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The paper is devoted to methods of determination of mobile device location in zones
where GPS signal does not get, using only sensors of the mobile device. Most mobile devices
are completed only with GPS sensors and accelerometers. Less often mobile devices are
completed with a gyroscope, a magnetic compass. The problem is to choose the best method
of determination of mobile device location using only sensors of device. In reality it is not
possible to use only accelerometer, gyroscope and magnetic compass, because it is necessary
to calculate an object location from the already known point. The known point can be
received from GPS or from points of the wireless Internet.
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Introduction

The modern smart phone allows the user not only to ring and send messages, but also to
go on-line, to read books, to define his location, to play games without using the button
pointing device, etc. Sensors of mobile devices allow to make all listed functions. This
article describes methods to determine the mobile device location in zones where there is
no signal of GPS and there is no wireless internet, using an accelerometer, a gyroscope, a
magnetic compass, a camera and an infrared locator. The paper does not describe methods
for which in zones without GPS there are Wi-Fi points, bluetooth indicators and QR codes
with coordinates of the location.

1. Sensors of Mobile Device

The accelerometer is a device for measurement of an proper acceleration, that is a
difference between gravitational and true accelerations of object.

In case of internal state change (that is change of the mobile device acceleration), the
accelerometer reports to the mobile device three values: an apparent acceleration along the
OX-axis, an apparent acceleration along the OY-axis, an apparent acceleration along the
OZ-axis. Fig. 1.1 shows an example of the received values of accelerometer of the mobile
device lying on the desktop. It is easy to see that the force of gravity significantly affects
the OZ axis and it weakly affects the axis of OX and OY, because the device lies on the
desktop not ideally horizontally. Also an example shows that an acceleration has not null
values. Let us refer these values to rounding error and possible external influence on the
desktop or the mobile device, that is noise.

BeK®

@ accel

Accelerometer:-0,8 0,2 9,8

Accel motion:-0,5 -0,0 -0,2
Accel gravity :-0,3 0,2 10,0

Fig. 1. The values received from the accelerometer.
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It is not necessary to calculate acceleration (further we will use not just acceleration,
but a linear acceleration) from the proper acceleration, if the synthetic filter, which
provides data about an acceleration, is realized in the mobile device. In case of the synthetic
filter lack, it is necessary to calculate acceleration for each axis of the accelerometer by
the following formulas:

Ay = dx — Gz, (1>
Ay = &y — Gy, (2)
a, =a, — g.. (3)

where a,,a,,a, are accelerations (linear accelerations) along axes OX, OY, OZ,
respectively; a,a,,a, are proper accelerations along axes OX, OY, OZ, respectively;
9z, 9y, g- are gravitation force distributed along axes OX, OY, OZ depending on a tilt

angle to each axis, where
g=1/92+9; + gz (4)

Here g ~ 9,806657 is the free fall acceleration, which is own for each mobile
device, because of accelerometer measurement errors. It is necessary to measure free fall
acceleration before computation of the linear acceleration. The user shall put the mobile
device on the desktop and not touch to it. If the desktop stands not exactly, then by
formula (4) it is possible to calculate free fall acceleration. If the device does not include
synthetic filter, which selects the linear acceleration from an apparent acceleration, then
it is necessary to find device tilt angles for each axis by the following formulas:

Ay
a, =arcltg | —— |, 5)
g( a2+ a2 ©)

Y z

~2 2
ay + a;

Ba = arctg (# ; (6)

Yo = arctg (_ a ’ (7>

where ay, 84,7, are angles of pitch, roll and yaw of the mobile device along axes OX, OY,
OZ, respectively (Fig. 1.2).

Fig. 2. Device location in the Cartesian system of coordinates.
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If the axis is perpendicular to a vector of gravity acceleration, then influence of g on this
axis is 0. If the axis is parallel to a vector of gravity acceleration, then influence of g on this
axis is 1. Therefore it is possible to calculate percentage influence of a gravity acceleration
vector on each axis and to calculate linear acceleration:

ay = Gy — kzg, (8)
ay = ay — kyg, (9)
a, =a, —k.g, (10)
\R2+ R+ K2 =1, (11)

where k;, k,, k. are relative influences of gravity acceleration g on axes OX, OY, OZ,
respectively.

Gyro (three axis gyro) is a device that measures the projection of the angular velocity
on three axes, which are perpendicular to each other.

If an angular acceleration of the mobile device is changed, then a gyroscope reports to
the mobile device three values: angular acceleration along OX axis, angular acceleration
along OY axis, angular acceleration along OZ axis.

Note that coordinates axes of the mobile device move together with the device.
Therefore it is necessary to calculate a device angle of rotation for each axis when using
data of accelerometer and gyroscope.

The sensor of a magnetic field (compass) defines the current indications of an external
magnetic field. The sensor of a magnetic field reports to the mobile device three values:
value of a magnetic field along OX axis, value of a magnetic field along OY axis, value of
a magnetic field along OZ axis.

The method of inertial navigation is used in order to find the location of the mobile
device. The physical principles of inertial navigation are inseparably connected with the
solution of the main problem of dynamics: it is necessary to define location of a body at
a given moment by parameters and the existing data, when the body is affected by force.
Coordinates of the object location are defined by length of the radius vector, the latitude
and longitude in spherical system of coordinates.

Having linear acceleration of the accelerometer of the mobile device, we can define a
distance between the point and the origin of coordinates:

o At?
Sx:vw-AtJraT, (12)
Qy - At?
Sy =wvy - At + —5 (13)
L - A2
SZZUZ-AH—CLT, (14)

where S, Sy, S, are distances between the point and the origin of coordinates along axes
OX, OY, OZ, respectively; v,, vy, v, are constant speed of object along axes OX, OY, OZ,
respectively; a,, a,, a, are linear acceleration along axes OX, OY, OZ, respectively; At is
a time of the object acceleration.

Every time it is necessary to count the constant speed of object along OX, OY, OZ
axes and to use it for calculation of the following coordinate. Note that the accelerometer
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doesn’t show constant speed, it shows only an acceleration. Therefore for constant speed,

for example IOOkTm without any acceleration, the accelerometer shows linear acceleration
0, 0, 0 (for axes OX, QY, OZ, respectively).

R=./S?+82+S:, (15)
S.
Y = CW’Ctg (W) s (16)

A = arctg (%) + U(AY), (17)

xT
where R is a radius vector of mobile device location in spherical system of coordinates; ¢
is a geocentric latitude; A is a geocentric longitude; U(At) is an angle of earth rotation
during time At of the mobile device movement.
The connection between spherical and global Cartesian coordinate system is defined
by formulas:

X = R-cosp-cos A, (18)
Y =R-cosp-sin), (19)
Z =R -sinp. (20)

where XY, Z are coordinates of the mobile device location relative to the origin of the
Cartesian coordinate system.

Intermediate points are always calculated in new system of coordinates such that an
origin of new system of coordinates is the previous point.

We define the location of a new point, using coordinates of the previous point and
calculating coordinates of the point relative to the origin:

Xnert - Xprev + X: (21)
Ynewt = X/prev + Yv (22)
Zne:ct = Zprev + Za (23)

where X,,cpt, Ynerts Znest are next coordinates of mobile device location in global Cartesian
system of coordinates; Xy, e, Yprev; Zprev are previous coordinates of mobile device location
in global Cartesian system of coordinates.

In practice, most often the object is affected by other forces (in addition to the force
of gravitation), which are caused by rotation, shaking and other ways of impact on the
mobile device. Note that the gravitational force is constant. Therefore any additional
forces acting on the object change the accelerometer output signal, and thus there are
errors of the calculations of the mobile device location. One can reduce the influence of
the other forces to a minimum by preprocessing of the accelerometer output signal, but it
delays issuance of the actual values. Also the quality of sensor is not the best. Therefore
measurements initially have errors of offset of output values and this offset can change
depending on the angle of the mobile device rotation and its location. In this case it is
possible to calibrate the accelerometer and to minimize the errors. But somehow a little
mistake exists and it is integrated during the process of integrating the angle and speed.
In this situation, one can only assume that the user of the mobile device sometimes is in
the zone of GPS signal or a wireless Internet, such as to set the original location and reset
errors for calculations of next coordinates.
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2. Improving the Method

The above method of finding the mobile device location using only the accelerometer
can be improved, if mobile device has a gyroscope. At the beginning of the article we say
that if there is a change of the internal state (i.e. the change of the angular acceleration
of the mobile device), then the gyroscope transmits to the mobile device the following
three values: the angular acceleration on the axis OX, angular acceleration on the axis
OY, angular acceleration on the OZ axis. Using the angular acceleration, it is possible to
calculate the angle of mobile device rotation for each axis:

ay = At - wy, (24)
By = At - wy, (25)
vy = At - w,, (26)

where w,,w,,w, are angular acceleration of the mobile device along OX, OY, OZ axes,
respectively; oy, 84,7, are angles of the mobile device tilt along OX, OY, OZ axes,
respectively.

If an accelerometer and a gyroscope are ideal, then the results of calculation of rotation
angles by the formulas (5) and (24), (6) and (25), (7) and (26), respectively, are equal.
Using this correspondence between calculations of angles by an accelerometer and a gyro,
one can use the Kalman filter:

Oé:Ka'Oég"’(l_Ka) + O, (27>
B=Ks-B,+ (1 —Kg) - Ba, (28)
Y =Kyt (1-K) . (29)

where K,, K3, K, are Kalman coefficients to calculate the angles a, 3, v;
a, 3,7 are angles of the mobile device tilt along OX, OY, OZ axes (Fig. 1.2).

Kalman coefficients K, K3, K, should be in the range from 0 to 1, and show credibility
of a particular method. So, if we assume that the accelerometer is 100% wrong, then K,
is 1, since we calculate the angle «, using data from the gyroscope. Kalman coefficient
depends on each step of calculating of the rotation angle and is not constant.

Note that the gyroscope shows the angular acceleration only at the moment of impact
on the mobile device, then it is necessary to integrate the angle for each axle.

To calculate angles of the mobile device tilt it is preferable to use a gyroscope, and
an accelerometer is used to calculate the distance. But even in this situation, the error
increases rapidly, because an error is integrated during integrating of the angle and speed.
The gyroscope has errors of a zero-drift and angular acceleration, therefore it is necessary
to take into account the angle of the earth rotation during the time of the mobile device
movement. Even if the errors are reduced to minimum, the integration of rotation angle
quickly lead to a strong divergence of the obtained results and the actual values.
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If the mobile device has a magnetic compass, then the situation changes. The azimuth
of the mobile device may be calculated by the following formula:

™

360 — Xarctg (g_) Jif Hy > 0,H, > 0
Am = 180 — 0gpctg (g_) Jif H, <0

T

90, if H, <0, H, =0
270, if H, > 0, H, =0

—80qrctg (g—z) Jif Hy <0,Hy >0

\

where H,, H, are horizontal components of the earth’s magnetic field along the axes OX
and OY; A,, is an azimuth of the mobile device.

If there is magnetic compass, then it is not necessary to integrate the rotation angles to
find the direction of movement. But the magnetic compass is not perfect, its output data
can be changed by external magnetic fields (iron doors, electrical devices, inductors). Iron
objects slightly changed the magnetic field of the earth near them. Also, magnetic compass
has a zero-drift error. If errors of a magnetic compass are minimized, then the total error
of calculation increases only due to the accelerometer. It is so, because to calculate the
mobile device location it is necessary to know the total velocity, which is obtained by
integration of all velocities from an initial starting point.

Let us add a gyroscope to the accelerometer and magnetic compass and use the
Kalmana filter and others filters for errors correction. Then an error increases more slowly,
than errors of above methods of determining the location. But the error increases with
each calculation of the current location of the point. It is possible to correct the error, if
the mobile device user sometimes stops for some reason (to open the door, to drink coffee,
to stand in a supermarket queue, and so on).

In addition to the above-described methods for determining the mobile device location,
there is another method, the idea of which is to recognize the human step, to count the
number of steps and to determine the direction of person movement.

One of the problem is to determine the step length. The step is not constant parameter,
therefore its length and average step length should be calculated. Also the step length
depends on the style of walking. It is necessary to calculate the average length for each
walking style. The step length can be determined by the formula:

L= % + 0,37, (31)
where L is a length of a single step in meters;
GG is a human height in meters.

Formula (31) cannot always be used to determine a step length, but it can be used in
case, when the average step length is not calculated. Average step can be calculated on
interval of a way in zone of GPS.

To recognize the fact of step it is necessary to analyze the dynamic step parameters
during human walking by breaking step on the phases and identifying their important
parameters.

Using a point of a step emergence, its length and direction of movement, one can
determine the person location. The step length depends on the walking style, and can
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be determined from output data of accelerometer. But the direction of person movement
is determined only by the formulas (15) and (16). It means that there is a small error of
determination of the geocentric latitude and longitude, which is given by the accelerometer.
Further this error also will be integrated. But integrable error of average step will not be
greatly increase, because the current step length with some frequency can be greater or
less than the average step length. Also it is possible to compare parameters of phases of
the current step and average step, to find a match, and thus to correct the current step
length error. Note that if person moves around the building by elevator or escalator, then
there is fatal error of the location determination and this method can not be used.

To determine the location one can use a mobile device camera and infrared locator
that determines the exact distance between the camera and the subject. Using two photos
with minimal differences (turned at a slight angle), one can identify common objects by
applying of monochrome filters to photos. Next, the distance of the object offset in the
photos is determined. One can calculate an angle of mobile device rotation, using the
object offset in the photos and a distance to the object both for the first and the second
photos.

With the help of camera one can determine the distance traveled. To this end one can
use the infrared radar, if it is available for the mobile device, or to make an example of
the template of object size changes depending on the distance between the object and the
mobile device’s camera.

Suppose there is no infrared locator. We compare two photos, which are changed by
monochrome filter. Calculate the scale of the object size change and to compare it with
the template. Determine the distance between the object and the camera by the template
both for the first and second photos, find the difference between these distances.

If the mobile device has an infrared radar, then also two photos are compared, using
monochrome filter. Then we already know the distances to the object in the photos and
find the difference between these distances.

This method has no errors, which are integrated at each point of the location
determination. Usually, different objects in the photo are defined at the same time. But
the photos can contain objects that themselves change their location, and then the error
can be catastrophic. It is also necessary to keep the mobile device in hand or fix it such
that the camera can see the path in front of it, which is also not convenient for the user.

Conclusion

The method, which use accelerometer, gyroscope and magnetic compass to determine
the mobile device location, can reduce the error by using the method of recognition and
counting of steps. Then the accelerometer error can be reduced by using the method for
step determining and Kalman filter. Sometimes the user keeps the mobile device before
himself, then he can use the camera and infrared radar. Application of all methods together
to determine the location can reduce the error to acceptable for navigate in zones without
GPS. But the use of all methods can quickly spent a charge of the mobile device battery.
Then the best variant is to use the method with an accelerometer, gyroscope and magnetic
compass.
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METOAbI OITPEJAEJIEHNA MECTOIIOJIO2ZKEHNM 41
MOBUJILHEIX YCTPOIICTB B 30HAX OTCYTCTBUSA
GPS CUTHAJIA

II.M. ITopsamos, C.M. Eacaxos

Pabora nocssitena MeToIaM OIIpeIeJIeHIST MECTOIOJIOKEHNsT MOOMIIBHOTO yCTPOMCTBA B
30HaX, Ije He npoHuKaeT curnaj GPS, ucrosb3yst TOJIBKO 1aTYnKi MOOUIBHOTO YCTPOUCTBA.
BosibmmHaCTBO MOOMIBHBIX YCTPOMCTB KOMILJIEKTYIOTCS TOJIBKO JaTunkamu GPS u akcee-
pomerpamu. Pexke MOOUIBHBIE YCTPORCTBA KOMILJIEKTYIOT THPOCKOIIOM, MATHUTHBIM KOMITa~
coM. 3ajiaua COCTOUT B TOM, 9TOOBI BBIOPATH JIyUIUi METOJI OTIPE/IEIEHUsT MECTOTIOIOKEHUS
MOOHJIBHOTO YCTPONCTBA UCIOIB3YsI TOJBKO JATUYUKN, KOTOPHIMH YKOMILIEKTOBAHO YCTPOTi-
cTBO. B peasibHOCTH MCIIOJIB30BATH TOJIBKO aKCEJIEPOMETD, I'MPOCKOIl M MArHUTHBINA KOMITAC
HE TOJIyIUTCs, BeJlb HY?KHO BBIYUC/IATD IIOJIOKEHNEe 00bEeKTa y2Ke OT U3BECTHON Touku. M3-
BECTHYIO TOYKY MOXKHO OJIyduTh oT GPS mim or Touek 6ecpoBOHOIO MHTEPHETA.

Karouesvie cnoga:  memodv, onpedenerus Mecmonosodicerus, UHepyuortas Hasuea-
YUA, CPABHEHUE MEMOAOE ONPEIENEHUS MECTONONONACEHUS, ONPEIENEHUE MECTNONOAONHCEHUS
6 sonax omcymemeus GPS, cuucaenue nymu 6 3aKpuimvle NOMEULLHUAL, AKCEAEPOMEMD,
doazoma, wupoma.
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