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Abstract—Methods for estimating the parameters and states of dynamical systems are an urgent task, the
results of which are used in various fields, including processes in technical systems, cosmological and
physical research, medical diagnostic systems, economics, finance, biotechnology, ecology and others.
Despite significant scientific and practical advances in this area, researchers in many countries around
the world continue to search for new methods of assessing the parameters and states of the studied
objects and improving existing ones. An example of such methods is digital and optimal filtering, which
have been widely used in technical systems since the middle of the last century, in particular, in the
processing of financial and economic data, physical experiments and other information technologies for
various purposes. The model and algorithms of granular filtering are considered on a practical example -
a variant of the problem of global localization of mobile robot (global localization for mobile robots) or
the problem of hijacked robot (hijacked robot problem). In the general embodiment, it is to determine the
position of the robot according to the data from the sensor. This problem was generally solved by a
number of probabilistic methods in the late 1990s and early 2000s. The task is important and finds
application in mobile robotics and industry. The tasks of positioning submarines, aircraft, cars, etc. are
essentially similar.

Index Terms—Parameter estimation; state estimation; dynamic system; granular filter; digital filtering;

optimal filtering; non-systematic error; robot positioning; decision support system.

1. INTRODUCTION

Methods for estimating the parameters and states
of dynamic systems are an urgent task, the results of
which are used in various fields, including processes
in technical systems, cosmological and physical
research, medical diagnostic systems, economics,
finance, biotechnology, ecology and others. Despite
significant scientific and practical advances in this
area, researchers in many countries around the world
continue to search for new methods for estimating
the parameters and condition of the studied objects
and improving existing ones. An example of such
methods is digital and optimal filtering, which have
been widely used in technical systems since the
middle of the last century, in particular, in the
processing of financial and economic data, physical
experiments and other information technologies for
various purposes.

The model and algorithms of granular filtration
are considered on a practical example — a variant of

the problem of global localization of a mobile robot
(global localization for mobile robots) or the
problem of a hijacked robot problem. In the General
embodiment, it is to determine the position of the
robot according to the data from the sensor. This
problem was generally solved by a number of
probabilistic methods in the late 1990s and early
2000s. The task is important and finds application in
mobile robotics and industry. The tasks of
positioning submarines, aircraft, cars, etc. are
essentially similar.

The problem of robot positioning is also
considered. Let the robot turn on in the dark maze. It
has a maze map and a compass. In the labyrinth at
some points there are stations marked on the map,
which can receive and reflect the signal. The robot
does not know where the maze is, but it can send a
signal at any time and with some error know the
distance to the nearest station. The robot begins to
wander the maze, taking each step in a new randomly
chosen direction, but his compass also gives some
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unsystematic error. At each step, the robot
determines the distance to the nearest station. The
goal is to find out the coordinates of the robot in the
maze in the frame of reference entered on the map.

II. PROBLEM STATEMENT

The problem of robot positioning is considered.
Let the robot turn on in the dark maze. It has a maze
map and a compass. In the labyrinth at some points
there are stations marked on the map, which can
receive and reflect the signal. The robot does not
know where the maze is, but it can send a signal at
any time and with some error know the distance to
the nearest station. The robot begins to wander the
maze, taking each step in a new randomly chosen
direction, but his compass also gives some
unsystematic error. At each step, the robot
determines the distance to the nearest station. The
ultimate goal is to find out the coordinates of the
robot in the maze in the frame of reference entered
on the map [1], [2].

The purpose of the article — solving the following
problems: to consider some known approaches to
solving problems of linear and nonlinear filtering of
statistical / experimental data, which provide the
calculation of optimal estimates of the state of the
studied objects; perform a detailed analysis of the
method of granular Bayesian filtration [3]; give an
example of the application of the method of granular
filtration and the creation of a decision support
system to solve problems of the above type.

We translate the above problem into a model in
the state space. The unknown state of the robot,
which must be evaluated by granular filtration, is a
pair of its coordinates on k step (x(k),y(k)).

Measured variable z(k) is the distance to the nearest

station on the current step. We have such a system of
equations:

[x(k)) B [x(k - 1)J Ll cos(B(k—1))
y(k) y(k-1) sin(8(k —1)) )’
L))
J— . +
yky) \»y
where L is the robot step length;
O(k)~U®(k)—A/2, 8°(k)+A/2) is the angle of
rotation of the robot in radians on k step. It is

evenly distributed, taking into account the error of
the compass, in the interval with the center 0°(k) —

z(k) = v(k),

randomly selected for this step the value of the angle
of rotation, based on the readings of the compass

0(k) €[0;2n]; (x",y") is the coordinate of the

station closest to the robot; v(k)~ N (0, 02) is the

error in measuring the distance to the nearest station.
Application of granular filters. To use granular
filters, we need distributions

p(x(k), y(k)|x(k =1), y(k=1)), p(z(k)|x(k), y(k)).
Obviously that

k *
p(z(k) |x(k), y(k)) =N [x( )J—[x*J , o0 [.03)
wk)) \y
Consider the distribution
p(x(k), y(k)|x(k-1), y(k—1)). For geometric

reasons (Fig. 1), if the angle of rotation of the robot
is evenly distributed on the segment [3], the

coordinate (x(k),y(k)) after the step will belong to

the corresponding arc with the center at the point
(x(k—1), y(k—1)) and radius L

(,J".rl.. y;\jj

(-1 Yr—1)
Fig. 1. Robot kinematic ratios
With (x(k), y(k)) has a uniform distribution on

the arc:

p(x(k), y(k) |x(k = 1), y(k-1))

1
—, (x(k),y(k)) earc, (4)
) (x(k), y(k)) €
0, otherwise.
State  generation  (x(k),y(k)) from the
distribution p(x(k), y(k)|x(k—1), (k—1)) can be
performed directly, namely to generate the

implementation of a random variable 6(k—1), which
has a uniform distribution
U(0°(k—1)-A/2, 6°(k—1)+A/2), and calculate

(x(k), y(k)) from the equation (1).

Since there is no preliminary information on the
position of the robot, the initial coordinate
(x(l), y(l)) is evenly distributed over the obstacle-
free area of the maze.

The compass robot has an error, the distribution
density of which is given as follows
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~tan(p/2)°
enlPr2)

e N
o) = Jrcos(B/2)’s’ ®)

s is the deviation parameter. The smaller s, the
smaller the deviation from the direction of motion.
Angle B € (—m;+m).

In this problem, granules {x'(k)}Y essentially
correspond to the hypotheses about the coordinate of
the robot. The task is to find at each step the
distribution of probabilities over all possible
positions of the robot on the map.

In the given program for simulation of the set
task there is a granular filtering for the purpose of
definition of a condition of work by the chosen
method. The screening significance filter (SIR), the
auxiliary screening filter (APF), and the regularized
granular filter (RPF) described above are available.
The basic algorithm of sequential sampling by
significance (SIS) in its pure form is not used due to
the problem of degeneracy of weights [2]. The
methods are implemented in accordance with the
above pseudocode with the following clarifications:

e when calculating the distribution

p(z(k)|x(k),y(k)) according to the formula for
granules, the coordinates of which (x(k),y(k)) are

outside the maze, the value obtained is penalized —
multiplied by an empirical factor of 0.5. This
reduces the weight of those granules, which
obviously do not correspond to the exact position of
the robot;

e in APF filter as p'(k) used implementation of
the transitional distribution of the state of the robot:

W (k) ~ p(x(k).y(k) [ (k =1).y'(k=D).  Then the
distribution p(z(k) |w'(k)) also has the form like (4);

RPF as the proposed distribution
q(x(k), y(k) |x' (k-1), yi(k—l)z(k)) used a priori

p(x(k), y(k) |x' (k =1), ' (k=1)) ;

e in RPF the Gaussian kernel in two-
dimensional space is used as a statistical kernel as it
is convenient for it to generate implementations €.

The RPF threshold N, empirically chosen equal
0.2-Ng
constant in the program code).

e in

(the coefficient can be changed as a

III. PROGRAM DESCRIPTION

After running the program to simulate the task, a
maze field is drawn (Fig. 2) in accordance with the
specified structure. White background means free

space, black — walls, lots of the dots on the corners
of some squares with walls — stations (Fig. 2).

The position and direction of movement of the
robot reflects the turtle. The robot changes the
direction of movement if it crashes into an obstacle,
goes beyond the maze or moves in one direction for
too long (10 steps).

The arrows show the current position and
direction of movement of the granules.

74 Poor robot is ost. Step: 2 - o x
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Fig. 2. The field of the maze

The circle indicates the current mathematical
expectation of the position of the granules, which is
an estimate of the position of the robot. It changes
color to green when 95% of the granules are at a
distance of no more than 1 from the mathematical
expectation.

The current step number is displayed in the title
bar of the window.

As a result of the implementation of a given
method of granular filtration (Fig. 3) in the case of
its convergence, the assessment of the position of the
robot from a certain step becomes close to its true
position, most of the granules accumulate around it.

4 Poor robot is lost. Step: 69 - o X
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Fig. 3. Implementation of the method of granular filtration
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The following files are provided for the work:

* main.py;

e draw.py;

e particle filter.py.

The speed of the robot (set equal to 0.2) and the
number of steps, after which the direction of
movement is guaranteed to change, are set as
constants in particle filter.py, they can be changed if
desired.

Requirements for the program. The simulation
program is created in the Python programming
language. Therefore for its work Python 3 or
Python 2.7 and such libraries on which the program

code depends are necessary: numpy,
math, turtle, Jjson, time.

random,

IV. RESEARCH EXECUTION

1) Run the main.py file and look at the example.

2) Create a new file or modify main.py. Import
the following required classes and functions from
the provided modules:

from particle filter import
run_model from draw import Maze

Robot,

3) Specify in the code or organize the input from
the file of your own maze map in the form of a two-
dimensional rectangular structure — a list of lists,
tuples (tuple) tuples or something. The size of the
maze is arbitrary, for example:

maze map = ( ( 2, 0, 1, 0, 0 ),
( O’ O’ O’ O’ l )’
( l’ l’ l’ O’ O )’
(1, 0, 0, 0, 0),
(0, 0, 2, 0, 1))

The following notations have been entered:

0 — empty square;

1 — a square with a wall;

2 — a square with a wall, 4 corners of which are
stations.

4) Create a Maze object by specifying a maze

map:

=]

world = Maze (maze map)

5) Select the parameters of random variables &
from the range [0.2;0.8] and A from the range
[0.05;0.6]:

6) Choose a random initial free position for the
robot:
robot position = world.random free place()
7) Create an object of class Robot, setting the
parameters of random variables in its model and the
initial position:

robot = Robot(sigma, delta, robot position)

8) Set the number of granules N_ (depending on

the size of the maze) and the number of evaluation
steps (preferably at least 200):

particle count = 1500

steps = 100

9) Run the model to run with the required
parameters. This run will be a test run. The random
initial coordinates of the robot and the granules
initialized in it, as well as two sequences of random
angles (derived from the compass and the real ones,
taking into account the error), which determine the
direction of the robot, will be saved in an json file.
three granular filtration algorithms under the same
initial conditions and the same behavior of the object
under study. SIRParticleFilter is used by default in
this run.

Parameter value save parameters = True will
create a file “model parameters.json” after the end
of the model:
run_model (robot, world, sigma,

particle count=particle count,
save parameters=True)

delta,
steps=steps,

The created file “model parameters.json” has the
following structure:

{
"init robot pos": [
50,
50
1y
"init particles pos": |
[
20,
20
1y
[
30,
30
1,
1y
"robot actual angles": |
1.1,
1.4,
0.35,..
1y

"robot compass angles": [

(SR
w NN

]
}

10) Organize reading of json-file
“model parameters.json” with initial parameters and
parameters of object behavior. It is suggested to use
the function json.load of the library json.

11) Create an object of class Robot, additionally
specifying its initial position and list of angles:
robot = Robot (sigma, delta, init robot pos,

actual angles=robot actual angles,
compass_angles=robot compass_ angles)
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12) Run the execution model for three granular
filtering algorithms: “SIRParticleFilter”,
“AuxiliaryParticleFilter”, RegularizedParticleFilter”.
Since the initial positions of the granules are
specified, as well as a list of angles for the robot, it
is not necessary to specify the number of granules
and steps. The filtering algorithm is specified by the
filtering algorithm parameter. Example:
result = run model (robot, world,
delta,
init particles pos=init particles pos,
filtering algorithm="SIRParticleFilter")

sigma,

The result returned by the run_model function is
a list of view elements: ((3.5, 4.75), (2.1, 1.7)),
where the first pair of numbers is the true coordinate
of the robot at the corresponding step, and the
second pair is the mathematical expectation of the
coordinate of the robot for the calculated a posteriori
distribution at this step.

13) Plot graphs of change in time of distance
from the real coordinate of the object to its
estimation by mathematical expectation for each of
three algorithms of a granular filtration.

14) If desired, to investigate the influence of
parameters (¢, A, the number of granules N, the
size of the maze, the number of stations, the threshold
value N, in RPF) on the accuracy of the assessment.

V. CONCLUSIONS

Random perturbations of states of dynamic
systems negatively affect the quality of state
estimation, so this task requires the attention of
researchers working to reduce the influence of
random perturbations of states on the values
(estimates) of variables at the output of systems.
Noises (errors) of measurements and perturbations
of states are taken into account explicitly by means
of mathematical models of dynamic systems in
space of states which have gained wide application
especially at the decision of problems of synthesis of
control systems.

In time series modeling problems in the state
space, the basic concept is the state vector, which
contains all the information necessary to describe the
observed system in a specific problem statement.
The measurement vector represents  noisy
observations associated with the state vector. It may

have a smaller dimension than the state vector due to
the presence of non-measurable components.

When using probabilistic methods of data
analysis to form a probabilistic conclusion about the
current state of a dynamic system, it is necessary to
build at least two models. First, a model that
describes the change in the state of the system over
time (model of the dynamics of the system or its
state variables); second, a model that links the noisy
measurements of the components of the state vector
with the processes of existing errors (measurement
model). Such models in the space of states should be
available for research and practical application in
probabilistic form [3], [4].

The task of linear and nonlinear filtering is to
form (calculate) a probabilistic conclusion about the
state of the system, based on available
measurements. Within the Bayesian approach to data
analysis, this 1is done by calculating or
approximating the a posteriori distribution of the
state vector, provided that all available at the time of
calculation measurements and estimates of non-
measurable components. Since the function of
distribution of probabilities of measurements
contains  practically all available statistical
information concerning the investigated object, its
estimation is rather full solution of a problem of an
estimation of a condition, forecasting of its further
development and support of decision-making [5].
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II. I. Bimok, P. I. Manyiisnienko, P. JI. IlanTeeB. @inbTpyoyi alropuTMu BH3HAYEHHSI KOOPAMHAT 00’€KTa y
cucTeMax MIATPMMKH NPUAHATTA pillleHb

Meroau OLIHIOBaHHs MapaMeTpiB 1 CTaHiB AWHAMIYHMX CHCTEM — aKTyallbHa 3aj[adya, pe3yJbTaTH PO3B’SI3aHHS SIKOI
3HAXOISTh CBOE 3aCTOCYBAaHHS Y PI3HHX Taly3sX [isUTBHOCTI, BKIIIOYAIOYH JIOCIIDKEHHS TPOLECIB y TEXHIYHHX
cucTeMax, KOCMOJIOTIUHUX Ta (i3HMYHHMX JOCHIDKCHHSIX, MEIMYHUX NIarHOCTUYHHUX CHCTeMaxX, CKOHOMIll, (iHaHCaX,
010TeXHOOTIsAX, eKoNoTii Ta iHmmX. He3Bakaroun Ha 3HAYHI HAYKOBI 1 MPAKTHYHI JOCSATHEHHS Yy IIbOMY HaIpsMi,
JIOCIIJTHUKY 0aratb0X KpaiH CBITY NPOIOBXKYIOTh TMOIIYKHM HOBHX METONIB OIIHIOBAaHHS IapaMeTpiB 1 CTaHIiB
JIOCHI/DKYBaHUX O0’€KTIB Ta YAOCKOHAJIEHHS ICHYIOYMX. [IpHKIazioM TakuMx MeETOiB € Hu(poBa Ta ONTUMAaJbHA
¢inbTparis, sKi 3HAHIUIN ITUPOKE 3aCTOCYBAHHS Y TEXHIYHUX CHCTEMax IIe y CepeArHI MUHYJIOTO CTONITTS, 30KpeMa,
y 00pobui (piHaHCOBO-EKOHOMIYHHX JaHHUX, (PI3UYHHUX EKCIIEPUMEHTaxX Ta IHIIHMX iHPOPMAIIIHUX TEXHOJIOTISIX caMOro
pi3HOrO NpU3HA4YeHHs. Po3rismaeTscst MOAENb Ta aNrOpuTMH TPAaHYISAPHOI (iNbTpalii Ha NPAKTUYHOMY TPHKIANi —
BapiaHTI 3aJa4i MT0OANBHOI JIoKaizalii MooiTbHOro pobota (global localization for mobile robots) ab6o 3amayi mpo
BHKpajaeHoro pooota (hijacked robot problem). B 3aranpHOMy BapiaHTi BOHA MMOJISITa€ y BU3HAYCHHI MOJIOKEHHS poOOTa
3a TaHUMU 3 ceHcopa. L5 3a71aya Oyima B 1ijIOMy po3B’si3aHa PsIOM IMOBIPHICHHUX METOJIB B KiHIlI 90-x-mmouatky 2000-x
POKiB. 3aa4a € BaXXJIMBOIO 1 3HAXOIUTh 3aCTOCYBaHHS Y MOOLJIBbHINA pOOOTOTEXHIli Ta MPOMHCIOBOCTI. CXOKUMH 32
CYTTIO € 3a/1a4i MO3ULIOHYBaHHS I IBOJJHUX YOBHIB, JITAILHUX anapariB, aBTOMOOLIIB Ta HIIUX PyXOMHX 00’ €KTIB.
Karo4oBi ciioBa: OmiHIOBaHHS ITapaMeTpiB; OLIHIOBAHHS CTaHIB; AMHAMIYHA CHUCTEMa; rpaHyJsipHUH QinbTp; mudposa
¢bingpTparis; onTuManbHa (GIIBTpallis, HECHCTEeMaTH4YHAa IMOXUOKA;, IMO3UI[IOHYBaHHSI pPOOOTA; CHUCTEMa MiATPUMKHU
TPUAHATTS PillIeHb.
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II. 1. bumox, P. U. Manyiinenxo, P. JI. IlanTeeB. @uibTpylolye aJropuTMbl ONpe/esieHUS] KOOPIMHAT
00beKTa B CHCTeMAX MOAAEPKKH NMPUHITHA PeleHnii

Meropl OLEHKM HapaMeTpOB M COCTOSHUM IMHAMUYECKHX CHUCTEM — aKTyalibHas 3ajiada, pe3yibTaTbl PeIIeHUs
KOTOpPOH HaxOAAT CBOE NPUMEHEHHE B Pa3IMYHBIX OOJIACTSAX NEATENBHOCTH, BKIIOYAs HCCIEIOBAaHMS MPOLIECCOB B
TEXHHYECKHUX CHCTEMAaX, KOCMOJIOTHUECKHX U (PH3MYECKUX UCCIEAOBAHUIX, MEUIIMHCKUX JUATHOCTHYECKUX CHCTEMAX,
SKOHOMUKE, (prHAaHCAaX, OMOTEXHOJIOTUSX, SKOJIIOTHU U JApYyrux. HecMOTps Ha 3HaYMTENbHBIE HAYYHBIE U PAKTHYECKHE
JIOCTYKEHUSI B 3TOM HAlpaBJICHUH, UCCIIEIOBATEIN MHOTUX CTPaH MHpPA MPOIODKAIOT IIOMCKU HOBBIX METO/IOB OLICHKH
MapamMeTpoB W COCTOSHUH HCCIEAyeMbIX OOBEKTOB M YCOBEPLICHCTBOBaHME CyIIecTBYOUMX. I[IpumepoMm Takux
METOJIOB sIBJIsieTcsl LU(poBasi U oNTUMalbHAas (QUIBTpAIMs, KOTOPbIE HAIUTH IIUPOKOE NPUMEHEHHE B TEXHUYECKHX
chUCTeMax elle B CepeldHe MpOIUIOr0 BeKa, B YacTHOCTH, B 00paboTke (HMHAHCOBO-KOHOMHYECKUX IaHHBIX,
(¢U3MYECKUX OKCIEPUMEHTaX W JAPYruX HHQPOPMAIMOHHBIX TEXHOJOTHSIX CaMoOro pasHOro Ha3HAUYCHUS.
PaccmaTpuBaeTcss MOzeNIb M aJTOPUTMBI TPaHYJISIpHON (DUIIBTpaly Ha MPAaKTUYECKOM IIpUMepe — BapUaHTe 3aladu
rI100aIbHOM JIOKaIM3aMu MoOWIbHOTO pobora (global localization for mobile robots) wian 3amayut 0 MOXUIEHHOM
paborta (hijacked robot problem). B o0miem BapraHTe OHa COCTOMT B ONPECIICHUM MOJTOXKECHUSA paboTa MO JaHHBIM U3
ceHcopa. JTa 3amava ObLIa B IEIOM PEIICHA PSIOM BEPOSTHOCTHBIX METOAOB B KoHIle 90-x-Haudajie 2000-x romos.
3anmaua SBISETCS BaKHOW M HAaXOJUT NMPUMEHEHHE B MOOMJIBHOW POOOTOTEXHHKE W MPOMBIINIIEHHOCTH. CXOXKHMU 110
CYTH 3aJ1auil MMO3HUIIOHUPOBAHUS TTOIBOJHBIX JIOJOK, JIETATENLHBIX annapaToB, aBTOMOOWIIEH U JAPYTUX ABHXKYIIUXCS
00BEKTOB.

KnroueBble cioBa: OlGHUBaHWE IapaMETPOB; OLIEHMBAaHHE COCTOSHHH; JUHAMHYECKas CHCTEMa; TpaHYyJSpHBIN
¢ubTp; 1MdpoBas GuiIbTpalys; onTUMalbHas (QUIBTpaIMs; HECUCTEMATHYECKasl MOrPEIIHOCTh; MO3UIIMOHUPOBAHUE
pabora; cuctemMa NOAJIEP)KKU MPUHSATHS PEIICHNH.
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