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Extended Kalman Filter Method for Wi-Fi Based Indoor Positioning

Jaegeol Yim* - Chansik Park™ - Jaehun Joo™ - Seunghwan Jeong*

Abstract

The purpose of this paper Is introducing WiFi based EKF(Extended Kalman Filter) method for indoor
positioning. The advantages of our EKF method include : 1) Any special equipment dedicated for
positioning is not required. 2) Implementation of EKF does not require off~line phase of fingerprinting
methods. 3) The EKF effectively minimizes squared deviation of the trilateration method.

In order to experimentally prove the advantages of our method, we implemented indoor positioning
systems making use of the K-NN(K Nearest Neighbors), Bayesian, decision tree, trilateration, and our
EKF methods. Our experimental results show that the average-errors of K-NN, Bayesian and decision
tfree methods are all close to 2.4 meters whereas the average errors of trilateration and EXF are 4.07
meters and 3.528 meters, respectively. That is, the accuracy of our EKF is a bit inferior to those of
fingerprinting methods. kven so, our EKF is accurate enough to be used for practical indoor LBS
systems. Moreover, our EKF is easier to implement than fingerprinting methods because it does not
require off-line phase.

Keywords : Indoor Positioning, Location-Based Service, WiFi, Ubiquitous Computing, Kalman Filter,
Decision Tree, Bayesian Method, Fingerprinting Methods
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THIHAE A FHAN S-EHE dgs A7
¥k ¥) A (Location-Based Service : LBS)dl| A&
Aat Y] A& AR 93] SHE 8
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& ® & 9ok

(& 2) ZEH[0|E{2] of(C.P= FEAIY, O, IH FEX|H2|

HE APi= (M APS MAC T4 1= g719))
AP
CP AP1 | AP2 | AP3 | AP4 | AP5
2 11 2 5 5
CP, I Il 2 11 11
I3 12 I3 11 12
CF,

I1={zlz >—-30}, I2={z|-40 <z <~—30},
I3={z|—50 <z <—40}, -

E3 <HE DA E FA8E AP 7 o
A 7o)t

W] o] Al QF W & AAZF FA DA A 2F 3
B Eo] Fo{X 2HAA Z ZTEA| o] AT
Z5 G50 71 & FEAHE A AFEA
o] YA 2 gdste &9 otk 4 & &9, 4
At &4 DAA ASet 42 APEY 4%
A7NEZ FAE wWidol X=(z,, zy . z,) T} &}
I, $HAH Y £ mo|z} Y, oS 4 & UE
e FEHAH CPE AHEAY dAXHo|gtx
H oAl G| ES AT

P(CP|X) > P(CP|X)forl < j<m,j=i (1)

Wole] Aaje] oate] thgo] o)t

P(CPIX) = P(X] C;D(;(I;( CF,) )

RE FEAAA dstod PX) = Aedes
P(XICP,)P(CP)& AUYZ doAFE= CPJl &
A (1) 9Ests FEx o] Atk wgahA i)
olAl¢t ¢ 1B FL PXICR)P(CP)E =
stet= CPE %o} £} Ito and Kawaguchi,
2005].

2.3 SAEHELIT WY

AAL AR YT g FL £8] BAA F
dulolH 2 JAIFYYFE 758 EdH o
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SAZIEE FAE HECH, 4 TR AHA
A&3tE 47 39 S971F 08 AFHAE
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= 438 F, Construct DTE <a¥g 2>¢ 2
oHYim 2008]. ¢el&e 94 DY i' U&7
g Aog <F 2>¢9 2L FHHoHE 1
742 Ul % JAARFEFN [E
T3t

1(31’ Say "%y Sm) = _EPiIng(Pe) (3)
i=1

% me FRAPY 4, St FddolHe &
(<E 2>¢) 8 %), s, FRAY CRe TAY
S

OBl F, p=—olch

dueFe] &4 DY i JdERY, F -
ol & kA AP ASAVIE 7|&EL2 F
B ARE EFse o 9ad A ARFS
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o] Fgteltt. FEAHY S FEAH CFRY
Po] +& S8 At 2H JdEZY E(4P,)
= gL Hog FIt}

dagFe 24 DY i oS oz AR
o5 G(4AR)E T3l

Gain(AP,) = I(s,, sy, "+, 8,,) — E(AP,) (5)

d18F Construct DT AHo|Fo| 71#

2 ARE AY3lo FUHHE Rt 2
= O ol £77F HA ¥ w7hA wEgd,

GAEAUFE FF3= A9 AP
FolR 7] BE FH3IT AIEY § g, o
Ay FoR JALEAUF-E 0] 831 ALEA}]
H2E BHst= AALE A9 A AL 7]
&9 WHERY mEd, ALEAAH YT Zo)s}
AU olHE FAse APEY FRU A ¢
i, zF =20 71 9 7 F114 9] xR AX
B5o2, APES & Mol &tx 3349 +
€ Vi dohd, AAzE dA9 Al Al O
(M+V)olt}. 3HA|Ho] +& CE H7|8}9, K-
NN o] AAIZE gA19 A Ak O(CxM)o]
3w o] A gk W& O(M#*V*C)olt}, gutxog
S5l AMEHE APY £ M=57) olso]1
BAAR9 & V=77 °]3dd w3t F1rz|
Ao = Ce 9o 7 ol o2 HR 9 2 92
2 AAAAGUT e A @A A Az

{

i. Treellndex] = CPi
B. else if (number of rows in Table == ()
i. Treellndex] = NULL;

i. Compute I,
i1. Compute Entropies for each AP,

of CPi 1in Table,
v. Construct subMaclist;

1. generate subTable;

vi. end loop }
E. end if )

}
End Construct_DT

algorithm Construct_DT(int[ ][ ] Table, ListType MacList, int Index)

// Table with only one row satisfies this condition
A. if (all the CPs of Table are the same, CPi)

C. else if (number of columns in Table == 1)
i. Treellndex] = for each CPi in Table, probability of CPi
D. else { // Number of rows !=1 and !'A and !B and !IC

ili. Tree[Index] = MacAddress of the AP with maximum Gain and array P, where P[i] is the probability

v. loop (i = 1, i <= number of Intervals; i++) {

2. sublndex = Index * number of Interval + i,
3. Construct_DT (subTable, subMacList, sublndex);

(A8 2 2ANEHUFE F=cks €ilE
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Time Update (“Predict™)

(1) Project the state ahead
X = S(Xpt:0)

(2) Project the error covariance ahead
P T T

T

Initial estimates for X, and P,
b

Aok o], HE 0,
T8 7M.

-
Ol
rir
ok
5
15
>
e
IS
ok
_l
=
rif

3. H[QHRH-Wi-Fi oA ZXZol
ZE ¢dn2|E

€ AdAM e Wi-F 879M SUEHE A
gdtgy Wy e FEse WHE 24
ot AehgE S A 23N &0E vlet 2
|, 4l 2d& HEsto A ZEHE AdsL
2328 dEAE wAste AHS WHEIL
SUYESAY e 2dS 1A AHE Uehdy,
ZHA T A3A7IE S48t A AZA7
79 AR ARG Aeoln. mEtM A
ot AZA7] He BAAE HA Fajof
o]& 93t} APRFE] uf 1v|E Aoz v

O

mm@mmem Update (“Correct’™)

CipSel

(1) Compute the Kalman gain
> e POHT T Ty
Ky = P-Hi(H,PH+V R V)
(2} Update estimate with measurement 2
;‘i’k = '%k + Kk(zk-— h(i?;'! 0))
(3) Update the error covariance

P, = (I-K H)P;

26| 28

vttt APY AEA7IE 3008 #E3to H
TS T80 AZAZ Y HEAE y-F22 3
2 AZE x-F02 el ag=r} <ay 5>
of Belth Iz ANLE sAJMol1, §24
< ABAIe A o] @A Aol

Relation of distance and RSSI

a2
1=

8

e

8

RSSI (dBm)
'

3

&

1 2 03 4 5 6 7 3 9 10011 12 13 14 151 27" 1B X

Distance (m)
(2 5 Mzt SMz|e] A

- #4209 L2y 2174 g2 3l A
- (X, Y, 2),i=1,-,mo] tate]
e ge 4oz Y £+ Yo,

I
o
e,
X,

= V(X =2+ (V=9 +(Z~2) +v'  (19)
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714 v'E FAHRAE YeEY HEF 0, B4
;%) B4 Gaussian F(AWGN)LZ2 7}A 3
t}. m( = 3)7) Neighbor devicedl| A} A& &R A
2 73t WLSQ(Weighted Least Square)”]
MO 2 Noded] HXE 78 £ gloH, = (g
v 2p) & 7IELE HY3) Y g d 23

r—rg| [RL A RL|[62] [
“ee == | ner see sas 6y + .o (13)
-Tm___,rgl- -h:‘ h;" h’z"_ dz ™

ol T LT & DT 4oz RIY

% Sl
éx

or = H| oy

0z

A7NA = (X g )+ (Vg )+ (22 &
o3 = Neighbor deviced] A9} 7|E3 o

+v (14)

. X—x . Y-
2 Ag A7 o, (b =2 pi=— B
Tp Ty

h, =— )% 7]E3 A Neighbor deviceZ

k

To
o] AJA(LOS : Line Of Sight) W& & YEldL].
A Bdoe o8 7HR7E & el ¥
ol A = P(Position : AA]), V(Velocity : &%),
A(Acceleration : $7}%) ModelS A&t A
o] duto|t} B =HME &Fols A7)
ohd 25 e AHdA 49E stn2 AHA =

d& o] &t ogF #2 AE AT,

Tr+1 T} Wag
Yer1]= { Y| T | Wy (15)
k41 2k Wk

A7 A" exk W, ~ N0, Q) e

22E YEld RAo2 @ =022 P30 5]
Edgittn 299 3ir} Al2d 2y 24 7
o Yuts &Y X, =X+ W, 4 =h(X)+V,
o] i, Kalman Filter& Z£3}7] $i3ted u]Ad g
EAQNE AYZEH 06X, =X+ W, 65 =
HX,+ Violth ol 737 gk 6X, oln) HF
A= X, =X +6X.2 F34 g}

03} X7} obd AA X .Z state F3 EKF
& TA3E HF JA e ugH g2 Yoz 7
gl

5(k+1 = )?k+](1c+l (Zk+1 - 2k+1),
(Zyr =h(X})) (16)

1) Initial guess: X, and P,

2) Linearizing : h(X,) = h(X )+ H$X,, Z,=h(X,)

3) Kalman Gain: K,,,= P.H,"(HLPH, "+ R,,,)"!

4) Measurement update : X, = X, + Kys (201~ Zpyy)
5) Update error covariance : P, = (I- K. H,) P,

6) State propagation: X,,,=&X,, P, =8 PSI+ Q,
7) Goto step2

(IE 6) Wi-FI B2 SUESE 918t EXF X2| I

<1¥ 6>2 EKFY Al2d 2dz &34 &
d& Hgste HF YAE T3 FAHoH,
AX RdEg o8 Z ¢,=I Q=022 F
£3l9 4), 5), 6)& 7 Zo] Fd

X1 =X+ Koy (G — Z3sr)
Py = (I_KkﬂH;c)Pk(I_ K;.-+1Hk)T

T
+ I{k+ le+ II(;H- 1

<4 6>9 FPAAwde Wi Wi-Fi &4
ool SUZFHd HE3 duelEFe <aY >
zZt} o] daelF9 24 AP Positions© ZF AP
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E9 #E7 7124 wlgo] 3, Distancest <1
d 5> BolE A9 AZ A7 7+ BAA S
o] &3t AL z} AP7HA| 9 A7t 7|1 E¢E wiE
oty duZe A W VAL z; B pyo) %7
e ARstn, £ <aY 6> AgHE |,
R Q & AFSo sidsts yldEsd 7] g
AR 2 Q7oA AMERE 27 g2 <& P>

@A 24l & WlE r_Olnumber of APs]ol|
4 AHA 7% 2 AP A g Fabel WA
gich, & 3ol M= AR H AF 9 AP X
8] ol & BA 209014 78 r 0 222 H_matrix
F <% 6>¢ HE 7384, ©A 4-74 Zgt
AJE FITH<AY 6>9] 39 3|33, & ¢dx
259 WdEL Fd2 Matrixe A Eolx

3} 23, Sy S AA 2SS o&seR Matrix €2
¢, =1 Q=022 27|33, £ WAE7 BoHol gl &4 8% 9= &

FH AAPF T& :IL'C'?}

Algorithm PositioningEKF(AP_Positions, Distances)
// AP_Positions : Array of APs’ positions.
// Distances : Array of estimated distances from the mobile terminal to the APs.

// Step 1) Initialize I_matrix, Pie_matriX, ..., and guess X_matrix and P_matrix
1 initialization X_matrix, P_matrix
// Step 2-3) Linearizing.
2 for (i = 0, i < number of APs; i++)
2-1 Temp = square_of (AP_Positions[i][0] - X_ matrix[0])
+ square_of (AP_Positions[iJ[1] - X _matrix[1])
+ square_of (AP_Positions[i}[2] - X_ matrix[2]);
2-2 1_0l) = square root of Temp, // computed distance between nominal point and the i-th base station
3 for (i = 0; i < number of APs; i++)
3-1 for G = 0; j < number of axes; j++)
3-1-1 if (((X_ matrix{jl- AP_Positions(il[j)) is 0) or (r_0fi] is 0))
then H_matrix{j, j] = 0
3-1-2 else H_matrix[i, j} = (X_ matrix[j] - AP_Positions[illj]) / r_O[i];
// Step 4-7) Kalman Gain
4 Temporary_K = H_matrix * P_matrix * H_matnx.Transpose() + R_matrix;
5 Inverse_K = Temporary_KInverse();
// If K is not invertable then terminate
6 If(Inverse_K is not the inverse of K) then return false;
7 K matrix = P_matrix * H_matrix. Transpose() * Inverse_K;
// Step 8-9) Measurement update
8 for (i = 0; i < number of APs; i++)
8-1 Z_matrix[i] = Distances[i] - r_0[i];
9 X_ matrix = Pie_matrix * (X_ matrix + K_matrix * Z_matrix)
// Step 10) Update error covariance
10 P_matrix = (Umatrix - K_matrix * H_matrix) * P_matrix;
// Step 11) State propagation
11 P_matrix = Pie_matrix * P_matrix * Pie_matrix. Transpose() + Q_matrix;
// Step 12) Goto step2
12 if(continue) then Update Distances and Goto Line 2
else return true;
end PositioningEKF
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