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The article deals with the problem of navigating indoors in conditions of satellite signal
unavailability. In this case, alternative sources of positioning are used to determine the location of the
objects. Use for navigation tasks inside the premises of the smartphone allows you to get comprehensive
data on its operation. To solve the problem of navigation, the most important elements of the data sets is
the unique identifier of the monitored device and the relative power level of the signal received from it.
The data of the calculations and experiments show that the navigation measurements with the help of
smartphones allow to qualitatively solve the problem of observation at given distances between sensors
not exceeding 5-7 meters. The relative position of the sensors and the moving objects is important. At a
distance of 5 m from the beacons and the object, the actual accuracy of the object coordinates is 1-2 m,
which is sufficient for traditional navigation tasks in the middle of buildings.

Keywords - information system, indoor navigation, sensors, smartphone, signal, coordinates,
speed, least-squares method.

Relevance of research

Two decades ago, the task of navigation was solved almost exclusively by its special and industry
interests. After the advent of the mass entry into the life of modern smartphones, there has been a
qualitative leap, and now the interest in navigation tasks is manifested by a very wide range of household
consumers.

Indoors are not always available traditional sources of navigation data - second-generation satellite
navigation systems. In this case, alternative sources of navigation information are used to determine the
location of the objects: inertial navigation means (accelerometers, gyroscopes), Wi-Fi hotspots, Bluetooth
data devices, pressure transducer, magnetometer. Their data can be used individually or collectively,
depending on the task being solved.

To date, navigation inside rooms has become a separate class of tasks [1]. In terms of information
technology, these tasks are complex. First, they require the development of specific mathematical models
and fundamental algorithms to provide the navigation component. Secondly, their implementation in the
form of information services requires the development of software complexes of special architecture,
which takes into account the features of software and hardware platforms of mobile devices.

Despite the increased interest in the problem of navigating indoors by researchers and developers, it
can be said that standard methods for solving it have not been developed to date; this creates the prospect
of innovation. The following well-proven approaches are available in the field of indoor navigation.

When using data from inertial sensors with the help of gyroscopes and accelerometers of a mobile
device, different options of inertial navigation problems are solved [2]. The advantage of this approach is
the autonomy and the lack of attachment to external infrastructure. However, household appliances inertial
measurements are only available with a large margin of error, which makes this approach practically useful
only for special devices equipped with high precision navigation sensors.

The first way to use such data is to solve the problem of the trilateration type. In this case, the
measurement of the distances of the object sensor is the source data for estimating the coordinates of the
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observed object. The distance is estimated by the level of signal received by the mobile device [3]. This
method is similar to that used, in particular, in hydroacoustics [4]. Another way is to determine the location
of the object by comparing the measured signal levels from the surrounding sensors with the pre-measured
values attached to the room map [5, 6]. The advantages of the approach include the possibility of using
already deployed data networks (Wi-Fi). The disadvantage is the high error of measuring the signal level,
the discreteness of the data maps of the signal level, in principle limits the accuracy of navigation, and the
need for pre-calibration and adjustment (training) of the system.

Attempts have been made to develop other approaches, such as an optical type system when
comparing room scan data and images from a smartphone camera [7] or a magnetic field-based system
using a smartphone compass [8], and combining them in one system positioning of several approaches
simultaneously [9, 10].

Use for indoor navigation tasks with Bluetooth devices has a number of advantages: the ability to build
infrastructure based on inexpensive and widespread equipment that does not require specialized professional
skills, and the ability of virtually arbitrary configuration of sensors on the walls of the room due to their small
size and autonomy. In addition, the range of visibility of Bluetooth devices is small, and their signal is
practically not passed through the capital walls, which completely solves the "floor problem™ [11].

Recently, the problem of navigating indoors (indoor navigation) of a large area and complex
configuration, such as airport terminals, shopping centers, warehouses, has become urgent. Due to the great
commercial prospects, the direction of indoor navigation is becoming more in demand and has already
attracted the attention of such large companies like Google, Apple, Qualcomm, Broadcom, Sony, and
millions of dollars have already been invested in this promising direction, and the results of the
developments have been published in several works [12, 13]. The methods proposed by developers for
positioning or navigating within bulky buildings can be divided into two groups: navigators based on
sensors and communication modules already available in smartphones, and fundamentally new devices
requiring new hardware and software [14].

The authors set out to implement a comprehensive navigation system (CNS) based on hardware-
based sensors, computers (processors) and communication modules built into the smartphone. The basis
for this should be the autonomous way of calculating the path, and its increasing time positioning error
must be corrected by positioning data from the network of Bluetooth beacons. To obtain navigation
information using inertial micromechanical sensors and related software algorithms, you can use the
algorithms of the navigation system or a simpler advanced algorithm for calculating steps. Obtaining
corrective positional information from the Bluetooth beacon network can be done using the traditional
trilateral method. Thus, the main focus of the work was the development of a system for positioning
moving objects on the base of the hardware of the smartphone, and the experimental development of the
positioning system to find the most effective composition and method of use.

This paper examines a model of indoor navigation based on data from Bluetooth devices, based on
the measurement of the signal level that interprets the object-sensor range. The purpose of the work is to
evaluate the characteristic accuracy of determining the coordinates of the object in different navigation
situations and the prospects of implementing the approach for particular applications.

The formulation of the problem

The data transmitted by the Bluetooth device contains fairly comprehensive information about its
operation. From the point of view of the problem under discussion, the most important data elements are
the unique identifier of the observed device and the relative power level of the signal received from it.
Signal power is related to the object-sensor range by the next known ratio [15]:

u=u,-10"n" Ioglo(;l), 1)

where u is the signal level received by the mobile phone (object) at a distance d from the Bluetooth device
(sensor); u. - signal level measured at a distance d. from the device, n is the coefficient that takes into
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account the propagation of the signal in the environment. The values of the parameters d. and u.
calibration distance and signal level are the technical characteristics of a particular device, the value of the
attenuation coefficient is also known. In principle, these values can be determined when calibrating the
device.

Introduce the right orthogonal X coordinate system associated with the room. Let there be N sensors
that are "visible" to the mobile device. The object-sensor range is related to the object and sensor
coordinates as follows:

d, = /(x-x)? +(y-y)?i=LN, @
where X, y are the coordinates of the object, x;, y; are the coordinates of the i-th sensor.
The measurement equations will look like this:

JO) = %)% + (vt - v,)?
d.

where u, (t, ) is the signal level of the i-th sensor received at the object at time t, ; X;, Y; - coordinates of

Ui (t,) = U =107 n” log,, (

)+hi (), (3)

the i-th sensor; x(t,), y(t,) - the coordinates of the object at time; u,;, d.; - calibration values of signal
level and distance of the i-th sensor; h, (t,) - instrumental measurement error of the i-th sensor related to

time; k =1, M, M - number of measurements from each sensor.
Suppose that the motion of an object is described by the following kinematic model:
X(te) = X(t) +u, (t )t - t,),
y(t.) =yt + u, (t) (e - 1),

where X(t,), Yy(t,) - the coordinates of the object at the time t,, u, (t,), u,(t,) - the velocity vectors of

(4)

the object.
The linearization of equation (1) brings it to mind:

dui(tk) — _’10’ n” d*i ’Z(X(tk) - Xi) .
In(0) = ((x(t,) - ;)™ +(y(t) - vi)7)
-107n"dy; " (y(t) - Vi) ’

| dy(t,) +h, (t,

In(lO) ((x(t) - x)* + (y(t) - v1)?) V) et

where dx(t, ), dy(t,) - errors in a priori ideas about the coordinates of the object; du, (t,) - measurement

dx(t, ) +
(5)

error.
Features of the software implementation of this task with the possibility of accumulation and joint

processing of measurement data over a period of time making it possible to reduce it to the method of least

squares. We write down equation (3) with respect to the model of the evolution of the object coordinates

(2):

-10" n"d, ~ (x(t,)-x,)

du, t, ) = ax(t.) +
In(0) ~ ((x(t,) - x;)* + (y(t,) - vi)?)
=107 n” d,; 7 (x(t,) - %) (t, -t)dn, (t.)+
In(lO) ((x(t) - x)* +(y(t) - v1)?) (6)
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In(10) ((x(t) = %) + (y(t) - vi)?)
=107 n"dy " (Y(t) - Vi)
In(10) ((x(t) = %)%+ (y(t) - vi)?)

(t, -t.)dn (t.)+h,(t,)
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or, in the general case:
dZ = Hds(t.) +x, ()
where dZ is the complete vector (lengths MN) of the residuals of measurements at the observation
interval; ds(t.) - the vector of errors of a priori ideas about the state of the system (coordinates and
velocities of the object) at the selected time t.; H is the coefficient matrix; X is the vector of the given
measurement errors. The purpose of the solution of problem (4) is to estimate the vector s(t.) by the
available measurements of the signal levels u,(t,) . This estimate can be performed, for example, by
reducing the problem to a system of linear algebraic equations:
H'Q'dZ = HTQ"Hds(t.), (8)
and its solution in known ways. Here, Q = b(le - the covariance matrix of a random vector X is

determined by the properties of instrumental measurement errors h, (t,) and is considered known. The
matrix D = (H"Q™"H)™ thus determines the variance of the error of estimation of the state vector in

such a way ds(t.), that D = mean[(d§(t*) - ds(t)) (dS(t) -ds(t*))TJmean it is the operator of mathematical

expectation. As the results of the study below shows, the values of the corresponding coefficients of the
matrix allow us to estimate the characteristic accuracy of determining the coordinates of the object in the
various configurations of the sensor system used for indoor navigation.

Results of research

The numerical study of the problem was carried out for the following parameter values: instrumental
measurement error of the sensors has a normal distribution with a dispersion of 25dBm2; the signal refresh
rate is 0.07 s, which is typical for modern smartphones; the number of measurements M from each sensor
is 28, which corresponds to the length of the observation interval of approximately 2 seconds.

In Fig. 1 shows the simulated location of the sensors; mimics the typical situation of a 10 x 10 m
corridor or office.
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Fig. 1/ Sensor placement options in the hallway or office

Sensors are mounted on the walls in different configurations: in the corners of the server (Fig. 1a), in
the corners and on the walls of the server (Fig. 1b). However, the sensors are considered to be in the same
plane as the moving object, which limits itself to only a two-dimensional version of the model.

We will consider two variants of the state vector: with components that include coordinates and
velocities of the object, and with components that include coordinates only.
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In Fig. Figure 2 shows the values of the average error of estimating the coordinates of an object in a
kinematic problem when finding an object in a room (Fig. 1). Thus fig. Fig. 2a corresponds to the
configuration of the sensors. 1a, and Fig. 2b - configuration 1b. The value takes values from 1.9 to 2.5
meters for the case of four sensors and from 0.9 to 1.2 meters for a room with eight sensors.

Fig. 2/ Error in determining the coordinates in the office when estimating
the coordinates and velocities of the object

Similar values are given in Fig. 3. It can be seen that in the latter case they are approximately twice
less than in the kinematic task.
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Fig. 3 Error in determining coordinates in the office when estimating
the coordinates of the object

In general, the expected error of coordinate estimation should be considered acceptable for a large
number of practical applications.

The research used SKYLAB Beacon VGOl Bluetooth beacons and a Samsung Galaxy S8
smartphone on the Android platform. Several preliminary tests of the functioning of the system were
carried out for different variants of implementation of algorithms for determining the path and positioning,
during which the errors of navigation definitions were evaluated first of all. The best results are obtained
when using a combination of positioning models with corrections from Bluetooth positioning data by the
method of prints using the modified method of K-nearest neighbors. The results of the tests show that the
optimal filter compensates for errors and corrects the positioning card from Bluetooth beacons. When
passing the specified route, the maximum error did not exceed 1 ... 1.5 m.
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In Fig. 4 shows a recording of the movement (thin dark line) along an empty corridor and office of
one of the malls, pre-equipped with seven evenly spaced Bluetooth beacons. Motion on the trajectory AB
(thick line) was carried out without stopping at a speed of movement of 1.2 ... 1.5 m/s.

At the same time, the navigation error of the system for the same route does not exceed 3 meters on
average. Acceptable results were also obtained for Bluetooth positioning at distances of beacons from 1 to
10 meters. However, these data were characterized by relative instability due to the presence of obstacles
and moving people.
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Fig. 4. Recording the trajectory of traffic in the forward
and reverse directions along the corridor in optimal filtration mode

In Fig. 5 shows the result of evaluating the coordinates of an object in an office when solving a
kinematic problem. The dots show estimates of the location of the object, with the object in the middle of
the office. Fig. 5a corresponds to the case of four beacons in the corners of the office, Fig. 5b - the case of
eight beacons.
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Fig. 5 The results of the evaluation of the coordinates of the object
in the office when evaluating the coordinates and velocities of the object

Fig. 6 shows a similar result of estimating the coordinates of an object when solving a static problem.
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Fig. 6 The results of estimating the coordinates of the object
in the office when evaluating the coordinates of the object

From the results of the tests, we can conclude that the error of estimating the coordinates of the
object in the field experiment is completely in accordance with the predicted calculations. When analyzing
Fig. 2 and 5, 3 and 6 show that the error of coordinate estimation falls in the circle with the same radius.
This confirms the possibility of using such estimates when designing the navigation system under
consideration.

The accuracy of solving a static problem is significantly higher (approximately 2 times) than
kinematic. On the other hand, ignoring the object's velocity task model in its real motion leads to its
unsatisfactory solution. Therefore, when designing an application that navigates a smartphone, it is
imperative to identify the movement model. For static objects in the observation interval, you can limit
yourself to a static model, and for moving objects to use a kinematic model.

Conclusions

The results of this study allow us to optimistically evaluate the possibility of building a navigation system
based on Bluetooth beacons in smartphones and mobile phones using classic model ideas about moving objects
positioning systems. At a given distance between beacons and an object of 5 m, the real-world accuracy of
determining the coordinates of the object is 1-2 m, which is sufficient for traditional navigation tasks inside buildings.
Further enhancement of navigation accuracy may be associated with the reduction of the random component of
instrumental measurement errors by identifying the signal model and applying different filtering algorithms.
Improving navigation accuracy to values of about 0.5 m, in the long run, would qualitatively extend the range of tasks
to be solved.

It should also be noted that the construction of this type of navigation system is always linked to the attachment of
the sensors to the local coordinate system (positioning maps). This binding can be accomplished in various known ways.

The experimental results indicate that the proposed algorithm, based on the use of data from the
micromechanical inertial sensors of the smartphone, showed the worst results. Using more accurate inertial sensors
and a more complete model of erroneous positioning in conjunction with a Bluetooth beacon corrector can produce
more acceptable results. But this will require the use of large computing power, which may not be acceptable for a
consumer mobile device.

The accuracy of positioning using the proposed system is higher than the existing algorithm. The maximum
deviation from the actual route of the route is no more than 3 meters.

The integrated use of positioning systems with positioning data on Bluetooth beacons allows for optimal
navigation filtration to obtain navigation accuracy in the room within 1 ... 1.5 m. beacon spaces based on smartphones
with specialized positioning systems and appropriate mapping support.
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Harmionansauii yHiBepcuTet “JI bBiBChKA MONITEXHIKA”

3ACTOCYBAHHS CMAPT®OHIB JJIs1 ITIO3UIIIOBAHHS B CEPEJIMHI TPUMIIIIEHHSA
© benen O., Konecuux K., 2020

CrarTio npucBsiueHo mnpoOd/jeMi Hapirauii ycepeaumHi npuMilieHb B yMOBaX HeJIOCTYNHOCTI
CHUTHAJIYy CYMYTHHKOBHX 3ac00iB. ¥ mbOMY BHNAAKY /JJI BH3HAYEHHS MiCIs PO3TANIyBAaHHSA 00 €KTiB
BHKOPHCTOBYIOThCSI aJIbTEPHATHBHI Jukepesna ixX mo3uuniroBaHHs. BuxkopucranHsa nis 3aaad Hasiranii
ycepeauHi npuMinieHb, cMapT¢oHiB /103B0JII€ OTpUMATH BHYEpPNHi aaHi mpo ¥oro podory. das
BUPilleHHS 3aBJaHHSl HaBirauii HaHOUIBII BaXKJIMBHMHM e€J1eMEHTAMM MACHBIB JaHMX € YHIKaJbHUI
inenTHdiKaTOp cHocTepeKyBaHOTO NMPHUCTPOIO i BiTHOCHUI piBeHb NMOTYKHOCTI MPUITHATOIO BiA HHOIO
curnaiay. /lani po3paxyHkiB Ta eKcllepHMEHTIB NOKAa3YIOTh, 110 HABIraniiiHi BUMipIoBaHHS 3 1010MOI010
cMapT(OHIB JAIOTh MOKIUBICTH SIKICHOr0 BUPilLIeHHSI 3aBJaHHS CIIOCTePeKEeHHsI HA 3aIaHUX BilCcTaHAX
Mi:K JaTYMKaMH, sIKi He MepeBUIIYIOTh 5-7 mMeTpiB. [Ipun HbOMY BaKINBHMH € B3a€MHE PO3TALIyBAHHS
AaT4yuKiB i pyxomux 06’ exTiB. IIpu BigcTani mixk Masgkamu i 06°€KTOM 5 M peanbHO JOCSIZKHA TOYHICTh
BH3HAYEHHS] KOOPAMHAT 00’ €KTY CKJaga€ 1-2 M, 10 € J0CTATHHOI0 YMOBOIO /ISl TPAAULIHHUX 3aBJaHb
HaBirauii B cepenui OyaiBeJb.

KawouoBi ciaoBa - iHdopmanilina cucrema, HaBiramis BcepeauHi npumilieHb, JAaTYMKH,
cMapT(oH, CUTHAJI, KOOPAWHATH, IIBUAKICTH, MeTOJ HaMeHIIUX KBAAPATiB.



