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ABSTRACT With the development of the mobile Internet, the demand for indoor location based ser-
vices(ILBS) is increasing. Applications and devices in indoor environments can determine their position
based on Received Signal Strength Indication(RSSI) of bluetooth Beacons. However, because of multipath
effects, shadow fading and the blockage of obstacles, RSSI values are unstable for positioning. The
propagation model are various in different environments, which have caused great difficulty in high-precision
indoor positioning. In this paper, a novel positioning algorithm based on cellular network and bluetooth
Beacon’s RSSI is proposed for ILBS. The whole algorithm is divided into two parts: Offline Preparation and
Online Positioning. During Offline Preparation, Beacon node is cellular networked in regular quadrilateral;
a universal ranging model is derived from traditional ranging model for high-precision positioning. During
Online Positioning, missing RSSI values are replaced firstly; next, Outliers Removed Median-Kalman Filter
is used to process RSSI, which makes the signal smoother to range; then, the cell in which the mobile terminal
is located is determined according to the strongest four RSSI values; after that, using filtered RSSI, distances
without height influence could be calculated; finally, Weighted Multi-Point Positioning Algorithm With
Cellular Network Assistance is used to calculate the real-time location of the mobile terminal. Experiment
results show that our algorithm achieves average accuracy in 0.3m—0.5m and limits the maximum error
within 0.8 m.

INDEX TERMS Bluetooth beacon, received signal strength indication, indoor positioning, cellular network,

median-Kalman filter, ranging model.

I. INTRODUCTION

Recently, indoor positioning has been widely used in many
application scenarios, such as indoor parking lot, supermar-
ket and hospital. When positioning in indoor environments,
services require much higher accuracy than outdoor envi-
ronments. In outdoor environments, global positioning sys-
tems (GPS) can provide high precision services for many
applications. Unfortunately, GPS technology does not work
successfully in most indoor environments due to GPS signal
propagation problems. Many indoor positioning algorithms
use Bluetooth Low Energy(BLE)’s Received Signal Strength
Index (RSSI) for indoor positioning. Firstly, mobile termi-
nal receives RSSI signal from beacons which are set up in
advance. Then, RSSI values are used to calculate the distance
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between mobile terminal and beacon. When mobile terminal
gets the distance between beacons, triangulation is performed
to determine its coordinates. Due to the multipath effect and
the time-varying of indoor channels, the error of traditional
indoor positioning methods is too high to meet the needs of
indoor location based services(ILBS).

In order to improve the accuracy and stability of indoor
positioning algorithm, a novel indoor positioning algorithm
is proposed in our paper. The algorithm is divided into
two parts: Offline Preparation and Online Positioning. Dur-
ing Offline Preparation, the bluetooth nodes are arranged
according to a rectangular cellular network; a universal
ranging model is derived from traditional ranging model.
During Online Positioning, the fluctuation of beacon’s RSSI
is preprocessed firstly; next, Outliers Removed Median-
Kalman Filter is used to further reduce the fluctuation; then,
the cell in which the mobile terminal is located is determined
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according to the strongest four RSSI values; after that, hori-
zontal distances between the mobile terminal and beacons are
calculated based on filtered RSSI; finally, a novel positioning
algorithm is used to calculate the location of the mobile
terminal in the cell.

The rest of this paper is organized as follow: Section II
introduces some related works in indoor positioning;
Section III illustrates some preparation for online position-
ing; our positioning algorithm is described in section IV;
Section V shows the experiment results of proposed algo-
rithm; In Section VI, some android applications based on the
proposed positioning algorithm are illuminated; Section VII
concludes the paper.

Il. RELATED WORK

Traditional indoor positioning methods mainly use
WLAN/Wi-Fi, RFID, ZigBee and Ultra-Wideband(UWB)
technology [1]. Recently, researchers presents a WiFi-based
positioning technique that can improve the localization
performance by using time of arrival(TOA) and angle of
arrival(AOA) [2]. However, at present, lots of mobile ter-
minals and Access Points do not support ToA/AoA tech-
nology. Therefore, this technology is difficult to put into
engineering implementation. The work in [3] proposed one
RFID indoor positioning system using passive tags. Nev-
ertheless, customized devices are necessary in this indoor
positioning system, which would be a burden on business
applications.

Recently introduced BLE-based device by Apple which
is iBeacon, enables accurate indoor positioning by using
Beacon’s RSSI. BLE-based indoor positioning algorithms are
mainly divided into two categories: ranging-based and non-
ranging-based. Ranging-based algorithms mainly include
RSSI-based positioning algorithms, TOA/AOA-based posi-
tioning algorithms and time difference of arrival(TDOA)
based positioning algorithms. Non-range-based algorithms
are mainly fingerprinting algorithms [4]. Compared with
other ranging-based algorithms, RSSI can be easily obtained
by mobile device without any additional hardware [5].
In [6], a novel placement was proposed to enhance the accu-
racy of indoor localization, which has given a great inspira-
tion to the author of this paper. In [7] and [8], researchers
proposed some novel methods to estimate the propagation
model of actual enviroment, which reveals that positioning
performance would be improved by modifying the propaga-
tion model. Kalman filter and particle filter can be used to
promote GPS positioning [9]. Similarly, kalman filter or other
signal processing algorithm can also be used to improve the
performance of indoor positioning system.

lIl. OFFLINE PREPARATION

The indoor positioning system proposed in this paper needs
to do the following preparations before positioning. Whether
the preparation work is perfect has a huge influence on the
positioning result(x,y,F).
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A. REGULAR QUADRILATERAL CELLULAR NETWORKING
In this system, Beacon needs cellular networking. Each cell
can be an arbitrary regular polygon. In the traditional cellular
network, the regular hexagonal network shown in Fig.1(a)
is used for network formation. In this algorithm, Beacon is
networked using the regular quadrilateral network which is
shown as follows.

// \\\

/
\ /
\ / Beacon Beacon Beacon

(b) Regular Quadrilateral Cell

(a) Regular Hexagonal Cell

FIGURE 1. Cell’s classification.

Compared with other regular polygon, regular quadri-
lateral cellular network makes it easy to cover the actual
environment, such as houses, corridors and streets. And
the regular quadrilateral cell can simplify the cell selection
algorithm in IV-C and the position algorithm in IV-E. In order
to perform subsequent positioning algorithms, three sets are
defined.

« Position-set:
Position-set = {(Id1, X1max» X1min» Y1imax> Yimin, F1),
(1d2» Xomaxs Xomin> Yomax» Y2mins F2)7 )
(Idnv Xnmax’ Xnmins Ynmax» Ynmine Fn)};
« Beacon-set:
Beacon-set = {(Uuidy, X1, Y1, hy),
(Uuidy, X3, Y2, ), - - -, (Uuidy, Xy, Yy, hp)};
o Cell-set:
Cell-set = {(Idy, Uuidy, Uuid>, Uuidy3, Uuid4),
(Idy, Uuidyy, Uuidyy, Uuidyrs, Uuiday), - - -,
(Id,,, Uuid,,|, Uuidyy, Uuid,3, Uuidp)};

Here, Id; — Id, are the cellular identification; X;,,;, and
Ximax are the X axis coordinates minimum and maximum
of the i-th cell; Y, and Y. are the Y axis coordinates
minimum and maximum of the i-th cell; F| — F,, are cell’s
floor number and different i-th cell’s floor numbers probably
the same; Uuid; — Uuid, are the beacons’ identification;
Uuid;,Uuid; ,Uuid;s and Uuid;yy are the Uuids of Beacon
contained in the i-th cell, and each Uuid;; has a Uuid cor-
responding to it; h; — h, are Beacons’ height; X1 — X,
are the X axis coordinates of Beacons’; Y; — Y, are the
Y axis coordinates of Beacons’; The three sets above are
correspond one by one, and there is a mapping relation
in them.
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B. ESTABLISHMENT OF A NOVEL TYPE OF RANGING
MODEL

The positioning algorithm used in our system is range-
based, so the selection of propagation model is crucial for
positioning.

In indoor environment, the RSSI received by terminal is
usually unstable because of signal’s reflection, diffraction
and shadowing, so that the radio propagation path loss is
not the same as theoretical value. In traditional ranging
algorithm, the empirical propagation model is usually used
to range. The empirical model is a simple and easy-to-
understand calculation formula which is fitted from a large
amount of data. The calculation speed is very fast, and the
input of the formula is not complicated. However, one prop-
agation model can only correspond to a series of similar
scenes, which makes it difficult for selection of propaga-
tion model. Deriving from the traditional propagation model,
we deduced a new propagation model that can solve this
problem to a certain extent. Some common empirical prop-
agation models are shown below, which are instructive to our
creation.

o Log-Distance Path Loss Model: The log-distance path
loss model is the most traditional and widely used wire-
less signal propagation model which is shown in below.

d
PL4p) = PL(dp) — 107/10g10(%) + Xsagp (D)

Where y is the loss factor of transmission, the value
is usually between 2-5; Xj4p) represents the normal
random distribution of random noise, and the standard
deviation is §. When ranging, the influence of Xs(4p) is
always not considered; dy is reference distance. In prac-
tice, for the convenience of calculation, usually takes
1m; d is the distance from the transmitting point to the
receiving point; PL(dp) is the power at dy; PL(dB) is
the power at d, and its unit is dBm. After a series of
constant deformations shown in below, the traditional
ranging function(5) can be obtained.

d
103/10810(%) = PL(dy) — PLygp 2
d PL(dp) — PL{4B)
lOglo(dO) 10y (3)
d PL(dy)~PL{g]
=10 )
do
PL(dg)~PLgp)
d=dy-10 0 (5)

o Other Propagation Models: Considering different
aspects, researchers have proposed a variety of propa-
gation models. Including some famous models, such as
Floor Attenuation Factor Path Loss Model [11], which
considers the attenuation caused by different types of
buildings and obstacles; Keenan-Motley model [12],
which mainly considers the influence of reflection of
signals on walls, floors, etc; Multi-wall model [13],
which concentrates on the refraction of the wall surface
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corresponding to the influence of wireless signal prop-
agation; Two-Ray model [14], which considers that all
kinds of environment have one reflecting surface. All
of these models can simulate the weakness of wireless
signals in certain environments. However, the deter-
mination of the corresponding relationship relies on
experience and a huge amount of data measurements
in the current scene, which is a very time consum-
ing task for the construction of indoor positioning
systems.

In our positioning system, the PL(dB) shown in the model
is the RSSI in practice. According to the actual situation,
the specific model can be used for adaptation. However, this
requires long-term testing to determine the model. Because
these models all have one thing in common, that is the
RSSI value decreases as distance increases within a range
Oldmin, dmax], which is about Im—9m in experiment. Begin
with this common thing, assuming the mapping function of
RSSI and d in range of © as follows.

RSSI =f(d),d € ® 6)

When the d is in the range of ®, the above function mono-
tonically decreases, and the corresponding range of RSSI is
Q[RSSIin, RSSIyax]. So there must be an inverse function as

shown below.
d = g(RSSI), RSSI € Q @)

Then, using Taylor expansion, inverse function(7) could be
expanded.

RSSI, '(RSSI
d= 5 - 0, 8¢ - 0) (RSSI — RSSIp)
"(RSSI, '
%(RSSI — RSSIp)? + - --

(RSSI,
+ L'O)(RSSI — RSSI))"+R,(x), RSSI € Q (8)
n!

Here, R,(x) is the Piano residual and its value is o[(RSSI —
RSSIp)"]. Next, (RSSI — RSSIp)F in (8) can be expanded
according to polynomial expansion which is shown in
below.

k
(RSSI — RSSIp)* = > C" - RSSI™ - RSSI§™., (9)
m=1

Combined these above functions then simplifying the coef-
ficients therein, ideal ranging model can be obtained, which
is shown in below. Since this ranging model is extended by
the traditional empirical model, it can adapt better to different
environments.

n
d = lim Z[ak - (RSSD¥1 4 R,(x), RSSI € @ (10)
n——+o0o
k=0

Nevertheless, the value of n cannot be infinite in practical.
The larger the n, the higher the complexity of the ranging
algorithm is. In this paper, expanding the formula to N-th
order, the value of N will be determined according to the
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results of experiment shown in V. Because the value of R(n)
can be ignored, (10) could be simplified as follows.

N
d = la - (RSSI)*], RSSI € @ (11)
k=0
However, when RSSI ¢ €, this ranging formula cannot
successfully calculate d. RSSI can map the distance between
mobile terminal and Beacon to a certain extent. The larger the
RSSI, the smaller distance is. Therefore, the threshold can
be set to process the RSSI, and then the proposed ranging
function is obtained in below.

dminy RSSI > RSSImax
_ N . k 12
d= Zk:o[“k (RSSD¥], RSSI € Q (12)
dmaxv RSSI < RSSIml'n

IV. ONLINE REAL-TIME POSITIONING ALGORITHM

After the preparation is completed, the positioning can pro-
ceed successfully. It is called Online Real-Time Positioning
Algorithm because the input of this system is obtained in real
time using Android mobile terminal. The period of received
RSSI signal acquisition is 0.1s and the system can output
results in about 10—20ms, which can meet application’s
needs for real-time positioning

A. RSSI VALUE PREPROCESSING

The received RSSI is very unstable, and due to the different
quality of service(QoS) of the receiver, there will be some
RSSI data loss, and the loss rate increases as d increases as
shown in Table.1, where d refers to the distance between the
mobile terminal and the Beacon.

TABLE 1. Missing rate of Beacon’s RSSI.

Missing Beacon
Rate/%
Beacon; | Beacons | Beacon3 | Beacony | Average

Distance/m
1 13.5 114 11.0 14.7 12.65
2 12.9 12.8 14.6 18.2 14.62
3 16.5 12.6 14.3 17.6 15.25
4 154 17.3 21.7 19.7 18.52
5 235 18.8 28.9 22,5 23.42
6 314 22.7 31.5 27.6 28.30
7 35.6 28.1 36.9 324 33.30

Thus the loss of RSSI needs to be processed before any
further process. In this algorithm, the lost RSSI value will be
substituted, which is shown as follows.

RSSIg[n] = RSSI[n — 1] £ ARSSI (13)

Here, RSSIi[n] means the RSSI substitution when the
RSSI is loss. In order not to add extra gain to the signal,
the + operation in the formula uses the subtraction in this
experiment. If use addition to perform operations, when the
user is away from one Beacon and close to another Beacon,
the far-end Beacon’s RSSI signal will always be lost, and
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the far-end Beacon’s RSSI[n] may be higher than the near-
end Beacon’s RSSI. RSSI[n — 1] means the RSSI value at
last moment; ARSSI is the changing value of RSSI[n — 1].
Assuming that the walking speed of people walking indoors
is about 2m/s~3m/s, and the sampling period of terminal
device is 100ms. ARSSI would be calculate as shown in
below.

Ad =v-At <03m (14)
ARSSI = RSSI'(d)Ad < 0.3RSSI'(d) (15)

In (15), RSSI'(d) is the derivative of inverse function of
the ranging function in (12). Therefore, ARSSI presumably
less than 0.2db in practical. Then, substitute ARSSI = 0.2
into (13), which consider that device is always leaving away
from Beacon. After substitution, the RSSI signal will become
more continuous and the data’s mutation rate will be signifi-
cantly decreased, as shown in the figure below.

In Fig.2, blue line shows the received RSSI that the Beacon
is 1m away and facing directly to the mobile device; red line
means the RSSI after substitution. As shown in the figure,
RSSI value equal to —100dB means the loss of Beacon signal.
After substitution, RSSI varies still vigorously from —60dB
to —75dB. Thus the fluctuation of RSSI should be processed
in the next step.

-60 —
-65
-70

-75

-80

RSSI(dBm)

-85

-90

95 Received RSSI

Substituded RSSI

-100 : : ‘
0 100 200 300 400 500 600

Time(100ms)

FIGURE 2. Substituted RSSI value in 1 m.

B. OUTLIERS REMOVED MEDIAN-KALMAN FILTER

The RSSI sequences after the substitution still have signif-
icant fluctuations. For this, the Outliers Removed Median-
Kalman Filter proposed in this subsection can be used to
further process the RSSI signal to make the signal stable. This
filter combined several signal processing technology which is
shown in above.

o Median filter: Median filter is to average multiple
RSSI values to avoid the randomness which is shown
as follows.

_ ZZZIRSSI[k]

n

RSSI,[n] (16)
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o Outliers Removing: the RSSI values are not stable and
have some outliers, which make the average RSSI value
not precise enough. Therefore, it’s necessary to stripe
these outliers before filtering. The most intuitive outliers
is the maximum RSSI and minimum RSSI.

o Kalman filter: Kalman filter can be used to dynamic data
to obtain a smooth numerical output, so the filter can
be used to make the RSSI output smooth. Kalman filter
can be divided into prediction stage and correction stage,
which is shown as follows.

1) Prediction stage:

RSSIz = A-RSSLi—i + B -uy—y (17
Pr=A-P,_1-AT+0 (18)

2) Correction stage:

Py HT
Ky=———— (19)
H-P;-HT +R
RSSI, = RSSIz + K, - (Z, — H - RSSIz)  (20)
P,=(-K, -H) Pz 1)

Here, RSSI; indicates the priori state estimate at time
slot n; RSSI » and RSSI n—1 represents the posterior state
estimation value at time slot n and n — 1; A indicates
the state transition matrix; B and u, jointly control the
input gain, in this algorithm, set them to O; Py rep-
resents the priori estimate covariance at time slot #;
P, and P,_, respectively represent the posteriori esti-
mation covariance at time slot #» and n — 1, which is one
of the filtering results; Q represents the covariance of
the process excitation noise, which is the error between
the state transition matrix and the actual process; K; rep-
resents the Kalman gain and is the intermediate result
of the filtering; Z, indicates measured value at time
slot n; H represents the measurement matrix; R indicates
the measurement noise covariance, which is a numeri-
cal value, which is a characteristic associated with the
instrument, as a known conditional input filter

Combining these characteristics, the Outliers Removed
Median-Kalman Filter can be designed to process the RSSI
signal, after that the estimate RSSI signal is stable enough to
perform the positioning algorithm. The process of Outliers
Removed Media-Kalman filter is shown in above.

1) Stored ten recent RSSI in container R. If the amount of
data currently received is less than 10, calculate RSSI,,
as the output RSSI of this Filter according to (16).

2) If the amount of data currently in R is equal to 10,
Removed the maximum and minimum RSS/ in R, then
according to (16), the mean RSSI of the remaining
RSSI is obtained, refered as RSSI,,.

3) According to the output of the algorithm at the previous
moment, the prediction is performed using (17)—(18).
Since RSSI is a pure number rather than a matrix, A = 1
and Q = 1.476, where Q is an empirical and adjustable
value determined by the results of experiment.
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4) Z; = RSSI,, as input to the Kalman Filter during the
correction stage shown in (19)—(21), where H = 1;
R is an empirical and adjustable data which value is
3.719 determined by the results of experiment. P, will
converge soon after iteration, so the initial value of f’,
is not important. The initial value of P; is 2.741 which
is also an empirical data determined by experiment.

5) Finally, the RSSI, of the correction stage in the Kalman
Filter is used as the output RSSI; of the Outliers
Removed Median-Kalman Filter.

In Fig.3, blue line expresses the filtered RSSI; red line
means the RSSI after substitution. As shown in the fig-
ure, the stability of the RSSI sequences has been greatly
improved, and the fluctuation is between —60dB and —64dB.
This reason of promotion is that the outliers are stripped
off before the Median-Kalman filter algorithm. After filter,
the RSSI value tends to be stable, and the subsequent posi-

tioning algorithm can be entered.
\ /‘M

-60

-62 |

-64

-66 [

RSSI(dBm)

=70 [

T2r Substituded RSS! | |
— Filtered RSS!
‘

74

, , , \
0 100 200 300 400 500 600
Time(100ms)

FIGURE 3. Filtered RSSI in 1 m.

C. CELL SELECTION ALGORITHM

Filtered RSSI calculated in IV-B are used to determine the
cell in which the mobile terminal is located in. Once the area
of the cell is accurately determined, the result of positioning
algorithm must be within the area. In order to make full
use of the existing RSSI data and not make this part of the
algorithm too time consuming. This paper designs a cell
selection algorithm to determine the cell which most likely
to contain position result(x,y,F). The specific algorithm steps
are as follows.

1) Assuming that the strongest four RSSI values corre-
spond to Beacons’ Uuid are Uuid;, Uuid,, Uuids and
Uuid,, and the RSSI of these Beacons are decremented
one by one. In this step, they are stored in container
A(A = [Uuidy Uuidy Uuids Uuidy]).

2) Traversing the Cell-set(which is defined in III-A), cal-
culate how many Uuid in A are included in each cell,
record this count value as Num, and save the data in
the CountMap as a key value pair < Num, Cell >.
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The largest Num is recorded when storing data, denoted
as Y. Since the Num of different Cells may be the
same, the same key should be allowed in the imple-
mentation of this CountMap. The necessary function
of CountMap is to find all the correspond Cell by Y.

3) Traversing CountMap find all the Cell corresponding
to Y. In this step, Cell may be more than one, then these
Cells’ data are cached in ¢.

4) Determine how many elements are in the ¢, denoted
as M.

5) IfM = 1, take the only element in the ¢ as the output C.

6) If M > 1, traversing the ¢, determine the inclusion
of each cell and Uuid;, Uuid,, Uuids and Uuidy, and
cache the data in H, which is a M x 4 matrix. H;;
represent whether the i-th Cell of ¢ contains the Uuid;.
If the cell contains the Uuid;, then Hj; = 1.

7) Calculate B using matrix H and weight calculation
function above.

W = [0.3761 0.2764 0.2146 0.1329
B=HxW

]T (22)

In (22), W is the weight coefficient column vector
(4 x 1) which is determined by experiment result.
The value of M are adjustable according to posi-
tioning environment. The result B is a column
vector(M x 1) used to determine which cell the current
position is in.

8) Determine that the firts index corresponding to the
largest element in B is I, then the I-th Cell in the ¢
is the result of the algorithm output referred as C.The
positioning result is most likely to be in C.

In practice, M may be 1, 2, 3, 4, 6, 16 or other value
as shown in Fig.4, which doesn’t list all the possible situ-
ations, but those missing situations are actually undesired.
If M = 1 or 2, it will occur when the algorithm peform-
ing is normal. If M > 2, it is abnormal. Although the
above selection algorithm can still output C when M > 2,
the probability of selection error will be greatly improved.
Only when the user is away from the location area or some
Beacons in the location area broken will cause M > 2.
Using the value of M can monitor whether the positioning
system is faulty, or whether the user leaves the location
area.

D. RSSI RANGING WITHOUT HEIGHT INFLUENCE
According to C determined in IV-C, only need to calculate
the distance between the mobile terminal and the Beacon
in C, which will reduce the complexity of the algorithm. Then
using RSSIy and proposed ranging function (12), these dis-
tances can be successfully calculated. However, this results of
ranging is the three-dimensional(3D) distance with influence
of height.

In order to eliminate the influence of the vertical distance
between the terminal and the Beacon, the Pythagorean theo-
rem is used to calculate the horizontal distance, then dl.’ will
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FIGURE 4. Situation of value M.

be used instead of d; for positioning algorithm, it is shown as

follows.
d| = \/d* — (hy — hp)?
dy = \/d? — (hp — ho)?
2 2 (h2 0) 23)
dy = \/d3 — (h3 — hp)?
dy = \/d} — (hs — hp)?

Fig.5 vividly illustrate the height-eliminate ranging meth-
ods: A,B,C,D are the location of Beacon; hy, hy, h3, hy
are the height of Beacon, which comes from Beacon-set
which is defined in III.A; the projection point of Beacon
on the terminal plane are a, b, ¢ and c; the height of ter-
minal is hg; di,dz,ds and dy is results of ranging func-
tion (12); dy, d}, d} and d, is the distance without influence of
height.
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FIGURE 5. Ranging method without influence of height.

E. WEIGHTED MULTI-POINT POSITIONING ALGORITHM
WITH CELLULAR NETWORK ASSISTANCE

The distance among the four Beacons in the C and the
mobile terminal has been calculated in IV-D. Traditional
triangulation uses only three Beacons for positioning, which
obviously does not make full use of the existing RSSI val-
ues. Based on the traditional triangulation algorithm, this
paper proposes a new positioning algorithm. Since ter-
minal is currently in C, in order to fully use the RSSI
information, multiple triangulation can be performed, and
these results can be integrated in a weighted manner. Based
on the above ideas, the Weighted Multi-Point Positioning
Algorithm With Cellular Network Assistance is designed
for indoor positioning. The specific steps of algorithm are
as follows.

1) Assuming Bj, B>, Bz and By respectively identify
the four Beacons in the é‘, and the RSSI of these
Beacons are decremented one by one. df, d),
d;, and dj are the distances between B; and the
mobile terminal. The position of these Beacons
can be obtained from Beacon-set which is defined
in ITI-A.

2) Successively select B1ByB3, B1ByB4, B1B3Bs and
B)B3B, as the Beacons used by the positioning algo-
rithm shows above, and calculate the corresponding
positioning result (x1,y1), (x2,y2), (x3,y3) and (x4,y4)
respectively. Take B1BB3 as an example, the spe-
cific positioning algorithm step is shown in following
steps(3—38):

3) Draw the circle with the radius of dj.d; and dj as the
center of By, By and B3. The triangulation result is
the centroid of the triangle ABC, which is shown as
follows.

4) However, there is often no intersection between
Beacon circles, as shown in above. Therefore, it is
necessary to adjust the radius in special cases
and regenerate the transaction point for position-
ing. The specific adjustable algorithm step is shown
as follows(5—7):

5) When the two circles are separated, The principle of
adjustment is to make d| and d} increase proportionally
and finally satisfy d{' + d} = dj2, which is shown
in below. The dotted line in the figure is the circle
corresponding to the radius after adjusted, and the solid
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FIGURE 6. Triangulation using 3 Beacons.

(a) Two circle separated (b) Two circle included

FIGURE 7. Situation of no intersection.

FIGURE 8. When two circles separated.

line is the circle corresponding to the original d.

/
” 1

S
/
~di2

diz

(24)

" o__ 2
) = ——
di +d;
6) When the two circles are included,the principle of
adjustment is to make d increase proportionally and d
decrease proportionally and finally satisfy d) — d| =
dy;. The radius’ adjusting method is shown as follows.

4

d =dj + ——— - (dj —di2 — dy)

4+ (25)
d//zd/_—z.d/_d _d/
2 2 di"‘dé ( 1 12 2)

7) When the two circles intersect(the intersection is A
and B), the third Beacon’s position B3 is used as an
aid to determine the intersection. The AB3 and BBj3
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FIGURE 9. When two circles included.

are cached, then the smaller one correspond point will
be selected as the intersection. The process is shown
in Fig.10. In this situation, A are chosen as the intersec-
tion of positioning algorithm.

FIGURE 10. When two circles intersect.

8) After the radius adjustment, the three intersections
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A(Xi1,yi1):B(Xi2,yi2) and C(x;3,y;3) can be obtained
using Beacon-set, where i represent the i-th triangu-
lation of positioning. Then, it is necessary to judge
whether the three intersections are located in the C.
If not in the cell, take the point closest to the intersec-
tion point in the cell instead, which is shown as follows.
In Fig.11, O represents the actual position, T is the
intersection point, and R is the replacement point after
the cell limitation. Obviously, this method can greatly
reduce the maximum error. Because it is a square
cell, you only need {Xinax, Ximins Yimax, Yimin} in the
Position-set(which is defined in III-A) to easily deter-
mine whether it is inside the C and choose the replace-
ment point. Then, according to (26), the center(x;, y;) of
the triangle is calculated as the output of the positioning
algorithm.

Xit + X2 +xi3 yit +Yi2 + i3
3 ’ 3

(i, yi) = ( ) (26)

Aread

Aread Areaf Area’ Aread

Aread Areall Areall Areal2

Areal Areal o Aread
o

Areald Areald Areall

FIGURE 11. When the intersection out of cell.

Arealf

9) Repeat above steps(3~8), and finally four position-
ing points can successfully determined, which are
(x1, 1), (x2, y2), (x3, y3) and (x4, y4). In order to syn-
thesize the above data, (27) weights each position data
to calculate the final result(x, y, F).

4 4
@) = aixi, Yy oy 27)
i=1 i=1

In (27), a; is the weight of the i-th positioning result.
Since d{, dj, d}, and d; are incremented, which means
that the position point is nearest to By and second
nearest to B, and so on, the corresponding weights
should also be successively decremented. In this paper,
using the coefficients «; as shown in Table.2, which is
the empirical value determined by experiment result.
These coefficients are adjustable according to position-
ing environment.

TABLE 2. Weight parameters value.

a1 a2 [e%] a4
0.4172 | 0.2471 0.1946 | 0.1411

10) Finally, using C and Position-set(which is defined
in III-A), floor where the current positioning point is
located are determined, which is used to complete the
positioning data(x, y, F).

V. EXPERIMENTS & RESULTS

In order to determine the parameter of N shown in (12)
and verify the performance of the proposed algorithm, the
positioning experiment is designed. In this section, we will
introduce our environment of experiment and show the result
and performance of proposed positioning algorithm.
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A. ENVIRONMENT OF EXPERIMENT

The environment of experiment is a three-floor high office
building, which is shown in Fig.12. The mobile terminal is
OPPO R17 PRO. In this experiment, the SHEN-DA infrared
range finder is used for distance measurement. The error of
the instrument is +1.5mm, and the maximum measurement
distance is 100m. Therefore, it can be considered that there is
almost no measurement error in the course of this experiment.

® ©) ©)
B _ %s Cell ® 9
(,6111“7 4
®G) ' ©)] ©)
B4 BS B6
(3 Cell 2 Cell® -
Bl Bz B3
Terminal F
3
3@ wd ;0 )
A7 cae 8 cap P
)] © )
B B B
4 Cell @ - Cell® .
- g0 @ €)
L 1 Bz Bz
Fz
&) (1) )
B B
7 Cellz(” 8 (Jtllf” 9
1) 1) (€)]
B B B
4 Cen‘(l) 5 Cen (1) 6
a @ )
B B B
1 2
F1

FIGURE 12. Experimental environment.

Use the lower left corner of the first floor room as the
starting point(0,0,F) of the coordinates, and the Position-set
can be acquired easily.

In Fig.12, B](.l) stands for the i-th layer of the No. j

Beacon; Cell” stands for the i-th layer of the No.j cell;
F; represents this floor is No.i; Terminal is a Beacon
signal receiving device, which is a mobile phone. There
are 9 Beacons in each room, and their coordinates of
each floor F; are (0,0, F;), (0,7, Fy), (0, 14, F;), (7,0, F)),
(7,7, Fy), (7,14, Fy), (14,0, F;y), (14,7, F;) and (14, 14, F;).
Each cell is composed of four Beacons and each layer is
composed of four cells.
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B. DETERMINATION OF RANGING FUNCTION

Before performing the positioning algorithm test, it is neces-
sary to determine the corresponding parameters in the ranging
function (12) and compare it with traditional ranging func-
tion (5). Because there are a lot of Beacons in experiment,
it is impossible to fit the ranging function for all Beacons.

In the experiment, 5 Beacons are selected in the scene for
data acquisition. Data acquisition is performed every 0.5m
within 1—9m, and 1000 sets of RSSI is collected in each
distance. Then, the standard deviation and expectation of
these data are calculated, which is std and EX below. Next,
the outliers RSSI are stripped of in which is satisfied.

EX + 2std < RSSI or RSSI < EX — 2std (28)

In order to integrate thousands of RSSI data, we calculate
the average value RSSI/.(Z) of the remaining RSSI data. The
superscript i identifies the data corresponding to the i-th
Beacon, and the subscript j identifies the data at the jm. Then,
RSSI/.(') are further integrated into RSSI;, which is shown in
below.

5
RSSI; = é > Rss1? (29)

i=1
The RSSI; represents the RSSI of Beacon at jm, which
will be used to fit the proposed ranging function (12) and
traditional ranging function(5). When N in (12) is greater
than or equal to 6, there is almost no difference in the range 2.
So we fit the case where N is less than 6 and the fitting
functions’ parameters is shown in the following TABLE.3,
where N /A means this parameter is not applicable in current
ranging function. All these parameters are obtained using
knowledge of curving fitting. The graph of the fitting function

is shown as Fig.13.

Traditional Ranging Model
- = - Proposed Ranging Model N =1 | |

Proposed Ranging Model N =2
= = = Proposed Ranging Model N =3 | |
Proposed Ranging Model N =4
Proposed Ranging Model N =5 |

-76 -74 -72 -70 -68 -66 -64
RSSI(dBm)

FIGURE 13. Finally ranging function.

To quantify the performance of these ranging functions
and determine the value N, MAEgr(Mean Absolute Error of
Ranging), RMSEg(Root Mean Square Error of Ranging) and
Time Cost is used to measure the accuracy and efficiency of
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TABLE 3. Fitting formulas’ parameters.

Log N=1 N=2 N=3 N=4 N=5
ag N/A -40.56702666981558 | 63.64444006978035 | -407.1442805191397 | -32970.36409897470 | -29477.54680025212
ay N/A -0.648454812982645 | 2.348262294403182 | -17.88583002361452 | -1883.044309638853 | -1635.348835536844
ag N/A N/A 0.021481012903251 | -0.267917144670217 | -40.28411635885062 | -33.27152035934847
as N/A N/A N/A -0.001377458414361 | -0.382510688016412 | -0.283437462842715
aq N/A N/A N/A N/A -0.001359740639868 | -0.000661283449898
a5 NJA NJ/A NJA NJA N/A 0.000001965664535
PL(dp) | -59.43614082179057 N/A N/A N/A N/A N/A
¥ 1.670671233546832 N/A N/A N/A N/A N/A
ranging functions, as is shown in follows. Where d; is the TABLE 4. Ranging functions’ performance.
estimated value of the i-th distance measurement which is the
. s g . . Log N=1 N=2 N=3 N=4 N=5
oqtput of ranging function; d; is the corresponding true value; T Cos T 06 T 088 13 T 179 1 235 352
n is the sampling numbles. MAEg/m | 25743 | 2.0036 | 2.1341 | 2.0722 | 1.7989 | 1.7988
1 RMSER/m | 2.8289 | 2.5999 | 2.5585 | 2.4526 | 2.1260 | 2.1218
MAER = ~ Z |d; — di| (30)
g
1=
" which floor the mobile terminal is located on. Therefore,
1 A o, .
RMSEg = | - Z( di — d;)? 31) it is necessary to cqllect data to show 'how §ffect1ve the 'cell
ni= selection algorithm is. We collect data in 5 different locations

In this experiment, we select 3 Beacons and collect
1000 sets of RSSI values in 1m, 2m, ---, 9m. These data
are used to calculate MAE and RMSE of different distance.
Then, We use mobile terminal statistics Time Cost of ranging
functions.

The performances of these ranging models are shown
in Fig.14 and TABLE.4. These performances indicates that
when N is greater than 4, the improvement of ranging model
is absolutely small. However, it costs more time, so we let
N = 4 and only consider this situation in subsequent analysis.
These measurements shown in follows illustrate that the
MAE of proposed ranging function have reduced by 30.13%
and RMSE have reduced by 24.85%.

+ Error of Traditional Ranging Model

—* = Error of Proposed Ranging Model N = 1
Error of Proposed Ranging Model N = 2

4 r = - Error of Proposed Ranging Model N = 3

~fe— Error of Proposed Ranging Model N = 4
Error of Proposed Ranging Model N = 5

FIGURE 14. MAE of ranging model.

C. PERFORMANCE OF POSITIONING ALGORITHM
In IV-C, the mobile terminal uses the filtered RSSI for cellular
selection. At the same time, the location of the cell determines
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in the same room, collect 1000 sets of data in each location,
and count the probability of selection error, which shown in
TABLE.S. The error rate of selection algorithm is less than
0.5%, so in the subsequent analysis, selection error’s situation
are not considered.

TABLE 5. Floor & cell selection error rate.

Point; | Pointe | Pointg | Pointg | Points Average
Error Rate
Floor Selection | 02% | 0.1% | 03% | 02% | 0.1% 0.18%
Error Rate
Cell Selection | 0.3% | 03% | 04% | 03% | 02% 0.32%
Error Rate

In position algorithm, make the error shown in (32) as
a standard for measuring the point error, here, (x, y), is the
estimated coordinates of the terminal, (X, Y) is the terminal
coordinates

error = \/(x — X2+ @Gy-Y)7?

Simulations and real tests were executed to evaluate the
proposed positioning algorithm performance. The three loca-
tions (1, 1, F3), (2,2, F»), and (3, 3, F) are selected for the
positioning test, and the test results are shown in Fig.15; the
title of each figure represents the average error of each test
location. As shown in the follows, the proposed algorithm can
make the positioning error lower and the positioning mutation
is also effectively processed.

After that, all the data were combined for statistical analy-
sis. MAEp (Mean Absolute Error of Positioning) and RMSEp
(Root Mean Square Error of Positioning) and SDp (Standard
Deviation of Positioning) are calculated, which is shown in
follows.

(32)

1 n
MAEp = =3 \J[Gi = x + Gi = »7]

i=1

(33)
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AveError = 0.36473m

AveError = 0.32385m

AveError = 0.36686m

15 15 15
144 Traditional Triangulation 144 Traditional Triangulation 144 Traditional Triangulation
13 —<— Proposed Positioning Algorithm 13 —<7— Proposed Positioning Algorithm 13 —5— Proposed Positioning Algorithm
%* Actual % Actual #* Actual
12 A Beacon 12 A Beacon 12 A Beacon
11 1" 1
10 10 10
9 9 9
ES ES® ES®
> A A A > 74 A A > 7 A A
6 6 6
5 5 5
4 4 4
3 3 3 1
2 2 ' 2
1 ‘ 1 1
0 A A 045 A A A A
01 2 3 45 6 7 8 9 10 1112 13 14 15 01 2 3 45 6 7 8 9 10 111213 14 15 01 2 3 45 6 7 8 9 10 111213 14 15
X(m) X(m) X(m)

(a) Simulation In (1,1,F3)

FIGURE 15. Positioning simulation.

RMSEp = % > [(fc,- — )7+ i - y)2] (34)
\ i=1

SDp = % Z [(561 —u)* + G — “y)z] (35
\ i=1

These indicators can reflect the results of the experiment
from different aspects. SD can evaluate the degree of change
in the data, MAE and RMSE can better reflect the predicted
value error. The smaller the value of SD, the better the
accuracy of the experimental data. In (33)—(35), n is the
number of samples, x; and y; are the i-th estimate of the X
and Y axis position; x and y are the ideal position reference
coordinates; u, and u, are the expectations of X; and ;.
The properties, improvements and time cost of this pro-
posed method are shown in follows distance error’s histogram
and performances TABLE.6. These measurements show that
RMSE have reduced by 48.79%, MAE have reduced by
52.71% and SD have reduced by 83.65%, however, the pro-
posed algorithm are more complex compared with traditional
algorithm, which raises time cost to 2.411ms. Fortunately,
the disadvantage of time cost does not reduce the real-time
performance of the positioning system. Fig.15~17 shows
that our algorithm achieves an average positioning accuracy
of 0.3m—0.5m. Proposed algorithm has obvious optimization
compared to traditional algorithms.

TABLE 6. Positioning algorithm performance.

RMSE/m | MAE/m | SD/m | Time Cost/ms
Traditional Triangulation | 0.6917 | 0.7439 | 0.2777 0.529
Proposed Algorithm 0.3532 | 0.3518 | 0.0454 2411

VI. APPS BASED ON PROPOSED POSITIONING
ALGORITHM

One of the contributions of this indoor positioning research
is developing several customized applications for mobile ter-
minal based on Android which was developed by Google.
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(b) Simulation In (2,2,F2)

(c) Simulation In (3,3,F1)

Proposed Algorithm
0.25 T T p: g T

0.2

probability
o
=

o

0.05

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
error(m)

FIGURE 16. Proposed algorithm error’s histogram.

Traditional Trigulation
0.25 T T T

0.2

probability
o
o

o

0.05

15
error(m)

N

25 3

FIGURE 17. Traditional triangulation error’s histogram.

These applications can implement a wide range of functions:
RSSI data collection; Online Positioning; Indoor Navigation
and Intelligent Parking.

« RSSI data collection: sampling app could receive RSSI
signal in any period and store it in a “.db” file as
is shown in Fig.18(a). Our developed app records the
data in three aspects: X-axis coordinate, Y-axis coor-
dinate, floor identification(F;) and RSSI of Beacons.
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10:59°%

Sampling

t Go straight 7Tm

CREATE DB

SAMPLING

START POSITIONING

SAMPLING N TIME IN T PERIOD

STOP POSITIONING

GET PATH

Now in Floor 1

(b) Positioning

(c) Indoor Navigation

(a) Sampling

FIGURE 18. The user interface of positioning system.

This app can set the number of sampling points N and
the sampling period T through the User Interface(UI).
These collected data would be used to determine the
ranging model, analysis ranging model and positioning
algorithm.

« Online Positioning: this function can be realized by the
positioning app. The positioning environment is a two-
floor parking lot which is located in Chengdu, China.
First of all, app download the “.db” file from server
which include the dataset and ranging model. Then,
using proposed algorithm to achieve real-time positiong.
The black logo is the position(x, y) of mobile terminal
and the current floor identification(F;) is displayed at the
bottom text of the UI, which is shown in Fig.18(b).

« Indoor Navigation: after combining with the traditional
A-star algorithm [15], Viterbi decoding [16], and hidden
markov model(HMM) technology [17](these are not the
focus of this paper), the effect of indoor navigation can
be realized. The Ul interface of the indoor navigation
app is shown in the Fig. 18(c). Users can reach any
location within the building.

« Intelligent Parking: combined all the functions which is
illuminated above, a intelligent parking(iParking) sys-
tem have been developed to satisfy people’s demand
about parking. The specific implementation steps of this
iParking system are as follows:

1) First of all, driver arrived at a strange environment,
he wants to know where parking is available.

2) Then, he can use our app to make a parking reserva-
tion. After reservation, the lock based on Embed-
ded Systems will close to ensure that the parking
space is owned by the user.

3) Next, the outdoor navigation system based on GPS
will guide the driver reach the entrance of parking
lot.

4) When the distance between driver and entrance
of parking lot less than 10m, outdoor navigation
would transform to indoor navigation.
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5) After that, the indoor navigation system will guide
the driver reach to the booked parking space using
proposed positioning algorithm.

6) When the distance between driver and the specific
parking place less than 3m, voice system would
remind user to pay for the parking.

7) After the payment is completed, the lock would
open and the driver could stop at the designated
parking space.

This intelligent parking system has been put into use in
Chengdu and is currently in the internal testing stage.

VIi. CONCLUSION

In this paper, a novel algorithm is proposed for indoor
positioning. The whole algorithm is divided into two parts:
Offline Preparation and Online Positioning. On Offline
Preparation, positioning space should be networked in reg-
ular quadrilateral; a universal ranging model is derived from
traditional ranging model for high-precision positioning. On
Positioning Algorithm, first step is pre-processing RSSI to
substitute the loss of RSSI. Next, proposed filter are used
to make the input RSSI signal more smoothy. Then the
filtered RSSI would be used to determine which cell the
mobile terminal is most likely to be in. Before positioning,
distance between mobile terminal and Beacon is calculated
using the filtered RSSI. Finally, mobile device’s position
(x,y, F) is determined by Weighted Multi-Point Positioning
Algorithm With Cellular Network Assistance. Results show
that the proposed algorithm achieves an average positioning
accuracy of 0.3~0.5m and this method can correctly judge
the floor where the mobile terminal is located. The advantage
of this positioning system is accuracy and real-time perfor-
mance.
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