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Abstract— The demand for seamless positioning has been for integrating the measurements in nonlinear syste
significantly high. The methods of providing continbus  However, it approximates the dynamic models and
indoor/outdoor positions seamlessly and the algotims for  observation models by linearization and noisesgrered
smoothly transferring the estimation of positions fom  in these models. Apparently, these approximatiolay m
multiple positioning systems have attracted a greainterest  cause divergence of the filter in the complex noedr

in the Location Based Services (LBS) research communpi systems.

Most seamless positioning techniques are based on |, this paper, the developments for integrating the
integrated methods, which  usually  contain nonlinear  aaq rements in nonlinear systems based on theaSigm
relationships in observation models. In this paper,the  puint kaiman Filter (SPKF) are introduced in order
devtek’p”;)ems dfor "t‘rt]egg.‘t'”g tge.rqessluremiqis '”Sm"near solve the complex nonlinear problems efficientlydan
isrﬁo%rlrjlsedﬁieorggr toesollgjnren ?he(():lgm ﬁeT f]lgnlilngg(rolzg?e?rzz effectively. These developments are implementethén

P p multi-sensor integrated RFID positioning systemthidor

efficiently and effectively. These developments are : D - P
implemented for both vehicle navigation and pedesian r;plic\g?ir:)lglse navigation and pedestrian  positioning

positioning applications. Recent research has suggted that
Zgﬂfénvlfe%ususﬁgd anI(:itrsee-lnesV(frl ﬁg:ﬁg g Sg:é‘ltlg’”;osﬁ?ur_‘ngj Il.  SEQUENTIAL APPROACH INITERATED REDUCED
systems based on SPKF related algorithms. The Iteted SiGMA POINT KALMAN F_”‘T_ER_ _

Reduced SPKF (IRSPKF) using a sequential approach In order to compensate for the limitations in thHeH:
proposed in this paper can provide more accurate the SPKF was introduced in the mid-1990’s [3]. This
positioning results with less computational cost thn other  algorithm transforms a set of sample points noalitye
SPKF based algorithms. The potential capabilities usg this ~ which are cited as sigma-points, instead of using t

new algorithm developed in multi-sensor integratedRFID linearised functions in the EKF.
positioning systems for indoor/outdoor positioning . . .
applications have been demonstrated. A.  Sgma Point Kalman Filter

The sigma-points are determined by the following
Keywords—RFID; GPS; Sigma Point Kalman Filter; Indoor; equations.

Integration _ .
X =0
. INTRODUCTION N - .
- + ) =
The demand for seamless positioning has signifigant Xi X+ EQ\/E)' '=1..N @
increased since the introduction of ‘ubiquitous pating’ X-7 m\/ﬁ) i=N+1.. 2N
P).

(Weiser, 1991) in the late 1980s. Positional infation

has become more and more important since it iseteed \yhere XX is thei th sigma-point of the stat& is the
almost everywhere all the time. Consequently, the ) ) )
methods of providing continuous indoor/outdoor fioss ~ Mean of the statel? is the error covariance matrix of the
seamlessly and the algorithms for smoothly transi@r state; { is a scalar scaling factor that determines the
the estimation from one outdoor system, like GRS, t . . N i . .

another system indoor, like Radio Frequencfpread of the sigma-points amd is the dimension.
Identification (RFID) system, has attracted a gretrest

in the Location Based Services (LBS) community?]1, W i=0
Most seamless positioning techniques are basechon a _ .
integrated method, such as the integration of GR® a X = W"‘Zm\/@)i 1=1..N (2)
Micro-Electro-Mechanical Systems (MEMS) Inertial
Navigation System (INS). The relationships betwéen w-¢ Eﬂ\/a). i=N+1,..., N

integrated techniques are usually nonlinear. Ndgmtie
Extended Kalman Filter (EKF) is the preferred aion
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where X" is thei th sigma-point of the statd¥ is the [gqmred from2N +1 in the standard SPKF tbl + 2

mean of the process noise a@dis the error covariance
matrix of the process noise.

Y i=0
X! =iV +{ R), i=1,...N 3)
v-¢R), i=N+1,.., N

where Xiv is thel th sigma-point of the statd/ is the

mean of the measurement uncertainties Bhis the error
covariance matrix of the measurement uncertainty.

Accordingly, the time update equations of the SRH#
be expressed as follows:

xix,k\k—l = F XX 4)
N 2N
%= WX (5)
i=0
B 2N 2N .
E)xk = Z Z \NUC mxix,k‘k—l) mx i)(,k‘k—l) (6)
i=0 j=0

The measurement update equations of the SPKF are:

Z; e = DXy X 5) ()
2N
Z = ZW.'“ 2, s (8
=
2N 2N T
o T ZO:Z(:)WS mZi,k\k—l) [z [ ,k\k—l) ()
i=0 j=
2N 2N T
Per = ZOZZ(;WS [0X{ k) T ) (10)
i=0 j=
K, =P, [B" (11)
% =% +K Mz -2) (12)
P =B, -K, [P, K, (13)

where V\/(‘)T1 is the weight of the sigma-point of the

measurements\\° is the weight of the sigma-point of the
covariance and, is the Kalman gain.

By implementing the SPKF, the major limitationstie
EKF, including the complicities and the instabégiof the
linearised Jacobian approximations, can be satisihc
resolved. In addition, this algorithm can be maderen

standard sigma points
Y

reduced sigma points
Y
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Figure 1. A schematic plot of the fundamentals in the redusigcha
points theory

(the top two plots show the standard sigma poiigsaints)
and reduced sigma points (4 points) in 2-D andbtbigom
two plots show the standard sigma points (7 poiats)
reduced sigma points (5 points) in 3-D)

C. RSPKF using Iterated Approach

Using a similar idea of the iterated SPKF, RSPKF
method is developed [7]. The objective of the new
development was to obtain an updated measurememt as
approximate maximum of a posterior estimate via the
Gauss-Newton iterative method [8]. The algorithipeags
the process of the RSPKF at every epoch until ¢iselts
meet the terminal conditions using the Gauss-Newton
iterative method (see Equ. 14).

(14)

o+ o+ :
Xgany ~ xk(i)H <S€orlsM

where i is the number of the iterationM is the
maximum number of the iteratio, is the threshold of
the distance between state vectors in the adjacent

iterations andX, is the K th state vector in thé th
iteration.

D. IRSPKF using Sequential Approach

In practice, the components of the observationorect
can be considered as a sequence of scalar measiseme
and their measurement noises are uncorrelated résudt,
the measurement update stage can be implementad in
sequential processing approach rather than a block
processing approach. The sequential approach,fohere
can be used to further restrain the noises from

robust by using the iterative method [4]. However,observations and increase the computational sgéed.

computational burden be a limitation

implementation [5].
B. The Reduced Sgma Points

can

forexample, Fig. 2 shows a significant improvementhie

computational speed by using the sequential appraad
the reduced sigma points (SRSPKF) rather than other
kinds of SPKF algorithms, such as the standard SPKF

The Reduced SPKF (RSPKF) is based on the theolgSPKF and SPKF using sequential approach (SSPKF).

that the number of points used for constructingldingest
possible affinely independent set M +1 (see Fig. 1).

The RSPKF then reduces the number of sigma-points
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Figure 2. A schematic plot of the runtimes using various SPKF
algorithms

Ill.  EXPERIMENTS ANDRESULTS

The experiments both for the vehicle navigatiomgsi
GPS/RFID integrated techniques and for the ped@stri
positioning using MEMS INS/GPS/RFID integrated
technigues were conducted in order to evaluateSeier
based algorithms developed. In all the experimethies, N Tt Wt
Cent'metre'level positions measured by the GPS RT|r<—igure 4. The experimental site and the trajectory for evéhgathe
technique were used as references for the evafuatio iterated reduced SPKF for the GPS/RFID integrated
positioning technique

A. Positioning Systems
(The tested trajectory is along Site A. In the harast

T.he pOSI'Flonl'ng .SyStem use.’d in the EXpe”me.ntS for corner partial GPS signals were blocked by thedings
vehicle navigation includes @imble R8 GPS receiver nearby the roads. The RFID tags were placed inethosas
(for pseudorange measurements) and an RFID system. to provide additional distance measurements. Thellisa
The other positioning system for pedestrian pasitio image in the background is taken fr@oogle Earth.)

includes aMinimaxX (for MEMS INS measurements and _ _ _ -

GPS positions based on C/A code measurements)rand a According to the experiments, the continuous pmisgi

RFID system. can be achieved by using the GPS/RFID integrated
The RFID system used in this research is an igesil technique. The positioning RMSE was 2.923m using

long range RFID system developed ldgntec Solutions, ~ RSPKF. It can be reduced to 1.357m by using th®H¥S
It consists of ari-Card Il interrogator (reader) andQ developed and 1.353m by using the sequential apprioa

transponders (tags) (see Fig. 3). It works on 915MHd IRSPKF (see Fig. 5) respectively.
claims a reading range of 100m in a free space [9]. C. Indoor/Outdoor Positioning for Pedestrians

The MinimaxX used in this research is a portable The pedestrian positioning experiments were comdlict
MEMS INS/GPS integrated device. It contains axisa gt gite pB A complrijcated engironpment setting wassei.
accelerometer, three gyroscopes, a tri-axis magr&® T includes the indoor areas experiments in @@doat
and a low-cost GPS [10]. was mainly constructed of timber, the canopy cavere
B. Vehicle Navigation in Urban Areas areas outside the house and outdoor open areafisee

E . ts for evaluating the SPKEs for vehicIeG)' Eleven RFID tags were placed outdoors to pevid

Xperiments for € 9 additional observations in the blocked GPS signahs

navigation were conducted at Site A (see Fig. d)thie ther four RFID tags were placed along the comid
open areas, the pseudorange measurements from a house for indoor positioning experiments.

receiver Were uSed for pOSitioning' In the GPS m 25_ .....................................................
areas, which are in the north-east corner of thauitj an +  GPSRSPKF
RFID tag array was placed along the roads in otder gl ol
provide additional distance measurements. The SPKFs D v GPS-SIRSPKF
developed were used to integrate the measurements f i e
seamless positioning.

— 4 — GPS/RFID-SRSPKF
| —*—GPS/RFID-IRSPKF
—e— GPS/RFID-SIRSPKF

o
T

=

)

RMS of positioning error in distance (metre)

i
35262 3.5266
GPST (x 10° second)

Figure 3. RFID interrogator and transponder used in the rekea Figure 5. The positioning errors of vehicle navigation expemts

(i-Card Il interrogator (left) and-Q transponder (right) of using various positioning methods
theldentec Solutions long range active RFID system)
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Figure 6. The experimental results for pedestrian positioning

(The experiments, including indoor and outdoor &N
positioning, were conducted at Site B. The sateifitage in
the background is taken froBpogle Earth.) [6]
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Figure 7. The positioning errors of pedestrian positioningeximents

(The positioning references are based on the GPEB RT
measurements.)

The experiments showed that the Iterated Reduced
SPKF (IRSPKF) using the sequential approach can be
applied for indoor/outdoor pedestrian positioninging
multi-sensor integrated RFID positioning technigoe.
Metre-level positioning accuracy and seamless iposit
are achieved (see Fig. 7).

IV. CONCLUSION

In summary, the IRSPKF is developed for solving the
complex nonlinear problems in the multi-sensorgraged
positioning scenarios and the sequential approach i
introduced to improve the efficiency and the effemtess
of the algorithm developed. The experiments coretugt
Site A and Site B show that the multi-sensor iraéept
RFID positioning techniques are suitable for thbisie
navigation and pedestrian positioning applications.
Continuous and metre-level positions can be acHieve
using the SPKF based algorithms developed. The KRSP
using the sequential approach proposed in thisrpege
provide more accurate positioning results with less
computational cost than other SPKF based algorithms

investigated. It has demonstrated the potentidhefnew
algorithm developed in multi-sensor integrated RFID
positioning systems for
applications.

indoor/outdoor  positioning
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