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A Study on Indoor Positioning using 3-Dimensionalization

Geomagnetic Fingerprint

by Seung-Hyun, Lee

Department of Electrical & Electronics Engineering
The Graduate School of Korea Maritime University

Busan, Republic of Korea

Indoor positioning based on geomagnetism has been actively studied
because of the stable signal and high resolution positioning accuracy even
when the time has elapsed. Because the geomagnetic signal can vary
according to changes in azimuth, large positioning errors may occur, even
from the same position. Therefore, this thesis proposes a fingerprint-based
indoor positioning algorithm that fuses 2-Dimensional magnetic vectors
and yaw-axis correction techniques. In the proposed 3-Dimensional system,
the curvature is less biased heavily by using the Ellipse Coefficient Map
of the geomagnetism based on the normalized linear least squares method

even when database size is reduced, and the accuracy of positioning is

_Vi_

Collection @ kmou



improved by applying the geomagnetic signal equalization method. To
verify the validity of the proposed algorithm in general indoor spaces of
48m x 30m, the results of the proposed method are compared with
results obtained existing research based on geomagnetism intensity. The
results show that the positioning accuracy is improved by 62.14 % and

the error distance is reduced by 3.98 m.
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F LT AWSAAA Al=H
Table 1.1 The localization system
Positioning o
Technology Accuracy | Coverage | Advantages | Limitations
method
Bluetooth | Cell ID, Low price, Channel
) ] Scm~dm 50 m ]
Beacon | Trilateration Low power | interference
Proximity . Short
) Less Low price, )
RFID detection, | dm~m . signal
than 1 m | high speed .
TOA distance
TOA,
o TDOA, Available as Low
Wi-Fi m 100 m )
AOA, a smartphone | Resolution
Fingerprint
TO
A ] High price,
TDOA, Outstanding .
UWB cm~m 50 m » Sensitive
TOP, permeability
performance
Radar
Operation Low price, ]
IMU ) Cumulative
by m scalable | Customized
Sensor ) . error
sensing settings
Feature Light High price,
Vision Extraction, | mm ~ dm 20m nomadic High
Landmark techniques | computation
] Magnetic
Geo- . ) Available as
. Fingerprint | cm~m | scalable substance
magnetism a smartphone . .
distortion
- 2 -
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Chung et. al.[22] ]2l whel A #47] A 27F sl f=r5= A

53R 2™ Training phasedl Al 5L sH A A 2~ F

o

stol AWl zbell tigh x, y, z ARV AE 2 A Axr] S e HA
A 71S dlo|Ej o] A& 5314l Positioning phaseo] Al A4 4712 o] &8}
ol 0, 90, 180, 270°2] W=7} A AL7] Aleek T A A7)l s wlolE
H| o] 2~ 1] RMS(Root Mean Square) #}°]7F HAE UEU+ XS 91X =2
Axshgleh. ctely dolE| Mol pasks Algte] 9. Aelv Training
phase°l 4] 0, 90, 180, 270°¢] A|A}7] A &wk F=3}2}=  Positioning
phasedl| Al o} & W9l Zbol gk A Ap7] Aol mE fAIdA ] A A o]
A &

Kang et.al[23]<> Training phaseol| A T =& x, y, z59 A A7) 7]
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22 A7|9EH 7| B9 5

A dn X A7 st S 55 20 e AYHd 5HEH),

Heading
direction

Magnetic
North

-

West

direction

i Nadir
+

a9 2.1 A7IE e TR Y 8.4

Fig. 2.1 The seven components of magnetic vectors
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AN 3% ZE9s ARl A A norm) A (2.1)7 e

o]
o =3 A7) A7lE A (22)9 2ok

F = v Hd*+ Rd* + Nd&* (2.1

H= VH&+ Rd* (2.2)

37| Hd, Rd, NdT= Zt7Z} %18 Wrdk(Heading direction), $-5 W&k
(Right direction), % 4 " &(Nadir direction)®] t}.
A FAEA AdolA WwRztE A & A AR A e mE S

% A WMol WEAoln 2 @3y 2.

Xy cosf 0 sind|[1 0 0 my,
Ygl=| 0 1 0 [||0cos¢ —sing||m, (2.3)
Zy —sinf® 0 cos@|10sing cos¢ | |m,

Y
kel

o714 99} o= Z(Roll)zt, I AA@itch)zFel ™ m,, m, m. =
AdA 248 3% AT A7Fold X, v, z5 Aol BE A
Wy golth o2 Fa £% A4/MEH X9 v,E 45 b5 g9l

v A 2.4 2ol T S Th29].

N

mycos — mzsing
maxcos + mysingsing + mzcosepsing

p=tan"! +D (2.4)
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Fig. 2.2. 2-Dimensional magnetic vectors characteristics for all azimuth angle
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Magnetic vectors
Y-axis [uT]

Hard-Iron
Magnetic vectors Effect
X-axis [uT] C/D /

(b) Magnetic vectors by Hard-Iron Effect

Magnetic vectors
Y-axis [uT]

Soft-Iron
Effect
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(c) Magnetic vectors by Soft-Iron Effect
% 22 ALl dig 22k AT HY 5S4 (A1)
Fig. 22. 2-Dimensional magnetic vectors characteristics for all azimuth angle
(Cont.)
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2.3 3 A A5 (Least Squares Method)

HaAsH S o' mdeo] BauE S ot 3 W o rA HolE
o] & A% 3(Sum of error squares) = HITS HASIeEE Rdll]
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AX=B

(ATA)X=A"B
(2.7)

(ATA)(ATA)X= (ATA)"'B

X=(ATA)'A™B

ek HZH o e E o9 v A (2.8)3 gow ofw Ao WA
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2.3 Fingerprint %] 7|9

Fingerprint== YWH2 0% Wi-Fi 59 WLAN7Z|WHS] 9]2]Q14] HH o
APE 3 =9¥ = AsAVIE SATFoEN AAE FAs= UL
TRE = AEd wet dolguo]~E Y= Training phase2} A A|7F
2 A 9IXE FA 3} Positioning phaseZ 1¥H 233 ZETH5].

Tt designates the reference point
at regular ntervals

It collects the AP’s RSSI
for each reference point

[Database]

1% 2.3 Fingerprint &%

Fig. 2.3 Fingerprint flowchart
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Reference | Reference | Reference | Reference
Point 1 Point 2 Point 3 Point 4 [Positioning phase]
T 2 A A ———
AP 48 -52 -50 -64 !
: It collects real-time AP signal
1| from the location to be estimated
AP2 -80 -78 =75 -58 } T
1
1 - -
: Comparison with DB
AP3 2 8 23 70 ! using Euclidean distance
1 I3
1
/'—_-_\;pi___ | 55 | e 65 68 H Recognize the final position
1 - - .
Tl | L with the smallest difference in value
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Training phase?ll A 91X & <z} s ZH A dAS kAo = =

Z %] X (Reference point:RP)E A|G3ta 7|5 T3] FHHE AT E U
olg o] A8 L3t} zF HA A2 upEl ne APEZHE 43

He Alases A (299 2
RP, =[AP ,AP , AP,,...,AP ] (2.9)
Positioning phase®l A= 2] (2.10)2} 7£°] A A]7H(Real time:RT)O.Z A&
M71E =43 Training phasedl A+t dlo]g o]~} 2 (2.11)3}

2ol fEF21= Az W (Euclidean distance: Dist)S ©]-&3}o] AAksiy,

RPpr  =[APgpr1sAPgy 95 APpp ] (2.10)

T

Dist(i) = \/Z(AP].—APRT].)2 (2.11)

Us &

L =
X]j §l- ‘(H _] If}gp()si,zfi,anE ?4 Z\']l ?}T:I'
RID])osi,ti,mz = argmln(DZSt(Z)) (2 12)
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3. At AW 92 A4 B

3.1 A" %
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212
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-
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BN
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X
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>
o3t

N
)
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Using Fingerprint based on Ellipse Equation:UFEE

[Training phase] [Positioning phase]

| Setting the Reference point | Collecting 2-Dimensional magnetic
T [Database] vector and geomagnetic z-value
Collecting 2-Dimensional magnetic rcal—ltlmc
vectors and geomagnetic z-value at

Calculating Ellipse Equation based
on Ellipse Coeflicient

five angles |
1
Acquiring Ellipse Coefficient based
on Normalized Least squares
method
1

| Compensating geomagnetic z-value |

Ellipse Coefficient
Map | Compensating geomagnetic z-value I
1

Finding the point where f and
comparedy,, are the minimum
1

Building a Database for the | Recognizing the position |
Reference point

I3 3.1 AorE= 3393 Al ~HE

Fig. 3.1 The proposed 3-Dimensional system

_15_

Collection @ kmou



3.2 32+ ¥ 8} Training phase

TARE SA|IA] 07 ~ 3607 @97l wE 224 AT|HEHES ez
el FEAZIE a9 329 2 g FHR dehdth 74 x5
A1E xgh, yEFS A7IHE ygroz web "o g A9 A9zt
280 °¢f 22k A7 E G,

60

T T
< All azimuth magnetic vectors
o 0°,70°, 140°, 210", 280° magnetic vectors

40 =
— o o o dJ
5 . 7
[l - ]
>~ 20f N ° 1
2 . o

o

g or - o T
-2 o
5} g °

P = o 2
gn 20 A ©
= 3 y

o o
40 © 1945 :
.60 1 L ' 1 !
-60 -40 -20 0 20 40 60

Magnetic vectors X [uT]

a9 32 wele P BHHE 2349 A/ME ] 54
Fig. 3.2 The characteristics of 2-Dimensional magnetic vectors output in

elliptical form

FAE fAACNA 22 Bl Wste] we A7 dAskA o
Training phaseol| 4] W3}l W92t AsE EF A4 Al dolg o] 27}
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A7IM a, b, ¢, d, e, f= BFEE 3XZE AR, G0, @S A4S
= AFEolal 29 y= AZPE xgh, AZIHE pikolth o71A a, b, ¢, d, e
571¢] 7Zl5=E Ellipse Coefficient® A3ttt Bl =2 4 U+ Ellipse
CoefficientE 75171 fI8liAl= FHA 571 o]/d9] Zho w& 2xk¢l A7|HE 7}t
Aot X 1F3 54 o WFstr] s wde 914
A7+ W3t (HA o 2x] 27| MElE g5eloF sttt webA AWeITs 5%

B@ 72°% 2° Aole] 249 A MEE g T 9FE FA P Aow
7

Holl HAH3ztd AFd 12 ZASOoZMN Ellipse Coefficient 250l 2 gtHalA
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ax} +bryy, +eyl +dr, fey, +1=0

axy +bryy, +cy; +dr, +ey, +1=0 (3.2)
ax§+bx5y5+cy§+dx5+ey5+1=O
2 2 a —1
T Ty oy T Wb -1
: : o el=1-1 (3.3)
Iz Z5Ys5 y§ T5 Ys d -1
e —1
o] 7] A Pseudo inverse®l 2 (2.7)= A &3otH HZF & F5o] 7hsstH
2 (3.4)8F 2t
Ty T Y 1
a 2 2 2 2
b Ty Tol¥a Yy Ty Yo| (m] Ty Y7 T1 Yi
cl= fﬁg T3Y3 y;Z; L3 Y3 Cbg ToYo y§ Ty Yo
Zj Th DYy Yy Ba Y| \ T
ak TYs Y w5y
where (3.4
x% L1t l/% 1 U
a ) —1
b 75 Tl Y To Yo -1
d ot Ty Y T Y —1
e 9 9 —1
Tz TsYs Y5 Ts Ys
ek FAI AN s ZEe 229 AVIMEHE 318 5 ol
H Aqtste HAASW A4S Fal 249 Ellipse Coefficient & 50] 7f
SOtk EW yawd AEEAS VMo AAAA AL P77
Aal A 3.5)E A&t FREE AR g SR Lt
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Compensated,,,, = Ratio X Geomagnetic, (3.5)

o 7| A Compensated,,, = BAE AR7] zgk, Ratios AA7] z3ks WA
371 93 B &, Geomagnetic. = A A7) zgko] T},

A oral= o] Ejw]o] 221 Ellipse Coefficient Map& 1% 333 7o
A wek A@3.1) 7199 Ellipse CoefficientS ©] &3

A9 A7 MY g A7) g Fgel mE X4 e A,

Sy | [e]

Ellipse Coefficient Map

x\x\;\\; Reference point 1(RP;) Reference point 1(RP,)
a -0.000707931460024170 -0.000909021471956782
Ellipse b +5.47816945501369¢-05 +3.09200931824894¢-05
Coefficient c -0.000725083424019593 -0.000924185845419355
d +9.14791096272762¢-05 +0.00062919186061826
+0.000319643552183864 +0.00115831036121910
Ellipse Equation afé::;ikggzjﬁkfg ’ ai"g::;:_f::;?‘fg ’
CompensatedyaW -0.277501851851852 -0.245944444444444

a3 33 Akl dlolE M o] 2 Ellipse Coefficient Map

Fig. 3.3 The proposed database: Ellipse Coefficient Map
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3.3 3% 38} Positioning phase

Positioning phasei= Training phase®~] <+/J 3+ Ellipse Coefficient Map< 7]
grow AAl SIAE FAsE dATE dolel A AR SR

23091 AZIE 9 A7) gke 2Ae A 367 2.
RPpp= [(MV.,L,,,,,MVW7 G’eomagneticz)] (3.6)

A7NA RPE FEAA, RTE A 2 nlA BAAA, uv, & nAA

rn

AN R = A7IE gk, My, S A A s s A7

yﬁ, Geomagnetic, — A 2F7] zzkolth, D2AkY A 7HEE 7|dto g Ellipse

Coefficient Map®ll 5% Ellipse Equation¥} S14Fsl= A2 4 (3.7)7F #th

aRPlMVf,nanRRMV MV JrcRPlMVZ +dpp MV,

Tn yn yn Tn

app MV, + by MV, MV, +cpp MV +dppy MV, + e, MV, = —f,+1= 0

+eppMV,, = —fi+1= 0

yn

yn yn Tn yn

(3.7
aRR“Man Fbpp MV, MYV, +cRPmMV2 +dgp MV,

yn yn Tn

+epp MV, =—f, +1~ 0

3714 a, b, ¢, d, ex= Ellipse Coefficient, m< FZX] 7|5=2 nHA 9 X]
A FREE 2R IHE S AA] F29)A Ellipse Equationy} 1AMt 2hA o
A= AAgkS S Training phasel| 4] Ellipse Coefficient Map= 5 A E}
A Aatsts Aal AAZ Sy = 19 2How AASSY] wied
Positioning phase®l A= f& ol&dstal ¥ +1& BAEgo=ZH 7} 0o 7

b Bk ghel 91K AAGAR AN @ AA7] gk ZINECE Bllipse
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Coefficient Map®ll 5% Compensated,,,, 9t Plal AxFsh= #7422 (3.8)7 2tk

C’omparedya% = |C’ompensatedmeL RP, | —|Compensated [~ 0

b, (3.8)
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Fig. 3.4 The change in accuracy of positioning by ratio adjustment
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Fig. 4.2 The geomagnetic sensor module used in the experiment
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Table 4.1 The specification of geomagnetic sensor

Parameter

Value

Manufacturing process

CMOS+ Magnetic sensor

Supply coltage for core

25V to 3.6V

Supply voltage
(Operating temperature)

1.65V to VDD
(Operating temperature : -20 to +95°C)

2.30V to VDD
(Operating temperature : -40 to +95°C)

Consumption current

during operation

4mA (VDD = 3.0V)

Measuring magnetic field

range

+300 uT

Resolution

< 0.6 uT/count(X, Y), > 1.2 uT/count(Z)

Measuring time

10 ms
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Table 4.2 The comparison of positioning accuracy
Accuracy
UFEE UFEE
Method MGIF
(Ellipse Coefficient) (+Compansated z)
2F 10.35 % 53.29 % 80.94 %
3F 9.07 % 49.77 % 73.00 %
4F 7.67 % 62.75 % 72.94 %
Average 9.03 % 55.27 % 75.63 %
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Table 4.3 The comparison of positioning error distance
Error distance
Method MGIF UFECM
Min 4.66 m 0.25 m
2F Max 29.15m 11.53 m
Average 14.30 m 3.01 m
Min 9.70 m 0.04 m
3F Max 37.00 m 17.18 m
Average 20.72 m 4.91 m
Min 295 m 0.13 m
4F Max 30.41 m 14.72 m
Average 19.14 m 4.49 m
Total average 18.05 m 4.14 m
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Table 4.4 The comparison of positioning accuracy in path

Accuracy
Method MGIF UFECM
2F 39.01 % 91.85 %
3F 15.80 % 89.14 %
4F 26.17 % 86.42 %
Average 27.00 % 89.14 %
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Table 4.5 The comparison of positioning error distance in path

Error distance

Method MGIF UFECM
Min 1.00 m 0.20 m

2F Max 12.00 m 7.45 m
Average 4.15m 0.03 m

Min 1.00 m 0.67 m

3F Max 12.00 m 4.53 m
Average 4.63 m 0.39 m

Min 1.00 m 0.13 m

4F Max 11.40 m 6.27 m
Average 4.24 m 0.65 m

Total average 434 m 0.36 m
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