of the movable object relative to a 

position determined the previous time, 

25 wherein 

upon recalculating by the travel distance correction unit the estimated 

travel distance, the position determination unit recalculates, based on the 
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recalculated estimated travel distance and the traveling orientation 

determined by the estimated orientation determination unit, a relative 

position of the movable object after the velocity initial value was determined 

by the initial setting value determination unit the previous time until the 

5 velocity initial value is determined by the initial setting value determination 

unit this time. 

3. The travel distance estimation device according to claim 1 or 2, 

wherein 

10 assuming a liner increase in errors of the pre-correction past 

estimated velocities, the past velocity correction unit determines the corrected 

past velocity this time by correcting each of the pre-correction past estimated 

velocities with a correction amount obtained by multiplying the difference 

between the velocity initial value determined by the initial setting value 

15 determination unit and a latest pre-correction past estimated velocity by a 

coefficient corresponding to the time period after the time when the initial 

setting value determination unit determines the velocity initial value the 

previous time until the time when each of the pre-correction past estimated 

velocities is estimated. 

20 

4. The travel distance estimation device according to any one of claims 

1 to 3, wherein 

the integration processing unit successively calculates the acceleration 

integrated value and successively calculates a relative azimuth relative to the 

25 traveling direction at a base point of time by integrating a yaw rate detected 

by a yaw rate sensor (30), the yaw rate sensor detecting the yaw rate of the 

movable object; 
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the travel distance estimation device further comprising: 

a satellite signal acquisition unit (106) that acquires a satellite signal 

from the satellite of the satellite positioning system; 

a satellite direction velocity calculation unit (116) that calculates a 

5 satellite direction velocity based on the Doppler shift amount of a radio wave 

from the satellite, the satellite direction velocity being a component of a 

velocity of the movable object in the direction to the satellite; and 

a line-of-sight vector calculation unit (113) that calculates a 

line-of-sight vector from the movable object to the satellite based on the 

10 satellite signal, 

wherein 

the initial setting value determination unit determines, as the velocity 

initial value, the velocity of the movable object calculated based on the 

Doppler shift amount of the radio wave from the satellite of the satellite 

15 positioning system, 

the initial setting value determination unit determines the velocity 

initial value based on: 
a velocity estimation expression showing a relationship 

among the satellite direction velocity, the line-of-sight vector, the velocity of 
20 the mobile object, and a traveling orientation of the mobile object; 

the satellite direction velocity calculated by the satellite 
direction velocity calculation unit; 

the line-of-sight vector calculated by the line-of-sight vector 

calculation unit; and 
25 the relative azimuth calculated by the integration processing 

unit, and 
in an expression showing the relationship among the satellite direction 

velocity, the line-of-sight vector, and a velocity vector of the mobile object in 
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the velocity estimation expression, a magnitude of the velocity vector is 
constrained by the velocity of the mobile object and a time variation of a 

direction of the velocity vector is constrained by a time variation of the 
azimuth of the mobile object in the traveling direction. 

5 

5. The travel distance estimation device according to any one of claims 

1 to 3, further comprising: 

a satellite signal acquisition unit (106) that acquires a satellite signal 

from the satellite of the satellite positioning system; 

10 a satellite direction velocity calculation unit (116) that calculates a 

satellite direction velocity based on the Doppler shift amount of a radio wave 

from the satellite, the satellite direction velocity being a component of a 

velocity of the movable object in the direction to the satellite; and 

a line-of-sight vector calculation unit (113) that calculates a 

15 line-of-sight vector from the movable object to the satellite based on the 

satellite signal, 

wherein 

the initial setting value determination unit determines, as the velocity 

initial value, the velocity of the movable object calculated based on the 

20 Doppler shift amount of the radio wave from the satellite of the satellite 

positioning system, 

the initial setting value determination unit determines the velocity 

initial value of the movable object based on: 
a velocity estimation expression showing a relationship among 

25 the satellite direction velocity, the line-of-sight vector, the velocity of the 
mobile object, a traveling orientation of the mobile object, and a clock drift; 

the satellite direction velocity calculated by the satellite 
direction velocity calculation unit (116); and 
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the line-of-sight vector calculated by the line-of-sight vector 
calculation unit (113), and 

in an expression showing the relationship among the satellite direction 
velocity, the line-of-sight vector, a velocity vector of the mobile object, and the 

5 clock drift in the velocity estimation expression, a magnitude of the velocity 
vector is constrained by the velocity of the mobile object and the clock drift is 
constrained by a constraint condition that a time variation of the clock drift is 
linear. 

10 6. The travel distance estimation device according to claim 4, wherein 

the velocity estimation expression includes a dock drift in addition to 

the satellite direction velocity, the line-of-sight vector, the velocity of the 

movable object, and the traveling orientation of the movable object. 

15 7. The travel distance estimation device according to claim 6, wherein 

the velocity estimation expression is further constrained by a condition 

that a time variation of the clock drift is linear. 

8. The travel distance estimation device according to any one of claims 

20 4 to 7, wherein: 

the velocity estimation expression includes a term of the initial velocity 

value and a term of the acceleration integrated value as a term of the velocity 

of the mobile object; and 

when determining the velocity initial value by using the velocity 

25 estimation expression, the initial setting value determination unit determines 

the velocity initial value based on the acceleration integrated value calculated 

by the integration processing unit in addition to the velocity estimation 

expression, the satellite direction velocity calculated by the satellite direction 
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velocity calculation unit, and the a line-of-sight vector calculated by the 
line-of-sight vector calculation unit. 


