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_ Abstract—This paper describes a technique for accurate three- compact receiver unit. To achieve low deployment costs with
dimensional (3D) position estimations by integrating the extended high positioning accuracy, we integrated the extended phase

phase accordance method (EPAM) and the particle filter (PF). ; :
Unlike existing positioning systems, EPAM can obtain not only accordance method (EPAM) [4] and the particle filter (PF)

the 3D position but also the instantaneous velocity of the [5]' When' !mplementlng ‘f" PF, it is CO,mmO” to model the
target by using ultrasonic transducers installed with a short time transitions of the variables to be filtered so that we can
baseline. PF uses the position and velocity obtained by EPAM predict their values in the next time step. This modeling is
to compute more accurate estimations. The experimental results important for implementing the PF so that filtered estimates

proved that the integration of EPAM and PF could improve the 44 ot diverge from true values. However, it is difficult to
positioning accuracy. When a single compact ultrasonic receiver ’

unit mounting four ultrasonic sensors to form a 76.2 mm square eXpress the mo“‘?” of a frt'ee-movmg ,ObjeCt with predefined
was used, the average 3D position error was improved from 40 motions such as linear or circular motions. In order to handle
mm to 29 mm. The 95th percentile of the error was also improved this problem, we use EPAM as a positioning method. The main
to 114 mm while that of EPAM without PF was 160 mm. advantage of EPAM is its ability to estimate the instantaneous
e Prene e s e, s oo YeloGy of & moving age s wela 5 aoourat postion. The
System’ ' ' velocity information is quite useful for predicting the position
in the next time step.

The remainder of the paper is organized as follows. In Sec-
tion 1, we briefly describe EPAM and introduce the proposed

Positioning techniques are essential to location-aware coparticle filtering method. In Section Ill, we show experimental
puting, which provides context-aware services to users. fésults that illustrate the performance of the integration of

outdoor areas, a global positioning system (GPS) is widelsSPAM and PF. Section IV gives the conclusions of this paper
used to obtain location information. However, the performanegd mentions future work.

of GPS deteriorates in indoor environments because buildings
and walls block the GPS signal. Therefore, many research
groups have attempted to develop indoor positioning systems
by using such approaches as WiFi, visible light, infrare8l. 3D position and velocity detection

and l.JIFrasomc communications [1]'. .UIt.rasonlc Waves are€ aye can calculate the 3D position of the target when EPAM
promising approach for indoor positioning because of theér

. . . an conduct distance measurements to a moving target from
cost effectiveness. Cricket [2] and Active Bat [3] are exampl:.?ﬁree or more microphones, as shown in Fig. 1. EPAM also

of noteworthy studies on ultrasonic positioning systems. allows us to obtain the velocity vectdr of the target. The

One of the biggest problems in most existing UItrason\?elocity v, at theith microphone, is the projection af to

3D positioning systems is the tradeoff between their accuragy. jine connecting the target and tith microphone. Thus,
and size, which is related to the baseline between beacops. | =~ _ = oo satisfied Herex; is a unit vector directed

If the baseline is short, the accuracy of localization syster@iL

I. INTRODUCTION

Il. TRACKING ALGORITHM

generally de_g_rao_les. On the other hand, in order to obta_in ah TetmheutS:igsgg;eh; tﬁ;: abzerglgr%%g(;gg 3;%5;3”{8{1 ng

level of positioning accuracy, the beacons must be dispers

widely. Therefore, in most existing systems, an adequaée

level of positioning accuracy is ensured while increasing the

installation cost unwillingly. In this subsection, a motion model of a moving target is
In this paper, we propose a positioning method with suflescribed. In a discrete time setting, it is common to model

ficient accuracy for indoor positioning by using only onenotions using a Markov stochastic process. We represent the

Motion models



microphones

C. Particle filter

D Particle filters (PFs) are used to estimate the state of a sys-
\4 tem as a statistical state in which the corresponding probability
] density function (PDF) is approximated numerically. A PF
/l D uses a set oV, particles, each of which has a candidate state
- vector, and a corresponding weight. In order to approximate
v the state posterior PDp{u,|z:), a PF uses a set of particles
as samples extracted from the posterior distribution, instead of
U; : unit vector representing them in a parametric form. With this representa-
i i ) . tion, the PDFs ok; andwu; are not restricted to be Gaussian.
Geometric relation between the transmitter and mlcrophones.s.l.he 3D position calculation process in our implementation is
nonlinear. If the distances are measured with Gaussian noise,
the 3D positions are estimated with non-Gaussian noise. Fig.
2 expresses this nonlinearity. We generated 10,000 sets of
) distance measurements with Gaussian noise and calculated 3D

Fig. 1.

target state at time as a 6x 1 real vectoru,:
X, " . : )
re=\ v (1) positions with those distance data. We can confirm that the
noise on the 3D position estimates is non-Gaussian. By using

where the 3x 1 vectorX, indicates the position of the target.th® PF, we can handle this noise distribution.
Here, the state transition can be modeled as follows, assuminge now briefly describe the algorithm of the proposed PF.

that the velocity of the moving target is constant: The operations 2—4 are performed iteratively. _
1) Initialization: The posterior (approximated) particles at

Is T-1I3 . time ¢ are denoted as{,uji}fv:pl and the corresponding set
= : € . ’ : . L

Hotr O; I Hemme of weights as{w,;}~7. In our implementation, each initial
= F-pu, +e, (2) particle is generated by sampling from a mixture 2qf and

zero-mean Gaussian noise with an appropriate variance.
where F is a transition matrix that depends on the measure-2) Prediction: In the prediction phase at timg new a
ment interval T. €; represents the error vector introducegriori partides{u;i}?’;l are obtained. The prediction process
by the state transition, including the effects of unknowapplies the state propagation equation (2) to the posterior
accelerations. The measurement can be also described asparticles {1, , ; ]’\2’1 The transition noise; is set to be a
zero-mean Gaussian distribution and does not depend on the
zi = H-p,+uy, ) timet (e = e):

where z, is the measurement vector. Its components are the  #;; ~N(F-p/,;, ee’),ie{l,...,N,}. (5
values detected by the measurement systemis the mea-
surement error. As previously mentioned, EPAM can obta{g
the 3D position and the velocity vector of the target. Thu
the measurement matri¥ is a 6 x 6 identity vector and
there are six: components in our implementation.

Many existing positioning systems can detect only the w1 = pze|py ;) (6)
position of the target. For this reason, the following two

filtering models have been widely used in most positioning °rder to decide the likelihood functiop(z: |u; ;), we
systems. analyze the noise distributions numerically as shown in Fig. 2.

Thus, the non-Gaussian noise distribution is taken into account
o P model : A system has only position components ag, ihe weight evaluation process.
its state vectop,. In this model, the state transition is 4y Resampling:in this phase, the particles are resampled
modeled assuming that the target is in the same positighsed on their weights so as to obtain the posterior particles
in the next time step. . {uj ;3. The previous particlegp;” ,,}2*, are replaced
« PV model : A system has both position and the velocityity the newly extracted particles. Through this process, the

components. In this model, the measurement matrix is 8ricles with lower importance weights are discarded.
follows, because the system cannot observe the instanta-

neous velocity. I1l. EXPERIMENT

Experiments to evaluate the performance of the proposed

H = [I;0;3]. (4) filtering method were conducted. 3D positions of a user's

hand moving freely were estimated as shown in Fig. 3. An

In this paper, we compared the performance of these two typggasonic transmitter (T40-16; Nippon Ceramic Corporation,
of filter models with that of the proposed system. Japan) was mounted on the user’s hand. A receiver unit

3) Weight evaluation:The weight of each particle is used
incorporate the measurementinto the particle set. Thus,
the weight is the probability of the measuremeptunder the
particle u, ,, which is given by:
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STANDARD DEVIATIONS OF 3D POSITIONING ERROR ESTIMATES ABOUT
EACH AXIS (z, ¥, z) AND ERROR DISTANCE
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> r Positioning error .

% 600 1 about each axis [mm] Error distance [mm]
& 400 | | - Observed || (38.5971, 70.5439, 45.1198) 39.9038

E 1 Filtered (24.2199, 56.2565, 33.2028) 28.8900
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1497.0 14980  1499.0 . .- .
x coordinates [mm] errors about each axis and Euclidian distance errors between

the estimated and true positions. Table | shows the standard

Fig. 2. 3D estimates are obtained with non-Gaussian noise. Upper: distagigaviations of the positioning errors. The results show that
gggigvggtgﬁg:s(;:tnalnouse; lower: 3D position estimates calculated with tg 6 yalues were improved by the proposed filter. For the
standard deviation of the error distance, 27.6% improvement

stereo camera system was confirmed. Fig. 5 shows the error cumulative distribution

\ functions (CDFs) of the positioning estimates provided by the
receiver unit 1()02()

raw measurements and three types of PF. The figures show the
1270 mm:

improvement in the errors. For example, by using the proposed
PF, the probability that the error of one measurement was less
than 100 mm was improved from 72% to 90%.

transmitter

..... Y the floor V. CONCLUSION AND FUTURE WORK
1500 o e~ 2000mm We have described an accurate and compact system for 3D
z position estimates that integrates EPAM and PF. The experi-
X mental results proved that this integration effectively improved
y the tracking accuracy of a moving target. The proposed system

achieved 29 mm standard deviations. Moreover, the error
*EBF was also improved. The probability that the position
measurement had an error less than 100 mm was improved
from 72% to 90%. These improvements were achieved because
included four ultrasonic receiver microphones (SPM0404UD#)e velocity information measured with EPAM was useful
Knowles Acoustics, USA), which were arranged to form a 76f2r properly predicting the state representing the position and
mm square. Fig. 4 shows the transmitter and the receiver uniocity of the target in the next time step.
respectively. To evaluate the positioning accuracy, a steredMe are now conducting investigations on the phase char-
camera positioning system was used to acquire the 3D positaxeteristics of ultrasonic receiver microphones, which produce
of the transmitter augmented with three IR-LEDs for referencdistance measurement errors depending on incident angles of
The positioning error of this camera system was at most 3 maoitrasonic waves. We have already confirmed that these charac-
The system could capture the moving ultrasonic transmittertetistics are reproducible and the distance measurement errors
about 10 frames per second. In the experiment, 72 positioan be regarded as systematic errors. Thus, by measuring the
datasets were obtained. microphone’s characteristics, we can obtain a compensation
Three types of PFs (P model, PV model and proposed Huhction that reduces estimation errors. We expect to improve
were applied to the obtained data. The number of particle positioning accuracy further, by implementing the com-
used N, was 300. We evaluated the positioning accuracy Ipensation function in the PF.

Fig. 3. Experimental setup. All receiver units and cameras are on the s
plane.
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