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[57] ABSTRACT 

An odometer assisted global positioning system (GPS) 
method operates in a vehicle to indicate the position of the 
vehicle. The vehicle has an odometer, a processor, and a 
GPS receiver. The method knows the last position of the 
vehicle and finds a measured Doppler and a measured 
pseudo range for each satellite of the GPS which is in line 
of sight with the vehicle. The processor determines the 
Doppler compensation to the measured Doppler. The pro­
cessor combines the speed of the vehicle with the Doppler 
compensation to the measured Doppler in order to produce 
a new heading of the vehicle. The processor combines the 
last known position of the vehicle with the new heading and 
with the Doppler compensation and the measured pseudo 
range to provide a new position of the vehicle. 

15 Claims, 6 Drawing Sheets 
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ODOMETER ASSISTED GPS NAVIGATION 
METHOD 

2 
FIG. 6 is a flow chart of a position filter of an odometer 

assisted GPS navigation method in accordance with the 
present invention. 

BACKGROUND OF THE INVENTION 
FIG. 7 is a map layout of movement of a vehicle tracked 

5 by GPS in accordance with the present invention. 

The present invention pertains to global positioning sys­
tem (GPS) navigation and more particularly to odometer 
assisted GPS navigation. 

The GPS system may be used for the location of vehicles. 10 

In such a system, the vehicle equipped with a GPS receiver 
and a processor receives signals from at least three of a 
constellation of GPS satellites and triangulates to self­
determine its own position. Line of sight transmission from 
a satellite to a vehicle is extremely important since the 15 

vehicle must be able to receive the satellites' signals. If the 
vehicle is unable to accurately receive the satellite signals, 
proper position of the vehicle may not be able to be 
determined. A problem exists in a city's urban canyons, 
streets with high rise buildings surrounding it. The urban 20 

canyon provides for blocking the GPS satellite signals from 
being received by a vehicle. As a result, the vehicle's GPS 
receiver may be unable to receive at least three satellite 
signals to adequately self-determine its position. The vehi­
cle's odometer can provide distance travelled information, 25 

but the heading of the vehicle needs to be determined to find 
the vehicle's position. 

One solution to this problem is to use gyroscope technol­
ogy to assist the GPS when GPS is not operational in urban 
canyons. Low cost gyroscope technology is not well devel- 30 

oped at present. 
A second solution may include the application of mag­

netic compasses when in an urban canyon. Magnetic com­
passes are unreliable in environments such as urban canyons 
in which there are many buildings made of steel which will 35 

affect the magnetic compass adversely. 
Lastly, a differential odometry solution may be employed 

to solve the problem of GPS satellite signal loss in an urban 
canyon. This solution may be effective if it is already built 

40 in to the vehicle. If it is to be installed, the solution then 
becomes very expensive because sensors must be placed at 
the wheels of the vehicle in an accurate position. This is an 
expensive proposition to retrofit to vehicles. Also, the sen­
sors are extremely sensitive to skidding of the vehicle with 

45 brakes locked. 
Accordingly, what is needed is a low cost system to 

augment a basic GPS receiver for vehicle location in urban 
canyons. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

FIG. 1 illustrates the use of odometer-assisted GPS (Glo­
bal Positioning System) navigation in the navigation and/or 
tracking of a land vehicle 17. When used for navigating the 
vehicle, the GPS processor 13 will interface to an output 
device 16 via interface 15 which will generally be a map or 
LCD (Liquid Crystal Display). For vehicle tracking, on the 
other hand, the output device 16 will generally be a storage 
device (e.g., RAM (random access memory)) or a modem/ 
radio combination used for transmission of position infor-
mation to a remotely located base station (not shown). 

A GPS receiver 10 acquires and tracks signals from a 
number of GPS satellites 20, 21, 22, and 23 (up to the 
number of receiver channels, for a parallel tracking 
receiver), and uses the pseudo range and Doppler informa-
tion derived from these signals to estimate the position and 
velocity of the vehicle 17. Following the signal reception by 
the GPS antenna 11, filtering, down conversion and corre­
lation is performed by the GPS receiver 12, and signal 
in-phase and quadrature components are input to the GPS 
processor 13, typically a microprocessor. Odometer assisted 
GPS receiver unit 10 occurs through an odometer interface 
14 to the GPS processor 13. The odometer assistance is used 
to improve the accuracy of GPS when a sufficient number of 
satellites is in view to derive a position solution (generally 
3 are required), and to extend the positioning availability 
when an insufficient number of GPS satellites can be 
tracked. 

FIG. 2 provides a flow-chart of the odometer-assisted 
GPS navigator method as it could be implemented in the 
GPS Processor 13. Its major functions include a Speed Filter 
30, a Doppler Compensation Filter 40, a Heading Filter 50, 
and a Position Filter 60. Each of these major functions is 
flow-charted in subsequent FIGS. 

The Speed Filter 30 (see FIG. 3) computes the scale factor 
associated with the odometer, and so estimates vehicle speed 
by appropriately scaling odometer pulse counts. Calculation 
of the odometer scale factor is completely automatic: no 
special operator interaction at installation will be necessary. 
Initially, and until a proper value is determined, the scale 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram of tracking of a vehicle by a number 
of satellites of the Global Positioning System (GPS)in 
accordance with the present invention. 

50 factor defaults to a zero value, as illustrated 31. Initial 
driving at significant speed (e.g., above 25 mph) is required 
to initialize the scale factor to a non-zero value; following 
this, the scale factor is adjusted each second by low-pass 
filtering 37 the difference between the GPS computed scale 

FIG. 2 is a flow chart of an odometer assisted GPS 
navigation method in accordance with the present invention. 

FIG. 3 is a flow chart of a speed filter of an odometer 
assisted GPS navigation method in accordance with the 
present invention. 

FIG. 4 is a flow chart of a Doppler compensation filter of 
an odometer assisted GPS navigation method in accordance 
with the present invention. 

FIG. 5 is a flow chart of a heading filter of an odometer 
assisted GPS navigation method in accordance with the 
present invention. 

55 factor 32 and the current computed scale factor 33. The time 
constant of the low pass filter will be sufficiently long to 
attenuate the effects of Selective Availability (SA), i.e., 
several minutes. When the Odometer-Assisted GPS Navi­
gator unit is turned off, the computed scale factor will be 

60 saved in battery backed-up RAM, and accessed when power 
is again supplied to the unit. 

Detection of and recovery from possible anomalous 
events is required for robust operation of the Speed Filter 30: 
such events include tire skidding and slipping, GPS tracking 

65 of reflected signals, and improper scale factor initialization. 
Anomalous events will be detected by observing the differ­
ence (residual as computed in 33) between the scale factor 
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-measured from the cUITent pul~e·eountincrement and the 
currentscale: factor. in the_ GES ·processor's· data base 34 . .An 
excessive residual is tndicative of either an erroneous- GPS · 
velocity (as could be caused by reflected signal tracking) ;or 
an erroneous p:ulse.coant increment .(as could be caused by:· 5 

• tire skidding, ar. slipping): in -either -case, the cummt scale 
factor . measurement will · be_ negle~ted, a bad scale factor: 
measurementcounter. will be.incremented, and a flag, will he 
set for use by the Heading Filter 50, (as an iridication of 
_possible erroneous Doppler measurements}. If the bad;scale- lO. 

• factor measure1Uent counter exc.eeds" a maximum allowable . 
level 35; . indicating. that .. the current scale; factor may• be. 
erroneous (e.cg., it could have been initially determined while 
the vehicle was skiddiF1g), the scale-factor will be set: to zero 
36, forcing its re-initialization the next time the.speed filter. 1.s 
30 is active .. If the scale factor residual 33 if not excessive, 
the scale. factor measUFement-eounter is-reset to-zeFo and the 
-scale factor is ·upd~ted 37. Once"'an appropriate value has~ 

_ been determinedJorJlre scaJe·fa:ctor, tire .spe.ed is. derived : 
. from .the current pulse count increment 38. • • 20 

In FIG. 4, the use of the Doppler compensation filter is; 
outlined . . The • operation of this: .J ilter can significantly 
improve . the . operation and. performance of• the odometer­
assisted GPS. navigator: The .filter requires that the derived 

25 pulse count can aci;urately refhect.wheu. the _vehicle is 
stationary, i;e.,. that Jlall-effect, rather than: variable :t'eluc- . 
tance sensing,. is utilized. Jf the .vehicle, is determined to be. -
stationary 41, this information is used to estimate the com­
ponent of SA oneaeh· Doppler (or Doppler difference) 42. 30 Equation {1) illustrates, how.the stationary informati01r is. 
utilized~ _ . • 

- PRRres,=deiPRR_,_.SA,+uLOSt d7L:.vsat,ttleJF+delPRRnt • • 

where: .. 
• PRRres,.;PRR;'•.:uLOS;1"vsat1 •• 

4 .. 
remo.ved by differencing p'Ai.rs of l)opplet measurements, as . }c • -
illustrated in Equation :(2): .; • -

delPRRres,,=ilelPRR_S.Aij+riLQS,TdeL vsatruLOS1rdeCsat1+ 
delPRRn1 (2) 

The dominant termsfo Equ~tion{2).are still the SA dither~.:·;., ~ 
difference deJPRR_:_:SAij ,(:,vherei andj. are the two satellite 
indices}, and ·the differences in the satellite velocity error 
·components .(deL vsat1 and det_ vsatj) projected along the , 
respe.ctiveHnes,of sighr(uLOS/ and;uLOS/ the contribu- •, :· .. 
tion due . to nois.e . differences.• -is still ~ negligible, and · the , • 
frequency -error, component (delF) drops out when differ- . 
encing delPRRres; an~ delfRRresF In a4dition, differencing 
the Doppler: measurements in this :way does not alter. their , . , 
frequency .content,. so the Doppler .difference error estimate 
derived from delPRRres;i ' ean be uiie,~ to compensate the 
di!f erencecj. Doppler·measureme11ts for pc::ri:ods of time v.rhen 
the vehicle is no longer stationary_ This is. the essence. of.the 
compensation scheme . . In , between . Stationary periods, Jhe • 
compensation term (delPRRresij) is propagated -using a 
simple -exponential decay model .45· with a ·time constant: · • 
which :is characteristic of the highest· frequency of the 
Doppler error terms. induced .by SA, roughly 90:-100 sec-. 
onds. Thus, for long periods, between stopsrthe compensa-. , 
tion becomes unreliable:,and isaritolllatically "turned-off'' by ,., .. 
the model, and unco~pensate.d-perl:o.rmance. results. Equa- .c~ 
tion (3) mustrates·the.time· propagation model:: ·' 

delPRRfes,,=Prop...Jact~dt) delPRRres1; 

where: 
prop .:._:fa:c;tor( dt)==exp( 0 gt/tau) 
dt;:=time ,interval-between, Doppler measurements (1 _sec-

ond nominally) · • •• 

tau=eharacteristic-tirne, nominally 90--100 seconds ....... . 
Finally, . giverr . the • current · e_stiniate· . for • delPRR:r.e.sij, • 

whether propagated. by Equation E3) process 45 ot j.usC 
PR&i<== measured Dopp)!!r to ith GPS satellite 
uLOS,=I-ine Of Sight vector to.itl{ satellite, 
T denotes vector transpose operation 
vsat,=ephemeris determined velocity of ith satellite . 
delPRR_SA,=Doppler measurement error on ith satellite 

due to SA dither 

40 derived: as in Equation (2) process .42,:each, Dopplei: differ- : r,:~ 
erice is compensated 47,' for use in either the · GPS velocity • • 
solution (when sufficient satellites are in view), or the 
Heading Filter 50. In addition to the time propagation of the 
error term 45, as evidenc.ed by Equation (3), an error 

del_ vsat,=error in determining velocity of ith satellite 
delF=oerror in local oscillator frequency 

45 variance is also propagated 45, .for use by the Heading Filter 

delPRRn,=Doppler measurement noise 
Since the vehicle is known to be stationary, there is no 
Doppl(lt component du.e to vehicle motion, and Equation (1) so 
can be used to estimate and" remov.e the contribution due to 
SA, which is the dominant term. SA. consists of 2 compo­
nents, referred to• as "dither" and· ''epsilon" with each .cons 
tributing roughly 0.25 mlsec of error one sigma: the two 
effects are independent, with the epsilon component arising 55 
from intentional perturbations to the broadcast orbital ele­
ments (and so appearing as a satellite velocity error del_ 
vsat), and the dither component arising from random per­
turbations to each. satellite clock. Both effects producie . 
relatively slowly varying Doppler measurement error, with 60 
the "dither" component having a period of a few minutes, 
and the ~•epsilon" component a period, of several hours. The 
"epsilon" term is, of course,. "modulated" by changes in the 
line of sight vector uLOS to each satellite, but this is also 
very slowly varying. The Doppler measurement error,. del- 65 
PRRn, is generally very . small (i.e., a few centimeters per 
second), and so can be neglected. The last term, .delF, can be 

50: this error variance reflects the accuracy of the compen- ., 
sation as affected by the time period between stops. Equation . 
(4) illustrates the time propagation of the error variance: 

varPRR;,=,varPRR;;+2 (1.-prop_~actor(dt)) (varPRRss1rvarPRR,J4) 

where: 

varPRRssg=uncompensated PRR error variance 
varPRRil=compensated Doppler .error variance • • 
Each· time that a stationary measurement is taken, as 

represented by Equation {2), the compensated Doppler error 
variance varPRRij is set to the noise floor error variance (i.e., ,, , 
the error variance of the delPRRnij term). Following this, the ·,· 
error variance will grow according to Equation (4), until it 
reaches varPRRssij, which is set to the nominal (uncompen- , 
sated) Doppler measurement .error variance. A possible 
improvement to this propagation model can be derived if 
stationary measurements are • available . with a frequency 
which is high relative to the SA period. This improvement 
extends the compensation algorithm to include estimation of 
the rate of change <>f SA, ?ased upon the last few stationary • 
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Doppler measurements; this rate of change estimate can then 
be used to improve future (propagated) estimates until the 
next stationary measurement is taken. The covariance propa­
gation (Equation (4)) would then be modified to reflect the 
presence of the estimate of the rate of change of SA: thus a 5 
two state Doppler compensation filter would replace the 
single state filter described by Equations. (3) and (4) and 
used in processes 42, 45 and 46. 

In addition to the operation of the Doppler compensation 
filter, differential correction data, which could be broadcast 10 
from a nearby differential reference station and received by 
the vehicle using an appropriately designed radio, can be 
used to remove the effects of SA on each Doppler measure­
ment 43. Because of the independence of the Doppler 
compensation and the differential corrections, there can be a 15 
synergy in their combination, i.e., it is not necessary to 
simply use one or the other. Of course, the pseudo range rate 
correction data received from the reference station must be 
pair-wise differenced in the same way as the stationary 
Doppler measurements to be combined effectively 44. Given 20 
the availability of both differential corrections and stationary 
Doppler measurements, an estimate of the rate of change of 

6 
V 2=3.85 meters/sec. 
The following philosophy guides the selection of these 

values: although these constraints do not cover all possible 
conditions, they should apply to the conditions which are 
normal for an urban vehicle. Abnormal conditions, however, 
should not cause a "breakdown" of the algorithm, but be 
handled as exceptions, i.e., rare circumstances which will 
trigger a re-initialization of the heading filter. 

The proportional factor used to scale Hdotmax adapts to 
the computed residual (i.e., H,es); i.e., to use a small value 
when it appears that the vehicle is travelling straight, and a 
large value when it is believed to be turning. An adaptive 
approach is outlined below. 

The following set of equations represent the desired level 
of adaptivity in the computation of q(v): 

q(v)=q_scale * (Hdotmax * dt)2 

alpha=(Hres2 
/ varHres) 

if (alpha<!) q_scale=(l-down_scale) * q_scale 
if ((alpha>4) && (alpha<9)) q_scale=q_scale+up_scale 

* (q_scale_max - q_scale: 
The adaptivity parameter q_scale is initialized to 

q_scale_max, tentatively set to 3; both down_scale and 
up_scale are set to 0.5. 

Following propagation, an assessment is made of the 
SA can be more reliably obtained by examining the previous 
time history of the measurements, and used in the improved 
propagation model described in the previous paragraph. 25 accuracy with which a heading can be derived from GPS 

with the odometer assistance 52. Computation of an error 
variance associated with the GPS heading is a function of the 
error variance of the Doppler difference (as derived by the 

The Heading Filter algorithm forms the heart of the 
odometer-assisted GPS navigator, and is outlined in FIG. 5. 
Stated in simplest terms, the Heading Filter will be based 
upon a Schmidt-Kalman filter, utilizing a model for heading 
dynamics which is typical for a land vehicle, and a GPS 30 
heading measurement derived from the (compensated) Dop­
pler measurements and the odometer determined speed. 
Because of the odometer-assistance, GPS heading informa­
tion can be derived when computation of a velocity from 
GPS is no longer possible. Following initialization to the 35 
first GPS based heading of desired accuracy, the heading 
error variance is propagated 51 based on the expected 
vehicle dynamics. The vehicle dynamics are represented by 
the maximum lateral acceleration which can be achieved 
under non-skidding conditions and the minimum speed 40 
required for the vehicle to turn. If the minimum speed is not 
reached, the heading error variance will remain constant; 
otherwise, the specified maximum lateral acceleration is 
divided by the current speed to predict the maximum head-
ing change which can occur over the current interval. 45 
Equation (5) provides the necessary mathematical descrip­
tion: 

varH=varH+g(v) dt (5) 50 

where: 
q(v) is proportional to the Hdotmax (the maximum heading 

rate) 

Doppler compensation filter), and the geometry of the 
odometer-assisted heading measurement. FIG. 7 illustrates 
the geometry associated with this measurement. A circle 70 
of radius 71 (the current distance traveled as determined 
from the odometer) is drawn to illustrate the possible 
locations (and headings) for the vehicle based upon odom­
eter information alone. Superimposed on this circle are the 
Lines Of Sight to two GPS satellites, projected on the local 
horizontal plane, denoted 72 (SV 1) and 73 (SV 2) respec­
tively, in line of sight projection. The possible distances 
traveled along each of the LOSs are denoted 74 (delRl) and 
75 (delR2), respectively, for the two satellites. Mathemati­
cally, each delR value is given by: 

delR=(PRRres-delF) • cosE * dt (6) 

Each integrated Doppler value, when compensated for 
delF, places the vehicle on one of two locations on the circle 
70, illustrated in FIG. 7 by single circles 76, 77 abd 78; 
combining the intersections from two satellites resolves this 
ambiguity, in addition to removing the effects of the fre­
quency offset delF. The single point on the circle which is 
circled twice 78 corresponds to the GPS derived heading in 
FIG. 7 denoted HaPS, since it intersects the solution from 
both satellites. Assignment of an error variance to the GPS 
derived heading requires a linearization of the heading 

dt=time interval (nominally 1 second) 

Hdotmax=amaxfv 

Hdotmax=Hdot 

'v>v2 

55 equations, since the relationship between the GPS Doppler 
measurements and heading is inherently nonlinear. Equation 
(7) expresses the required linearization about the propagated 
heading H: 

Hdotmax = (v- Vminl * Hdotlv1 

Hdotmax=0 

Vmm<v<v1 

V < V,nin 

Reasonable values for the model parameters are given 
below: 

amax=0.2 g=2 m/sec2 

Vm;n=l m/sec 
Hdot=30 degrees/sec.=0.52 radians/sec. 

60 

65 

delPRR,=PRRres,v * (cosE,*sinA,*sinH+cosE,*cosA,*cosH+ 
sinE, *M) (7) 

where: 
PRRres,=PRR;+vsat;ruLOS;-delfs; 
delfs;=frequency correction (including relativistic compo­

nent) for ith satellite 
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E;, A, are elevation and azimuth angles to the-ith satellite" • declaration-; dic_tating a re-initialization ofthe 11e·ading ·filter ~· : • 
50. If the_ residual is within the .expected range, th.e. bad . ". 
heading measurement counter _.is rese.t to zero, and the 
heading will · be updated .using the gain computed by the 

M is the estimated slope .of the .road 
Note that the estimated slope of the road, M, appears in 

Equation (7).)bis estimate can be determined from the GPS 
vertical velocity solutions by filtering them with a,model for . 
the variation in road slope with distance traveled (as deter~ 
mined from the calibrated, odometer), Altemaa vely, the · 
slope - can be determined -concurrently . with the vehicle 
heading by processing individual (compensated)- Doppler 
measmements, or . neglected, sinc.e road. slope. variations 
should. be · minimal. 

Differencing -Doppler residuals from two-satellites and 
expanding the terms involving_ the sine- and cosine of.head­
ing to first order ju heading error results in the following 
(linear) expression for the heading error: .. 

delPRRij=¥ • (cosEj,'' sindAj,- cosE, ~ sindA,) • -de!H (8) 

where: 

E;, Ej represent the satellite elevation angles dA=A-H 
A;, Aj represent • the _ satellite azimuth angles deJH=the 

heading ·· error, 
Equation (8) thus represents one -equation in a single 

unknown, the change in heading from the-propagated-value 
( delH}. Prior to incorporating.this as a possible measurement 
for the Schmidt-,.Katman filter; the error variance associated 
with the determined heading is computed fo ensure the 
validity· of the Schmidt-Kalman - (linear) measurement 
model.An excessive error variance will be neglected by the 

. Heading :Filter. 53, .• hut saved for possible. later use .in a -
reconstruction. mode . . Computation of the . error variance -
associated with the heading update ·begins ·with the· assign­
ment of an error -variance to each pair-wise difference, 
varPRRij, .as given by Equation (4). The error associated 
with the heading measurement derived from each Doppler 
pair can be expressed-as: • 

_5 S"chmidFKalmari filter_ 57, arid the heading error . variance 
will like-wise be updated 58. The equations of the Schmidt­
Kalman filter are well ,known-in the art, and will not be 
repeated here. • • • • 

Before describing the operation of the. Position Filter 60; 
10 some comments are in . order regarding the handling . of 

odometer pulse counts •when the _heading determination is 
unreliable. As previously • mentioned; this information is - • 
saved, and can-be ·used •for possible · reconstruction of the 
trajectory of the vehicle in "delay.ed real-time". This recona 

15 struction feature. can significantly extend the. periods when _ 
"limited Doppler_informatiori can be· u_sed to determine ,the 
vehicle's position through dead reckoning. The reconstruc­
tion process.relies on the factthat vehicle heading changes 
usually occur at a unifonn rate:(e.g., turning a street wmer-), 

20 and are generally separated by·segmeRts at constant heading- -
(i.e., -driving down a street), Changing· lanes within a'.street . -
is an exception. to this .general rule, but ·does not result in a 
significant position error relative to .a straight trajectory of 
the same distance traveled, The trajectory reconstruction 

25 will therefore examine previous vehicle· headings and: dis- ___ 
tances :traveled .at e.ach .heading _ when .an accurate heading 
has once again been determined following a loss of accurate 
heading, and reconstruct the vehicle's · position assuming : a 
uniform heading change between_ the two accurate headings. 

30 The reconstruction . can only be performed within' ce.rtain . __ 
limits, of course: a.sigi:rific:ant heading change can only be , • 
used, to · reconstruct the trajectory over a relatively sh_(?,~ ' 
period of time (i.e., _ a few seconds), -since it is generally -
unknown when · the heading .change :started; .however, .a 

3t nearly constant .. heading. can be used over longer periods of 
time, prov-iding the•distance traveled does-notpermit turning 
two comers ·(i.e., returning-to the-same heading).-

varH,,=varPRR.jh,/ (9) 40 

Following operation of_ the ~eading Eilte.r 5.0, the com~ 
puted ·heading:_ and odometer0 derived;distance: traveled :are 
used to propagate the vehicle's position forward .in time; -
since the vehicle may • be turning, iin average value for _ 
headingis used,-as sl\own in Equations: (10).and (11): where: 

hy-"'V * (cos~ * sindAr· cosE; * sindA;} 
More generally, when-m-Doppler- measurements are avail• -
able, the· linear · dependence of the heading error upon 45 
Doppler measurement. error is related by a vector of dimen­
sion m-1 with each element assigned . to the corresponding 
hij. Given this sensitivity vecto,r, and the individual Doppler 
error-variances, a Weighted ·Least Squares (WLS) solution 

de!._pn=d * (cosH.+cosHk-1)/;1. 

where-: 

(10) 

(11) 

for the_ heading_ update 'is_found 54; the WLS is required so " 
since all the, Doppler error. variances will generally riot be 
equal .or uncorrelated • (they are not equal, since some dif­
ferences- may not be compensated by the Doppler compen­
sation filter; and the correlation is induced by the Doppler 
differencing); · An .error. variance. for the resultant heading 55 
update. is. computed as part of the· WLS update, and can be 

del_:pe _is-the east-component of position change 
del_:_pn is the north component of position change 
d is the distance traveled (from the o.dometer) • 
Hk is the current heading derived by the heading filter ' : 
Hk~l is the previous heading derived by the heading filter 
Note that averaging the" sine and cosine of heading -in· 

Equations, (10) and (11 )is a go_od approximation to com-: 
puting the sine·and cosine pJthe· average heading, and saves 
additional sine and cosine evaluations. Propagation of posi- • 

used iri the test 53. • • 
Given that the error variance associated with the GPS 

heading update. is_ not excessive, .. the heading residualis 
found. from. the computed update 55 (i.e., the value deter- 60 
minedfor delH). The magnitude of this residaal is compared- -
against an error variance computed by the Schmidt~Kalman 
filter as a,function-of-tlle propagated-heading error variance _ 
and . the error variance _ assigned: to . the . heading. update. 
'Should the residual prove excessive 56, the currerit . GPS 65 
heading update is labeled as bad, and a counter is incre~ 
mented; An excessiv_e count will- result in an invalid heading 

. tion. error variances accompanies Equations (10) and (11), 
and is required-by the position -filter-61. The-propagation ,--­
makes use of the error variance- assigned to the computed~ 
heading by the heading .filter, and an as.sumption about the 
accuracy ~of the odometer .scille. factor c.aliotation in steady 
state (e.g., 1% residual error); these-error effects are assumed 
independent. In · addition to the east and north position error 

_ variances, their error correlation. must- be. propagated; sinc_e_ 
the. north·and .east·positioii errors are .correlated.thro.u.gh the. __ ;-, 
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common heading and odometer scale factor errors. Follow-
ing propagation of these error variances, this information is 
used by the position filter, which is also a Schmidt-Kalman 
filter: the available pseudo range measurement errors are 
modeled as correlated, with a time constant characteristic of 5 
SA, the dominant error contributor. Error variances are 
assigned to each pseudo range measurement 62 which 
include the effects of both correlated and noise-like error 
components, and reflect whether or not differential correc­
tions are available. Measurement residuals are found from 

10 
the predicted positions 63, including the vehicle's altitude. 
The altitude is propagated ahead in time using the outputs of 
the road slope filter: 

hk=hk-l+d * M 
where: hk-l denotes previous altitude 
hk denotes current altitude 

15 

The measurement residuals are tested 64 by comparing 
them with their expected variances derived by the Schmidt­
Kalman filter: an excessive residual forces the bad measure­
ment counter to be incremented, and an excessive count will 20 
force re-initialization of the position filter. This re-initial­
ization suspends operation of the position filter until a valid 
new position is found from GPS pseudo range measure­
ments alone. If the residuals are determined to be reason­
able, the filtered positions are updated 65 using gains 

25 
derived by the Schmidt-Kalman filter, and the position error 
variances are similarly updated 66. 

Finally, the Position Filter 60 may be required to operate 
when the Heading Filter 50 cannot accurately determine 
heading. When this occurs, the Position Filter 50 requires 

30 
special design, and can extend the effective GPS coverage 
significantly. This mode of the Position Filter is referred to 
as a constrained heading mode, and the expected position 
changes are constrained about the current estimated heading 
with an uncertainty assigned which reflects the full (nonlin-

35 ear) affect of heading error on position error. The error 
effects upon the sine and cosine of the estimated heading can 
be determined in either of two ways, depending upon the 
expected magnitude of the heading error: 

del_pe_err-=d * (cosH * delH-sinH • delH2/2+ ... ) 

del_pn_err-=d • c-sinH. delH-cosH. d,1m12+ . .. ) 

(11) 

(12) 

40 

10 
finding by the GPS receiver, for each satellite of the GPS 

in line of sight with the vehicle, a measured Doppler 
and a measured pseudo range; 

determining by the processor from the odometer a speed 
of the vehicle; 

determining by the processor a Doppler compensation to 
the measured Doppler for each satellite of said GPS in 
line of sight with the vehicle; 

combining by the processor the speed of the vehicle with 
the Doppler compensation to the measured Doppler to 
produce a new heading of the vehicle; 

the step of combining by the processor the speed of the 
vehicle with the Doppler compensation includes the 
steps of; 
propagating a GPS heading error variance for expected 

dynamics of the vehicle; 
computing actual GPS heading error variance using the 

speed and the line of sight of each satellite with the 
determining whether the actual GPS heading error 

variances are excessive: and 
combining by the processor the last known position of the 

vehicle with the new heading and with the Doppler 
compensation to the measured Doppler and the mea­
sured pseudo range to provide a new position of the 
vehicle. 

2. The method as claimed in claim 1, wherein the step of 
determining by the processor the speed of the vehicle 
includes the steps of: 

computing a scaling factor from odometer information 
including a pulse count increment and the speed of the 
vehicle; 

retrieving a previous scaling factor; and 
finding a residual difference between the scaling factor 

and the previous scaling factor. 
3. The method as claimed in claim 2, wherein the step of 

determining by the processor the speed of the vehicle further 
includes the steps of: 

determining whether the residual difference is excessive; 
if the residual difference is excessive: 
incrementing a bad scale factor count; 
determining whether the bad scale factor count is exces­

sive; 
reinitializing the scaling factor, if the bad scale factor 

count is excessive; and 
computing the speed of the vehicle, if the bad scale factor 

count is not excessive. 

Equations. (11) and (12) represent Taylor series expan- 45 
sions in the sine and cosine of the erroneous heading 
truncated to second order in delH. Alternatively, if a second 
order expansion does not model the expected error well, the 
sine and cosine can be evaluated over the expected range of 
headings, i.e., for the estimated heading plus or minus twice 

4. The method as claimed in claim 3, wherein the step of 
determining by the processor the speed of the vehicle further 

50 includes the steps of, if the residual difference is not exces-
the standard deviation of the error. The constrained heading 
mode will continue until an accurate heading is determined, 
when it will revert to its normal processing mode. Prior to 
this, the reconstructed trajectory will be examined as an 
alternative starting point for the computed position. 

Although the preferred embodiment of the invention has 
been illustrated, and that form described in detail, it will be 
readily apparent to those skilled in the art that various 
modifications may be made therein without departing from 

55 

the spirit of the invention or from the scope of the appended 60 
claims. 

What is claimed is: 
1. An odometer assisted Global Positioning System (GPS) 

method for vehicle positioning, said vehicle including an 
odometer, a processor and a GPS receiver, said method 65 
comprising the steps of: 

finding a last known position of the vehicle; 

sive: 
resetting the bad scale factor count; 
updating the previous scaling factor to be equal to the 

computed scaling factor; and 
computing the speed of the vehicle. 
5. The method as claimed in claim 1, wherein the step of 

determining by the processor the Doppler compensation 
includes the steps of: 

determining whether the vehicle is stationary; and 
constructing a stationary selective availability measure­

ment on each measured Doppler. 
6. The method as claimed in claim 5, wherein the step of 

determining by the processor the Doppler compensation 
further includes the steps of, if the vehicle is not stationary: 

determining whether differential Doppler correction is 
available; and 



5,525,998" 
lL 

measuring differential selective availability for each mea­
sured ,Do.ppler, . _ 

7. Toe. method as claimed in claim 6, wherein said step of 
determining by the-processor the Doppler comperisatiGn 

- fi.Jrili€F it:icludeHhe steps 0f, if theNehicle is not stationary- 5 
and if differential Doppler correction· is unavailable: 

propagating Doppler compensation estimates for first: and, • 
• second orcler _models; and 

compensatmg the --measured· Doppler . usirig selective• 
availability estimates. lO 

8. Toe metqod-as claimed ip claim.7, Wherein the.step of 
determining' by the processor a Dop-pler compensation fur0 

tber includes· the steps of: • • • • • • 

.... processing the diffei:ential 'ieJecllve availability .me.asures rs. 
. ment to refine-the selecti,\\e. availabilitf .estimates; .. and 

.compensamig; the · measured · Ooppler, using the selective 
availability estimates. • 

9. Toe·method as clairned -iri claim 8, wherein the step of 
combimng by the processor the speed of the vehicle with the 20 
Dopph,:r compensation further ·includes: the steps of, if the . 
actual GPS heading error variances are. not excessive: 

c0mputing a GPS heading using the speed of the vehicle 
and the· measured Doppler; and 

-- forming a GPS heading residual· from the GPS heading 25 
and a previous GPS heading. 

10. Toe·method as claimed.in claim9, wherein the step of 
combining b}' the processor the speed of the vehicle with the 
Doppler compensation further includes the steps of: 

determining whether the GPS heading re.sidual is exces- 30 

sive; 
if the. heading residual is excessive: 
incrementing a bad heading counter;· 
determining whether· the bad heading counter is exces- 35 

sive; ·and · 
setting an invalid, heading flag, if the bad heading. counter --
• is excessive; 
11. Toe method-as claimed in claim 10; wherein the step 

of combining by the processor the speed of the vehicle with 40 
the Doppler compensation further includes the steps of, if 
tlie GPS heading residual is not excessive~ · 

resetting. the bad heading counter to zero; 
updating. a heading. _estimate to be equal .to the GPS 

45 
heading weighted with the previous. GPS heading; ,and 

updating a heading error variance to be. the GPS heading 
error variance .weighted with a previous GPS heading 
error variance. 

12. The method as claimed in claim 11, wherein the step 50 
of combining by the processor the last known position 
includes the steps of: 

propagating position error variances; 
computing a pseudo rang.e error variance; and 
forming measurement.residuals of an estimated position 55 

of the vehicle. 

. 12::~ . 
• 13; The method as claimed fii' cJaim 12, wh~rein the 

of comhining by the :processor. the last, known position 
further includes: the steps of: · • • 

determining y.hethe~ . the : :1Aeasurement . residuals 
excessive;· , .. 

if tlie measurement.residuals are excessive: 
incrementing a bad measurement:counter; 
detennining whethe~ . the··1ad :trlfa~utement cciu~ter is 

excessive; and 

setting an · invalid. position flag/ if the bad .measurement 
counter is excessive. -

.14, Themethollas.clajmedhl .. cl:rim .l3.; whe.r.ein.the.step ·E_: -'. , ,. 
of ,combining: by the ·processor. the'. lasts known positi01i:~' ;,> • 
further includes the steps- of; ifthe -- nieasurementresiduals- •• • ' 
are not -excessive: . . _,,.,f,,, 

resetting the bad_ measiiremerit ~ounter; 
updating a_ position of the. vehicJe to be the estimated 

position of-the vehicle weighted wiili the measurement 
residuals; and ' • • 

updating the position error variances-to be the position 
error variance weighted with the pseudo range error 
variance. ·· 

15. An odometer .assisted- .Giobal · Positioning . System· 
(GPS) method for vehicle positioning, said vehicle including 
an odometer, a .processorand a -GPS receiver, said method 
comprising the steps of: 

finding .. by the. GPS receiver, .for each satellite of the GPS 
in line of ·sight with the vehicle, a measured Doppler ·• 
and a measured pseQdo range; 

determining by the processor .from the odometer a speed 
of the vehicle; • • 

determining by the' processor a Doppler compensation to 
the measured-Doppler for ~ach satellite of said GPS in 
line of sight- with·theyehicle; 

combining by the processor the speed of the vehicle with 
the Doppler compensation to .the measured Dopph:;r to· 
produce a heading of the vehicle; 

the step of combining l:ly the processor the speed of the 
vehicle with the Doppler: compensation. includes the. 
steps: of: . 
propagating a GPS heading error variance for expected 

dynamics of the vehicle; - ' 
computing ac.tual GPS heading· error variance using the 

speed and the line of sight of ea.ch satellite with the 
vehicle; 

determining whether -. the· actual • GPS -heading error 
variances ·are l!xcessive: ·and · .. 

combining by the processor the heading with the Doppler 
compensation to the measured Doppler and with the , 
measured pseudo range to provide a position of the 
vehicle. 
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