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GPS RECEIVER CAPABLE OF CALCULATING
ACCURATE 2DRMS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a GPS (Global
Positioning System) receiver which provides evaluation
values for evaluating accuracy of data obtained by GPS
measurement, and the invention also relates to a navigation
system in which such a GPS receiver is implemented.

[0002] In general, a GPS receiver provides data indicative
of a position (a GPS position) and a velocity (a GPS
velocity), in real time, by performing the GPS measurement.
The data (the GPS position and/or the GPS velocity)
obtained by performing the GPS measurement is also
referred to as a GPS solution. In the GPS measurement, the
GPS position is calculated using a range, or a distance
between the GPS receiver and GPS satellite, which is
measured using a satellite signal.

[0003] Tt is well known that the range measured using the
satellite signal includes an error due to, for example, Satel-
lite clock stability, Ephemeris prediction error, Ionospheric
delay, Tropospheric delay and other error sources. There-
fore, the range measured using satellite signal is called a
pseudo-range.

[0004] Further, the GPS receiver calculates an evaluation
value for evaluating accuracy of the GPS position in real
time. In general, 2DRMS (2xDistance Root Mean Square),
i.e., 20 value (2xstandard deviation) of the horizontal error
in the GPS position, is used as the evaluation value. Typi-
cally, the 2DRMS is a radius of a circle which contains 95%
of all possible GPS positions.

[0005] Conventionally, 2DRMS is defined by the equation
(D:
2DRMS=2-HDOP-Gygre (1)

[0006] where HDOP is a horizontal dilution of pre-
cision, and Oypgrg (user equivalent range error) is a
root-sum-square value of each 1o error included in
the measured pseudo-range described above. Typi-
cally, the Oygrg 1s a constant, for example, 8.0 m.

[0007] The DOP (Dilution Of Precision) is a factor to
relate an error in pseudo-range with an error in GPS posi-
tion. The DOP changes according to the satellite geometry.

[0008] In general, a Kalman filter, which is well-known in
the art, is employed in the GPS receiver or the navigation
system. A publication, “Understanding GPS: principles and
applications”, E D. Kaplan ed., Artech House, 1996,
describes the use of the Kalman filter in the GPS receiver
and calculation of the HDOP and the conventional 2DRMS,
teachings of which are incorporated herein by reference.

[0009] Treating the GPS solution as a dynamic system, the
Kalman filter calculates an estimate of the GPS solution and
an error covariance matrix of the estimate. In the mathemati-
cal process of the Kalman filter, the estimate and the error
covariance matrix of the estimate obtained in the prior
estimation are referred to in the succeeding estimation.

[0010] The mathematical processes of the Kalman filter
includes; provisionally estimating a system state based on a
state equation to obtain a provisional estimate; and updating

Sep. 27, 2001

the estimated system state (the estimate) using a difference
between a measurement value (a GPS solution) and the
provisional estimate.

[0011] The updating process for a simple model is given
by the equation (2):

X(O=x(O+KO[Y()-x()] @

[0012] where X(t) is the estimate, x(t) is the provi-
sional estimate, Y(t) is the measurement value, and
K(t) is a Kalman gain.

[0013] The following is an example of a computing pro-
cess in the GPS receiver. The GPS receiver first performs the
GPS measurement using the Kalman filter. Next, the HDOP
is calculated based on geometry of GPS satellites used in the
GPS measurement, and the 2DRMS is calculated according
to the equation (1). Then, the GPS solution and the 2DRMS
are outputted from the GPS receiver as a part of a GPS
message. This GPS message is received and used by the
navigation system which functions as a host to the GPS
receiver.

[0014] In the navigation system, a CPU (Central Process-
ing Unit), which executes a navigation application program,
performs estimating a location of a vehicle by using both the
GPS solution and a result of a dead-reckoning (a DR
solution) computed based on signals outputted by dead-
reckoning sensors. The signals from the dead-reckoning
sensors include, for example, a gyro output signal, a speed
pulse signal and a back signal.

[0015] The following is an example of a process of the
navigation application program. Initially, the GPS solution
and 2DRMS are transferred from the GPS receiver to the
CPU in the navigation system. Then, the signals outputted
by the dead-reckoning sensors are received and the DR
solution is calculated by the CPU. Also, an evaluation value
which indicates an error included in the DR solution is
calculated.

[0016] By making a comparison of the evaluation value of
the DR solution and the 2DRMS, the CPU select the GPS
solution or the DR solution as a location of the vehicle.
Finally, the location selected according to the process
described above is compensated using a map-matching.

[0017] Thus, the 2DRMS plays an important role in avoid-
ing an undesirable effect from the error included in the DR
solution and/or the GPS solution, and in obtaining the
location of the vehicle with high accuracy.

[0018] However, there may be a case where, the 2DRMS,
based on the conventional definition, expressed in the equa-
tion (1), takes discrete data values, because the HDOP used
for calculating the 2DRMS varies depending on an instan-
taneous GPS satellites geometry. In particular, in the case of
receiving the GPS signal at a mobile station (i.e., a vehicle),
since geometry of available satellites, from which GPS
signals are receivable, varies from moment to moment, a
correlation of the 2DRMS, calculated based on the conven-
tional definition, with respect to time becomes weak.

[0019] A complication arises from such nature of the
2DRMS, as follows. FIG. 1 is a graph showing a relation
between the 2DRMS based on the conventional definition
and a real error 61 included in the GPS solution.
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[0020] In FIG. 1, relatively long time period of up to tO
represents a state in which the GPS receiver can not receive
GPS signals due to the fact that, for example, the vehicle,
with which the GPS receiver is equipped, goes through a
tunnel. Hereafter, this state is referred to as “non-GPS-
measurement-state”.

[0021] At time tO, it becomes possible to receive a plu-
rality of GPS signals (i.e., to use a plurality of GPS satellites)
required for performing the GPS measurement, and the GPS
receiver obtains navigation data, such as ephemeris. The
GPS receiver starts to perform the GPS measurement at t0.
Hereafter, this state in which the GPS signals can be
received is referred to as “GPS-measurement-state”.

[0022] That is, FIG. 1 shows progression of 2DRMS and
the real error 61 of the GPS solution over time, after the GPS
receiver goes into the GPS-measurement-state from the
non-GPS-measurement-state.

[0023] At time tO, since the Kalman filter does not have
historical data (past GPS solutions), the real error included
in the GPS solution outputted by the GPS receiver (i.e., the
estimate of the Kalman filter) becomes relatively large as
shown in FIG. 1. Then, the Kalman filter converges the
estimate to a real location of the vehicle with the passage of
time. As the estimate converges, accuracy of the estimate
increases. Accordingly, the real error 61 included in the
estimate decreases.

[0024] The 2DRMS can take a low value at time tO when
the GPS-measurement-state starts because the 2DRMS is a
variable which depends on only an instantancous GPS
satellites geometry. The real error 61 falls under the 2DRMS
at time t1.

[0025] Considering that the navigation system makes the
selection described above (i.e., the navigation system selects
the GPS solution or DR solution by comparing the evalua-
tion value of DR solution with the 2DRMS) during a time
period to-ti, where the 2DRMS is smaller than the real error
61 (i.e., the 2DRMS does not reflect the real error 61 during
the time period t0-t1). In this case, even though real accuracy
of the DR solution is higher than real accuracy of the GPS
solution, the GPS solution may be selected as a location of
the vehicle because the 2DRMS is smaller than the evalu-
ation value of the DR solution.

[0026] Such wrong selection causes an accidental jump of
a location of a vehicle shown on a map displayed on a
monitor screen of the navigation system.

[0027] A GPS receiver or a navigation system capable of
providing an accurate evaluation value which reflects a real
error included in the GPS solution under all condition is
required.

SUMMARY OF THE INVENTION

[0028] 1t is therefore an object of the invention to provide
a GPS receiver or a navigation system capable of calculating
an accurate evaluation value which properly reflects a real
error included in the GPS solution. A further object of the
invention is to provide an improved calculation method for
obtaining the accurate evaluation value which properly
reflects a real error included in the GPS solution.

[0029] For the above object, according to the invention,
there is provided a GPS receiver which is provided with a
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GPS measurement system which performs GPS measure-
ment to obtain a GPS solution, a computing system which
provides evaluation values for evaluating errors included in
the GPS solution obtained by the GPS measurement, and a
modifying system that modifies the evaluation values. The
modifying system treats the GPS solution as a dynamic
system and modifies the evaluation values in accordance
with a system state of the GPS solution in the past. Since the
evaluation value is modified according to the past system
state of the GPS solution, the past system state can be
reflected into the evaluation value. Accordingly, a real error
included in the GPS solution can be reflected into the
evaluation value under all conditions.

[0030] According to another aspect of the invention, there
is provided a GPS receiver which is provided with a GPS
measurement system which performs GPS measurement to
obtain a GPS solution using a Kalman filter, and a comput-
ing system which calculates 2DRMS, which is an evaluation
value for evaluating an error included in the GPS solution
obtained by the GPS measurement, according to an equa-
tion:

2DRMS=2xV(01_xcarman)+EHDOPXO prp)?

[0031] wherein, cH_Kalman represents a horizontal
component of an estimate error obtained from a
diagonal in an error covariance matrix calculated in
a mathematical process of the Kalman filter, HDOP
represents a horizontal dilution of precision, and
Oygre fepresents an user equivalent range error. Since the 2DRMS
is a root sum square value of oH_Kalman and HDOP*Oyggg, a
value of oH_Kalman can be reflected into the 2DRMS. Further,
since the oH_Kalman reflects a past system state of the GPS
solution, the past system state can be reflected into the 2DRMS.
Accordingly, a real error included in the GPS solution can be
reflected into the 2DRMS under all conditions.

[0032] According to another aspect of the invention, there
is provided a GPS receiver which is provided with an
integrating system which performs an integrated position-
ing, which is an integrated procedure of GPS measurement
and dead-reckoning positioning, to obtain an integrated
solution using the Kalman filter, and a computing system
which calculates 2DRMS, which is an evaluation value for
evaluating an error included in the integrated solution
obtained by the integrated positioning, according to a first
equation:

2DRMS=2xV(0y_gaman) +(HDOPxXOyrrz)”

[0033] wherein, cH_Kalman represents a horizontal
component of an estimate error obtained from a
diagonal in an error covariance matrix calculated in
a mathematical process of the Kalman filter, HDOP
represents a horizontal dilution of precision, and
o_.. fepresents an user equivalent range error. Since
the 2DRMS is a root sum square value of oH_Kal-
man and HDOP*0yyggy, a value of oH_Kalman can
be reflected into the 2DRMS. Further, since the
oH_Kalman reflects a past system state of the inte-
grated solution, the past system state can be reflected
into the 2DRMS. Accordingly, a real error included
in the integrated solution can be reflected into the
2DRMS under all conditions.
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[0034] Preferably, the computing system may calculate
2DRMS, when the GPS receiver is in a state where GPS
signals cannot be received, according to a second equation:

2DRMS=2xV(0y; gaman) +LastHDOPxOypre ),

[0035] wherein LastHDOP indicates HDOP calcu-
lated at a time before the GPS receiver being in the
state.

[0036] Preferably, the integrating system calculates the
integrated solutions based only on the dead-reckoning when
the GPS receiver being in the state.

[0037] According to another aspect of the invention, there
is provided a navigation system which is provided with a
GPS measurement system which performs GPS measure-
ment to obtain a GPS solution using a Kalman filter, and a
computing system which calculates 2DRMS, which is an
evaluation value for evaluating an error included in the GPS
solution obtained by the GPS measurement, according to an
equation:

2DRMS=2xV (01 _xcatman)*+FHDOPXO yprp)?

[0038] wherein, cH_Kalman represents a horizontal
component of an estimate error obtained from a
diagonal in an error covariance matrix calculated in
a mathematical process of the Kalman filter, HDOP
represents a horizontal dilution of precision, and
o .. represents a user equivalent range error. The
navigation system further provided with a position
estimating system which estimates positions based
on the 2DRMS and the GPS solution obtained by the
GPS measurement. Since the oH_Kalman reflects a
past system state of the GPS solution, the past system
state can be reflected into the 2DRMS. Accordingly,
a real error included in the GPS solution can be
reflected into the 2DRMS under all conditions.
Accuracy of the positions estimated by the estimat-
ing system can be enhanced because the position
estimating system estimates the positions using the
2DRMS and GPS solution.

[0039] According to another aspect of the invention, there
is provided a navigation system which is provided with an
integrating system which performs an integrated position-
ing, which is an integrated procedure of GPS measurement
and dead-reckoning positioning, to obtain an integrated
solution using the Kalman filter, and a computing system
which calculates 2DRMS, which is an evaluation value for
evaluating an error included in the integrated solution
obtained by the integrated positioning, according to a first
equation:

2DRMS=2xV(0y_gaman) +HDOPXOyrrz)”

[0040] wherein, cH_Kalman represents a horizontal
component of an estimate error obtained from a
diagonal in an error covariance matrix calculated in
a mathematical process of the Kalman filter, HDOP
represents a horizontal dilution of precision, and
O,... fepresents a user equivalent range error. The
navigation system further provided with a position
estimating system which estimates positions based
on the integrated solution and the 2DRMS calculated
according to the first equation. Since the oH_Kal-
man reflects a past system state of the integrated
solution, the past system state can be reflected into
the 2DRMS. Accordingly, a real error included in the
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integrated solution can be reflected into the 2DRMS
under all conditions. Accuracy of the positions esti-
mated by the estimating system can be enhanced
because the position estimating system estimates the
positions based on the 2DRMS and the integrated
solution.

[0041] Preferably, the computing system may calculate the
2DRMS, when the navigation system is in a state where GPS
signals cannot be received, according to a second equation:

2DRMS=2xV(0%_xcatman)+LastIDOPXOygrs)?,

[0042] wherein LastHDOP indicates HDOP calcu-
lated at a time before the GPS receiver goes into the
state. In this case, the position estimating system
may use the 2DRMS calculated according to the
second equation when the GPS receiver being in the
state.

[0043] Preferably, the integrating system may calculate
the integrated solution based only on the dead-reckoning
when the navigation system being in the state.

[0044] According to another aspect of the invention, there
is provided a method for calculating 2DRMS in a GPS
receiver. The method includes calculating the 2DRMS
according to a first equation:

2DRMS=2xV(0y_gaman) +(HDOPxXOyrrz)”

[0045] wherein, cH_Kalman represents a horizontal
component of an estimate error obtained from a
diagonal in an error covariance matrix calculated in
a mathematical process of the Kalman filter, HDOP
represents a horizontal dilution of precision, and
O,... fepresents a user equivalent range error. Since
the 2DRMS is a root sum square value of oH_Kal-
man and HDOP*0yggg, a value of oH_Kalman can
be reflected into the 2DRMS. Further, since the
oH_Kalman reflects a past system state of GPS
solution obtained by GPS measurement in the GPS
receiver, the past system state can be reflected into
the 2DRMS. Accordingly, a real error included in the
GPS solution can be reflected into the 2DRMS under
all conditions.

[0046] Preferably, the calculating step includes calculating
the 2DRMS, when the GPS receiver being in a state where
GPS signals cannot be received, according to a second
equation:

2DRMS=2xV(0%_xcatman)+LastIDOPXOygrs)?,

[0047] wherein LastHDOP indicates HDOP calcu-
lated at a time before the GPS receiver goes into the
state.

BRIEF DESCRIPTION OF THE
ACCOMPANYING DRAWINGS

[0048] FIG. 1 is a graph showing a relation between
2DRMS based on a conventional definition and a real error
included in GPS solutions;

[0049] FIG. 2 shows a block diagram of a car navigation
system, according to a first embodiment of the present
invention.

[0050] FIG. 3 shows a flowchart of a computing process
in a GPS receiver, according to the first embodiment of the
present invention;
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[0051] FIG. 4 shows a flowchart of a navigation applica-
tion program executed by a CPU in a navigation system,
according to the first embodiment of the present invention;

[0052] FIG. 5 shows progression of the 2DRMS and a real
error in the GPS solutions over time, according to the first
embodiment of the present invention;

[0053] FIG. 6 shows a block diagram of a car navigation
system, according to a second embodiment of the present
invention;

[0054] FIG. 7A shows progression of oH_Kalman calcu-
lated by a GPS receiver, according to the second embodi-
ment of the invention;

[0055] FIG. 7B shows progression of the HDOP used for
calculating 2DRMS, according to the second embodiment of
the invention;

[0056] FIG. 7C shows progression of 2DRMS calculated
by the GPS receiver, according to the second embodiment of
the invention;

[0057] FIG. 8 is a graph conceptually showing a relation-
ship between the 2DRMS and a real error in integrated
solutions, according to the second embodiment of the inven-
tion; and

[0058] FIG. 9 shows a flowchart of a computing process
performed by a computing unit in the GPS receiver, accord-
ing to the second embodiment of the invention.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0059] First Embodiment

[0060] FIG. 2 shows a block diagram of a car navigation
system 10 according to a first embodiment of the present
invention. It should be noted that only elements, which
concern to GPS measurement and dead-reckoning, among
all elements of the car navigation system 10, are shown in
FIG. 2 for simplicity.

[0061] As shown in FIG. 2, the navigation system 10 is
provided with a GPS receiver 11. The GPS receiver 11 is
provided with RF (radio frequency) unit 12 which down-
converts a GPS signal caught by an antenna 8 to a lower
intermediate frequency by mixing a signal from a local
oscillator 13 with the GPS signal. The RF unit 12 is
connected to a computing unit 14 which performs the GPS
measurement using the Kalman filter. The GPS receiver 15
is connected to a NAVI_CPU 1, which is a CPU (Central
Processing Unit) on which a navigation application program
is executed.

[0062] FIG. 3 shows a flowchart of a computing process
in the GPS receiver 11. The computing process in FIG. 3 is
repeated, for example, in a cycle of 1 second.

[0063] Initially, the computing unit 14 performs the GPS
measurement using the Kalman filter (S201). Next, the
computing unit 14 calculates oH_Kalman (S202).

[0064] 1t is known to a person skilled in the art that
oH_Kalman, a horizontal (a latitude-longitude direction)
component of an error in the estimate of the Kalman filter,
can be obtained from a diagonal in an error covariance
matrix which is calculated in a mathematical process of the
Kalman filter.
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[0065] In step S203, based on geometry of GPS satellites
used in the GPS measurement in step S201, HDOP is
calculated.

[0066] In step S204, using oH Kalman calculated in step
S202, the HDOP calculated in S203 and CERE, 2DRMS is
calculated by the equation (3):

2DRMS=2xV(0y_gaman) +(HDOPxXOyrrz)” €)

[0067] where Oyggg is a predetermined constant. The
2DRMS is a RSS (root-sum-square) value of the
oH_Kalman and HDOP*0;5rE-

[0068] Because of a nature of the mathematical process of
the Kalman filter, the oH_Kalman reflects a past system
state of the GPS solution which is treated as a dynamic
system. Accordingly, the 2DRMS according to the equation
(3) can reflect a past system state of the GPS solution with
reflecting a parameter HDOP*Oyprg.

[0069] In step S205, the GPS solution obtained in step
S201 and the accurate 2DRMS obtained in step S204 are
transferred from the GPS receiver 11 to the NAVI_CPU 1.

[0070] A gyro 3 outputs a DC voltage corresponding to an
angular velocity in a direction of rotation of a vehicle in
which the car navigation system 10 is equipped. A Filer/
AD-converter 4 removes noise from the signal input from
the gyro 3 and then the Filter/AD-converter 4 converts the
signal from the gyro 3 into a digital signal. The digital signal
output from the Filter/AD-converter 4 is input to the NAV-
I CPU 1.

[0071] A speed pulse signal 5 transmitted from a velocity
sensor (not shown) has a frequency corresponding to a
velocity of the vehicle. A Filter/Counter 6 removes noise
from the speed pulse signal § and then the Filter/Counter 6
counts the number of pulses of the speed pulse signal 5. The
counted number obtained by the Filter/Counter 6 is input to
the NAVI_CPU 1.

[0072] A back signal 7 indicates whether the vehicle is
going ahead or backward. The back signal 7 is also input to
the NAVI_CPU 1.

[0073] FIG. 4 shows a flowchart of the navigation appli-
cation program executed by the NAVI_CPU 1. The process
shown in FIG. 4 is repeated, for example, in a cycle of 1
second.

[0074] As shown in FIG. 4, initially, the GPS solution and
the 2DRMS are transferred from the GPS receiver 11 to the
NAVI_CPU 1 (S301). Then, dead-reckoning sensor signals
(a signal from the gyro 3, the speed pulse signal, and the
back signal) are received (S302) and the DR solution is
calculated (8303). Next, an evaluation value which indicates
an error included in the DR solution is determined (S304).

[0075] In step S305, the NAVI_CPU 1 compares the
evaluation value of the DR solution with the 2DRMS. If the
2DRMS is smaller than the evaluation value of the DR
solution, i.e., the GPS solution is more accurate than the DR
solution (S305: YES), the GPS solution is selected as a
location of the vehicle (S306). If the evaluation value of the
DR solution is smaller than or equal to the 2DRMS, i.e., the
DR solution is more accurate than the GPS solution (S305:
NO), the DR solution is selected as the location of the
vehicle (S307).
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[0076] In step S308, the location selected in step S306 or
step S307 is compensated using a map-matching. In the
map-matching, map data read from a map database (not
shown) is used.

[0077] Therefore, the location of the vehicle (a final result
of the process of the navigation application program) is
obtained (S309).

[0078] 1t should be noted that, functions, for example, a
route searching, required by a general car navigation system
are also performed by the NAVI_CPU 1.

[0079] The NAVI_CPU 1 can use the 2DRMS according
to the equation (3) in step S305. Accordingly, the NAV-
I_CPU 1 use more appropriate evaluation value, which
exactly reflects a real error included in the GPS solution
input from the GPS receiver 11, than the conventional
evaluation value (i.e., the 2DRMS according to the equation

D).

[0080] In this case, the comparison in step S305 per-
formed 4 appropriately. Therefore, accuracy of the final
result obtained in step S309 is increased.

[0081] FIG. 5 shows progression of the 2DRMS accord-
ing to the equation (3) and a real error in the GPS solution
over time. As in the case of FIG. 1, relatively long time
period up to to represents a state in which the GPS receiver
11 can not receive GPS signals, and it becomes possible to
receive a plurality of GPS signals (i.e., to use a plurality of
GPS satellites) required for performing the GPS measure-
ment. The GPS receiver 11 obtains the navigation data, such
as ephemeris, and starts to perform the GPS measurement at
time t0.

[0082] As shown in FIG. 5, the 2DRMS can take a high
value at time tO when the GPS measurement starts. This is
based on the fact that a convergence condition of the
estimate of the Kalman filter is deteriorated under circum-
stances where non-GPS-measurement-state has continued
for a relatively long time period up to tO and that the
deteriorated convergence condition is reflected in the
2DRMS through the oH_Kalman.

[0083] Accordingly, while the 2DRMS takes a high value
at tO reflecting the real error in the GPS solution, the 2DRMS
converges immediately to a low value with the passage of
time in conjunction with convergence of the estimate of the
Kalman filter. The 2DRMS does not take lower value than
the real error 61, therefore the situation where the conven-
tional 2DRMS takes a lower value than the real error 61
during the time period t0-t1 shown in FIG. 1 is not occurs.
Accordingly, it is prevented that the NAVI_CPU 1 selects
the GPS solution even though the accuracy of the DR
solution is more accurate than the GPS solution.

[0084] Second Embodiment

[0085] FIG. 6 shows a block diagram of a car navigation
system 20 according to the second embodiment of the
present invention. In FIG. 6, elements having the same
function as elements shown in FIG. 2 have the same
reference numbers as the elements in FIG. 2. It should be
noted that the output of the gyro 3, the speed pulse signal 5
and the back signal 7 are input to a GPS receiver 21.

[0086] In the GPS receiver 21, the computing unit 22
performs an integrated positioning, which is an integrated
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procedure of the GPS measurement and the DR positioning.
The publication, “Understanding GPS: principles and appli-
cations™, describes the integrated positioning, teachings of
which are incorporated herein by reference. In one example
of the integrated positioning, a velocity and an angular
velocity, which are obtained by the DR positioning, are
inputted to the Kalman filter, and an integrated solution is
calculated.

[0087] The integrated solution is transmitted to a NAV-
I_CPU 25, which is a CPU on which a navigation applica-
tion program is executed, from the computing unit 22.

[0088] The computing unit 22 calculates the integrated
solution by performing the integrated positioning when the
GPS measurement can be performed, while the computing
unit 22 computes the solution by performing the DR posi-
tioning when the GPS measurement cannot be performed
due to the fact that, for example, the vehicle, with which the
car navigation system 20 is equipped, goes through a tunnel
or goes into the immediate area of a building.

[0089] Hereafter, a state where both the GPS measurement
and the DR positioning can be performed is referred to as
“(DR+GPS) state”, and a state where only the DR position-
ing can be performed is referred to as “(DR only) state”.

[0090] In the (DR+GPS) state positioning state, the com-
puting unit 22 computes oH_Kalman and HDOP, and out-
puts the integrated solution and the 2DRMS. It should be
noted that the cH_Kalman computed by the computing unit
22 indicates a horizontal error included in the integrated
solution which reflects both the GPS solution and the DR
solution.

[0091] Inthe (DR only) state, the GPS receiver 21 cannot
receive the GPS signal, thereby the computing unit 22
cannot calculates HDOP. In this case, using “Last HDOP”
which is the latest HDOP before the GPS receiver 21 goes
into (DR only) state, the computing unit 22 computes the
2DRMS according the equation (4):

2DRMS=2xV(0y gaman) +{LastHDOPxGypys)” €))

[0092] FIGS. 7A-C shows progression of oH_Kalman
(FIG. 7A), HDOP (FIG. 7B), and the 2DRMS (FIG. 7C)
defined by the equation (4) in a case where the GPS receiver
21 goes into the (DR only) state from the (DR+GPS) state
at Ti, and goes into (DR+GPS) state again at T2.

[0093] Asshown in FIG. 7A, cH_Kalman decreases with
the passage of time during the time period up to T1. The
2DRMS also decreases with the passage of time during the
time period up to T1 within which oH_Kalman decreases
(FIG. 70).

[0094] In the (DR only) state during the time period
T1-T2, an error included in the DR solution (i.e., an error in
output signal of the dead-reckoning sensor) is accumulated
in the estimate of the Kalme filter because the GPS solution
cannot be obtained and therefore the DR solution cannot be
calibrated. Accordingly, the 2DRMS increases gradually as
shown in FIG. 7C. In the (DR only) state, the HDOP at time
T1 (i.e., the LastHDOP) is used for calculating the 2DRMS
described above as shown in FIG. 7B.

[0095] The GPS receiver 21 goes into the (DR+GPS) state
at time T2. After the GPS receiver 21 goes into (DR+GPS)
state at time T2, the oH_Kalman decreases gradually
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because the GPS measurement starts again (FIG. 7A). Also,
the 2DRMS decreases gradually as oH_Kalman decreases
(FIG. 70).

[0096] FIG. 8 is a graph conceptually showing a relation-
ship between the 2DRMS and the real error in the integrated
solution. As in the case of FIGS. 7A-C, within a time period
up to T1, the GPS receiver 21 operates in the (DR+GPS)
state, within a time period T1-T2, the GPS receiver 21
operates in the (DR only) state, and within a time period
from T2, the GPS receiver 21 operates in the (DR+GPS)
state.

[0097] As shown in FIG. 8, the 2DRMS reflects the real
error in the integrated solution both in the (DR+GPS) state
and in the (DR only) state.

[0098] FIG. 9 shows a flowchart of a computing process
performed by the computing unit 22 in the GPS receiver 21.
The computing process shown in FIG. 9 is repeated, for
example, in a cycle of 1 second.

[0099] Initially, the computing unit 22 calculates the inte-
grated solution using the Kalman filter (S801). In step S802,
the computing unit 22 calculates cH_Kalman from a diago-
nal in the error covariance matrix calculated in the math-
ematical process of the Kalman filter. The HDOP is also
determined based on geometry of GPS satellites used for the
GPS measurement in step S801.

[0100] In step S803, the computing unit 22 determines
whether the GPS receiver 21 is in the (DR+GPS) state or in
the (DR only) state by determining the GPS signal can be
received or not. If the GPS receiver 21 is in the (DR only)
state (S803: YES), then the 2DRMS is calculated according
to the equation (4) in step S805.

[0101] TIfitis determined that the GPS receiver 21 is in the
(DR+GPS) state (S803: NO), the process proceeds to step
S804. In step S804, the computing unit 22 assigns a value of
HDOP, calculated in step S802, to LastHDOP. In step S805,
the 2DRMS is calculated according to the equation (4).

[0102] In step S806, the 2DRMS calculated at step S805
and the integrated solution calculated at step S801 are
outputted from the computing unit 22. The 2DRMS and the
integrated solution from the computing unit 22 are input to
the NAVI_CPU 25.

[0103] In the car navigation system 20, a navigation
application program, which estimates a location of a vehicle
equipped with the car navigation system 20, is executed by
the NAVI_CPU 25. Functions, for example, a route search-
ing, required by a general car navigation system are also
performed by the NAVI_CPU 25.

[0104] The navigation application program estimates a
location of the vehicle by using the integrated solutions, the
2DRMS and a result of map-matching. By compensating the
integrated solution using map data read from a map database
(not shown in FIG. 6), the result of the map-matching is
obtained.

[0105] Next, an example for estimating a location of the
vehicle performed by the navigation application program in
the navigation system 20 will be described.

[0106] Assuming that the vehicle equipped with the car
navigation system 20 approaches bifurcation which bifur-
cates into rout-A and rout-B, and that the vehicle travels
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along a route-A. Further, assuming that a result of map-
matching indicates that the vehicle is on the route-B. Since
the integrated solution indicates a position near the route-A,
the position indicated by the integrated solution goes away
from the route-B with the passage of time.

[0107] In this case, the computing unit 22 uses the
2DRMS as an evaluation value for determining whether the
computing unit 22 should select the integrated solution or
the result of map-matching. The computing unit 22 selects
the result of map-matching when a difference between the
integrated solution and the result of map-matching is smaller
than the 2DRMS. The computing unit 22 selects the inte-
grated solution when a difference between the integrated
solution and the result of map-matching lager than the
2DRMS.

[0108] It is should be understood that the 2DRMS defined
by the equation (3) and the equation (4) appropriately
reflects the real error included in the integrated solution
because the 2DRMS is RSS value of the cH_Kalman and
HDOP*0ygre. For example, even if the HDOP is deterio-
rated significantly due to geometry of the GPS satellites, an
effect of the deteriorated HDOP to the 2DRMS is relatively
small. Therefore, the wrong result of map-matching (i.c., the
position on the route-B) is not selected. That is, an error of
the map-matching is corrected immediately and reliably by
using the 2DRMS. Accordingly, accuracy of the final result
of the process of the navigation application program is
increased.

[0109] The present disclosure relates to the subject matter
contained in Japanese Patent Application No. 2000-084028,
filed on Mar. 24, 2000, which is expressly incorporated
herein by reference in its entirety.

What is claimed is:
1. A GPS receiver, comprising:

a GPS measurement system which performs GPS mea-
surement to obtain a GPS solution;

a computing system which provides evaluation values for
evaluating errors included in the GPS solution obtained
by the GPS measurement; and

a modifying system that modifies the evaluation values,
said GPS solution being treated as a dynamic system,
said evaluation values being modified in accordance
with a system state of the GPS solution in the past.

2. A GPS receiver, comprising:

a GPS measurement system which performs GPS mea-
surement to obtain a GPS solution using a Kalman
filter; and

a computing system which calculates 2DRMS, which is
an evaluation value for evaluating an error included in
the GPS solution obtained by the GPS measurement,
according to an equation:

2DRMS=2xV(0y_gaman) +(HDOPxXOyrrz)”

wherein, oH_Kalman represents a horizontal component
of an estimate error obtained from a diagonal in an error
covariance matrix calculated in a mathematical process
of the Kalman filter, HDOP represents a horizontal
dilution of precision, and OygrE represents an user
equivalent range error.
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3. A GPS receiver, comprising:

an integrating system which performs an integrated posi-
tioning, which is an integrated procedure of GPS mea-
surement and dead-reckoning positioning, to obtain an
integrated solution using the Kalman filter; and

a computing system which calculates 2DRMS, which is
an evaluation value for evaluating an error included in
the integrated solution obtained by the integrated posi-
tioning, according to a first equation:

2DRMS=2xV(0y_gaman) +HDOPXOyrrz)”

wherein, oH_Kalman represents a horizontal component
of an estimate error obtained from a diagonal in an error
covariance matrix calculated in a mathematical process
of the Kalman filter, HDOP represents a horizontal
dilution of precision, and Oyggg represents an user
equivalent range error.

4. The GPS receiver according to claim 3, wherein said
computing system calculates 2DRMS, when the GPS
receiver is in a state where GPS signals cannot be received,
according to a second equation:

2DRMS=25V (04 _xcaiman) +LaSIDOPXOyns)?s

wherein LastHDOP indicates HDOP calculated at a time

before the GPS receiver being in said state.

5. The GPS receiver according to claim 4, wherein said
integrating system calculates said integrated solutions based
only on the dead-reckoning when the GPS receiver being in
said state.

6. A navigation system, comprising:

a GPS measurement system which performs GPS mea-
surement to obtain a GPS solution using a Kalman
filter;

a computing system which calculates 2DRMS, which is
an evaluation value for evaluating an error included in
the GPS solution obtained by the GPS measurement,
according to an equation:

2DRMS=2xV(0y_gaman) +HDOPXOyrrz)”

wherein, oH_Kalman represents a horizontal component
of an estimate error obtained from a diagonal in an error
covariance matrix calculated in a mathematical process
of the Kalman filter, HDOP represents a horizontal
dilution of precision, and Oygre represents a user
equivalent range error; and

a position estimating system which estimates positions
based on said 2DRMS and the GPS solution obtained
by the GPS measurement.

7. A navigation system, comprising:

an integrating system which performs an integrated posi-
tioning, which is an integrated procedure of GPS mea-
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surement and dead-reckoning positioning, to obtain an
integrated solution using the Kalman filter;

a computing system which calculates 2DRMS, which is
an evaluation value for evaluating an error included in
the integrated solution obtained by the integrated posi-
tioning, according to a first equation:

2DRMS=2xV(0y_ Katman) +(HDOPXOygge)?

wherein, oH_Kalman represents a horizontal component
of an estimate error obtained from a diagonal in an error
covariance matrix calculated in a mathematical process
of the Kalman filter, HDOP represents a horizontal
dilution of precision, and Oygre represents a user
equivalent range error; and

a position estimating system which estimates positions
based on the integrated solution and said 2DRMS
calculated according to said first equation.

8. The navigation system according to claim 7, wherein
said computing system calculates the 2DRMS, when the
navigation system is in a state where GPS signals cannot be
received, according to a second equation:

2DRMS=2xV(0_xcatman)+LastIDOPXOygrs)?,

wherein LastHDOP indicates HDOP calculated at a time
before the GPS receiver goes into said state, and

wherein said position estimating system uses the 2DRMS
calculated according to said second equation when the
GPS receiver being in said state.

9. The navigation system according to claim 8, wherein
said integrating system calculates said integrated solution
based only on the dead-reckoning when the navigation
system being in said state.

10. A method for calculating 2DRMS in a GPS receiver,
said GPS receiver using a Kalman filter, comprising:

calculating said 2DRMS according to a first equation:
2DRMS=2xV(0y_gaman) +(HDOPxXOyrrz)”

wherein, oH_Kalman represents a horizontal component
of an estimate error obtained from a diagonal in an error
covariance matrix calculated in a mathematical process
of the Kalman filter, HDOP represents a horizontal
dilution of precision, and Oygre represents a user
equivalent range error.

11. The method according to claim 10, wherein said
calculating step includes calculating said 2DRMS, when the
GPS receiver being in a state where GPS signals cannot be
received, according to a second equation:

2DRMS=2xV(0_xcatman)+LastIDOPXOygrs)?,

wherein LastHDOP indicates HDOP calculated at a time
before the GPS receiver goes into said state.
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