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over 18 years. The magnetic aided position algorithm is demon-
strated by estimating a vehicle’s trajectory using a
1 Introduction magnetic field intensity map of the entire area to be

traversed. The position estimate of the on-board in-

The position solutions provided by global navigae-rtial system is combined with the position measure-

tion satellite systems (GNSS) have provided sub—me!f@?m from the_magnenc aided position algorithm us-
level accuracy in many applications, but the positioHlg a Kalman filter (KF).

ing solutions from these types of navigational aids
are only available when the receiver has uninterrupt%d

access to at least four satellites [5]. While overall

satellite coverage of the Earth has increased, envirdfi@dnetic fields have been observed by humans for
ments such as urban canyons and inside buildings ggRturies. Plato wrote of.rocks that were magnepcally
prevent the acquisition of the required satellite sigl—;”ameoI to other rocks in 400 BC [1]. The Chinese
nals. Without adequate satellite coverage, the s veloped a magnetlg compass bgtwegn 300 and 200
meter level positioning solutions cannot be obtainedC that was used to align construction with the Earth’s
At the same time, there is an increasing desire to daagnetic fields [1]. From these early observat|on§ and
velop autonomous, miniature vehicles. The navigatigf€S: Merchants began using compasses to navigate to
of these systems is generally completed with inertgﬂelrvanous t_radl_ng locations. This was the start of the
navigation systems aided by GNSS position solutioff¢MPass navigation used to today. As demonstrated by
If the GNSS position solutions are not available, the§@!umbus and many other early explorers, not under-

miniature vehicles will not be able to navigate with th%tandlng the nature of the Earth's magnetic field can

required level of accuracy. This paper investigates ffa!Se confusion when trying to use the Earth’s mag-

feasibility of using magnetic fields to aid an inertia\rlmtiC field to navigate on the Earth [1].
system when GNSS signals are not available.

Magnetic Field Based Navigation

2.1 Brief Description of the Earth’s Magnetic
This paper presents the uniqueness of magnetic Field

field variations from one location to the next in an in-

door environment. Using this uniqueness, the fea$he magnetic field that surrounds the Earth comes
bility of using magnetic field variations to accurateljrom currents that are induced by “the outer-core re-
estimate the trajectory of a vehicle is demonstrateglon of the Earth”, which is composed of “a hot and
Finally, the magnetic aided position algorithm devetiense liquid of highly conducting nickel-iron”, and
oped to estimate a vehicle’s trajectory is applied to‘#ne Earth’s spin and shape” [1]. Together these char-
vehicle tracking implementation. The following papeacteristics form a current-loop that generates a mag-
examines the spatial variations of magnetic field intenetic field that acts similar to a dipole magnet. Figure 1
sities, but does not include an in-depth analysis of thieows the different layers of the Earth, as well as the
variations with respect to time. magnetic field surrounding it [1]. From this illustra-



tion, it can be seen that the Earth’s magnetic field cand new construction projects use steel studs in inte-
be observed from any position on the Earth. Whiteor walls. Steel beams used to support the floors of
the main field of the Earth’s magnetic field is fairlyouildings add to the problem, as well as pipes, wires,
constant, there are a number of factors that can caasd electric motors or equipment [6, 8]. These artifi-

variation in the intensity of the magnetic field at angial disturbances are the signals of primary interest in
given time and place. this paper.

Campbell highlights two of the naturally occurring > - yse of Magnetic Fieldsin Navigation Today
variations. The first is caused by an alteration in the

Earth’s electrical conductivity, which can be caused Iy robotics applications, magnetic fields are used to de-
“a major change in the groundwater content at a de@pmine which direction a vehicle is facing, also known
subsurface fracture.or when a highly conductive ac-as its heading [8]. This is an important tool as vehicles
tive magma chamber at a volcanic site moves beforefsgtome smaller because heading measurements gen-
eruption” [1]. The second cause is a result of a changeilly come from gyroscopes, and accurate gyroscopes
in the magnetic domain boundaries of rocks due to iare generally bulky [11]. For outdoor applications, this
creased external stress [1]. Campbell describes thisygye of aiding is very effective, assuming the decli-
stating this change is brought about “as a result of thation angle is known. For indoor applications, the
loading of rock surfaces as a major dam is filled or aige of electronic compasses is not as straight forward.
volcano as a result of a change in the magma champgrmentioned in Section 2.1, there are many distur-
pressure on the surrounding rock material” [1]. bances present in the indoor environment. While there
are a number of different ways to reduce the impacts
of these disturbances, the heading provided in indoor
applications still does not meet the accuracy needs of
many indoor applications [8].

Legend:
Solid Inner Core —

Titterton and Weston suggest using a map of mag-
netic anomalies to estimate the vehicle’s position [11].
This method relies on magnetic anomaly maps and
the stability of such anomalies. However, since the
anomalies are the measurement, the anomalies will not
interfere with the measurements like when using an

electronic compass indoors for heading reference [8].
Instead, assuming they are stable over some time pe-
Figure 1: lllustration of the Earth’s main dipole magi®d: Or vary in a quantifiable way, the more variations
netic field. The liquid outer core, along with thd? @ given location, the more unique the magnetic “fin-
Earth's rotation is believed to be the source of t#"Print” [2]. Figure 2 shows an example of this “fin-
Earth's dipole like magnetic field [1]. gerprint” for an indoor environment.
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In addition to variations of this nature, deposits in
the Earth’s crust also contribute to local variations in
the observed magnetic field [12, 6]. These local varia-
tions have more of an effect closer to the Earth’s sur-
face. As altitude is increased, the intensity of the mag-
netic field has less variation due to these deposits in
the crust [12, 6]. Some other factors that can add to
these variations are the effects on the Earth’s magnetic
field due to magnetic storms, the moon, the sun, and
the ionosphere [6].

N Figure 2: Map of a one square meter magnetic finger-
There are also artificial disturbances that pertuins generated from magnetic field data collected in a

the Earth’s magnetic field [6]. These artificial disﬁallway at the Air Force Institute of Technology.
turbances are caused by electrical currents running

through any type of metal or conducting structure. In
buildings, walls are often reinforced with steel rebar This technique has been demonstrated in the out-



door environment on an aircraft [12]. Wilson, Klinewhereo? is the measurement error variance axids

Schoder, Kenton, Sorenson, and Clavier use mapstaf number of measurements to be incorporated [7].
“aeromagnetic anomalies”, which are found by takequation 3 is a mathematical way to determine how
ing the difference of the expected magnetic magnitudell a measurement correlates to the information con-
and the actual measured local field [12]. The approateined in the map [7]. Therefore, the maximum value

outlined in [12] uses only the magnitudes of the magf L(x;;y;) is located at the point most likely to be
netic field anomaly vectors. By doing this, Wilson @he position of the vehicle. Nygren points out that if
al. do not take advantage of all the information avathis information is used by itself, then the position es-
able from the magnetic field. timate is considered a maximum likelihood estimate
. S (MLE). For the case of the submarine, or any vehicle
The experiment presented in this current paper'is . o
. . ith an additional navigation system, the MLE can be
conducted using a three-axis magnetometer, but the . . e ;
. . ombined with the position estimate from the propaga-

three measured values are then combined to find |o% equation using Bayes’ rule [7]. As defined in [4]
total magnitude of the magnetic field. The terrain nay- q . g bay ' '
o ; - . . ayes’ rule is
igation approach outlined in the next section will show
a way to use these three different values together, in

order to generate a position solution.
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(4)

2.3 Magnetic Field Navigation Using a Terrain Which can be written equivalently as
Navigation Approach P[A|B] P |B]

P[B|A] = W’
Modern terrain navigation methods often use multiple
beams to measure a broader area, which provides mgrere P[A|B] is the probability of4 given all values
information, hence making it easier to pinpoint the vef B.
hicle’s position [7]. The terrain navigation approach ) o
described by Nygren in [7] describes a method for FOr this application,” [B|A] = p (x¢+1] Y1),
combining multiple depth measurements with sonfel41Bl = L (yu1[xe41), P[B] = p (x¢11]Y¢), and

sort of navigation system (i.e. INS, Doppler velod: [A] becomes a normalizing constat, to ensure

ity log (DVL), or a system that measures how far tHhe result integrates to one [7]. Notationalk;; and

submarine has traveled by counting propeller turns) Yo "ePresent all measuremengtsup to and including
determine a submarine’s position. yi+1 andy;. The result of this is that the posterior

_ N probability density function (pdf), meaning the pdf as-
Nygren's method begins by defining the systegbciated with the position estimate after the position
model as measurement is incorporated, is found by combining
Xep1 = X + W + Vi t=0,1,2,--- (1) the propagated posmon !odf with the_ result of Equa-
tion 3. Mathematically, this can be written as
yt = h(x:) + e 2)

whereu, is defined as the displacement from the pre-p (x;41|Y¢41) ~

vious position,x;, at timet, v; is the random error
associated with the navigation system that provided

(5)

L (Yt+1 ’Xt—l—l) p (Xt+1 ’Yt)
C

- (6)

h i< the f ) h i | Once the posterior pdf is found, the position mea-
X]f’ (Xt)h's the function t Z“ maps a SPeC'h'C ValU§rement can be calculated using the point of maxi-
of x; to the measurement domain, aglis the ac- mum likelihood, found using Equation 3, as the posi-

tal measurement collected by the Sensor, _Wh'Ch Q%Sn measurement and the uncertainty associated with
a measurement errcg, [7]. Equation 1 is defined Bthis position measuremeng, is the radius of curva-

the propagation equation and Equation 2 is the meac, ¢ ihe posterior pdf at the point of maximum like-
surement equation [7]. These equations are Comb”ﬁ'ﬁ%od [7]. Then, as outlined by Nygren, the position

using the standard KF equations. estimate is updated using this measurement data and a
If e, is Gaussian, the likelihood function is KF.

3 Magnetic Field Aided Position Algortihm

1 1 &
L(xt;y1) = TP <— (Yer — hk(xt))2>
3) Based on the method outlined in Section 2.3, the mag-
netic field aided position algorithm requires a map of
r— <(27T)N 02) magnetic field intensities for each magnetometer axis
and a system model prior to implementation.



3.1 Map of Magnetic Fidd Intensities tion for a number of applications. Figure 4 shows the
HVR2300® as used in this research. THFR2300®

The map of magnetic field intensities can be genéras a measurement rangetdf gauss with a resolution

ated for the entire area where navigation is to occof.< 70 ugauss[3]. For reference purposes, the Earth’s

This method requires the map to be generated priomt@agnetic field ranges from approximate/gauss at

implementation of the positioning algorithm [9]. Thishe equator to6 gauss at the poles [10]. Based on the

method is used to determine a vehicle’s location withagnitude of the Earth’s magnetic field intensity, the

respect to a specific area. selected magnetometers should be able to measure all
variations about the Earth’s main field.

3.2 Test Environment

The environment chosen to demonstrate the magnet
aided position algorithm was two connected hallways
near the Advanced Navigation Technology (ANT)
Center at the United States Air Force Institute of Tech
nology (AFIT). Figure 3 is a blueprint of the area used
for this experiment, with the actual hallways used out:
lined in red.

; Figure 4: Photo of the Honeywell HMR 2300 as pack-
aged for research
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Figure 3: Layout of test environment used for testing 0 0

the magnetic field aided position algorithm. The area 0 0| [wyy,
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0

is a hallway at the Air Force Institute of Technology. Wy
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A right-handed, Cartesian reference frame is Usgflere P, and Py are the positions in thé& andY
in the development of the algorithm, with ti#€axis directions,uy; anduy, are the control inputs used to
being positive in the downward direction. Figure gonrol the velocity, ando,, andw,, are the white,
shows the navigation reference frame in relation to tagyssian noises driving the system, which are charac-
hallway. The positiveX-axis is considered forward a2 0
from the starting location (which is denoted by a star fifized byE[w(t)w” (t + 7)] = [Ov 0.2] o(r). The
Figure 3), while ther-axis extends from left to right. —

Q
The three-axis magnetometer used for this relationship between the body frame and the naviga-
search was the HoneywelHVR2300®.  The tion frame is defined as
HVR2300® is a stand-alone three-axis magnetometer Vy cos(vp)  sin(v)] [Viy 8
designed to provide magnetic field intensity informa- {Vx} - [_sm(w) cos(q/;)} [V},X} ’ (8)



x 10

For the purposes of this research, the heading angle,
1, iIs assumed to be known at all times. 3.5 )
4 Position Algorithm Implementation
3
In terrain navigation, certain features or charactesstic —
: " 2 115

must be matched to determine the position and then 3
that matched position is used as the position measure- g 2.5 2
ment for the KF. The same holds true when using mag- = e
netic field intensity data [12, 2]. The magnetometers 2 5 1 E}
measure the magnetic field intensity and then the mea- ?g’ 3
surement generation algorithm determines how this a
measurement relates to the vehicle’s position via a < 15
mapping function [7]. 0.5

Using the process outlined in Section 2.3, the first 1
step in finding the position associated with a particular
measurement is to combine the propagated pdf with
the result of the likelihood function to determine the 0'8.5 1 15 0
location that best matches the magnetic reading. This Y-Direction (meters)
is accomplished by: Figure 5: Example discrete likelihood function result

Calculati he likelihood ion 1 I that will be combined with the result of the discrete
1. bI: E)ucggggst e likelinood function for a pOSSI'probability density function using Bayes’ rule

2. Generating a discrete pdf that accurately de-
scribes the propagated position estimate. [0_0513 0 }

P(t) =
3. Combining the results from steps 1 and 2 using 0 0.4837

Equation 6 to determine the position measurg-, o ves Rulelmol tation E |
ment, which is located at the maximum of the re- ayes Ruleimplementation Exampie

sulting pdf. The result of combining the likelihood function and

4. Calculating the measurement noise intengity, the bivariate Gaussian pdf is shown in Figure 7. Since
the two peaks of the likelihood function were so
4.1 ExampleLikelihood Function Result closely positioned, both are still present after com-
bination with the pdf. However, the magnitudes of
The first step in the magnetic aided position algorithfhese peaks have been scaled according to their loca-
is calculating the result of Equation 3, withi = 3. tion from the filter’s estimated position. The differ-
The measurements for this example were simulatefce between the height of the peak located at approx-
based off of the truth data used in generating the m@nately (1.75,1) and the one located at approximately
For this example, it is clear that there are three peaks4,1) is now noticeably larger. Also notice that the
Any one of these peaks could be the actual Iocationgéak located at approximately (1.5,3.2) is completely
the vehicle. This result is combined with the bivariai@moved.
Gaussian pdf using Bayes’ rule, as discussed in Sec-

tion 2.3. Choosing the point of maximum likelihood from
the combination of the propagated pdf and the likeli-
4.2 Example Discrete Bivariate Gaussian PDF hood result could result in the wrong location being

chosen. Choosing the wrong location could prevent

With the likelihood function calculated, the next stefiie magnetic aided position algorithm from accurately
in the position algorithm is to generate the discrete I§istimating its position. In order to reduce the effects
variate, Gaussian pdf that describes the discrete &fFbad measurements, several options could be im-
estimate. This pdf is centered around the propagafd@mented following the combination of the pdf and
state estimate and uses the associated propagated Higtikelihood function. One method would be resid-

uncertainties. For the example pictured in Figure @l monitoring. If a measurement is so many meters
1.1565} a away from the estimate (this value would be deter-

the position state estimate ¥, ) = [2.2438 mined based on your system model), that measure-
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of the likelihood function using Bayes’ rule.

0.5

mum likelihood. Using this point as the center, an ar-

ment would be ignored. Another method would H&Y of indices is created in th&-direction and in the
to ignore a measurement if there were multiple peaggs—dlrectlon. The measured magnetic field intensity is

within a pre-determined area, this area would be deten compared with the magnetic field intensities of
mined by the uncertainty of the system model. the surrounding locations using Equation 3. The result
of the likelihood function is then normalized to make

the result a pdf. The standard deviations of the two re-
sulting pdfs (one for theX-direction and one for the

. Y -direction) will be the square root of the measure-
It is known that the KF needs a value for the measure- N ) L
. . . Mment noise intensity, or the standard deviation of the
ment noise intensity to operate properly. For applic

tions such as GPS, the measurement noise of the 1 u%set. For a Gaussian paff8% of the data is in-

) . ) ed within alo-band. To calculate the standard de-

measurement is the value assigneditoln this case, ~. . ) . )
. - vjation of experimental pdfs, the point on the left side
that will not be sufficient because the measuremen L )
of the mean where-16% of the data is in the tail can

nerat the magnetometers are transformed int . . .
generated by the magnetometers are transformed c)found and the same for the right tail. The distance

position measurements, but the errors are not direﬁ t these two paints are from the mean of the pdf are

transformed from a unit of magnetic field intensity t L
a unit of length. In addition to the errors not being iﬁmn averaged to calculate the standard deviation (

the proper units, any information that could be gaingcq]dUX) of2the (r)neasurement noise intensity, resulting
from the post-Bayes’ rule pdf is dependant upon tieR = [08/ 2 ]
filter’s uncertainty and, for a KF, the process noise and X

the measurement noise (i.€(t;) andR(ty), respec-
tively) need to be uncorrelated or accounted for by

augmented state matrix. The method proposed by I\Il)y _ )
gren in [7] uses the radius of curvature of the posteri he first test conducted to demonstrate the trajectory

pdf to calculateR, but then augments the KF to acestimation capability of this algorithm used a 100

count for this correlated noise. Instead of using thionte Carlo (MC) run simulation, which was based

correlated noise method, a new method was develof&ghe real hallway magnetic field intensity map. Each
to remove the correlation. MC run consisted of a randomly generated trajectory

using the system model described in Equation 7 and
The new process begins with the point of maxihe parameters shown in Table 1. The trajectory gen-

4.4 Measurement Noise I ntensity

én Results



Table 1: Parameter values used for the simulations t °7
demonstrate the magnetically aided navigation syste- |
Parameter Value 40 |
Time StepAt 0.1 sec J = - - - o
Initial X-Direction Velocity (/x) 5m/s Time (sec)
Initial Y-Direction Velocity (/y) 0m/s 14
Initial Filter X-Position Px) 0Om ?f’
Initial Filter Y -Position ¢y) Om T
Initial Vehicle X-Position Cx) Om
Initial Vehicle Y-Position () 1.145m | =] |
Initial X-Pos. Uncertaintydp, ) 15m o e e =2 : W
Initial Y'-Pos. Uncertaintydp, ) 1.5m Time (sec)
Velocity Uncertainty Both Axesd,) 08 Figure 8: The RMS values for 100 MC runs using the
m/\/s magnetic aided position algorithm.
Magnetometer Meas. Noisefcqs) 1 milli —
gauss s
Filter Update Interval 1.5sec

)

X-axis Errors (m)

eration process showed that = .08 m/,/s was too ;
large to keep the vehicle within the bounds of the ha
way without some sort of control action. Therefore
for the purposes of the simulation, a controller we s
implemented to ensure that the generated cross-tr.
position (Py for the main hallway an@®x for the side
hallway) was within the physical bounds of the hal
way.

-05

Y-axis Errors(m)
-

-0.5

Figure 8 shows that the magnetic aided positic =~ " swlw =~ 7
algorithm is accurate to within .2 meters when esfrigure 9: The filter's ability to track the trajectory
mating a random trajectory. The covariance analy$sscontingent on the filter having the correct system
can be seen in Figure 9. The effect of the controllgrodel. In this case, the system model is correct and the
used to keep the random trajectory within the physid#lfer and ensemble statistics match fairly well, which
bounds of the hallway can be seen in Figure 9. TEBows the system model is accurate.
effect is that the filter has a more pessimistic estimate
of its uncertainty in th& -direction prior to the travel

direction change and, following the turn, a more pegagnetic aided position algorithm is able to accurately
simistic estimate of the uncertainty in thé-direction. estimate its position to within .3 meters.

The second test conducted used real measurementsyhile this research investigates the feasibility of
along a specific trajectory. Figure 10 shows the trajggsing magnetic field intensities to aid navigation, it
tory used for the real measurement test. The procgggs not directly investigate the stability of the indoor
noise added to the system was reduced to reflect figynetic fields with respect to time. The real mea-
lack of variation in the true trajectory. The result of,rements were collected two weeks after the map data
using the real measurements are shown in Figure ﬁ‘i'ey were compared with. This shows that there is
The errors are less than .2 meters for the majority Qme stability with respect to time, but further research
the trajectory. should investigate the limits of this stability.

6 Conclusions Another area for future research is in the area of
determining the best sensor alignment on the vehicle
This research has demonstrated the feasibility of ustogmaximize performance. Performance of the vehi-
magnetic field intensities to aid in indoor navigatiortle tracking algorithm could be greatly increased if
When using a map of the entire test environment, thriltiple magnetometers were used on the vehicle. By



N
o

N
o
T

X-Direction (meters)
= N N w w
ol o ul o ul

=
o

o

I I I
5 10 15

References

[1]

2]

[3]

Figure 10: Real trajectory near right side of hallway ]
This trajectory was used to demonstrate the perfol—
mance of the magnetic aided position algorithm using

real measurements.

[5]

adding additional sensors, the vehicle would be able
to use the geometry of its sensor array to help deter-
mine which peaks from the post-Bayes’ rule combina-

tion are valid.

0.6

—0.41 = = = Filter 1o band

Y-axis Pos Errors (m)

—0.6

I I I I I
0 20 40 60 80 100
Time (sec)

0.6

X-axis Pos Errors (m)

I I I I I
0 20 40 60 80 100
Time (sec)

[6]

[7]

[8]

[9]

[10]

Figure 11. Position error plots showing the filter per-
formance using the real measurements from the trajfkt]

tory shown in Figure 10.

Campbell, Wallace Hall. Earth Magnetism: A
Guided Tour through Magnetic Fields. Com-
plementary Science Series. Harcourt/Academic
Press, San Diego, CA, 2001.

Goldenberg, Felix. “Geomagnetic navigation be-
yond the magnetic compass”Record - |EEE
PLANS, Position Location and Navigation Sym-
posium, |[EEE/ION Position, Location, and Nav-
igation Symposium, 2006:684-694, 2006.

Honeywell, Solid State Electronics Cen-
ter. “HMR2300 Smart Digital Magne-
tometer Datasheet”. http:// ww.

ssec. honeywel | . conf magneti c/
dat asheet s/ hnr 2300. pdf .

Leon-Garcia, Alberto. Probablity and random
processes for eectrical engineers. Addison-
Wesley Publishing Company, Inc., Reading, MA,
2 edition, May 1994.

Misra, Pratap and Per EngeGlobal Position-
ing System: Sgnals, Measurements, and Perfor-
mance. Ganga-Jamuna Press, Lincoln, MA, sec-
ond edition, 2006.

Nelson, James H., Loius Hurwitz, and David G.
Knapp. Magnetism of the Earth. Publication
40-1, United States Department of Commerce:
Coast and Geodetic Survey, Washington D.C.,
1962.

Nygren, Ingemar. “Robust and efficient terrain
navigation of underwater vehicles”.Position,
Location and Navigation Symposium, 923-932.
IEEE/ION, 2008.

Skvortzov, Vladimir Y., Hyoung-Ki Lee, Seok-
Won Bang, and YongBeom Lee. “Application of
Electronic Compass for Mobile Robot in an In-
door Environment”International Conference on
Robotics and Automation, 2963—-2970. Institute
of Electrical and Electronics Engineers, Rome,
Italy, April 2007.

Storms, William F. and John F. Ragudagnetic
Field Aided Indoor Navigation. Master’s thesis,
Air Force Institute of Technology, March 2009.

Strangway, David W. History of the Earth's
Magnetic Field. McGraw-Hill, Inc., New York,
NY, 1970.

Titterton, David H. and John L. Westor&trap-
down Inertial Navigation Technology. The In-
stitution of Electrical Engineers, Michael Fara-



[12]

day House, Six Hills Way, Stevenage, Herts. SG1
2AY, United Kingdom, 2004.

Wilson, John M., Robert J. Kline-Schoder,
Marc A. Kenton, Paul H. Sorensen, and Odile H.
Clavier. “Passive Navigation Using Local Mag-
netic Field Variations”. Institute of Navigation
International Technical Meeting, 770-779. Insti-
tute of Navigation, Monterey, CA, January 2006.



