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The Improved GM PHD algorithm for Multi-
Target Radar Tracking

Zvonko Radosavljevi¢, Dejan lvkovi¢ and Branko Kovacevié

Abstract—Gaussian mixture probability hypothesis density
(GM PHD) is a modern nonlinear algorithm for tracking
multiple targets in a clutter environment. It is accompanied by
known problems that are primarily related to the impossibility of
associating the measurement of existing targets and determining
the quality of the tracks. For this purpose the automatics track
initialization by known “two point initialization” was introduced.
Difference of successive measurements from two radar antenna
revolutions is compared with the threshold, which depends on
the velocity of the target. The paper proposes to improve the
algorithm by introducing the probability of the existence of a
target and to reject false tracks. The results of intensive
simulations of tracking multiple radar targets have shown the
justification for the application of the proposed algorithms.

Index Terms—Target tracking, probability hypothesis density,
track while scan (TWS) radars.

. INTRODUCTION

Multi-target tracking in clutter, assuming linear target
trajectory propagation and linear target measurement
equation, naturally leads to a Gaussian mixture (GM) target
tracking solution. As the origin of measurements is uncertain,
both true tracks (which follow targets) and false tracks (which
do not) exist [1].

The random finite sets (RFS) are representations of multi-
target states and multi-target measurements. The modeling of
multi-target dynamics using random sets leads to algorithms
which incorporate track initiation and termination, a
procedure that has mostly been performed separately in
tracking algorithms. The first systematic treatment of multi-
sensor multi-target filtering, as part of a unified framework for
data fusion using random set theory was finite set statistics
(FISST). The alternative to optimal multi-target filtering is the
Probability Hypothesis Density (PHD) filter [2], [3], [4]. It is
a recursion propagating the 1st moment, called the intensity
function or PHD, associated with the multi-target posterior.

A Gaussian mixture, consisting of a weighted sum of
Gaussian PDF, each with different means and covariance’s, is
the natural form of the PDF of target state. Using such a
structure, a mixture component is created for every possible
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association, using every possible pairing of targets and
measurements with the mean and covariance calculated
assuming that the particular hypothesis is true, and the weight
calculated to represent the probability that the particular
hypothesis is true. The serious problem in multi-target
tracking is the unknown association of measurements with
appropriate targets [5], [6]. Moreover, the data association
problem makes up the growth of the computational load in
multi target tracking algorithms. Recently, multi-target
tracking formulations involve explicit associations between
measurements and targets

The Gaussian Mixture Probability Hypothesis Density
Filter (GM-PHD Filter) provided a closed form solution to the
PHD filter recursion for multiple target tracking [7]. The
posterior intensity function is estimated by a sum of weighted
Gaussian components whose means, weights and covariances
can be propagated analytically in time. In particular, the
means and covariances are propagated by the Kalman filter.

The original Gaussian Mixture PHD filter algorithm
provided a means of estimating the number of targets and
their states at each point in time. The method for determining
the targets simply used the weights of the Gaussian
components and did not take into account tempo al continuity.
We show that if a target is not detected for each iteration, the
Gaussian components can still track the targets in the presence
of some missed detections. The trajectory of the target in the
past, before it has been detected, can also be determined by
keeping the trajectories of each of the Gaussian components.
The original formulation of the GM PHD filter allowed
targets to be spawned from existing targets [8].

The paper proposes and tests the improved GMPHD
algorithm with automatic track initialization (ATI) via 'two
point methodology'. Each incoming measurement (from the
previous scan) is paired with each incoming measurement
from the current scan in order to examine the possibility of
initializing a new trace based on the knowledge of the
maximum speed of movement of the targets [9].

Rest of papers is organized as follows. Second chapter is
dedicated basic problem statements, which precedes Third
chapter, which brief decrypted GM PHD algorithm. Results of
experiments are given by Fourth chapter. Final conclusions
are given by the Fifth chapter.

Il. PROBLEM STATEMENTS

Consider the target tracking scenario with two dimensions.
Also, consider the tracking algorithm with two parameters:
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probability of detection (Pp) and clutter density. The clutter
density is depending on target dynamics and characteristic of
sensor. Generally, clutter is defined by number of selection
measurement from size of selection gate. At begin, consider

the target state X, € R" at time interval k. The dynamic
target trajectory state models at the time k are given by the:

X, = FX, , +Vv, 1)
where F is the propagation matrix, v, is a zero mean and

white Gaussian sequence with covariance R. At each scan the
sensor returns a random number of random target and clutter
measurements. At time k, one sensor delivers a set of
measurements  z, ={z, }\"y track out of which a set of
measurements are selected for track update. Converted target
measurement y is given by [10] :

Y, = Hx, +w, (2)
where H is measurements matrix and the measurements
noise W, is zero mean and white Gaussian sequence. A

measurements of target is present in each scan with a
probability of detection Py . Clutter measurements follow the
Poisson distribution characterized at location by clutter
measurements density p (y) [ 11].

At time ka set of measurements

m(k)
Y (K)={y, (k)" are detected, where each measurement

either originate from one of n known linear measurement
models or is a false detection. The sequences (k) are

mutually independent and uncorrelated with the process noise.

A. Finite Sets statistics

Finite set statistics is the concept of belief-mass functions,
which are non adaptive generalizations of probability mass
functions and are equivalent to probability mass function on
certain abstract topological spaces. The multi-target state and
multi-target measurement at time k are represented as finite

subsets X, andZ,, respectively.

The models of motion of the multi-target system using a
randomly varying RFS is given by the [12]:

L =@, [X, 4 Vi  JUB[X,1] 3
where @,[X, ,] represents the dynamics of the existing

targets, X, ,is the random set of the state vectors of the

random number of targets, and V,; denotes the system
process noise, while B,[X, ]represents the process of target

birth.

I1l. THE GAUSSIAN MIXTURE PHD FILTER ALGORITHM

In this section, we describe the linear-Gaussian multiple
target model and the recently developed Gaussian Mixture
PHD filter. The multiple target models for the PHD recursion
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is described here. Each target follows a linear Gaussian
dynamical model [13],

1:k\k—l (X‘é) = N [X1 kal(é)l Qkf1] (4)

gk(Y‘X): NLy;H, (x),R(] ®)

where N (.;m,P) denotes a Gaussian density with mean m
and covariance P, Fy is the state transition matrix, Qy is the
process noise covariance, Hy is the observation matrix and Ry
is the observation noise covariance. The survival

Ps, (X) = ps,, and detection pp, (X) = Py, probabilities
are state independent. The intensities of the spontaneous birth
and spawned targets are Gaussian mixtures,

7(X)= > w, N[x;m P ] 6)
i=1

() ) _ _
B ()= LWHNDGF, (@) +d), Q)1 ()
=
i i i
7k’W7k’m7k’P7k’ i=1..J, (k)are
model parameters that determine the shape of the birth

intensi imi i gl j j
intensity, similarly, Jﬁk,wﬁk,FﬁH,dﬁkil and Qs

j= 1,...,Jﬂ(k) determine the shape of the spawning intensity

where J given

of a target with previous state.

A. Algorithm steps

1  Prediction step

Under the assumptions that each target follows a linear
Gaussian dynamical model, the survival and detection
probabilities are constant, the intensities of the birth and
spawned targets are Gaussian mixtures, and that the posterior

intensity at time k-1 is a Gaussian mixture of the form [14]
J(k-1)

Doy () = D WiaN[x;m'cs, Plia] 1)
i=1

Then the predicted intensity to time k is also a Gaussian
mixture, and is given by

Dk\k—l(x) =Dy k\k—l(x) + Dﬁk‘k,l(x) +7,(X) (12)

where DSk‘k_l(X) is the PHD of existing targets,

Dﬂk‘k_l(x)is the PHD for spawned targets, and ¥, (X) is

the PHD of spontaneous birth targets.

The density for existing targets, DSk‘k_l(X), is

determined from the linear Gaussian model using the Kalman
prediction equations,

ISBN 978-86-7466-930-3



PROCEEDINGS, IX INTERNATIONAL CONFERENCE ICETRAN, Novi Pazar, Serbia, 6 - 9. june 2022.

J(k-1)

. . . jil _ | |
D1 (X) = Psy ZWJk—lN[X;mSJk‘k,l;stk‘k,l] 13) M5 a = Fpamha+dy, 7
j=1
where A | |
sk\k =F_ mjk 1 14) P/’J Klk-1 =Qp s tFpy 1PJ'< +(F Bk 1) (18)
o -
2 Update step
=Q,,+F PaF s (15)
o % k‘k ° A Under the above assumptions, and that the predicted
and similarly for the spawned target density, intensity to time t is a Gaussian mixture of the form [15]
J(k-1) I (k) J(k|k-1)
= j il 16 . . :
Dﬁk‘k_l(x) & |:1W k= 1W N[x; m[, Kk 4P KJk- N (16) Dk‘kfl(x) = ZWIk\k—lN[X;mlk\k—l, P'ijk1] (19)
i=1
where Then the posterior intensity at time k is also a Gaussian
mixture, and is given by
I(kk-1) _ )
Dy (0 =[L= Po Dy, () + D D whe(y) NIx;m i (y), P ] (20)
yeyk j=1
where the weights are calculated according to the closed form
PHD update equation,
. WikaN[y; H, m’ R, +H PlaHT«
Wi (y) = PoWkikaN[y; H, klk-11 T «PligkaH ] 21)

3 (k[k-1)

K () + Po) 2 WiaNIy; Hm'yies, Ry + H Py ]
1=1

and the mean and covariance are updated with the Kalman

wi
filter update equations,

W(i)k\k A=W

m(')k\k 4= m(”

M (y) = mlgea(y) + Kl [y—H, mlga(y)] (22 P(')k _pi
k-1 = vk
Plge =[1 = KIH, TP i (23) End
Kl = PlgaH W [H P etH T + R ] (24) forj=1,..., Jﬁ(k)
for I1=1,..., J(k 1)
B. GMPHD practical implementation of algorithm i=i+1. ) |
W(')k\k—l = w )k 1W}]J)k
At begin, we given weights, mean and covariance of the (i i "
each track: Mges =d,” |+ Fﬁ k 1m k=t
PO =QY +FJ "a(FW )T
] B k 1 NS
WD, mO g, PO P&
end
end

At each scan we given measurement set Z(K) , from the

radar sensor .

Step 1: Prediction for birth targets
i=0.
for j=1,...,
i=i+1.

Jy (k)
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Step 2: Prediction for existing targets

for j=1,..., J(k-1)
i=i+1.

i
W = pSkWij)k o
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() — (1
MY = F,my”,

P(i)k\kfl = Qk71 + qup(j)k*l(l:kq)T
end

I(kk—1) =i
Step 3: Construction of PHD update components

for j=1,..., J (k|k -1
7D = Hkm(j)k‘h1
SV =R, +H PWaH
K, =PPgcaH ([SDi]™
PWigc =[1 =KDH, IPD s
end

Step 3: (Update)
forj=1,...,J (k|k -1

W[I\](k‘k—1)+j]k —

W[I‘](k‘k—1)+j]k

W = (1- pp  IWPiic,

M =m Dy,

PO =PWa
end
1=0.
foreach yeY*
I=1+1,
forj=l,...,J(k|k—1)
wWhREkDD
Po Wk aN (s P, S Pk
mP kDl _
=mMDypcr + KD [y =]
P[IJ(k\k—l)]k — P(j)k\k
End

J(k[k-1)

=1 I (K -1)

KW, + Z W[|J(1<\|<—1)+i]k

i=1

end

J(K) =Kk -1)+I(Kk-1)
output {w",m®,, PO}

C. Output Calculation

Finally, we can calculate the output state estimate and
covariance (for output purpose only):

Np

o Il

R = Zwk X, (25)
1=1

(26)

S ool T s oT
Po=| D WX X [—% - %,
1=1

IV. RESULTS OF EXPERIMENT

For the purpose of simulations, we propose a two-
dimensional scenario (Fig. 1) with an unknown crossing and
time varying number of targets in clutter over the region
[-500; 500] x [-500; 500]. The state X = [ Xk Vi Yk Vy 1", OF
each target consists of position (x; y«) and velocity (Vy; Vyk),
while the measurement is a noisy version of the position [16].
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Each target has survival probability psx = 0,9, detection
probability pp.=0,99 and follows the linear Gaussian
dynamics. Each simulation experiment consists of a number
of simulation runs. In each simulation run, targets will repeat
their trajectories. The measurements are generated
independently. Each algorithm uses the same set of
measurements. False tracks may be initiated using target
measurements, either in a conjunction with a clutter
measurement, or by using measurements from different
targets in different scans. The sampling period of radar sensor
is T=1s. Duration of the scenario is 70 scans. The
implemented GM-PHD is evaluated by Monte Carlo (MC)
simulations over representative 2-dimensional test scenario. A
target motion scenario (Fig.2) includes non-maneuvering
flights modes. Dimension of terrain surveillance is x=500m
and y=500m.

Transition matrix and process noise matrix are given by:

1170 T9/3 T2/2 0 0
F|01 00 o T2/2 T 0 0
0 01 A 0 T3 TZ%/2
000 T?2 T

1 , 0 0 7)

respectively. Measurements matrix and measurements noise
matrix is given by:
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1000 ol 0
H — y Rk = 2 (28)
0010 0 o,
respectively.
For the purpose of performance testing tracking targets, we
propose Wasserstein distance diagram.

A. Wasserstein distance:

The Wasserstein distance from theoretical statistics was
adopted as a means of defining a performance metric for multi
target distances which penalizes when the estimate of the
number of targets is incorrect. When the number of targets is
estimated correctly, the Wasserstein distance is the same as
the Hausdor distance but the Hausdor does not penalise for
incorrectly estimating the number of targets. This metric has
been used for assessing the performance of the PHD filter.

Let X;and Y; be the finite sets of target states and estimated
target states at time interval k.. The L” Wasserstein distance
between the two sets is defined as:

dp (X,,Y,) = infc(z zCijd(Xi:)A(j)P)l/P (29)

X €X; QJEX‘
where C is an |Xt|><|)21|matrix {C;} such that

Vi=Llo X, | j=1] X |

'ﬁl‘ 1 7 1
C.=——,>C. = ,C. >0 (30)
=a P I DS
The L™ Wasserstein distance is defined as:
d¥ (X,,X,) =inf, max, o % Cyd(x.%;)  (31)

Where C;; =1if C;; > 0and C;; =0if C;; =0

B. Two point differencing initializations

Initialization with the difference of successive observations
(Two point differentiation initializing) uses measurements
located in the ‘window' of the trace from two successive scans
to initialize the trace. This procedure is repeated for all
measurements from the scan k-1 Consider such a

measurementZ, ;. The new trace is initialized by
measurement  Z,,; and each selected measurementz, ;,

forming a Gaussian probability density function with the
mean value given as:

Z

o(2

X;E ) = i — Ly
AT,

(32
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where AT, one is the period of rotation of the radar
antenna. Since there is no a priori knowledge of the target
speed, it can be modeled through a uniform distribution of a
priori pdf measurements. At the moment k, the Np particles of

2(2)

the mean value X are initialized, as well as the symmetric
and semi-finite covariance matrices P (;) which correspond to
the normal distribution of several variables (Figure 1):

Xg = N[XLEZ); P(2|2)] (33)

where the initial covariance error of the condition is
calculated under the assumption that there is no process noise

[24]:
R /T }

Rk
P — 34
(22) {Rk/T 2R, /T? (34

Targets and measurements

R R P s R A T
# R S MM
400 %ﬁﬁgﬁ 2 *#%*** , * +

300

200

100

Y position

X position

Fig. 1. Simulation scenario: targets and measurements .

OSPA distance
=1
L=}

o 10 20 30 40 50 o0 70
Time Step

Fig. 2. Wasserstein distance metric (OSPA diagram)
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Simulation results (OSPA diagram- Fig. 2) show good
performance for tracking two crossing targets with one
spawned targets, from scan 50 (Fig. 1). Blue dots
(measurements) and magenta circle (targets) show good
initializing and tracking targets in heavy clutter environments.

V. CONCLUSION

An improved GM PHD algorithm for radar sensor
approaches has been presented for tracking multiple targets in
high clutter density which has the ability to estimate the
number of targets, track the trajectories of the targets over
time, operate with missed detections and give the trajectories
of the targets in the past once a target has been identified. It
has been shown to outperform the ability to operate in clutter
with fewer false tracks and can initiate and eliminate targets
more accurately.

Future research should better determine the association of
radar received measurements with existing targets as well as
automatic initialization of targets. The theoretical constraints
of the proposed tracking algorithm have been discussed in the
case of crossing targets. It is anticipated that the problem of
retaining the correct target identity in this scenario can be
resolved by considering the previous trajectories of targets.

Especially, the proposed algorithm will be tested in
practice on the example of video tracking [17, 18].
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Abstract—this paper derives four -stage recursive least
squares parameter estimation algorithm for Controlled
Autoregressive Autoregressive Moving Average (CARARMA)
systems. By applying the decomposition technique,
(CARARMA) system decompose into four subsystems, which
contain one parameter vector each. Compared with the
recursive generalized least squares algorithm, the proposed
algorithm improves the accuracy of estimated parameters and
decrease the computational burden. The simulation example is
given to indicate the efficiency of the proposed algorithm.

Keywords— parameter estimation, decomposition technique,
computational burden, (Q-Q) plot, estimation error.

[. INTRODUCTION

The modeling of manufacturing systems plays a critical
function in system analysis and control. System identification
is fundamental for structuring the systems mathematical
models and parameter estimation is the basis of system
identification [1]. In the past decades, researchers have done
a lot of research work on parameter estimation methods such
as the iterative algorithms, the maximum likelihood methods,
the filtering technique, multiple-stage algorithms and so on.
Multi-stage least squares identification algorithm is recently
employed for parameter estimation of various system models.
The main contribution in this technique is to reduce the
computational load. The computational load is a significant
feature of the recursive algorithms. Low computational load
can help the recursive algorithms realize best performances
in the systems. The computational efficiency in least squares
[2]. The main idea is based on the decomposition technique
that can split the main identification system into few small-
size subsystems, so as to enhance the computational
efficiency and easy to solve. Four-Stage Recursive Least
Squares Algorithm is proposed for CARARMA Systems.
The decomposition technique is using in this algorithm to
reduce the Computational burden. The layout of the rest of
this article is arranged as follows.Section 2 derives four-stage
recursive identification algorithm. Section 3 presents
recursive generalized extended least squares algorithm.
Section 4, a illustrative example is given to demonstrate the
performance of this algorithm. Finally, the conclusions are
offered in section 5.
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II. FOUR-STAGE RECURSIVE IDENTIFICATION ALGORITHM

Consider linear, time-invariant, discrete-time system [3]
as shown in fig. 1, described by (CARARMA), which can be
expressed as:

4@y (0 = Bl + 22 v 1
@yk) = (z)u()+@v() (1

where

{fu(k)} and {y(k)} are the input and output, {v(k)} is
the white noise sequence with zero mean and unit variance
02 [9] and A(z), B(z), C(z)and D(z) are polynomials in the
unit backward shift operator z [4].

Na
A2) =1+ Z a;z7t
i=1

np
B(z) = Z bzt
i=1
ne
C(z) =1+ Z c;z7t
i=1

nc
D) =1+ Z dz
i=1

The equation (1) can be rewritten as:
y(k) =[1-A@]y(k) + B(z)u(k) + w(k) (2)
w(k) is defined as

w(k) = [1 = C(@)]w(k) + D(2)v(k) 3)
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D(z)
A(z)C(2)

v(k)

B(
u(le— A(g >©—> y (k)

CARARMA Model.

Fig. 1.

The parameter vector {6, 8,, 63,0,} and the information
vectors { @1 (k),@,(k), p3(k),p4(k)} are defined as:

6, := [ay, ay, o, an,|"
0= [by, by, ., by, |
05 = [c1,Cpp ey, I”
04:= [dy,d, .., dy,]"
@1 (k) = [~y(k = 1), —y(k = 2),...,—y(k —ny)]"
0,(k) = [uk — 1), ulk — 2), ..., ulk —n,)]"
@3(k) = [-wlk —1),~w(k = 2),..,—w(k —n.)]"

@s(k) = [vk — 1), vk —2),...,v(k —ny)]"

Then,
y(&) = ¢, ()0, + @," k)6, + w(k) €))
w(k) = @37 (k)05 + @,  (k)6, + v(k) %)

Using equation (5), equation (4) can be written as [5].

y(k) = ‘Pb:)(k)91 + " (k)0; + 93" (k)05 + @, (k)6 +
v

y(k) =" (k)6 + v(k) (6)
@ (k) = [, (k) 92" (k) 93" (k) 94" ()]
6 = [0, ;0,;05; 0]
The basic principle in this work is to decomposed the
identification system in equation (6) into four subsystems,

and the parameters of each subsystem are estimated
separately [6].

Define four intermediate output variables:

(k) = y(k) — ‘PzT(k)Qz - (P3T(k)93 - (P4T(k)94’ ™)
v2(k) = y(k) — (P1T(k)91 - (P3T(k)93 - (P4T(k)94’ ®
y3(k) = y(k) — (P1T(k)91 - (PzT(k)Hz_(Pth(k)gzp €C)]

ya(k) = y(k) — <P1T(k)91 - (PzT(k)92 - (P3T(k)93' (10)
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This system can be decomposed into the following four
subsystems:

yi(k) = o] ()6; + v(k), i=1234.

(11D

Define the cost functions:

k
S0 = ) i) = 0 DO, i = 12,34
j=1

Let 8(k) = [8,(k) ; 8,(k); 85(k); 8,(k)] be the estimate of
6 =1[6,;0,;05;0,] .Also, let the partial derivatives of
J:(6,),i = 1,2,3,4 with respect to 8; be zero

A0 = 20, Zhali (D) — 0 (DB =0 (12)
Then, the following RLS algorithm can be obtained:

8;(k) = 6;(k — 1) + L; (k) [[y; (k) — ;" (k) (ke — 1] (13)

Li(k) = Pi(k = D () [1 + 9,7 (k) P, (k — Dp; (k)] 7,

P(k) = [I = Li(k) ;" (1P (k — 1),

P;(0) = pol, i =1,2,3,4

Substituting equations (9, 10, 11and12) into equation (13)
[71.

é\1(k) = é\1(k -D+ L1(k)[3/(k) - 902Tq€)92 -
@37 (K)0; — 0,7 ()6, — 0, ()0, (t — 1] (14)
éz(k) = é\z(k -+ Lz(k)[}/(k) - §01T(If)91 -
¢3T(k)93 - ‘P4T(k)94 - ‘PzT(k)ez(k - 1)] (15)

05(k) = 03(k — 1) + Ls (D) [y (k) — " (k) —
‘PzT(k)92 - ‘P4T(k)94 - ‘P3T(k)93(k - 1)] (16)

é4(k) = é\4(k -+ L4(k)[}/(k) - §01T(If)91 -
(PzT(k)ez - ‘P3T(k)93 - <P4T(k)94(k - 1)] 7)

Although the all RLS sub-algorithms are derived for
calculating 0, (k) ,0,(k),85(k) and 8,(k) They are
unattainable to be completed, because the right-hand sides all
RLS sub-algorithms include the unknown
parametersé, , 6,, 05 and 6,. In order to handles this issue;
the parameters 6; i = 1,2,3,4 are replaced with 8;(k — 1)
[8].

Then, 8, (k) , 8,(k), 85(k) and 8,(k) can be calculated by

é\1(]() = §1(k _Al) + Ly (k) [Y(k) _ﬁazT(k)éz(k -1 -
057003k = 1) — 9,7 (00, (k — 1) -
0,7 (k)6 (k — 1)]
=0,(k — 1) + Li(k)[y(k) — 9" (K)H(k — 1)] (18)
é\z(k) = é\z(k -1+ Lz(k)[}’(k) - §01T(k)§1(k -1 -

03" (K)03(k = 1) — @, (k)B,(k — 1) —
02" (k)0 (k — D]
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=0,(k — 1) + L,(K) [y(k) — T (k)8 (k — 1)] (19)

és(k) = ég(k _Al) + Ls(k)[)’(k) - ¢11T(k)§1(k -1 -
¢2T(k)92(k — 1) = @, ()0, (k — 1) -
@37 (k)05 (k — 1)],

=03k = 1) + L (M) [y(k) — 9" (l)A(k — 1] (20)

é4(k) = é\4(" _}) + L4(k)[)’(k) - <£1T(k)§1(k -1 -
02" (100, (k — 1) — 957 (k)83 (k — 1) —
@4" ()0, (k — 1)]

=0,(k — 1) + Ly() [y(k) — 9" (k)8 (k — D] (21)

Notice that the right-hand sides of equations (18)—(21)
include the unknown information vectors ¢;(k) which
contains the unknown inner variables w(k — i) and ¢, (k)
which contains unknown inner variables v(k — i), so that,
this algorithm cannot be performed [9]. Replacing w(k — i)
andv(k — i) with their estimates w(k — i) and ¥(k — i), and
P3(k), P, (k) are written as

P3(k) = [-w(k — 1), —-w(k — 2),...,—w(k —n)]" (22)
Pa(k) = [P(k — 1),0(k — 2), ..., P(k —ng)]" (23)

@) = [@1, 92, P3, (/34]T

Where,
wk) = y()—p,"(K); — ¢, (k)8, (24)
D(k) = w(k) — @5 (k)05 — ¢," ()8, (25)

Thus, Four-Stage Recursive Least Squares Algorithm for
CARARMA Systems is summarize as:

6:(k) = 0,(k = 1) + L () [y(k) = 9" (l)OkD]  (26)

Ly (k) = Py(k = D1 ()[1 + ¢, " (k)P (k — 1)<p1(k)]E217)

Py(k) =[I — Ly(k)p," (k)]Py (k — 1) (28)
p1(k) = [-y(k = 1),—y(k = 2), ..., —y(k = n )" (29)
0,(k) = 0,(k — 1) + L, (k) [y (k) — 9T (k) (k — 1)] (30)

Ly(k) = P (k — D (k) [1 + 9" (k) Py (ke — 1)<Pz(k)](_;1)

Py(k) = I = Ly (k)" (k)P (ke — 1) (32)
(pZ(k) = [ul(k - 1)’u1(k - 2)1 ""ul(k - nl)]T (33)

03(k) = 03(k — 1) + L; () [y (k) — ¢T()O(k — D] (34)

Ls(k) = P3(k — D@3 (O[1 + ¢sT (k) Ps (k — 1)¢3(k)](‘15)
3

Py(k) = [1 = L3 (k)5 (l)]Ps(k — 1) (36)
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P35 (k) = [~k — 1), ~W(k = 2), .., W (k = n)]" (37)
0,(k) = 8,(k — 1) + Ly () [y (k) — p" ()6 (k — 1)] (38)

Ly(k) = Py(k — 1)@4(O[1 + @37 k)P, (k — D@a (k)]

(39)

Py(k) = [I = Ly(k) 4" ()| Py(k — 1) (40)

Pall) = [0k — 1), D(k — 2), ..., D(k — ng)]" (41)
III. THE RECURSIVE GENERALIZED LEAST SQUARES

ALGORITHM

In order to demonstrate the features of the Four-Stage -
RLS algorithm, the following discuss recursive generalized
extended least squares (RGELS) algorithm [10]. As we all
know, (RGELS) algorithm can identify CARARMA
Systems. The main issue is to replace w(k — i) and v(k — i)
with their estimates in the information vector. Finally,
(RGLS) algorithm can obtained and the estimated parameter
vectors of CARARMA model can be calculated as [11].

0k) =0 (k-1 —Lk) [y(k) — @ (KT 8k — 1] (42)

P(k=1)¢ @)

L0 = 1 7Ptk =D 0

(43)

P(k) = I = LT ()] P(k — 1). (44)
Pk) = [@s(k) pn(R)]", B(K) = [B5(K) ; 8, (] (45)

q)ST(k) = [—}’(k - 1)! —)’(k - 2)! o -;—)’(k - na),

u(k — 1), ultk —2),...,u(k —np)] (46)
e, T (k) = [-wk —1),—w(k = 2),...,—w(k — np),
vk — 1), vk —2),...,v(k —ny)] 47
w(k) = y(k) — os" (k). 65 (k) (48)
v (k) = y(k) — ¢T (k)8 (k) (49)
Bs(k) = [a1(k), @ (K), ..., @y, (k), by (k), by (KD, ..., by (k)]

(50)

é\n(k) = [él (k), 62 (k), R én,- (k), dAl (k), al (k)’ R Cznd (k)]
C2))

IV. SIMULATION RESULTS

The effectiveness of Four-Stage -RLS algorithm has been
checked on samples generated by the following
(CARARMA) model:

D(z)
C(2)

A2y (k) = B(z)u(k) + v(k)

AZ) =1+0.7227 + 081272
B(z) = 0.22z71 + 0.33z72
C(z) =1+0.65z71

D(z) =1+ 055271
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0 = [aj, a5 by, by 04, d1]T,
=[0.72,0.81,0.22,0.33,0.65,0.55]7,

The input u(k) adopts a persistent excitation sequence with
m=0 ando=1, while v(k) is a white noise sequence
withm =0 and 0=0.3".

Quantile-quantile (Q-Q) plot and estimation error have been
used in order to evaluate the performance of the proposed
algorithm.

A. Quantile-quantile (Q-Q) plot

Quantile-quantile (Q-Q) plot is a diagnostic tool, which is
widely used to assess the distributional similarities and
differences between two independent univariate samples. It is
also used to determine how well a specified probability
distribution fits a given sample [12].

The following steps create a Quantile-Quantile-plot (Q-
Q-plot)

1. Rank your data in ascending order: x,......... , X

2. For each data point x, compute the empirical

percentiles O, of data points smaller than or equal to x, ,i.e
i

P =
n

3. Define a theoretical matching normal distribution as the
normal distribution with the same mean and variance as the
sample.

4. For each percentile p; find the corresponding quantile

v, in the theoretical normal distribution.

5. Plot y, against x,

6. If x, =, for all i we get a straight line indicating
that x,’s are normally distributed [13].
B. The estimation error

The estimation error is determined as [14].

where

PRI SR IRY PR Y R
5= (40)
o +le.l” + eI +le.r

As it’s known, when the parameter estimation errors
become smaller with the sequences increasing, the accuracy
of the estimated parameters is increased.

Four-Stage -RLS algorithm and (RGELS) algorithm have
been applied to estimate the parameters of the system and the
estimation errors for these algorithms versus sequences (k)
are shown in Fig. 2.
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Fig. 2. Four-Stage -RLS and (RGELS) estimation errors versus k

The figure demonstrates that Four-Stage -RLS algorithm can
achieved more accurate estimates than the (RGELS)
algorithm.

Fig. 3 shows Q-Q plots for a residuals generation of Four-
Stage -RLS algorithm (blue color) and (RGELS) algorithm
(red color) which are tested in comparison with the standard
normal distribution (black color) to determine the extent of
the quantiles match.

3 : : \ \ \
mm Standard Normal Distribution %
2t ]
3¢ Four Stage
* RGELS %e
1 L 4
> Or 3 i
-
-
s i
Y - L ]
[ - '
-2+ - ]
[ ]
-3 : : ; ; ;
-3 -2 -1 0 1 2 3
X

Fig. 3 Q-Q plots for a residuals generation of Four-Stage -RLS
algorithm " blue color" and (RGELS) algorithm" red color".

The figure offers that, the result of the Four-Stage -RLS
algorithm matches more closely along standard normal
distribution than the result of the (RGELS) algorithm. This
result indicates that the proposed algorithm is more effective
than (RGELS) algorithm.

The estimated output and the true output of Four-Stage -RLS
algorithm are plotted in Fig. 4.

3 — True Output
ol * Estimated Output |
1+ . A1 1l
) 1 . ' y
’7 \ L ] ! : [
L] e !
-1 ‘It o e®e |
-2 N
3000 3020 3040 3060 3080 3100
Fig. 4 The estimated output and the true output of Four-Stage -RLS
algorithm
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The figure illustrate that estimated output is close to the
true output, which means the estimated model can fit the
validation data well [10].

V. CONCLUSIONS

In this paper, Four-Stage recursive identification
algorithm is derived. Through a simulation results, it is shown
that the proposed algorithm has some advantages, in
comparison with (RGLES) algorithm. Four-Stage -RLS
improves the accuracy for estimated parameters, and has
higher computational efficiency than (RGLES) algorithm.
The proposed technique in this article can be extended to
study the parameter estimation algorithm of (MISO) and
(MIMO) systems with colored noise.
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Consensus on the Auxiliary Variables in Distributed
Gradient-Based Temporal Difference Algorithms

Milos S. Stankovié¢, Marko Beko, Nemanja Ili¢ and Srdjan S. Stankovié

Abstract—In this paper we discuss important properties of
two novel distributed algorithms for iterative multi-agent off-
policy learning of linear value function approximation in Markov
Decision Processes (MDP). The algorithms are derived using the
off-policy Gradient Reinforcement Learning (GRL) methodology,
together with linear dynamic consensus iterations over an under-
lying inter-agent communication network represented by directed
graphs. The proposed algorithms are entirely decentralized, offer-
ing new possibilities for choosing different behavior policies while
evaluating one single target policy. The presented algorithms
formally differ only in the way of applying consensus iterations
to the so-called auxiliary variables. The presented proof of
weak convergence of both algorithms represents a firm basis for
deriving relevant conclusions concerning the role of the consensus
iterations. It is shown that the algorithm utilizing consensus
on the auxiliary variables shows slightly inferior asymptotic
properties, but can provide a higher convergence rate. The figure
of merit of each of the algorithms is presented and discussed using
the theoretical results obtained under generally nonrestrictive
assumptions.

I. INTRODUCTION

Decentralized multi-agent decision making algorithms have
recently gained much popularity due to their high effectiveness
in dealing with uncertain and dynamic environments typical
for the emerging areas of Cyber-Physical Systems (CPS) and
Internet of Things (IoT). Numerous distributed estimation,
optimization and adaptation methods have been successfully
developed using recursive collaborations aimed at achieving a
consensus on variables of interest (e.g. [1]-[15] and references
therein).

Reinforcement learning (RL) is a general methodology for
decision making in uncertain environments based on models
in the form of Markov Decision Process (MDP) based on
utilization of approximate dynamic programming [16], [17].
A very important issue in this domain is the problem of ap-
proximation of the value function under very large state space
and the presence of a discrepancy between the behavior policy
of an agent and a policy that is currently targeted for evaluation
(off-policy learning, e.g. [18]). Recently, in [19]-[22] several
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fast gradient-based algorithms for temporal-difference (TD)
learning have been proposed. Distributed and multi-agent RL
methods have become very popular very recently (see, e.g. [1],
[23]-[25] and references therein). Different setups have been
adopted in a number of recent works [26]-[32].

In this paper we shall present and discuss two distributed
algorithms for iterative multi-agent off-policy learning of
linear approximation of the value function in MDPs [1]. The
algorithms represent generalizations of the recently proposed
single agent off-policy gradient algorithm GTD2(\) [1], [19]-
[21], incorporating a distributed consensus scheme operating
over a network of typically sparsely connected agents. Another
important property of the algorithms is that the local recursions
of each agent can be based on eligibility traces [20], [21],
where each agent may choose different A parameters. We
provide a firm theoretical background in the form of a proof
that the parameter estimates weakly converge to consensus
points [1], [19], [28], [29], [31], [33], under nonrestrictive
connectivity assumption on the topology of the underlying
digraph and on the state-visiting distributions of the agents
(their behavior policies). The main focus of this paper is
placed on the dilemma whether or not to apply consensus
to the auxiliary variables in the DGTD2()\)-type algorithms
with one-time-scale (see [19], [28], [31]). Notice that the
paper [33] deals with the basically two-time-scale algorithms
of DGTDC(\)-type. The given analysis will be exclusively
concerned with the limit points of the mean asymptotic ODEs:
in this sense the behavior of the estimates for large, but
finite ¢, including the derivation of the corresponding ODEs,
can be found in [1], [33]. The limit sets are analyzed by
formulating appropriate Lyapunov functions, following the line
of thought of [21]. A discussion on role of convexification of
the auxiliary variables is provided apart, showing that the two
algorithms converge to the same limit points only in special
cases. Application of consensus to the auxiliary variables
causes, in principle, inferior asymptotic performance, having
in mind that the implicitly imposed constraint increases the
achievable estimation error. On the other hand, introduction
of consensus can contribute to the overall convergence rate at
the global level; however, the global convergence rate depends
largely on the network connectivity.

The paper is organized as follows. In Section II we formu-
late the problem and define the algorithms. In Section III a
rigorous weak convergence analysis is presented focused on
the limit points, while Section IV is devoted to a general
discussion on the application of consensus to the auxiliary
variables in the DGTD2()\) algorithms.
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II. DISTRIBUTED GRADIENT TEMPORAL DIFFERENCE
ALGORITHMS

A. Problem Formulation. Definition of the Algorithm

Consider N autonomous agents learning linear approxima-
tion to the state value function for a given policy in an MDP
(denoted as MDP(?), using observations of sample transitions
in additional N independent MDPs, denoted as MDP,
i=1,...,N. Assume a finite state space S = {1,..., M},
and that MDP(®) has the transition matrix P, and MDP®
the transition matrices P("), i = 1,..., N these chains are
induced by 7 and 7(*), and referred to as the rarget policy and
behavior policies, respectively. We are, therefore, dealing with
a cooperative off-policy learning problem [1], [16], [18], [31].

We introduce the one-stage reward function r, : S — R,
specifying the expected reward at each state s € S, where
R is the set of real numbers [16], [21]. The associated
discounted total reward criterion (value function), with the
state dependent discount factors (s) € [0,1], s € S, is given
by

vx(s) = BI{rx(S0) +szl

n=1

(S2) -y (Sn) - 72 (Sn)

ey
where ET{-} indicates the expectation w.r.t. to the Markov
chain {S;,},~0 induced by =, with the initial state Sy = s.
Denote by I" the M x M diagonal matrix with +(s) as diagonal
entries and v, = [v(51) - vr(sar)]7.
We assume the following [21]:
(Al) a) P is such that I — PT 1s nonsingular; b) P g

irreducible and for all s,s" € S Pgs, =0= Py =0,1=

1,...,N.
By the MDP theory [1], [16], [21], [34], v, uniquely
satisfies the Bellman equation v, = r, + Pl'v, (see e.g.

[21], [34]). Within the framework of the temporal-difference
(TD) algorithms, it is usual to consider the Bellman equa-
tion depending on the so-called A\-parameters, procedurally
introduced by the so-called eligibility traces. In this sense,
vy = TWMu, is considered as a generalized Bellman equation,
where Ty = 7’7); + PWMy, Vo € RIS is the generalized
Bellman operator for a vector r;*) and a substochastic matrix
PW [16], [21].

Let ¢ : S — RP be a function that maps each state to a p-
dimensional feature vector ¢ = [¢7 -+~ ¢,]T; let the subspace
spanned by feature vectors ¢ be L. In general, TD algorithms
look for some function v € £, that satisfies v ~ TMv. We
assume that the approximation functions are parameterized as
v(s) = #(s)T0, s € S using parameters § € RP, so that the
algorithms learn the vector 6. If we define the M x p matrix
® as a matrix composed of p-vectors ¢(s) as row vectors, we
have vg = ®6.

In order to construct a distributed algorithm for finding
an approximation function vs € L4 by using observations
from MDP®, i = 1,..., N, we define the following global
objective function

N
0) = ati(0)
=1
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where J;(0) are the local objective functions, q; > 0 the
a priori defined weighting coefficients, \; is the local A-
parameter and II¢, denotes the projection onto the subspace L4
w.rt. the weighted Euclidean norm |2, = 37, &isv(s)?
for a positive M-dimensional vector §; with components &;.,
(see [21], [31]). In accordance with [21], [34], we take &; to
be the invariant probability distribution for the local Markov
chain MDP®, with the transition matrix P} induced by ("
&I PO = ¢7). Tt follows that

N
VJI0) =Y q(@"Ei(PY) — D®)Twi(0),  (3)
i=1
where =; is an M x M diagonal matrix with the components
of &; on the diagonal, and w;(6) the unique solution (in w;)
of the equation

dw; = e, (TMvg — vp), 4)

assuming that w; € span{¢(S)}.

In the off-policy scenario, we introduce the local impor-
tance sampling ratios p;(s,s') = P!, /Psy for s,s € S,
i = 1,...,N; denote p;(n) = p;(Sn,Snt1), as well as
~v(n) = v(Sn) [21], [34]. The local temporal-difference term
is defined by

di(vg;n) = pi(n)(R(n+ 1) +~(n + 1)vg(Snt1) — ve(Sng-)

The local eligibility trace vectors {e;(n)} are generated by
ei(n) = Ai(n)y(n)pi(n — Lei(n — 1) + ¢(Sn),  (6)
where \;(n) €
[21], [34].
The distributed algorithms for learning linear approximation
to the state value function for a given policy m we are going to
analyze consist of two main parts: 1) local parameter updates
based on the gradient descent methodology using local state
transition observations from MDP(®, and 2) interchange of
the current parameter estimates aimed at achieving consensus

between the agents. The local parameter updates are defined
by

[0, 1] are the local A-parameters,i=1,...,N

0i(n) =0i(n) + ai(n)gipi(n)(¢(Sn)
= (n+1)(Snt1))ei(n) wi(n) @)
wi(n) =wi(n) + Bi(n)(ei(n)di (g, (n); n)
= $(Sn)¢(Sn) wi(n) ®

where vy, () = ®0;(n); 0;(0) is chosen arbitrarily, while for
w;(0) and e;(0) we have w;(0), €;(0) € span{¢p(S)} [21].
Notice that the algorithm incorporates the auxiliary variables
w;(n) and w}(n); their role is essential for this paper [19],
[21].

The second, communication part of the algorithm performs
the following convexification w.r.t. the approximation param-
eter 0, leaving local auxiliary parameters unchanged, i.e.,

Z

where a;;(n) are random variables, elements of a random
matrix A(n) = [a;;(n)] [11], [31], [35]. If one adopts that the

i(n+1) wi(n+1) =wi(n), ()
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available N MDP’s are connected by communication links in
accordance with a directed graph G = (N, £), where A is the
set of nodes and & the set of arcs, then matrix A(n) has zeros
at the same places as the graph adjacency matrix Ag and is
row-stochastic, i.e., Z;\Ll ai;(n)=1,i=1,...,N,¥n >0.
The algorithm (7), (8) incorporating consensus only w.r.t. 6
according to (9) will be denoted as AlgA.

We also consider a modification of AlgA, denoted as AlgB,
obtained by applying convexification to both §; and w;, i =

1,..., N, in such a way that the second relation in (9) becomes
N

wi(n +1) =Y ag;(n)wj(n). (10)
j=1

A comparative analysis of AlgA and AlgB is in the main focus
of this paper.

III. CONVERGENCE ANALYSIS
A. Prerequisites

1) Choice of A-parameters: The results given below are
applicable to both state-dependent and history-dependent \;.
In the first case, we have simply \;(n) = \;(S,,) for a given
function \; : S — [0, 1], while in the second case \;(n) =
Ayi(n),ei(n — 1)), yi(n) = f(yi(n — 1), 5,), where y(n),
n > 0, is a memory state summarizing the history of the past
states up to time n (see [21], [34]).

Different choices of \; lead to different generalized Bellman
operators. For example, in the case of state-dependent )\;, we
have:

TX)y = (I—PTA;) " 're+(I—PTA;) " PD(I—A;)v, (11)

where A; is an M x M diagonal matrix with entries A;(s);
therefore, we have P(*) = (I — PT'A;)"'PT'(I — A;). For
the history-dependent \;-parameters, the formulation is more
complex [21], [34] (the details are out of the scope of this
paper).

2) Properties of the State-Trace Processes: Under the be-
havior policies 7 the state-trace processes are defined as
{Sn,ei(n)}. These state-trace processes are Markov chains
with the weak Feller property [21], [34]. Let Z;(n) =
(Sn,ei(n), Spt1). We have the following important result
[21], [34]: a) the state-trace weak Feller-Markov chain process
Z;(n) has a unique invariant probability measure (;; for each
initial condition the occupation probability measure converges
weakly to ¢; [21, Theorem 2.1(i)]; b) if E¢, denotes the
expectation of the stationary state-trace process with initial dis-
tribution ¢;, then E¢,{[|f(Z0)[|} < oo and £ 37020 £(Zi(4))
converges to E¢, {f(Z;(0))} in mean and a.s., where f(z) is
a Lipschitz continuous function in the trace variable e [21,
Theorem 2.1(ii)].

The results a) and b) are used to prove the following:

1) ECi{(ZS(SO)d)(SO)T} = o7, ;

2) ECi{ez( ) (U70)} = (I)TEz(T(/\‘)’U — U), Yo e RM

3) E¢{ei(0)pi(0 )(W(So) — (M (S1)} = TE( —
PAN®;, 1<) <

4) B {ei(0)pi(0)(1 = Ni(1))(1)¢/ (S1)} = @TE PNy,
1<j<p;
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where ¢/(-) is the j-th component of ¢(-) and ®; the j-th
column vector of ¢ [21, Proposition 2.1].

Under (Al), the results from [21, Proposition 2.2] also
show that the sequences of traces {e;(n)} satisfy the con-
dition E{]|e;(n) — é;(n)||} < ¢(n), where ¢(n) — 0 when
n — oo, while {e;(n)} and {é;(n)} are obtained using the
same trajectory of states, but with different initial conditions
e;(0) and ¢é;(0). Also, {e;(n)} is uniformly integrable, and,
consequently, the random variables {Z;(n)}, n > 0, are tight

[36].
Let
9i(0i, w3, Z3) = pi(s,8")(d(s) = v(s)p(s"))ef wi  (12)
and
ki(0:,wi, Zi) = €:6i(s, ' ,vo,) — d(8)p(s) wy,  (13)
where 6;(s, s',vg,) = pi(s, ') (r(s, ") +(s")vo, (s") —vo, (s)).

We also have:

gi (017 wl) E{, {gz(aza wza (0))}
= (@"5;(1 — PO )T, (14)
Ei(eiawz) ECL{k (ezawza z( )}
= TZ (TN, — vp,) — ®TE; Pw;,  (15)
and
i (0:, wi(0;)) = (®TE;(I — PADYD) T, (). (16)
Comparison with (3) shows that g;(6;, w;(6;) = =V J;(6;).

Based on the above definitions and the results from [21],
we have the following important ergodic properties:

Lemma 1 ( [21]): Under (Al), the following holds for each
0; and w; and each compact set D; C Z;:

a) hmm ,M—>00 1y Z:,—i—;n—l En{kz(auwuzz(s + 1)) -

ki(0;,wi) Y (Zi(n ) eD; ) = 0 in mean,

b) hmm n— oo E Zn met En{gz(ezy Wi,
Gi(0;,w) Y (Zi(n ) € D;) = 0 in mean,

c) hmm n—00 1, Z;H_:Ln ! En{gi(aia wi(oi)7 Zi(s + 1)) -
Gi(0;,w;(0;))}I(Z;(n) € D;) =0 in mean,
where E,{-} denotes the conditional expectation given the
history (Z;(0),---,Z;(n)) and I(-) denotes the indicator
function.

Zi(s + 1)) —

B. Global Model

Let X(n) = [O)TWH)TT, On) =

o2 ()" - On()T]T, W(n) = [wi(n)" - wn ()]
similarly, X’(n) = [0'(n)T:W’(n)T]7, together with the
corresponding vector components. Then, we have for AlgA
the following global model at the network level

X'(n) = X(n) + T(n)F(X(n),n),

X(n+1) =diag{(A(n) ® I,), Inp} X'(n),  (17)
where ® denotes the Kronecker’s product, while
I'(n) = diag{aq(n),..., an(n),Bi(n),...,fn(n)} &I,
F(X(n),n) = [F*(X(n),n)": F*(X(n),n)"]",

F?(X(n),n) = la191(01(n), wi(n), Z1(n))"

(n), Zn(n)"]",
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FY(X(n),n) = [k1(01(n),wi(n), Z1(n))"
+ 61( ) 1(n -+ 1)
kn(On(n), wn(n), Z (n)

+en(n)wy(n+ 1)
with g;(-) defined by (12).

Introduce dummy variables X = [@T:W7]"
with F(X) = [F?(O, W)T'Fw(@ wHT|T, FP©, W) =
[q191(01,w1)" - QNQN(9N,U)N) J*, with g;(-, -) defined by
(14), FU(O,W) = [ki(01,w1)” - kn(On, wn)T]", with
ki(-,-) defined by (15).

In the case of AlgB, we have a slightly modified model
(17): instead of diag{(A(n)®1,), In,} in the second relation

in (17), we have dlag{( (n) ® 1), (A(n) ® I,)}, as a
consequence of consensus w.T.t. w;.

, together

C. Communication Part of the Algorithm

The result of this subsection is a slight generalization of the
results in [5], based on [11].

Define U(nlk) = A(n)--- A(k) forn > k, U(njn+ 1) =
In. Let F, be an increasing sequence of o-algebras such that
Fn, measures {X (k),k <n, A(k),k <n}.

(A2) There is a scalar ag > 0 such that a;;(n) > ag, and,
for i # j, either a;;(n) =0 or a;;(n) > ap.

(A3) There are a scalar py > 0 and an integer ngy such
that Px,_{agent j communicates to agent ¢ on the interval
[n,n+mnol} > po, forallmandi=1,...N, j €N,.

(A4) The digraph G is strongly connected.

According to [5], [11], it is possible to show that (A2)-
(A4) imply that U (k) = lim,, U(n|k) exists w.p.1; moreover,
its rows are equal and E{|U(n|k) — U (k)|}, Ex, {|¥(n|k) —
U(k)|} — 0 geometrically as n — k — oo, uniformly in k
and w (w.p.1). In addition, Ex, {¥(n|k)} converges to W (k)
geometrically, uniformly in w and k, as n — oo.

D. Convergence Proofs

(A5) Sequence {A(n)} is independent of the processes in
MDP?, i = 1,..., N.

(A6) There is a N x N matrix ¥ such that E{|Ex{¥(n)}—
¥} — 0 as n —k — oo, which, under the conditions of
Lemma 1, has the form

U1 YN v

S
I

> e e

Y1 o N ¥

where >, 1; =1 (| - | denotes the infinity norm).

(A7) Sequence {X(n)} is tight.

1) AlgA):

Theorem 1: Let (A1)-(A7) hold. Let X*(n) be generated by
AlgA, (7), (8), (9), with 3;(n) = a;(n) = « and define for ¢ >
0,teR, X*(t) = X(n) fort € [(n—nq)a, (n—nq +1)a).
Let wi(0) = wfy, €;(0) = eio € span{¢(S)}. Then, for
any integers n,, such that an/, — oo as @ — 0, there exist
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positive numbers {7, } with T, — co as a — 0 such that for
any € > 0
lim sup P{(X*(n., + k)) ¢ N.(2)

a—0

for some k€ [0,T,/a]} =0, (18)

=1,..., N, where N, f ) denotes the e-neighborhood, while

g) = g]g s g X Xy, X -2, 18 the set of points
0,...,0,w,...,wyN satisfying
N —
> iqiGTw; =0, (19)
i=1
G10 + by — Hyw, =0,

GnO + by — Hywy =0,

where G; = ®TZ,;(PX) — )®, b; = 7=, v M) is a
constant M-vector in the affine function 7(*) (), while H; =
oT=,®,i=1,...,N.

Proof: The proof is based on [1], [33] and the general
results from [5], [11], [36]. In order to apply the proof of
Theorem 3.1 in [5], it is essential to verify whether the
basic assumptions from [5] concerning F'(X(n),n) hold in
our case. We can easily conclude that Lemma 1 implies
that the assumptions (C3.2) and C(3.3’) from Section 3 in
[5] hold. Following further [5], it follows that the Sko-
rokhod embedding implies that we have the limit process
X*(-) = X(-), where X = diag{¥ ® I,, In,}F(X) [5].
By Lemma 1 and (A6), all the rows of ¥ are equal. Conse-
quently, ©(-) = [0(-)" ---0(-)T], VO(-) € RP, implying that
0 = V1q191(0,w1) + - + Yngngn (0, wy); we also have
w1 = k1(6,w1),...wy = kn(0,wy), having in mind that
consensus is not applied to the auxiliary variables.

In order to prove (18), we study the limit set

E = 072001{9(75), w1 (t), ce ,U}N(t)|9(0), w1 (0), N ,’U)N(O)
e RWHIP ¢ > 71,
(20)
where cl{-} denotes the closure of a given set. Following [21]
( Proposition 4.1), we introduce the Lyapunov function

N
1 | -
V(0,wy,... wy) = 5||9—0|\2+§§ qii||w; —@; ||, (21)
=1

where 6 and w; are given by (19). We have directly

N
=(0 — 0, Z %@G?wﬁ

V(G,wl, . WN)
i=1
+ZQ’L¢’L i — Wi, G0 + g5 — f{zwz>
== Z(]M/Jz w; — Wi, Hi(w; — w;)).
(22)

Therefore, V(@,wl,.
w; # w;, implying that w; = w; if |

.wn) < 0 for w; € span{¢(S)} and
0Tl .. af)T €
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E and w; € span{¢(S)}, i = 1,...,N. Similarly, if
[0TwT ... w% )T € E, then § = . In such a way we conclude
that for initial conditions w;(0) € span{#(S)} the limit set E
is indeed the set ¥ of points satisfying (19).

The steps remaining to prove (18) are standard for the
stochastic approximation theory (see [1], [21], [36]). [ |

2) AlgB):

Theorem 2: Let (A1)~(A7) hold. Let X*(n) be generated
by AlgB (7), (8), (9) and (10), with 8;(n) = a;(n) = «, and
let both w§*(0) = wg, and €;(0) = e; o € span{¢(S)}. Then,
for any integers n/, such that an/, — oo as o — 0, there exist
positive numbers {7, } with T, — oo as @ — 0 such that for
any € > 0

0% (n!, + k)

lim sup P N.(Z
a0 { w(n,, + k) #N(Z)
for some k€ [0,7T,/a]} =0, (23)
i=1,...,N, where N(-) denotes the e-neighborhood, while

Y = ¥y x %, is the set of points z = [#TwT|T € R
satisfying

Gl+g—Hw=0G'o=0, (24)
where G = Zi\;% 0iq®TZ (PO~ 1)®,
b = o7 Zfil 1/_11'611'517”79’), rﬂ)‘i) is a constant M-vector

in the affine function 7*)(-), while H = Zfil iq; ®TE; D,

Proof: AlgA differs from AlgB only in the commu-
nication part of the algorithm. Formally, the procedure of
the proof remains the same as in Theorem 1, after replac-
ing diag{(A(n) ® I,), Inp} by diag{(A(n) ® Ip),(A(n) ®
I,,)}. This implies that, asymptotically, instead of diag{(¥ ®
1), In,} we have now diag{(¥®1,), (¥®1,)}. In this sense,
we obtain X(-) = [0(-)T---0()Tw()T - w(-)T]T, where
0(-) and w(-) satisfy the following ODE:

(0] [ 202
w k 1 (9, w )
The limit points (24) follow from (25), according to Theo-
rem 1. Namely, we define the Lyapunov function

gN(evw)
];JN(Q, w)

+~-~+zz?NqN[ ] (25)

1 ~ 1
V(0,wy,... wy) = 5||9 — 0% + 5||w —a|?, (26)
where 6 and @ are given by (24) and obtain for the derivative
that

V(,w) = (0 —0,GTw) + (w— o, GO+ b — Hw)

= —(w — w, H(w_w)). (27)

Therefore, V (0, w) < 0 for w; € span{$(S)} and w # 1w,
implying that & = o if [IT%T]” € E and & € span{¢(S)}.
In the same way, if [#7w”]” € E, then = . Consequently,
for the initial conditions w;(0) € span{¢(S)}, the limit set of
ODE (25) is the set X satisfying (24). [ |

IV. DISCUSSION

The preceding section has been devoted to the weak conver-
gence of the proposed distributed temporal difference learning
algorithms. The role of convexification of w; remains to be
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clarified. It is clear, from the definition of the criterion function
(2) and the algorithm construction, that AlgA follows from the
basic local relations (4), providing for all 7 unique solutions
w;(0) for all §. However, AlgB is based on the introduction of
an additional constraint that wq(0) = --- = wyx () = w(6),
where w(0) is the unique solution of

N N
T higiZ)@w(0) = higille, (T™vg — vg). (28)
i=1 i=1

It is straightforward to observe from (28) that we have for any
given 6

N N
T hiaZ)Pw(0) = D higi®Edwi(0).  (29)
=1

i=1

This property is verified by the above theorems.
Consequently, convergence points of 6 are different for

these two cases. In order to get a clearer insight, assume that
detH; # 0. Then, for AlgA we have

N N
> higiGlwi(0) = hiqiG [H (Gif +b;)] =0, (30)
i=1 =1

resulting in

N N
D Gl H'Gi6 =Y Gy H i = 0,

=1 =1

€1y

while for AlgB we obtain

GTH'Go = GTH 'b. (32)
Notice that in the case of equal A-parameters and equal
behavior policies for all the agents, both algorithms provide
the same solution.

It is difficult to make any general conclusion about the
relative advantage of one of the two presented algorithms. It
is to be noticed that this issue has not been directly treated in
the literature; all the examples of distributed TD algorithms
subsume that the consensus operator is applied to both 6
and w, without mentioning any alternative (e.g., [28] with
the references therein). As far as the limit points of the
corresponding ODEs are concerned, it should be noticed that
a better approximation could be, in general, expected when
consensus is not applied to w. Our experience confirms this
statement; however it does not show any significant difference
from this point of view. In some cases it could be expected
that the application of consensus to w may improve the con-
vergence rate of the algorithm. It is hard to draw any definite
conclusion, in general, having in mind that connectedness of
the underlying network can play an essential role from this
point of view. A comprehensive Monte Carlo analysis could
practically resolve the remaining dilemmas. It would be also
interesting to analyze the discussed problem in the two-time-
scale cases (see [1]).
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V. CONCLUSION

In this paper we have presented and discussed two novel
algorithms for distributed off-policy gradient-based value func-
tion approximation within a collaborative multi-agent rein-
forcement learning setting. The algorithms are based on an
integration of linear dynamic consensus schemes into local
gradient-based recursions, involving the so called auxiliary
variables. We presented rigorous proofs that, under nonrestric-
tive assumptions, the parameter estimates weakly converge to
consensus. Based on these proofs, a discussion is provided of
the incorporation of consensus w.r.t. auxiliary variables, defin-
ing clearly the figure of merit of the alternative approaches.
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Arduino based online laboratory platform for
digital control systems analysis and design

Vladimir Miti¢, Vladimir Sibinovi¢, Snezana Pordevi¢, Boban Veseli¢

Abstract— This paper presents a laboratory platform with
remote access for exercising digital control systems analysis and
design. The laboratory environment utilizes three types of
standard control systems: positional servosystem, velocity
servosystem and temperature regulation system. It also has
online access through a standard Web browser that enables
remote execution, visualization and data acquisition. Students
can perform different variety of experiments, ranging from
bachelor to master level studies. They can work independently
or collaborate within a group with multiuser access to the
platform. The laboratory platform is designed a way to be
applicable to any regulation system with implemented
communication protocols.

Index Terms— Laboratory platform, remote access, digital
control theory, Arduino.

I. INTRODUCTION

The previous two years, because of the pandemic outbreak,
introduced remote learning to all levels of education. While
this type of learning is not new, it was never before used at
such an extent and for a large number of topics.

Remote laboratories were always popular in engineering
education, but their popularity has grown rapidly in recent
years. With the development of different technologies, e.g.,
Internet-of-things, more and more researchers turn to
developing remote laboratories for different topics.

The results presented in this paper stemmed from the
efforts, started a long time ago, trying to modernize old
laboratory teaching platforms that were used to explain
control system fundamentals to students. The possibility of
remote access to the laboratory setup was a priority from a
very beginning. Remote experiments offer more flexibility
both for teachers and students, and some experiments were
performed at the Faculty of Electronic Engineering in Ni§
more than 10 years ago [1].

Gaining experience in that field over the years, the authors
started developing a new laboratory platform for teaching
control system fundamentals. With flexibility and simplicity,
as the main guiding principles, a new platform has been
designed for teaching digital control systems analysis and
design. Remote access to the platform requires from a student
to only have a device with internet access. On the other hand,
the platform can be built using off the shelf components that
are inexpensive.

The paper is organized as follows. Section Il presents the
hardware system design, while Section Ill describes the
software architecture of the system Section IV shows the
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educational possibilities and potentials of the realized
laboratory platform and demonstrates its ease of use through
some examples of laboratory exercises.

Il. HARDWARE ARCHITECTURE

Arduino Due development board has been chosen to be the
key component of the laboratory platform. Arduino is an
open-source development environment that has become
ubiquitous in education, from the primary schools all the way
to the universities. Arduino platform provides different
inexpensive development boards, that can be used for
teaching different topics like programming [2], robotics [3],
physics [4], etc. Arduino Due has an Atmel SAM3X8E Arm
Cortex-M3 microcontroller, which uses a 32-bit RISC
processor operating at the maximum frequency of 84 MHz.
This gives the platform adequate processing power and
enables further development of the system. It also has plenty
of general-purpose input/outputs (GPIOs) for connecting
other parts of the system. The main disadvantage is that this
system is 3.3V transistor-transistor logic (TTL) and requires
logic level converters to work with components having 5V
TTL.

In order to be able to create a set of different laboratory
exercises, the three standard control systems have been
implemented: positional and velocity servosystems using DC
motors, and temperature regulation system using heating
elements.

A. Positional and velocity servosystem

The positional and velocity servosystems were realized
using Crouzet 82830010 DC motor that has the nominal
power output of 33W. A gearbox with the ratio of 12.25 is
coupled with the motor for the positional servosystem, for
more accurate angular position control. An absolute magnetic
encoder with 4096 increments per revolution is chosen for
position measuring. These measurements are also used for the
angular speed estimation of the motor shaft [5]. This was
chosen as the most inexpensive solution with the highest
resolution. Since the encoder is absolute, a lot of attention has
been dedicated to detecting the zero-crossing condition,
especially when operating on high speeds. The motor speed
is estimated using simple Euler derivative approximation,
which means that for small sampling periods the speed signal
can be noisy. According to the predicted motor current
requirements, Pololu VNH5019 motor driver has been
chosen. A custom printed circuit board (PCB) was designed
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and manufactured for easy component interconnection and
system replication. All the required mechanical components
were designed and 3D printed with the special care for safety
and transferability. A photo of the laboratory setup is
displayed in Fig. 1.

Fig. 1. Velocity servosystem laboratory platform.

A power supply port, an USB port for communication and
an USB port for Arduino programming are located in the left-
hand side of the platform. The power supplies are integrated
into the platform, in the right-hand side, so only a standard
PC power cable is needed for powering the system. The
laboratory setup was designed to operate both in the stand-
alone mode (controlled using the knob and display in the
middle) and with usage of a computer. The referent
speed/position is selected using the pointer on the left, and the
motor rotation is observed using the pointer on the right.

B. Temperature regulation of a thermal process

Temperature regulation system consists of a ceramic
resistor with 2.7 Q resistance and maximum power output of
10 W. It has the role of a control object whose temperature
needs to be regulated. A strong MOSFET transistor serves as
the actuator of the system, and it allows current switching
trough the resistor. The feedback is realized using an analog
temperature sensor that is amplified to achieve the highest
resolution for the temperature range of 0 °C — 100 °C. A photo
of the temperature regulation platform is shown in Fig. 2.

Fig 2. Temperature regulation system

The system also has a secondary ceramic resistor, that has
the resistance of 5.6 Q and maximum power dissipation of 5
W. The resistors represent two different heating elements,
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that can be utilized either separately or together. This
provides flexibility to the platform to be able to emulate
different thermal processes.

I1l. SOFTWARE ARCHITECTURE

The software architecture consists of three parts: (i) real-
time control system implemented on the Arduino DUE, (ii)
server that generates the user interface (UI) and (iii) a bridge
application that connects the previous two. The system block
diagram is given in Fig. 3.

User

Weh

UART

Display and LED
control on the
platform

Qutput

,\;{lninu DUFE | PWM Amplifier Plant

Butions

Qutput signal

Sensor

Fig 3. Block diagram of the system.

A. Communication protocols

The real-time control system communicates with the
bridge application using universal asynchronous receiver-
transmitter (UART) protocol. UART messages are optimized
for the minimization of number of bytes, which means that
they need to be decoded and passed to the server. This is
implemented because of the limited transmission speed of the
protocol with really large amount of data (e.g., plot data). The
bridge application decodes the UART data and generates Java
Script object notation (JSON) messages that are transferred
to the server via WebSocket protocol. The communication is
organized using a master-slave type of protocol where the
server is the master, and the Arduino is the slave. Every
message from the server generates a response from the
Arduino so any communication error can be easily
recognized. If no response is generated retransmission feature
has been implemented as well. This provides reliable
communication between system components.

B. Real-time control system

The real-time control system consists of three main parts:
1) control loop, 2) communication handler and 3) display
handler.

1) Control loop

The control loop must have a real-time component,
executed every 4 ms by generating the timer interrupt. It
handles the sensor readings for the reference and the output
signal, calculate the control signal according to the applied
control algorithm, converts that signal from voltage to PWM
and forwards it to the selected driver. The control loop can be
set to be executed with a longer sampling period, which is the
integer product of 4 ms. This enables changing the sampling
period of the system. This feature is useful for the
experiments that analyze the effects of the sampling period
size on a digital control system, as well as for the systems that
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are considerably slower, such as the temperature regulation
system. Several digital control laws can be employed for the
control signal calculation. The implemented standard digital
controllers are: PD, PID, PID AW, I-P, I-PD and universal
controller. PD controller can be used for realization of P
controller, by setting the derivative gain to zero. The same
goes for PID controller that can be used for the realization of
PI controller. PID AW represents the standard PID controller
with anti-windup mechanism. I-P and I-PD controllers denote
controllers with relocated P and PD actions, respectively. The
implemented universal controller can represent any second-
order (or less) discrete-time transfer function described by

__ bpz%+b1z+by
G(2) = azz2+aqz+ag (1)

This means that virtually any linear digital controller (up to
the second-order) can be tested on the given system.

It is also envisaged that the control signal can be formed
using state feedback control approach. In order to implement
the state feedback control loop, it is necessary to use the state-
space representation of the control plant. The state variables
required for the state feedback control can be obtained
directly by measuring, or by using state estimation. For this
reason, a predictive state observer, a current state observer
and a Kalman estimator (filter) were also implemented. The
software is realized in a such manner that the real-time
simultaneous switching between the controllers can be done.
This offers the students the possibility to compare the
efficiencies of various controllers.

The desired reference signal can be obtained manually
from the user or as the output of the built-in signal generator.
The implemented signal generator can generate real-time
step, ramp, parabolic, pulse, sine and sawtooth signals. The
signal parameters can be arbitrary set and the switching
between signals can be done in real-time.

2) Communication handler

The communication handler manages receiving a message,
its decoding and generating and sending the corresponding
response. The communication handler has various types of
error checking, starting from incorrect number of bytes to
incorrect data or data types. The number of system
parameters that can be changed through the communication
handler is 70. This means that every controller gain, every
signal generator parameter and every other control loop
parameter can be changed by the user through the Web UI.
The communication handler is responsible for generating and
sending the plot data, which consists of the timestamp,
referent signals, output signals, and control signals. The time
period of the plot data sending is defined as a user settable
parameter, enabling the user to appropriately adjust the plot
figure as needed.

3) Display handler

The display handler controls the information presented on
the display and the knob that is used for moving through the
menus. The display information is useful when performing
experiments in the stand-alone mode (not connected to a
computer). Still, for the full functionality of the system the
Web Ul should be used.

C. Web Ul

The Web Ul is accessible through any Web browser with
no special requirements. When granted the access to the
platform by the system administrator, the user establishes the
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connection to the Web Ul by typing in the Web address as
shown in [6]. Multiple users can access the platform at the
same time which enables working in groups, where the
members don’t need to be in the same location. This has
proven to be a useful option, since the pandemic has separated
students from each other. The first batch of students that used
the laboratory had positive feedback on the look and usability
of the Web UIl. When accessing the provided Web page, a
login screen firstly appears. After entering the correct login
information, the control page is shown. The control page is
dynamically changing the displayed parameters based on the
selected options. Fig. 4. shows the overview of the control

page.

Fig. 4. The control page of the Web UI.

The control page consists of the 1) control panel on the left,
2) control chart on the right and a 3) message panel on the
bottom.
1) Control panel

The control panel is used for starting and stopping the
system and for system parameter manipulation. It is divided
into four sections. The first section consists of the Start/Stop
button and a system status indicator. The possible system
statuses are: Unknown, Stopped, Running and Disconnected.
The statuses are described in Table 1.

TABLE |
SYSTEM STATUS DESCRIPTION

Status Description

Unknown The bridge application is not
responding.

Stopped Control loop is disabled, and plot data
sending is stopped.

Running Control loop is enabled, and new plot
data is being displayed.

Disconnected | Connection  with the server is
terminated, the page should be
refreshed

The second section is intended for reference signal control
and output signal display. A dropdown list is used for
selecting if the reference signal is entered manually or if it is
connected to the signal generator. If a signal generator is
selected, the corresponding signal parameters are displayed
and can be changed. When the state feedback control is
enabled, two input fields are displayed. One for each referent
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state, and two display fields for each measured state variable.
A Show trend checkbox displays three new fields, showing
the current error, the error derivative and the error integral.

The third section is intended for setting the control loop.
The first adjustable parameter is the system sampling period.
A dropdown list is used for selecting the loop type and
controller type. Loop type can be the standard negative
feedback or the state feedback. Controller type is used for
selecting one of the implemented digital controllers,
explained in the previous section. When selecting the desired
controller, corresponding parameters of that controller are
displayed and can be tuned. Finally, there is a check box for
selecting open or closed control loop. This is mostly useful in
system identification exercises.

The fourth section consists of two buttons, one for
refreshing of all parameters and one for resetting the all
parameters to their default values. Below the control panel,
there is a button that is used for displaying the webcam image.
It opens a new tab that will display a livestream of the
laboratory platform that is obtained via a webcam, which is
mounted above the platform.

2) Control chart

The control chart is an interactive chart that can be
manipulated in various ways by the user. Signal manipulation
can be accomplished on the chart itself. Every signal on the
chart can be hidden or shown by clicking on the signal name.
Every point on the chart can be displayed in detail by
hovering the mouse pointer over it. Additional controls for
manipulating the chart are located directly below it. They
consist of the following buttons: Zoom in, Zoom out, Reset
view buttons and Auto-scroll checkbox for closer
observations of the response, Save graph and Save data
buttons for storing the response and an Advanced settings
checkbox. Save graph button stores the presented response as
an “Graph.png” file while the Save data button stores the
response in a “data.csv” file. Every row in the file represents
one timeseries, and every column one signal. This makes the
data easily readable, and importable into various software
packages (like Matlab) for further detailed analysis. The
Advanced settings checkbox displays three new input fields:
Plot acquisition period, Number of seconds to store and
Number of samples to store. Plot acquisition period defines
the period at which the platform sends the data to the user.
This period can be different to the control sampling period if
we do not need so much data collected and displayed. Number
of seconds to store defines the timespan that is shown on the
chart and that will be stored with the save button. Number of
samples to store represents the number of timeseries points
that is displayed and stored. Because these two fields affect
the same property (timespan of the plot), only one of them
should be changed.

With this kind of interactive control chart, it is obvious that
it alone is sufficient for any standard system analysis, which
is done when executing a laboratory exercise. This enables
the students to observe the experiment, notify and
immediately correct any unexpected system behavior.

3) Messaging system

The messaging system is a feature that is designed for
student groups that are scattered in different places. Using the
toggle button on the top of the messaging panel, different
types of messaging channels can be selected. Firstly, there is
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the User-device channel that is used for verifying that all the
parameters are set correctly. Secondly, there is the User-user
channel which is organized in a standard chat form and
enables students to collaborate more effectively while
performing the given task.

IVV. LABORATORY EXERCISES

The realized laboratory platforms have a lot of teaching
potential for the students, and they can provide practical
engagement for students to better learn and understand
control theory. First, students can learn about system
identification techniques for different types of control plants.
For example, students can record the step response of the
system by removing the feedback loop and setting the digital
controller to PD with the gains k,, = 1, kg =0. In this way,
the value of the referent signal is directly passed to the plant.
They can save the response data and use Matlab for system
identification. By performing this on the servosystems, they
learn about first- and second-order transfer function
identification. In case of the thermal plant, they can learn
about identifying a system with transport delay.

The second set of experiments are devoted to time-
discretization process and signal reconstruction in digital
control systems. Students can observe the effects of the
sampling period selection on a system performance. They can
experimentally determine critical gain and critical frequency
when system reaches stability margin, Fig. 5. Also, they can
calculate steady state errors to different input signals and
experimentally validate them.

loop system.

When it comes to digital control systems design, the
implemented digital controllers give the students a lot of
possibilities. Starting from standard control loops, they can
design P, PI, PD, PID controllers, lead-lag compensators and
compare the system responses that they provide. Also, the
students can experience some issues related to practical
implementation of a control system. One of them is the
saturation of the applied control signal, which can greatly
affect the performance of a system. Consequently,
possibilities are envisaged to implement digital controllers
with relocated P and D actions that can reduce control signal
peaks, as well as to enhance a control system with an anti-
windup structure. The latter is crucial for temperature
regulation system because of the large integrator windup
produced by the dynamic properties of the system as well as
the present transport delay, Fig. 6.

The state feedback control structure implementation
widens even more the learning possibilities of the platform.
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By designing the state feedback controller, students get a
better understanding of the state-space representation of a
system and its practical usage. The implemented prediction
state observer, current state observer and Kalman estimator,
as a special type of current state observer, offers possibilities
to students to try their design and get insight into state
estimation and its possible usages. An example of application
of current state observer in state feedback control is given in
Fig. 7.

e N -
Fig. 6. Temperature regulation system without anti-windup structure (top),
and with it (bottom).

Figure 7. State feedback control implemented with current state observer.
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V. CONCLUSION

The designed laboratory platform represents a universal
solution for teaching of different types of digital control
systems. User friendly and modern Ul makes it very easily
understandable for students. Its inexpensiveness makes it a
viable option for a lot of educational facilities. The applied
motors and drivers can be easily replaced with any motor
power and driver combination, without losing any of the
functionality of the exercises. The Arduino microcontroller
used here enables for realization of even more complex
control loops, which can be useful to students at a higher
educational level. The scalability of the system makes it work
with any digital system with UART protocol and this type of
communications handler. The special value of this platform
is the possibility of remote access and performing laboratory
exercises from a distant location, which was especially useful
for students in a pandemic. Future work will be directed to
introduction a cooling element to the temperature regulation
system, implementing force feedback loops as well as a
cascaded control system with the positional outer loop and
velocity inner loop for jerk reduction. This will broaden the
possible systems for which students can design and test
different control structures.
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Implementation of the New Curricula in Smart
Products and Services Engineering

Marko T. Milojkovi¢, Dragan S. Anti¢, Senior Member, Sasa S. Nikoli¢ and Nebojsa S. Jotovié

Abstract— Education system proved to have a challenge to
cope with today’s world of accelerated development of new
technologies and ever changing industry. New paradigm dictates
not only new teaching contents, but whole new holistic approach
to the education of engineers, especially in the field of
development of smart products and services. A group of
professors from the University of Ni§ (Faculties of Electronic and
Mechanical Engineering) developed a new teaching module
named “Smart Products and Services Engineering” and
successfully applied for funding from European Education and
Culture Executive Agency in the scope of Jean Monnet
Erasmus+ project call. Raising the level of knowledge and skills
of students in the field of smart products and services should
further encourage the development of a modern educational
system in one of the most important areas of technology.

Index Terms—Smart products, smart services, engineering
education.

1. INTRODUCTION

The advancement of information and communication
technologies is emerging at such a pace that they are
increasingly penetrating traditional industries, changing
products, processes, organizations, business models and entire
value chains. Existing products are transformed into smart
products [1], [2] which can intelligently communicate with
other smart products and react autonomously to changes in
their environment. Smart products are expanding into smart
services or smart service systems. Designers today must
quickly and flexibly integrate new trends and standards into
their solutions. Therefore, the application of modern efficient
engineering of the new generation of smart products and
services, characterized by high interdisciplinarity, networking,
complexity and heterogeneity, is more than necessary. Today,
it is convenient to consider a holistic approach to engineering,
where, in addition to the development of products and
services, their complete life cycle is also taken into account.
The components of holistic engineering are the models and
methods used in the development process, IT tools,
information models and organizational structures, united by
human resources with appropriate competencies. The key
competence of development engineers is creativity, because it
enables successful innovations, i.e. the development of
creative and market-competitive products. All these modern
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tendencies dictate a new approach to education of engineers in
the field of smart products and services [3], [4], [5].

With the goal to enable master students of technical
faculties to acquire adequate competencies in the application
of methods, models and IT tools in the efficient engineering
of smart products and services, group of professors from the
University of Ni§ successfully applied for funding from
EACEA (European Education and Culture Executive
Agency). Concrete project application was for Erasmus+
programme call Jean Monnet Actions in the field of Higher
Education: Modules, with the project named “Smart Products
and Services Engineering” (acronym SPaSE) 101047566-
JMO-2021-HEI-TCH-RSCH. Project team consists of ten
professors from two faculties: six from the Faculty of
Electronic Engineering and four from the Faculty of
Mechanical Engineering. Project duration is December 2021 -
November 2023 (36 months), and during that time, project
team is obligated to hold teaching module dedicated to Smart
Products and Services Engineering for three generations of
students. Students applicable for the module will be the
students from technical faculties who already finished basic
level of studies (either master students or working persons).

II. PROJECT OBJECTIVES

Main objectives of the project “Smart Products and
Services Engineering” (SPaSE) are:

* Acquiring the necessary knowledge and skills by the
master students of technical faculties in the field of innovation
and creative techniques for the development of smart market-
competitive products and services.

* Mastering the methods, models and IT tools applicable in
efficient engineering of the new generation of smart products
and services.

» Transfer of acquired engineering competencies in the
field of smart products and services to the business entities in
the region.

* More efficient use of available human resources and
faster integration of the region in the application of European
achievements in this area.

Project aims to contribute to the acquisition of professional
competencies and innovative readiness in the field of smart
product development both in educational institutions and in
economic entities in the region. New student teaching module
will be the focal point, where the students will learn the basics
of Industry 4.0 (14.0), application of creativity and innovation
in product development, basics of digital product
development, application of artificial intelligence, sensor
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technologies and business models 14.0. Special attention will
be paid to the development of relevant competencies [6]:
professional, methodological, and social. Students will work
in teams on practical projects where they will be able to
strengthen creativity and teamwork.

Besides teaching part, project team will have numerous
related activities oriented toward teaching and scientific
community as well as toward local business entities in the
field of smart products and services. A lot of events are
planned like: round tables with business, workshops, study
visits, writing research papers as well as a handbook on smart
products and services. All these activities will help reaching
the project specific objectives:

O1: Raising the level of knowledge and skills in the field of
smart products and services

02: Efficient application of methods and IT tools for
engineering a new generation of smart products and services

0O3: Application of creative and innovative techniques,
which provides an opportunity for multidisciplinary
application of advanced technologies

O4: Strengthening human and institutional resources in the
field of research and development

O5: Encouragement to development of a modern
educational system in one of the most important areas of
technology

06: Encouragement to strengthen the competitiveness of
the national economy

O7: Increasing the technological readiness of educational
institutions and economic entities for Serbia's integration into
the EU.

III. MODULE COMPOSITION

Jean Monnet Module “Smart Products and Services
Engineering” is composed of 11 courses with 118 school
hours of teaching in total. Module is organized in 15 weeks (3
months), two teaching days in a week, with 4 hours teaching
blocks.

C1. Introduction to European integration and legislation in
the field of smart engineering (6 teaching hours). The main
goal is to enhance the existing theoretical understanding of
legal, economic, political, and social aspects of European
integration. The lectures are based on the interdisciplinary
approach regarding the European integration process and its
benefits, law, and future aspects with emphasize on the field
of smart engineering.

C2. I 4.0: Smart products and services engineering (12
teaching hours). The main goal of the course is to master the
knowledge and skills for the efficient application of
engineering of the new generation of smart products and
services. As part of the course, students will study basic
approach in product design and development, modular
principle in product development, Industry 4.0 and Reference
Architecture Model for Industry 4.0 - RAMI 4.0, holistic
approach in product development, smart product and service
development models [7], [8].

C3. Creativity and innovation in product development (12
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teaching hours). The main aim of this course is for students to
master creative skills and competencies and also to present
them innovative techniques which will be helpful in
developing of future smart products and services [9].

C4. Digital product development (12 teaching hours). The
course program will train students to independently use state
of the art technologies and methods in the process of
development of digital products. The acquired knowledge will
enable students to create and holistically administer
information, documents and resources in the digital product
development process, thus fostering innovation [10].

C5. 3D CAD construction (10 teaching hours). Getting the
knowledge about the basic geometrical objects and their
relative positions and sections, developing surfaces, as well as
the vector analysis and computing graphics. The focus of the
course is on parametric design and the proper use of CAD
software to produce 3D models, engineering parts, and
documentation [11].

C6. Information technology (12 teaching hours).
Introduction to the basic IT principles, methods, and
techniques. The ultimate goal is the IT education of IT
experts, capable of application of information technologies in
the industry at all stages during the development of software
solutions [12], [13].

C7. Artificial intelligence (12 teaching hours). The aim of
course is to introduce the concepts and algorithms at the
foundation of modern artificial intelligence, and explore the
ideas that give rise to smart products and services. Through
real world examples, students will gain knowledge to
recognize and apply main tools and algorithms of AI and
machine learning with the special emphasize on multilayer
artificial neural networks (deep learning) [14], [15].

C8. Big data and data analytics (12 teaching hours). Upon
completion of this course the students should become familiar
with the principles of Big data and data analytics, gain
understanding of the basic tools and techniques for data
collection, processing and analysis. The desired outcome is to
stimulate the students to adapt EU legislative in this area and
apply main tools and algorithms of these concepts in design of
simple smart products and services [16], [17].

C9. Internet and sensing technology (12 teaching hours).
This course aims to provide an overview of technologies
focusing on the Internet of Things and Industrial Internet of
Things. Besides fundamentals and operational principles, the
emphasize will be on introducing legal EU requirements and
frameworks for building secure and reliable systems,
opportunities and challenges, successful real-world practices,
and efficient internet and sensing applications [18].

C10. Digital twins (10 teaching hours). Digital twin
fundamentals, which integrate the internet of things, artificial
intelligence, and software programming, will be introduced as
a virtual representation of an object or system during its
lifecycle, which is updated from real-time data and uses
simulation, machine learning, and reasoning to help decision-
making [19].

C11. Business models 14.0 (8 teaching hours). This course
will be focused on analysing business model characteristics
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for Industry 4.0, providing an in-depth perspective of
companies’ processes, structures, and tools for business model
innovation. The course will also provide insight in EU good
practices and competencies for business model innovation in
the course of Industry 4.0 [20].

IV. CONCLUSION

This paper presented main aspects of newly designed
student module at the University of Ni§, named “Smart
Products and Services Engineering”. Module implementation
is financially supported by European Education and Culture
Executive Agency (EACEA) under the umbrella of Jean
Monnet Erasmus+ project call. Module is jointly designed by
professors from two faculties — Faculty of Mechanical
Engineering and Faculty of Electrical Engineering. Module
“Smart Products and Services Engineering” is composed of 11
courses with 118 school hours of teaching in total, organized
during 15 weeks (3 months), two teaching days in a week,
with 4 hours teaching blocks. Topics to be mastered are:
Introduction to European integration and legislation in the
field of smart engineering, 14.0: Smart products and services
engineering, Creativity and innovation in product
development, Digital product development, 3D CAD
construction, Information technology, Artificial intelligence,
Big data and data analytics, Internet and sensing technology,
Digital twins, Business models 14.0.

Besides the main goal of the project which is acquiring the
necessary knowledge and skills by the master students of
technical faculties in the field of innovation and creative
techniques for the development of smart market-competitive
products and services and mastering the methods, models and
IT tools applicable in efficient engineering of the new
generation of smart products and services, project has several
additional goals. Most important ones are the transfer of
acquired engineering competencies in the field of smart
products and services to the business entities in the region as
well as more efficient use of available human resources and
faster integration of the region in the application of European
achievements in this area. In order to achieve all these goals,
project anticipates besides teaching part, numerous related
activities oriented toward teaching and scientific community
as well as toward local business entities in the field of smart
products and services. A lot of events are planned like: round
tables with business, workshops, study visits, writing research
papers as well as a handbook on smart products and services.
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Denoising the open-loop step response using an
encoder-decoder convolutional neural network

Natalija Pordevi¢, Nenad DZzamié, Aleksa Stoji¢, Goran Kvascev

Abstract—Denoising signals is used as a preprocessing step for
all signal processing. Encoder-decoder neural networks are often
proposed as a method of denoising 1D and 2D signals, because of
their ability to extract essential features from the signal and then
recreate it without noise. In this paper we propose a simple
architecture of a convolutional neural network for denoising step
responses of systems with different open-loop transfer function.
The network is trained on synthetic data with added noise of
different distributions, then tested on a portion of synthetic data
and real-life step responses.

Index Terms— denoising, encoder-decoder, convolutional
neural network, step response

I. INTRODUCTION

Signal denoising is an important preprocessing step in every
type of signal processing. Even though many observations can
be made on generated pure signals, real-life signals always
come with a certain amount of noise. For any signals measured
on electrical circuits, noise cause can be the imperfect design
or layout of the circuit itself, faulty components, close
proximity to other electrical equipment, environmental causes
etc. However, even if causes are known, the behavior of noise
is unpredictable and rarely fits into a specific probability
density function. Having a denoising method that would be
applicable to different types of signals and noises would be of
great importance for signal processing.

In the paper [1], authors used deep recurrent denoising neural
networks to denoise ECG signals and improve signal-to-noise
ratio of signal from -8.82dB to 7.71dB. They used a synthetic
dataset with added noise. Medical signals such as ECG are of
great importance, which shows in the number of papers that
deal with their denoising. Once again, a convolutional neural
network proves efficient with ECG signals in [2]. Seismic data
is one of the representatives of noisy real-life data, and effective
use of deep convolutional neural networks for denoising of
synthetic seismic data can be seen in [3]. Using a convolutional
network for denoising images with Gaussian noise is also
proposed in [4]. There is not a single specific architecture for
denoising convolutional networks that is superior, and a useful
comparison of different kinds is given in [5]. However, one
structure seems to be mentioned for multiple purposes, and it is
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the encoder-decoder structure. The authors in [6] suggest the
use of an autoencoder for medical image denoising, which
served as an initial inspiration to use encoder-decoder networks
for 1D signals. Application of the encoder-decoder structure on
denoising micro seismic signals is shown in [7].

In this paper we have trained an encoder-decoder neural
network to denoise a step response of an open-loop system.
This particular structure seemed promising and in various
papers was proven to perform well in denoising for different
purposes. Its great advantage is that it does not have strict
limitations on the results it can produce. There are however
many things that have an effect on its performance, such as the
architecture, hyperparameters, the dataset etc. In this paper we
attempted to make a structure that is not complicated, but
performs well, as well as to generate a dataset that is
informative enough for our neural network. The reason that the
step response signal was chosen is its importance in observing
how industrial processes react to a change in reference value.
Without diving into the details of which processes each system
represents, we will define their behavior only by their open-
loop transfer functions.

Il. DATASET SYNTHESIS

Collecting data for neural networks can be expensive and
time-consuming. In order for our dataset to be as diverse as
possible and simultaneously to represent many industrial
processes, we used equation (1) as a general form for our open-
loop transfer function. [8].

e~9d5(1-as)

G(s) = (s+1)n

1)

Parameter 6, represents transport delay which is the amount
of time that our system needs to react to a change in reference
value. The measure 1/« represents the position of a zero in the
right half-plane. The system in which «a is not equal to zero is
called the non-minimum phase system and in its step response
we can see an initial dip in value before a rise towards the
reference value. An example is shown in Fig.1. Finally, the
parameter n refers to the order of the system which, in general,
dictates the dynamic of the system.
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Fig. 1. Step response for a non-minimum phase system with parameters:
0g=5n=3,a=1.

Convolutional neural networks are known for needing a
large training set to perform well. These parameters can
drastically change the output of the system which means that,
in order to get a diverse dataset, we should try as many
combinations as possible. We generated pure step responses for
transfer functions which include parameter values given in
Table I. Each signal has a duration of 25s and is sampled with
a step size of 0.1s, making it 251 samples long.

TABLE |
TRANSFER FUNCTION PARAMETER VALUES

Minimum Maximum .

Step size
value value
0,4 0 10 0.2
0 2 0.05
n 1 8 1

To every pure signal we generated, we added three types of
noise. Given that real-life noise rarely fits into one specific
probability density function, feeding different types of noise to
our neural network seemed as a good way to have it generalize
well after it is trained. The three types of noise added are
Gaussian white noise, uniform noise and noise with Rayleigh
distribution. All three types of noise have a standard deviation
of 0.05. Probability density functions are given in equations (2),
(3) and (4), respectively and shown in Fig.2.

p(x) = m/lﬁ e_o's(g)z; o = 0.05 2

_ (10/¥/3, x € {—0.05V3,0.05V3}
peo = { 0, x & {~0.05v3,0.05v3} ®)
p(x) = ;—Ze"‘z/(zaz), o =0.05 ﬁ 4

The expected value of the Rayleigh distribution given in
equation (4) is a positive non-zero value, so to avoid having an
offset in our noise we subtracted the expected value.
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Fig. 2. Comparing three different noise probability density functions.

Final dataset has 50184 samples and 25% percent of it is
intended for testing, while the rest is used for training. The test
set consists of all step responses for systems of order 4 and 5,
while all other orders belong to the training set. This will allow
us to test our network on system orders that it has not
encountered during training.

I1l. ARCHITECTURE AND TRAINING OF NEURAL NETWORK

When the term ‘denoising’ is mentioned in the context of
neural networks, the autoencoder neural networks are usually
suggested as an appropriate architecture. The idea behind them
is to have an encoder part of the network, whose role is to
extract features from the given input, followed by the decoder
part, which tries to recreate the input from the features.
Autoencoder networks are a type of unsupervised learning,
because the desired output is the same as the input, therefore
the input/output pair is not explicitly given during training.
These networks served as an inspiration for this paper and
creating the encoder-decoder architecture.

Encoder-decoder neural networks fall into the category of
convolutional networks and the term ‘convolutional’ refers to
the method of feature extraction. Let us consider that the input
is a 2D matrix, such as a photograph. The dimensions of the
photograph tend to be quite large and if we were to feed it to a
regular fully-connected neural network, we would have too
many trainable parameters. This would imply a huge amount of
time to train and a lot of unnecessary computational resources.
Also, each pixel itself might not carry as much information
about the photograph as their relations do. So instead of treating
individual pixels as separate entities, the idea behind
convolutional neural networks is to have filters in the form of
kernels (matrices with smaller dimensions) whose parameters
are to be learned, which in convolution with the input would
produce something more informational. Convolution is simply
‘sliding’ the kernel across the photo and multiplying it with
appropriate submatrix of the photo. This way, instead of trying
to learn a million neurons, the network has to learn filters which
would extract meaningful features. The general advantage of
neural networks is that it is not necessary for us to have insight
into exactly what these filters are and what features they
extract, but only how well the output is decoded using those
features.
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Convolution can also be done with 1D inputs, such as
various forms of signals. The principal of convolution stays the
same and the kernel is now a vector instead of a matrix. As
previously mentioned, the aim of this project is to use a
convolutional encoder-decoder network to denocise a step
response of an open-loop system.

For this purpose we used python and the tensorflow library.
It allows users to build a sequential neural network model by
adding desired layers one-by-one.

For the encoder part of the network, we followed a standard
structure of convolutional networks which implies alternatively
adding convolutional layers and pooling layers. Convolutional
layers learn kernel parameters and produce a convolution of the
input with the kernel. It is common practice to have kernels
with small dimensions, so in every convolutional layer we used
kernels of size 5 (vectors of length 5). Every convolutional
layer we added is followed by a max-pooling layer, whose role
is to cut down the dimensions. It takes subvectors (of the
specified size) of the input and produces an output which is the
maximum value of the subvector. If the size is properly defined,
we get the effect of having less computation needed, without
any crucial loss in information.

The decoder part of the network has the inverse structure of
the encoder part. Therefore, all convolutional layers are
replaced with transposed convolutional layers. They perform
deconvolution, which is an inverse operation to convolution.
Opposite of max-pooling layers are upsampling layers. They
once again make the dimensions larger by repeating the values
of their input a specified amount of times. It is easy to notice
that the output of the upsampling layers will not be exactly the
same as the input of max-pooling layers.

The final architecture we chose is the simplest one that
performed well. Details of its structure are shown in Table II.

and Fig. 3.
TABLEII
ARCHITECTURE OF NEURAL NETWORK

Layer type K:irzr;el Output shape
Convolutional 5 (1, 247, 128)
Max-pooling 2 (1, 124, 128)
Convolutional 5 (1, 120, 64)
Max-pooling 2 (1, 60, 64)
Transposed convolutional 5 (1, 64, 64)
Upsampling 2 (1, 128, 64)
Transposed convolution 5 (1, 132, 128)
Upsampling 2 (1, 264, 128)
Convolutional 5 (1,264, 1)
Cropping / (1, 251,1)
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The activation function for all layers is ReLU, except for the
output layer whose activation function always depends on what
the network is trying to predict. Since in our case we are doing
regression, the adequate activation function is linear. The
metric used to access the performance is mean-squared error,
also suitable for regression.

When training a neural network it is necessary to make sure
not to overfit it to the training data. Overfitting is a term used
to describe the behaviour of a network that performs very well
on training data, but has problems with data that it has not
encountered during training, i.e. it generalizes poorly. One
method to prevent overfitting we already implicitly
implemented by making a large training dataset. Having a
diverse dataset with many samples decreases the chances of
overfitting. We also added a kernel constraint with value 3 to
every layer, which stops parameters from rising above the
given value. Popular method to avoid overfitting is also adding
dropout layers after convolutional layers. Their role is to
remove certain neurons with a specified rate and have them not
impact the output. Adding dropout layers did not make the
network perform better, so they were left out. 20% of samples
in the dataset were used for validation. Finally, the network was
trained for 7 epochs in mini-batches of size 32.

ffffff %w T3G4xE4 ™ .-y

V. --ix124x128 1x120x64 128064 1132128

152472128 1x264x128 1x264x1 251

™ o [l
Convolutional ~ Max-pooling Transposed Upsampling Cropping
layer layer convolutional layer layer

Fig. 3. Neural network architecture

The optimizer used is Adam optimizer, which is a type of a
stochastic gradient descent algorithm. It is known for keeping
track of the first and second momentum to provide quicker and
more stable convergence. Its primary hyperparameters are
learning rate, 1 and f.. We used stochastic grid-search to find
optimal hyperparameter values and they are: learning rate =
0.0005, g1 =0.9 and S, =0.99.

IV. RESULTS

The network was first tested on a generated test set
mentioned in chapter Il. Average mean-squared error (mse) on
the entire test set and on separate noise types are shown in Table
I11. In Fig. 5 the average values and standard deviations of mse
for each of the noises are shown. Gaussian noise has the highest
error, however all three have values bellow 9e®. One more
metric to asses the denoising process is comparing the signal-
to-noise ratios (SNR) of signals before and after denoising. The
average SNR for all types of noise was 53.5dB in the beginning.
Signal-to-noise ratios after denoising are given in Table IlI.
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TABLE Il
MEAN-SQUARED ERROR FOR DIFFERENT NOISE TYPES
MSE SNR (dB)
Gaussian noise 8.84e™ 87.8
Uniform noise 8.14e% 88.6
Rayleigh noise 7.21e® 89.9
Entire test set 8.06e° 88.8

0.00012

0.00010

0.00008

0.00006

Mean-sguared emor

0.00004

0.00002

0.00000

Gaussian noise Uniform noise Rayleigh noise

Fig. 4. Means and standard deviations of mean-squared errors for each noise

In Fig 5A. there are three representative step responses: one
for each of the three types of noises. Based on observing, the
output of the network seems to follow the signal dynamic well.
Judging by the mean-squared error and Fig. 5A, Gaussian noise
is the most difficult to remove, while Rayleigh noise seems the
easiest to remove.

Next step was to test our network in a real-world
environment to see how it handles a step response with noise
which does not specifically match any distribution. The system
we tested on was a handmade dryer that consists of a chamber
on a metal surface and it has three platinum temperature sensors
and one sensor which measures the airflow. The chamber is 1m
long and has a heater of 400W and a ventilator on one side.
Since airflow is not steady and turbulence occurs, the signal we
captured is very noisy. In Fig 5B. there are three different
original signals of airflow, as well as their denoised version.
The results are satisfactory considering the amount of noise and
the fact that the exact transfer function was not included in the
training set.

12 = T
Gaussian noise 14

10 %

08

0.6

04

02

Step response
Step response
o
o

00

Noisy input

14
12
10
08
06
04
02

Step response

Noisy input
Filtered signal wn=0.02

02 — |Initial input 00 Noisy input 00 —— Filtered signal wn=0.05
—— Neural network output = Neural network output —— Filtered signal wn=0.1
-04 1= - T T T T -0.2 it T T T T -0.2 T T T T T
0 5 10 15 20 5 0 5 15 20 25 0 5 10 15 20 iy
ts] ts] ts]
12 R =
Uniform noise 175 ‘ 175
10 | 150 I ‘ 150
e o 125 i i - I, 125
Z2 06 g i Ll LATR B b
& g 100 § 100
a a o
g 04 € 075 € 075
g 02 g g
2 2 2
& in 050 in 050 Noisy input
00 Noisy input 025 025 —— Filtered signal wn=0.02
~02 — Initial input Noisy input —— Filtered signal wn=0.05
—— Neural network output 0.00 i - Neural network output 0.00 —— Filtered signal wn=0.1
0 5 10 15 20 pa) 0 5 15 20 25 0 5 10 15 20 5
ts] ts] tis]
14 Noisy input 14 14
—— |Initial input
12
—— Neural network output 12 .
10
o = E 10 E 10
5 08
3 g 08 g 08
2 @ @
& 06 2 06 206
g & o
Z 04 o -
0 n 04 n 04 Noisy input
oz 02 02 — Filtered signal wn=0.02
0.0 —— - R Noisy input — Filtered signal wn=0.05
o2 Raylelgh noise 0.0 = Neural network output L —— Filtered signal wn=0.1
T T T T T T T T T T T T T T T T T
0 5 10 15 20 5 0 5 15 20 25 0 5 10 15 20 25
tis] tis] ts]

Fig. 5. Step responses before and after denoising. A) synthetic data, B) airflow signal after neural network, C) airflow signal filtered with Butterworth filter

To compare our results with classical filtering methods, we
give the same noisy inputs but filtered with a first order
Butterworth filter with different normalized frequencies in Fig.
5C. We see that in order to not compromise the dynamic of the
signal, we have to settle for less noise removal. The neural
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network we trained gives better results in terms of removing
noise, but still following the dynamic. The comparison we did
gives us an insight into why using a neural network for
denoising could be a justified option. Conventional filtering
methods often have to make sacrifices in terms of degrading
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some other signal characteristics. Even though the structure of
the neural network is not necessarily simple for all purposes, it
is very flexible, and if we feed it the right amount of input data
to learn from, the results it yields can be satisfactory in many
ways.

V. CONCLUSION

The architecture of neural network used in this paper shows
great potential for signal denoising. The proposed general form
of transfer function in equation (1) also proved to be enough for
the network to be able to follow the step response dynamic
well. The next step in improving performance and extending it
to other signals can move in a couple of directions. Having a
training set with more noise distributions would also help the
network generalize even better. Next possible extension could
be having step responses with added disturbances at different
moments in time in our dataset, as well as creating open-loop
transfer functions in a more generalized form.
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Single Screw Extruder Temperature Control
Using PLC and HMI in Cable Production
Process

Igor Koci¢, Sasa S. Nikoli¢, Aleksandra Milovanovi¢, Darko Miti¢, Petar Peki¢ and Nikola Dankovié

Abstract— In this paper it is developed and described the
control software for the temperature regulation of the extruder
zones with the mutual influence of zones. Extruder zone
temperature control realized using Siemens PID_Temp block
FB1132. PID_Temp block does not take into account the
interaction of zones. This effect can only be taken into account if
all zones are adjusted at the same time. The temperature process
of the extruder was identified with an emphasis on the mutual
influence of the zones. After that, a simulation was performed in
Matlab and Simulink, and the results were experimentally
verified using Siemens' LSim_LIB_V3 0 0 library and in a real
process.

Index Terms— Extrusion, zone temperature identification,
PID Temp controller, PID tuning.

I. INTRODUCTION

Extrusion [1, 8] of plastics and rubber is basically a
continuous process. The starting raw material is usually in
powder or granules, while in the case of rubber extruders it
can also be in the form of a belt. The raw material moves from
the basket under the action of gravity towards the feeder, and
then enters the cylinder. A screw is placed in the cylinder,
which transports the mass in advance under the action of the
drive, the mass is further heated, homogenized and finally
formed into the desired shape by passing through the tool. The
machine in which this process takes place is called an
extruder. Single-screw extruders have a huge application in
polymer processing, they are simple constructions, have good
technical performance, they are cheaper than multi-screw
extruders.

Extruder temperature control is a problem that occurs very
often in the industry. The main goal of temperature control is
to maintain the set temperature. The extruder [1] consists of
three basic units:

1. feed zone,
2. melting (compression) zone, and
3. pumping zone
In Section Il we analysis the mutual influence of zones in
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terms of heat transfer from zone to zone on real extruder.
Based on the recorded characteristics for zones 1, 2 and 3, a
model of the mutual influence of the zones was made. Based
on the zone influence model, the synthesis of the temperature
controller was performed in Section 111 using the Siemens PID
Temp controller and software was written in SCL for the
simultaneous setting of the PID parameters of the zone
controller. In chapter four, a check of the controller operation
was performed using the Siemens simulation library
LSim_LIB_V3_0_0.

Il. EXTRUDER ZONE TEMPERATURE IDENTIFICATION

Figure 1 shows a diagram of a single-screw extruder [1]
with nine zones. The basic parts of each extruder are hopper,
barrel, screw and head with tool. Each zone of the extruder
has its own heating heater, if necessary a cooling fan and a
sensor that measures the current temperature value. In
addition to measuring the temperature, the melting pressure is
also measured at the place where the tool is located. Zones 1
to 5 have heater and cooler, zones 6 to 9 have only heater,
cooling is done by the influence of ambient temperature.

It is noticed that zones 2, 3, ..., 8 are inner zones, and zones
1 and 9 are outer zones, and therefore the character of heat
dissipation is different.

outer zone inner zones

hopper —=
zonel zone2 zone3 zome 4 zome 5 zones6,7.8 zone9
[ ] [ 1 [ ] [ ] [ ID.

| =Y
N | =7/ ) )y > =
= ih | — i Worag |l |

] 0 4 4 Y 4
T2 T3 T4 TS T6 T7 T8 T9 Tm

head
S A8 ANI
~ -

W N N
feed zone  melting (compression) pumping zone
zone

Fig. 1. Diagram of a single-screw PVC extruder

In determining the mutual influence of the zones, we started
from the assumption that the control object in this case is the
extruder cylinder is homogeneous and isotropic, which is
correct because it is made of the same material. The influence
of the heater and fan transmission function has not been
considered.

In the general case, the temperature field of the extruder
cylinder is non-stationary and can be described by the
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following equation [4, 8]:
T="f(xyzt) 1)

When heating, the temperature at the measuring points
changes over time (2), for isotropic materials, Fourier's law
[8] of heat conduction applies (3), where Q is the amount of
heat, S is the area, dQ/dS is the specific heat flux, and 4 is the
heat conduction coefficient:

oT

Eio 2)

dQ = - v(T)dSdt 3)

If we take into account that the temperature changes over
time, which is the case, we get a partial differential equation
of parabolic type:

or 0T
ot a ox? )

For further simplification, it is assumed that the
temperature at the measuring points is equal to the
temperature of the entire section, the temperature of the
section is considered to be the temperature of the extruder
zone. In this way, we consider sections to be isothermal
surfaces. For the of further simplification, we will consider
that the temperature is transferred only along the x axis (x>>y,
z in practice the ratio of length and diameter of the cylinder in
PVC extruders is large) Fig. 2 and that it is a stationary
temperature field. At the time of temperature measurement at
the zone boundaries, we can consider it constant.

If we now observe the part of the cylinder between the
temperature measurement points of zone 1 (T1) and zone 2
(T2) and consider that these temperatures are constants, and
then the following applies to the temperature field Egs. (4)
and (5) reduces to (6) where a is thermal diffusion coefficient:

oT T 0T oT
—=a —2+—2+—2 (5)
ot ox- oy° oz
£=0,ﬂ=0,ﬂ=0 (6)
ot oy oy
o°T
—=0 7
ox? 0
I _ const (8)
OX

By integrating (7) and taking the boundary conditions
T(0)=T1, T(L)=T2, where L is the distance from the
temperature measurement point T1 to T2, we get that the
temperature in x coordinates changes according to (8):

TX)=T, LT

X (9)
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Fig. 2. Extruder cylinder (barrel) in x, y, z coordinate system observed
along the x axis

When performing the above equation, we started from the
assumption that T1>T2, that only zone 1 is heated, and zone 2
is not. In order to determine the mutual influence of the zones,
measured was applied on real Royle 4 1/2" extruder during
heating and cooling, heating of zone 1 was done first, where
the temperatures in zones 1 and 2 were measured, zone 2 was
not heated. The ambient temperature at which the experiment
was performed is Ta=17°C. Fig. 3 shows the influence of zone
1 on zone 2 as well as the temperature difference between
zones 1 and 2.

The extruder was then cooled to ambient temperature. Only
zone 2 was heated and the characteristics of zone 2 were
recorded. Then the extruder was cooled, and zones 1, 2 and 3
were heated, and the temperature characteristics of zones 1, 2
and 3 were recorded at the same time so that the mutual
influence of zones could be considered. Fig. 5.a shows the
characteristics of only zone 2 which is heated by itself and
Fig. 5.b shows the characteristics of zones 1, 2 and 3 which
are heated at the same time. The extruder is heated to a
temperature of 100 ° C, which corresponds to a time of about
25 min. Ambient temperature T,=17°C.

The Matlab software package was used to draw the
temperature characteristics of the characteristic zones.

120

T
— Temp. 21
— Temp. 22
diferenceTemp. 21-22

100}~

0 5 10 15 20 2
t [min]

Fig. 3. Influence of Zone 1 to Zone 2
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Fig. 4. Characteristics of heated

From Fig. 4 it is clearly seen that the heat transfer from zones
1 and 3 directly affects the temperature of zone 2. In Fig. 5.b
we notice that the temperature of zone 1 is slightly higher than
the temperature of zone 3, the reason is that zone 1 is the outer
zone , and its adjacent zone is the feeder zone whose mass is
less than zone 4. Zone 4 is not heated, so part of the heat from
zone 3 passed to it.

In identifying and determining the process model, we
started from the FOPDT model (9), which approximated the
process, starting from the assumption that the transfer
function of the object that controls astatism is zero. The
parameters of the model are determined on the basis of the
bounce response in the open coupling. The moment when the
bounce trigger is brought is considered as the zero moment.
Based on the recorded characteristics, the dead time T, the
time constant T, and the gain K were determined using the
Kupfmiller method [10], so the model of the heating process
for all three zones is described by the transfer function:

kob
1+sT,

—sT,

G, (s) =

e (10)

To determine the parameters T, and T, a program was
written in Matlab. Table gives the values first only for zone 2
when only it is heated, and then for zones 1, 2 and 3 that are
heated at the same time.

TABLE |
HEATING ZONE 2 ONLY, AND ZONE 1, 2, 3
only zone 2 is zone 1, 2, 3 are heated at the
heated same time
zone 2 zone 1 zone 2 zone 3
T,[min] 5.5882 5.05769 | 4.214 5.117
Top[min] | 21.098 16.654 16.214 17.153
Kob 0.869 0.912 0.945 0.902

Based on the measurements, it is clear that the times T, and
Top for zone 2 are higher when only zone 2 is heated. It can
also be seen that when zones 1, 2, 3 are heated, that zone 2
reaches the temperature the fastest, where the impact of zone
1 and zone 3 on zone 2 is observed.

ICETRAN 2022

FOPDT models of zones 1, 2 and 3 were used for the initial
analysis of the process. For further analysis, an attempt was
made to determine the PT, model based on the Streitz
approximation through two points [3]. The PT, process model
is given in (11) where K are the gain of the object, and T, are
the time constants of the PT, model.

Gob (s) — L
(1+sT,)(@+5T,)

(11)

If the analysis of the ratio T,,/T, from table I according to
table Il (To/Ty<9,65) is performed, it is concluded that it is
impossible to determine the characteristics of the process
described by the PT, model according to Streitz's
identification method [3]. After that, models were determined
for all three zones based on the PTy model (12), where T is the
process time constant, n is the order of the PTy model, Ty, is
the object gain taken from the FOPDT model [3]:

G, (5) =

—= 12
@+sT)" (12)
TABLE Il
RELATIONSHIP BEETWEN FOPTD AND PTN MODEL
n 1 2 3 4 5 6 7
Too/ Ty 9.65 4.59 3.13 2.44 2.03 1.75
To/T 2.718 | 3.695 | 4.463 | 5.119 | 5.699 | 6.226
TJT 0.282 | 0.805 | 1.425 2.1 | 2.811 | 3.549

Based on that, a model of the third order process is made
for all three zones. To calculate the time constant of the PTy
model, a program was written in Matlab. The time constants T
for the sweater zones are given in Table IlI.

TABLE I
VALUE OF THE TIME CONSTANT OF THE PTN MODEL

only zone 2 is | zone 1,2,3 are heated at the same
heated time
zone 1 zone 2 zone 3
zone 2 (n=3) (n=3) (n=3) (n=3)
| T [min] 5.710 4.507 4.3887 4.643

AUI2.3 - Page 3 of 6

Figure 5a shows the temperature difference T,, —T,,,T,, —T,;
and Fig. 5b analyzes the influence of zone 1 on zone 2

according to the equation (T,, —T,;)/T,, and the influence of

zone 3 on zone 2 according to the equation (T,, —T,;)/T,,.

The mutual influence of the zones during the simultaneous
heating of zones 1, 2 and 3 is the greatest during the transition
process when it moves up to 8%, after that it decreases and
moves in up to 4% Fig. 5.
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Fig. 5. Influence of zones Z1 and Z3 on zone Z2

It is noticed that the temperature difference between zone 2
and zone 3 is greater than between zone 2 and zone 1, the
reason is that zone 1 is an external zone, and adjacent to zone
3 is zone 4 which is not heated, so part of the heat is removed
from zone 3 to zone 4. Fig. 6 shows a model of the mutual
influence of zones.
The equation (13) [9, 10] applies to the simulation model of
the impact of zones 1 and 3 on zone 2:
TzZ (8)= Gobzz (uz + kleTzl + k232T23) (13)
In general, applies equation (14), where (i = 1,...,n) is denoted
by observed zone:
Tzi (S) = Gobzi (UZ + kz(i—l)iTz(i—l) + kz(i+1)i-|-z(i+1) ) (14)
When it is taken into account that zone 2 affects zones 1
and 3, can applies equation (15) [9,10] where the coefficient
K,,,, takes into account that part of the energy of zone 2 is

spent on heating zones 1 and 3.

T,,(s) =Gy (uz Ko T Koo Ts — kz2z3T2) (15)

When simulating the mutual influence of zone heating, all
zones are identified separately. This means that it is necessary
to heat only the observed zone, make its model, cool it and its
neighboring zones. Repeat the procedure for all zones
observed. In this way, the coefficient K,,, can be determined

by comparing the influences when the heated zones are
individually and all at once, so model (14) is applied for the
simulation.
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I1l. SYNTHESIS TEMPERATURE CONTROLLER
Zone temperature controler is realized using a Siemens
PID_Temp block FB1132 [10] with anti windup function and
adjustable weight coefficients for proportional and integral
action which is a continuous PID controller designed for
heating and cooling applications, where y is output of PID
controller, K, proportional gain, b weight coefficient of

proportional action, w set value, x measured value, T, time

constant of integral action, T, time constant of differential

action, and time delay differential action, c weighting
coefficient of differential action.

1
y=Kk, {(bw—x)+ﬂ(w—x)+

T,s :
aTs +l(CW x)}. (16)

The PIDT controller (Siemens PID temperature controller
block) (16) is integrated within the PID_Temp block [10].
The configuration and algorithm for setting the parameters of
the PID_Temp block parameters is performed using the TIA
Portal, where one instance is created for each control loop.
For zone i, InstPIDTemp(i) is assigned a data block
specifically DB(i) within which all settings for that instance
are stored. Instances are called from the OB30 block (cyclic
interupt) Fig. 7 whose call time is set to 0.1s.

The PID_Temp block has two setup algorithms: pretuning
and Fine Tune. For both tuning algorithms from TIA Portal
software Siemens does not give a closer explanation of which
criterion it uses to obtain parameters. Specifies only the
necessary conditions for executing tuning algorithms.

ISBN 978-86-7466-930-3



PROCEEDINGS, IX INTERNATIONAL CONFERENCE ICETRAN, Novi Pazar, Serbia, 6 - 9. june 2022.

=  Networkd: Temperstuma regulecijs z0ns Ekstruders B0 , 1one 1 do 5 grejenje i hladjenje . 6 do © grejanje

FID z8 Zonu 1 Eskstruder 80

%DB1

“InstPidTemp1*
PID_Tem
Input L_Temp —
“Blok.
EN ENO
”Blnk_grsjnla“.zonaﬁ] “"Blok_GrejHla" zona[1].
pidTemp 5etpoint — Setpoint pidTemp.
OutputHeat — OUTPUTHeat
"Blok_GrejHla" zona[ 1] “Blok_GrejHla" zona[1].
INPUt— input pidTemp.
Input_PER OutputCool — OUtPUtCool

OutputHeat,
"Blok_GrejHla" zona[1]. utp PER
pidTemp.
modeActivate — pdaactivate
"Blok_GrejHla" zona[ 1],
pidTemp.mode — pode

OQutputCool_PER

“Blok_bitova_
Outputheat  GrejHIadi E80_
PWM —Z0na1_Grejanje
“Blok_bitova_
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Error —*
- ErrorBits

Fig. 7. Calling InstPIDTemp1l from OB30 block for zone 1

The disadvantage of individual adjustment of zones [11,
14] is reflected in the fact that the mutual influence of zones
through thermal coupling is not fully taken into account. For
this reason, software has been developed to simultaneously
enable the setting of all zones from the HMI panel.

Before switching on the pre-tuning, the temperatures of the
operating points of all zones are set, which must be higher
than the current temperature, it is best to start from the
ambient temperature. The inactive PID mode is selected for
all zones. When performing pre-tuning, the heating pre-tuning
is performed first, the cooling of the zones is temporarily
switched off so that one of the zones does not adjust the
heating parameters and its adjacent zones have completed the
adjustment and switched to cooling mode. This creates a false
temperature coupling. When the setting of the heating
parameters is completed, the setting of the cooling parameters
for all zones is switched on.

IV. EXPERIMENTAL RESULTS

Experimental results were obtained using Royle 4 1/2"
extruder for PVC insulation and Siemens library
LSim_LIB_V3 0 0 [15], Siemens PLC type S7 1500
3PN/DP, HMI 1500 Comfort series. The simulation of the
interaction of zones 1, 2 and 3 was implemented in the
software using the model of the interaction of zones by (14),
Fig. 8.

The zone transfer functions are simulated by the Siemens
function to simulate the third-order process LSIM_PT3.
Simulation software was written in SCL. Part of the Zone 2
simulation software is shown in Fig. 8.

The transfer function (12) was realized using the
LSim_PT3 block. At the input of the block Block_Zone2 are
the control signals from the PID block (InstPidTemp2) of
zone 2 and the coefficients of mutual influence of the zones.
In the function block Block _Zone2, a program is written that
realizes the equation of influence of zone 1, 3 on zone 2 (13).
The value thus obtained is fed to the input of the block
LSim_PT3_Zone 2, at the output of which the value for the
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temperature of zone 2 is obtained.

In the theoretical part, only heating is considered, and here
the results for heating and cooling are given, Table IV. The
simulation program is called from the OB30 object block with
a selection period of 0.1 s. In Fig. 9 shows the response ratio
of the calculated PID controller according to the PT; model
and the controller obtained using the PLC simulation library
for zone 1. The time to reach the desired temperature of the
extruder zones is completely satisfactory. given the mass of
the extruder cylinder.

¥ Network 64:
Simulacifa odziva zone 2
%DB2
"InstPidTemp2"
PID_Temp
&t
EN ENO
"Blok_GrejHla". OutputHeat #Grele.m]?ZcmaZ
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pidTemp setpoint Setpoint OutputHeat
PER—0
#Trenutna_ .
TZona2 — jyput OutputCool PER — 0
0 = Input_PER "Blok_bitova_
OutputHeat_  GrejHladi" £80_
"Blok_GrejHla". PWM —Zona2_Grejanje
zones(2].
pidTemp. "Blok_bitova_

modeActivate _ ysodeactivate OutputCool  GrejHladi" E80_
PWM —Zona2_Hladjenje
"Blok_GrejHla".
zones[2].

pidTempmode _ o4

State

Error —ifalse

- ErmorBits — 16#0
¥ Network 65:
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#GrejanjeZona2 —e
SignalPDHladje
#HladjenjeZona2 — nje
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“LSim_PT3_
Zona2"
UFBS4
“LSim_PT3"
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#lzlazSimBlokZon error —false
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Fig. 8. Part of software for simulation of zone 2
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Fig. 9. Response characteristics of the calculated PID controller for PTs
model and PIDT1 for Zonel obtained by simulation using a PLC controller
and a simulation library

TABLE IV
PID HEATING AND COOLING PARAMETERS OBTAINED USING SIMULATION ON
PLC
PID heating parameters
Zone 1 Zone 2 Zone 3
Kr 2.2338 2.1643 2.2562
Ti 816.98 756.866 875.896
Td 163.5282 158.118 167.8306
a 0.1 0.1 0.1
0.8 0.8 0.8
0 0 0
PID cooling parameters
Zone 1l Zone 2 Zone 3
Kr 5.7454 5.7056 5.7557
Ti 317.126 273.652 359.381
Td 118.5414 114.6287 122.3443
a 0.1 0.1 0.1
0.8 0.8 0.8
0 0 0

80
60

50

T['C]

20

10
]

t [min]
Fig. 10. Response characteristics zones 1, 2, 3 using simulation library

Figure 10 shows the real characteristics obtained by drawing
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in Matlab, based on the data collected by recording the
temperatures of all three zones by entering in the DB block of
the PLC during the simulation using the PT;SIM library.

V. CONCLUSION

This paper presents zone temperature controler of extruder
zones with special reference to the mutual influence of
extruder zones. A model of mutual influence of zones is
given, a simulation is done in TIA Portal.

It has been shown that the mutual influence of the zones
during the simultaneous heating of the zones is greatest during
the transition process when it moves up to 8%, after that it
decreases and moves up to 4%.

The paper develops software for simultaneous adjustment
of parameters of all extruder zones, as well as for adjustment
of individual zones. The big advantage is that the software
enables the adjustment of extruder zones from the HMI panel
and not only from the TIA Portal software package.
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Upravljanje nivoom vode 1 pumpama
upotrebom SMS poruka

Igor Koci¢, Zoran Jovanovic, Elektronski fakultet u Nisu

Apstrakt— U radu je opisano daljinsko upravljanje pumpama
za dopremanje vode za potrebe proizvodnog procesa upotrebom
Siemens Logo PLC kontrolera i odgovaraju¢ih GSM modula.
Radi poveéanja pouzdanosti rada sistema komunkacija se
obavlja dvojako upotrebom SMS poruka i Ziane veze.
Projektovan je i realizovan softver i hardver za obe vrste
komunikacije, kao i softver za HMI panel kojim se vrsi
upravljanje i nadzor rada celog postrojenja.

Kljuéne re¢i— Logo PLC, CMR modul, SMS, sekvencijalno
upravljanje

I. Uvop

U sistemima za upravljanje na daljinu tradicionalno se
koristila prosta Zi¢ana veza. Osnovni nedostatak takvih
sistema javlja se u sluc¢aju prekida kabla u komandnom kolu.
U tom slucaju se u potpunosti gube informacije o sistemu
upravljanja na udaljenoj lokaciji. U novije vreme zi¢ana veza
se menja radio vezom, ¢ime je pouzdanost takvog sistema
znacajno povecana. Sa razvojem mobilne telefonije i interneta
ostvarena je mogucénost upravljana na daljinu sa velikom
pouzdanoscu.
Zbog potrebe povecanja pouzdanosti sistema u radu razvijen
je upravljacki softver i hardver za upravljanje nivoom vode u
bazenima upotrebom SMS poruka. Pogodnim algortimom
sekvencijalnog upravljanja ostvareno je upravljanje pumpama
i nivoom vode u rezervoaru.

U slucaju otkaza mobilne mreze softver omogucava
automatski prelaz na zi¢anu vezu i obrnuto. Postojecu zi¢anu
vezu operater moze ukljuciti ru¢no u svakom trenutku.

II. APLIKACIJA-OPIS HARDVERSKOG I SOFTVERSKOG RESENJA

Na SI.1. je dat Sematski prikaz lokacije postrojenja, uredaja i
opreme. Postrojenje je smeSteno na dve udaljene lokacije.
Glavni upravljacki centar se nalazi u fabrici, a vodozahvat se
nalazi na oko 2 km od fabrike. Lokacija bazena je nazvana:
"Lokacija 2", a lokacija vodozahvata sa pumpnim
postrojenjem nazvana je: "Lokacija 1".

U radu ¢e se nadalje koristiti ovi nazivi. Sistem se sastoji od
glavnog upravljackog centra gde su ujedno nalaze bazeni sa
sistemom za merenje nivoa vode i udaljenog pumpnog
postrojenja u kome su instalirani frekvencijski regulatori
kojima se obavlja pokretanje pumpi i regulacija pritiska u
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S1.1. Sematski prikaz procesa daljinskog upravljanja pumpnim postrojenjem

Kasnjenje upravljackih signala nije od velikog znacaja jer su
bazeni za vodu velikog kapaciteta. Na obe lokacije se nalaze
po jedan PLC kontroler serije LOGO sa komunikacionim
modulima tip CMR2020 [2].

Na S1.2 prikazana je topologija GSM mreze preko koje se
obavlja komunikacija SMS porukama.

Lokacija 1 Lokacija 2
SMS SMS

1) @

Al 1

LOGO CMR 1060 CMR
BM BM

S1.2. Topologija mobilne mreze, komunikacija SMS porukama

CMR modul za GSM/GPRS komunikaciju ima Siroku
vrstu primena. Neki od moguc¢ih slucajeva upotrebe su
sledecdi:

1. Mobilna bezi¢na komunikacija bez LOGO PLC kontrolera,
2. Mobilna bezi¢na komunikacija sa LOGO PLC kontrolerom,
3. Odredivanje polozaja (GPS).

U svaki CMR modul instalirane su SIM kartice i podeSeni
potrebni parametri dobijeni od strane mreznog operatera.
Svaki CMR modul povezan je na LOGO PLC [1]. LOGO
PLC je sa CMR modulom povezan pomocu lokalne Ethernet
mreze. CMR modul koristi omnidirekcionu antenu za mreze
tipa GSM (2G), UMTS (3G) i LTE (4G) [2]. Time je
omogucéeno slanje i primanje SMS poruka povezanih sa
dogadajima koji su programirani u LOGO PLC kontroleru, i
pokretanje akcija i slanje informacija o statusu pomocu SMS
poruka.

Podesavanje CMR modula obavlja se pomocu internet
pretrazivaca unoSenjem default adrese. Nakon inicijalnog
podesavanja adrese su promenjene.
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Podesavanje CMR modula se sastoji iz slede¢ih koraka:

1.PodeSavanje parametara mobilne i lokalne Ethernet mreze.

2.PodeSavanje parametara za SMS poruke.

3.Podesavanje korisnika i grupa korisnika.

4. Podesavanje poruka, akcija, definisanje ulaza,
dogadaja, alarmnih i poruka greske.

5.Definisanje poruka i akcija slanja i prijema poruka.

izlaza,

Na S1.3  prikazan je glavni konfiguracioni ekran CMR
modula. Svakom od modula dodeljena su imena i lokalne
Ethernet adrese. Podesavanje mobilne mreze obavljeno je
unosom PIN koda SIM kartice, broja kartice i aktivacijom
interfejsa za komunikaciju preko mobilne mreze. Takode
moguca je komunikacija i sa uredajima koji su u drugoj zemlji
uklju¢enjem Roming opcije.

Logim 1 Start page Number of acive sessions: 1

Logoul coa?

ipe LOGOICMR2020

0000:0208
Ememet intertace

b SIEMENS  LOGO! s 19216803
u ik stsus Up

inae ected since (0 55) 00.000208

Mobile wireless interface
establisned Yes

55) 00000208

Data connecion established Yes, GPRS.

55) 00000208

neaw

Bm) 25/-63
Gps

sus Notacive

S1.3. Glavni konfiguracisjki ekran CMR modula

Primer sintakse SMS poruka dat je ispod u formi:
<Password>;LOGO=VM<Address>,<Value>,<Data type>.

Password predstavlja lozinku za komande tipa write "pisanje",
¢ime je ostvarena dodatna zaStita od neovlas¢enog slanja
poruka.

LOGO=VM<Address> predstavlja lokalnu adresu u memoriji
LOGO PLC , <Value> predstavlja vrednost koja se $alje ili
prima, Data type je tip podatka koji se Salje ili prima.

SMS poruka komande upisa u LOGO PLC
memorjske lokacije VMO data je u formi:
SMSupis; LOGO=VMO0,50,WORD.
IzvrSavanjem ove komande u registar VM0 LOGO PLC
kontrolera upisuje se vrednost 50.

na adresu

Podesavanje korisnika i grupa korisnika obavljeno je unosom
imena korisnika, lozinke, broja telefona korisnika i dozvolom
za Citanje 1 slanje SMS poruka prema CMR modulu.
Napravljene su dve grupa korisnika, prva dobija samo poruke
o alarmima, a druga grupa pored alarmnih poruka ima
dodeljene privilegije iskljuenja ili ukljucenja delova
postrojenja u normalnom radu ili interventno.
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Podesavanje poruka i akcija na dogadaje uradeno je dodelom
ID broja poruke, imenom poruke i akcije kojom se Salje
odredena poruka.

Ako je nivo u bazenu nizak Salje se poruka ¢ija je sintaksa:

SMSupis;LOGO=VMO0,10,WORD.
Za slucaj greske komunikacije korisnicima se $alje poruka:

Text: ! 'Error: Stanica na Lokaciji 1 nedostupna.'.

Ako je detektovana greska nivoa $alje se poruka :
Text: ! 'Error: Signal nivoa nije u redu. Senzor ili kabl je
neispravan.'

Lokalne Ethernet adrese uredaja su redom:

1. PLC LOGO 8.2 Lokacija 2 bazen 192.168.0.103,

2. CMR modul 192.168.0.21,

3. PLC LOGO 8.2 Lokacija 1 vodozahvat 192.168.0.104,
4. CMR modul 192.168.0.11,

5. Touch HMI Panel KTP400 192.168.0.232

Na ovaj na¢in omogucen je pristup mrezi sa bilo koje od dve
lokacije upotrebom mreznih rutera.

Na lokaciji 2 upotrebom senzora za detekciju nivoa vrsi se
detekcija nivoa u viSe tacaka. Od interesa je minimalni i
maksimalni nivo.
Kada nivo vode u tankovima padne ispod minimalne
vrednosti vr§i se ukljuenje pumpi za dopremanje vode.
Iskljucenje pumpi vrsi se u dva slucaja:
1. radni uslov iskljuéenja, kad je dostignut Zeljeni nivo
vode u tankovima,
2. havarijsko isklju¢enje, koje se obavlja ako se pritisak u
cevovodu poveca iznad odredene vrednosti.

poruka

ukljugenje iskljuéenje
primljena primljena
oA oA
ukljuél iskljugi
pumpe pumpe
pritisak NE| 5
cevovoda iskljui posalji
OK pumpe poruku
oA} v v
posalj posalji pumpe
poruku poruku ne rade
pumpe pritisak
rade weliki
‘ ¢ Y Y

&

S1.5. Deo algoritma rada udaljenog postrojenja upotrebom SMS
poruka(lokacija 1)
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indikacia
MIN
nivo

slanje SMS operater Salje
poruke poruku
ukljuci pumpe ukljutenja

reset tajmera

v

start tajmera
po potvrdi prijema
poruke sa lokacije 1

v

brojat = brojag + 1

DA /— —, NE|
— [ tajmer zavrSio \, — / potvrda
brojaé <3 prilgma

e Yo

Y Y

poruka primljena poruka nije primijena prebaci na
pumpe rade lokacija 1 nedostupna Fitnu vezu
resel lajmera Wiugi
brojad =10 ukljuéi pumpe
hL‘ ALARM

(% GSM ne radi

SL.5. Deo algoritma rada postrojenja upotrebom SMS poruka pri indikaciji
minimalnog nivoa (lokacija 2)

Pored automatskog rada, postrojenje moze da radi i u ru¢nom
rezimu, kada se ukljuCenje ili iskljuCenje obavlja pomocu
HMI panela i relejnom komandom ili SMS porukama koje
Salju operateri koji za to imaju definisane privilegije.
Postrojenje moze da radi i upotrebom "stare" zi¢ane veze, pod
uslovom da je SMS komunikacija iskljucena.

Neki od ulaza, izlaza koji se koriste na LOGO PLC na lokaciji
2 suredom:

1. I1 minimalni nivo,
2. 12 nivo 2,
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.13 nivo 3,

. I4 maksimalni nivo,

. I5 izbor rada ruc¢no ili automatski,

. 16 izbor SMS ili Ziana veza,

. I7 greska komunikacije,

. QI signal greske komunikacije,

. Q2 signal indikacije greske usled prevelikog pritiska

O 0 1O\ N KW

Neki od ulaza, izlaza koji se koriste na LOGO PLC na lokaciji
1 suredom:

1. 12 dozvola rada,
2. 14 senzor pritiska (presostat),
3. Q1 ukljucenje iskljucenje pumpe.

Na Sl.4. prikazan je deo upravljackog algoritma za ukljucenje,
isklju¢enje pumpi u udaljenom postrojenju. U slucaju
poveéanja pritiska u cevovodu senzor pritiska (presostat)
iskljucuje pumpe.

Na S1.5. prikazan je deo upravljackog algoritama postrojenja
kada je nivo nizi od minimalnog. U slucaju da se pojavi
greska ili prekid u komunikcionom protokolu koji se trenutno
koristi automatski se izvr$i prelaz sa trenutnog na zicani tip
komunikacije (zicanu vezu). Ako je trenutno aktivha SMS,
prebacivanje se obavlja na zi¢anu vezu.

Softver za komunikaciju SMS porukama napisan je
upotrebom Simensovog LOGO!Soft Comfort V8.2 alata za
programiranje LOGO PLC kontrolera.

Na S1.6 dat je deo softvera koji se odnosi na slanje poruka za
ukljuéenje 1 iskljuenje pumpi u udaljenom pumpnom
postrojenju (lokacija 1), kao i dela za prijem i obradu poruka
koje Salje udaljeno postrojenje.

Kada nivo vode padne ispod minimalnog nivoa sa lokacije 2
Salje se prva SMS poruka. U sluéaju fluktuacije nivoa usled
talasanja vode a koja moze uticati na sondu za signal
minimalnog nivoa, signal aktivacije slanja poruke se filtrira
upotrebom tajmera sa kaSnjenjem od 10s instrukcije za
detekciju rastuce ivice. Obezbedeno da se svaki zahtev za
slanje izvr$i jedanput. Nakon slanja poruke aktivira se tajmer
kojim je definisano maksimalno vreme potrebno da udaljeno
pumpno postrojenje kojom je poslata poruka odgovori (60 s).
Ovo vreme eksperimentalno je definisano tako da ne utice na
regulaciju nivoa. Ako vreme za odgovor istekne ista poruka se
Salje 1 drugi put. Ukoliko odgovor sa udaljene lokacije 1 i u
tom slucaju ne stigne, automatski se Salje poruka lokacija 1 je
neaktivna. Poruka greske se ispisuje na HMI panel i Salje
SMS poruka na brojeve koji su konfigurisani u CMR modulu.
Komunikacija se automatski prebacuje na zicanu vezu. U
rezimu rucnog rada operater nadgleda rad postrojenja
upotrebom HMI panela i odlucuje kada ¢e da ukljuci ili
isklju¢i pumpe.
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S1.6. Deo softvera za slanje i prijem poruka za ukljucenje, iskljucenje i indikacju rada pumpi pumpnog postrojenja

Deo softvera koji se koristi za ukljucenje iskljuc¢enje pumpi na
udaljenoj lokaciji 1 dat je na SL.7. Poruka koja je primljena se
poredi komparatorima B006 i B002. U koliko je primljena
poruka koja se nalazi u registru VM0=10 na Logo PLC
kontroleru se ukljucuje izlaz Q1 koji aktivira frekvencijski
regulator za kontrolu rada pumpi. Odmah po prijemu vrs$i se
slanje SMS poruke sa vrednosti '11' prema lokaciji 2 koji nosi
informaciju da su pumpe startovane.

Ukoliko je primljena poruka VMO0=20 izlaz Q1 se iskljucuje
¢ime se rad frekfentnog regulatora a samim tim i pumpi
stopira. Po prijemu te poruke prema lokaciji 2 $alje se poruka
sa vrednos¢u '22' pumpa iskljucena. Ukoliko se iz nekog
razloga pritisak na cevovodu poveca senzor pritiska
(presostat) detetektuje nedozvoljenu vrednost pritiska, obavlja
se havarijsko iskljucenje frekvencijskog regulatora pumpi.

Prema lokaciji 2 Salje se poruka sa vrednosc¢u '13', ukljucuje
se alarm sa informacijom da je izvrSeno havarisjko iskljucenje
pumpi, pritisak pove¢an pumpe iskljucene. Takode se Salje i
SMS poruka operateru koji dalje preduzima potrebne mere.
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S1.7. Deo softvera za ukljucenje isklju¢enje pumpi u udaljenom pumpnom
postrojenju

III. REALIZACIJA UPRAVLJACKE APLIKACIJE ZA UPRAVLJANJE
NIVOOM VODE U REZERVOARU

Sekvencijalno upravljanje nivoom vode u bazenu na
lokaciji 2 obavljeno je izradom dva upravljacka ormana za
prenos poruka upotrebom SMS poruka i ormana sa relejnom
logikom, kao i ormanom sa frekfentnim regulatorom koji
upravlja radom pumpi.
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Na S1.8 prikazan je upravljacki orman na lokacijama 112 .

S1.8. Upravljacki ormani za upravljanje nivoom vode

U svakom od njih je postavljen po jedan LOGO PLC sa
komunikacionim CMR modulom i S7 1200 PLC kontrolerom
koji upravlja radom postrojenja pomocu zi¢ane veze.
Na S1.9 prikazan je HMI panel za nadzor postrojenja.

SIEMENS SIMATIC HMI

6/24/2020

PUMPNO POSTROJENIE |s:36:33 pu
O

S1.9. Prikaz HMI panela pri SMS komunikaciji

IV. ZAKLJUCAK

Za realizaciju ovakve vrste upravljackih zadataka godinama se
koristila samo ziana veza i prosta relejna logika. Izrade
zicane veze za velike udaljenosti obi¢no se realizuje u
momentu izrade cevovoda, kada se paraleleno sa cevima
polazu komunikacioni i napojni kablovi do udaljenje lokacije.
U slucaju otkaza, ostecenja komuniakcionih veza potrebno je
ponovo otkopati deo trase kako bi se otkrio prekid u
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komunikaciji, $to iziskuje znacajna sredstva. U novije vreme
sve Cesce se koristi komunikacija SMS porukama upotrebom
mreze mobilne telefonije. U radu je pored softvera i hardvera
razvijenog za komunikaciju SMS porukama razvijen i deo
softvera i hardver za komunikaciju preko zi¢ane veze. Time je
mogucénost otkaza sistema smanjena.
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ABSTRACT

The paper describes the remote control of water supply pumps for
the needs of the production process using Siemens Logo PLC
controllers and appropriate GSM modules. In order to increase the
reliability of the system, communication is performed in two ways
using SMS messages and wired connection. Software and hardware
for both types of communication were designed and implemented, as
well as software for the HMI panel which manages and supervises
the operation of the entire plant.
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Application of Subtractive Clustering in Data
Processing

Boris Barisi¢, Aleksandra Krsti¢, Sanja Vujnovié, Zeljko Purovié

Abstract—The problem of data clustering is still in development
and various approaches to solving it are being proposed, all of
which have different success rates. One of the nonparametric
clustering methods is subtractive clustering. The success of this
algorithm largely depends on tuning its parameters. In this paper
we give a theoretical analysis of different suggestions for choosing
their values. Based on probability theory, we examined the impact
of dimensionality and number of samples on the clustering radius.
By conducting a controlled experiment with known sample
distributions, the performance of this algorithm with suggested
parameters is tested, as well as its robustness.

Index Terms—subtractive clustering,
classification, data processing

parameters tuning,

I. INTRODUCTION

For a large number of classification problems we do not have
adequate a priori knowledge and therefore we are not able to
generate an appropriate training set. Starting with Charles
Darwin and his systematization of animals and plants into
genera, species, families etc. up until the development of
systems based on various forms of artificial intelligence, the
man has attempted to improve clustering techniques.

Nonparametric clustering methods do not consider
optimization criteria or data distributions. They are based on
implementing different ways to locate ‘valleys’ or ‘hills’ in the
probability density function of the data as a natural border
between different classes.

In 1992. Yager and Filev suggested mountain clustering as
one of the techniques [1]. The method is based on dividing the
entire data space into a dense grid of small hypercubes whose
vertices are potentially cluster centers. The potential i.e., the
mountain function is then calculated for each vertex as a
measure of sample density in its surrounding. Clearly the
potential for the vertex to be a cluster center increases with the
number of samples surrounding it. The core idea of this method
is the following: after finding the first cluster center, potentials
of all vertices are reduced inversely proportional to the distance
from the vertex to the cluster center. For vertices closer to the
center, the potential reduces more. The next cluster center is
chosen as the vertex with the highest potential (after reduction).
This method of finding cluster centers repeats until the potential
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in all vertices falls beneath a certain threshold.

Even though it was imagined as a very simple method, its
numerical complexity grows exponentially with sample
dimensionality due to a large number of hypercubes in the grid.
In 1994. Chiu suggested a modification of this algorithm called
subtractive clustering [2].

Il. THEORETICAL ANALYSIS

A. Algorithm

The idea of subtractive clustering is that every sample in the
dataset can be a cluster center. Due to this starting assumption
of considering only given samples as cluster centers, the
complexity of this algorithm is practically linear.

Samples are assigned a certain density based on which the
cluster centers are found during the iterative procedure. Aside
from considering a smaller dataset than mountain clustering,
calculating the density function implies the squared distance
between samples, so there is no need for determining the square
root.

Based on the description given in [2], the algorithm is
comprised of a few steps:

Step 0: For each of N samples we calculate the value of the
initial density D} according to equation (1),

2
N lxiexl

D}zZe

j=1

ta/2)* i =1,N )

where 7, is a positive constant called the clustering radius.
Step 1: Based on initial density values we determine the first
cluster center X2:

1 1
X; = arg{max D"} )

Step 3: Having found the first cluster center, we start the
iterative procedure of finding other cluster centers. Since the
first center is already found, let the iteration counter start at
k=1

Step 4: We increment the counter to k = k + 1 and eliminate
the influence of samples near the previously found center by
modifying their density function:

ek
DF =Dkt —Dkle @»/2? i=TN @)

4
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Df is the new density function value, and D}~ is the previous
one. D¥~1 is the maximum density from the previous iteration,
and X¥=1 is the cluster center found also in the previous
iteration. Parameter r;, represents a new clustering radius.

Step 5: Based on the newly modified values of density
functions we choose a k™" cluster center X%:

X¢ = arg{max D;} (4)

Step 6: We check whether D i.e., the density of samples in
radius 7, of k™ cluster center satisfies:

D¥ < 6D} (5)

If the given condition is not satisfied, we go back to step 4, and
if it is, the algorithm ends. Parameter § is a positive value
smaller than 1 and it is called the clustering threshold.

B. Parameter tuning

The success of clustering largely depends on choosing the
values for r, ;, and §. Clustering radiuses 7, and r;, should in
some way incorporate the information on how samples are
scattered around cluster centers.

A great number of scientists and engineers have put their
knowledge and experience into determining clear and straight-
forward recommendations for choosing the values of
parameters involved in clustering. Unfortunately, most of them
so far have turned out to be inefficient and inapplicable in most
cases. In [3] it is suggested and in [4] analyzed that the
parameter 7, should be chosen according to:

1 B
=i Imax )+ mintix - xl] ©

where i,j,k,l =1,N, and N the total number of samples
available. Parameter B should serve as amortization for
extreme values of maxima which come from potential outliers
[3].

We will perform an analysis on how the theoretical
probability density function (pdf) of r,, changes according to N
and dimensionality n. First, we consider a one-dimensional
case (n = 1). Let samples from all clusters have a Gaussian
joined probability density function V" (m, a2). For the sake of
simplicity, we will consider the minimum value to be
neglectable in respect to the maximum value, as well as the
parameter § = 1. Samples X; and X; then become independent
identically distributed random variables, and parameter 7,
becomes a random variable R, for which the following holds:

R, = max{|X — Y|} @)

Random variable Z = X — Y will then also have a Gaussian
pdf with parameters V' (0,202), as it is a subtraction of two
Gaussian variables. The absolute value of this variable U = |Z]|
will have a cumulative distribution function (cdf):

F,(w)=PWU <w) =P(Z|<w) =P(—u <Z <u)uy(u) (8)

i.e. the following will hold:
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Fy(uw) = 2F;(w) — Duy(w) C))

where uy (u) represents a Heaviside unit step function.
Now we can easily obtain the probability density function of
the random variable U:

fu@) = 2f;(Wuy (W)

If the total number of samples in our dataset is N, then there are

N(N-1
Ny = (1;) = (2 )
U = |X — Y| and let these values be Uy, ..., Uy,,. Let us form an
array Uy, ..., Uwy,), Whose elements are variables Uy, ..., Uy,
in a non-declining order. Uy, is the minimum, and Uy, the
maximum calculated value. If we want to determine the cdf
Fy ., (W) for Ug,, we will notice that the event of {Uw <u}
occurs if and only if the k™ value is not bigger than u, meaning
that at least k of N, random variables U, ..., Uy, have a value
less than or equal to u. Imagine we have N; Bernoullie's
experiments, with every experiment testing whether the event
{Uu < u} (success) occured or not [5]. The probability of
success is equal to P(Ug,) < u) = Fy(u), and the probability
of at least k successes occuring in Ny experiments is:

(10)

values which can be calculated as

Ny
Fuo @ = P(Ugy <) = ) (M) Fho = Fy)Vo (11)
i=k

Since the object of our analysis is the maximum value of
|X —Y|ie R, = Uwy,, by replacing k with N, we get:

N(N=1)
Fro() = (Fy(ra)) 2 (12)
The pdf for the parameter R, is:
N(N -1 NON-D)
fRa(ra) = %(Fu(ra)) 2 fU(ra) (13)

Let us assume now that our samples are n-dimensional. Let
samples X; and X; be independent identically distributed
vectors whose pdf is M (M, X). We will additionally assume
that their variances along all dimensions are equal and not
correlated, i.e. that the covariance matrix has the form £ = ¢,
where I is the identity matrix.

The Euclidian norm V = ||X — Y|| is calculated as

n n
v= Da-wr= Yz
i=1 i=1

where Z; is the random variable Z; = X; — Y;. We previously
showed that the distribution of Z; will be " (0,252), which

means that ZiU will have a Gaussian pdf N (0,1). We can

vz
determine the distribution of random variable

(14)

ISBN 978-86-7466-930-3



ZBORNIK RADOVA, LXVI KONFERENCIJA ETRAN, Novi Pazar 6 - 9. juna 2022.

(15)

using the results known from probability theory, which state
that the square root of the sum of squares of n independent
identically distributed variables with distribution " (0,1) will
have a y distribution with n degrees of freedom [6]. Therefore,
the cdf of random variable V will be:

n v?
r(512)
r(3)

where T is the gamma function, and y is the lower incomplete
gamma function.
The pdf of random variable V is:

(16)

F,() = uy(v)

n-1 v2

fr(v) = (17)

Results given in equations (12) and (13) also hold for the
distribution of the maximum value of random variable V' with
arbitrary dimensionality n.

Fig. 1 shows the probability density function of random
variable R, for different dimensionalities n and different
number of samples N. We can see that the clustering radius can
be affected by changes in both parameters. Larger
dimensionality n results in more additions when calculating the
norm, which expectedly also results in larger values of
clustering radius. On the other hand, having more samples
(larger N) increases the chance of extrema appearing, i.e. the
chance of having samples which are far away from each other,
which has a bigger clustering radius as a result.

)
12

Fig. 1. Probability density function of random variable R, which represents
maximum of Euclidian norm between two samples.

It is also meaningful to analyze how the mathematical
expectation mg_ and variance a,%aof the pdf of variable R,
change depending on sample number N and dimensionality n.
Both statistics have been calculated using numerical integration
of pdf in equation (13) and the results are shown in Fig. 2 and
Fig. 3. Mathematical expectation and variance increase with the
increase of n. On the other hand, larger number of samples
increases the mathematical expectation, but decreases variance.
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Fig. 2. Mathematical expectation mp, of random variable R, depending on
dimensionality n and number of samples N.
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Fig. 3. Variance a,%a of random variable R, depending on dimensionality n
and number of samples N.

In the beginning of this analysis, we assumed that parameter
B = 1, which does not have to be the case in general. Let us

introduce a random variable W = Rf to show how parameter
B affects the clustering radius. We can easily obtain the cdf for
random variable W:

1

Fy(w) =P (Rg < w) =P (Ra < WE> = Fg, (W%> ug(w) (18)

as well as its pdf:
1 1, 1
fuw) = zwP o (WP unw)  ag)
For a constant number of samples N = 100 and various
values of S, the pdf of W is calculated and shown in Fig.4. We
can see that by changing the value of 5 by +30 % in respect to
the unit value, we make a great impact on the expected value
of clustering radius, as well as its variance.

45

—n=18=1
———n=1 =07
JE— n=1 =13

4 b

Fig. 4. Probability density function of random variable W = R,f depending on
dimensionality of samples n and parameter value 8. W represents maximum
of Euclidian norm between two samples to the power of S.
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C. Classification accuracy

Performance of clustering algorithm is tested on two-
dimensional samples from 5 classes, distributed normally with
different covariance matrices.

The main goal of clustering is to find centers of all classes
and then test how accurate the classification is. Since the
dataset is synthetically generated and all classes and covariance
matrices are known, we decided to determine which class a
sample belongs to by calculating the statistical distance
according to equation (20),

d? = (X - X.) 522 (X - X.,) (20)
where d; is the statistical distance of sample X to i" class,
whose center is in X, and covariance matrix is X,. For each
sample the statistical distance to all found centers is calculated,
and then the sample gets placed in the class for which the
distance is minimal. Classification accuracy is finally measured
as a percentage of accurately classified samples.

I11. RESULTS AND DISCUSSION

We generated 300 samples for each of the 5 classes. As
previously mentioned, each class is normally distributed.
Clustering radius 7, is determined according to (6), and
parameter § = 0.5 [3]. As suggested in [2], the new clustering
radius 7, is r, = 1.57,. Clustering threshold § is manually
tuned for the algorithm to detect the right number of clusters.

Figure 6. shows all classes and centers which were detected
by subtractive clustering.

8-

T2
o
T

X1

Fig. 5. Sample distribution among classes and corresponding cluster centers
found.

To test the sensitivity of the algorithm (with said parameter
values) the experiment was repeated 500 times. For each
experiment the clustering radius 7, is determined separately.
The histogram of the number of detected cluster centers in 500
experiments is given in Fig. 6.
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Fig. 6. Histogram of the number of detected cluster centers.

For experiments in which the detected number of centers is
correct, i.e. 5, we calculated the classification accuracy as
mentioned earlier. Figure 7. shows the histogram of
classification accuracy.

35

N w
o o

Number of experiments
N
o

82 84 86 88 90 92 94
Accuracy

Fig. 7. Histogram of classification accuracy.

In 134 out of 500 experiments the algorithm has managed
to detect all cluster centers. The average accuracy in these
experiments is 88 %.

Finally, itis also interesting to see how the new cluster radius
1, affects the success of finding cluster centers. We choose 0 7,
according to:

T, = &1, (21)
where € is a positive constant called the squash factor. Various
papers give different suggestions regarding the value of e,
depending on the practical use of the algorithm. Based on [7]
and [8] & should be in an interval of € € [1, 1.5].

We generated the same number of samples with the same
distribution as before, and for each of the experiments we tested
the success of the algorithm by changing & from 1 to 1.5 with
the step Ae = 0.05. The experiment was repeated one hundered
times. Histogram of the number of centers found depending on
€ is shown in Fig. 8.
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204

2

Number of clusters

Fig. 8. Histogram of the number of cluster centers found depending on &.

IV. CONCLUSION

In this paper we analyzed both theoretically and
experimentally the technique of subtractive clustering, as well
as suggestions for tuning its parameters. Values of parameters
15, 7, and § significantly affect the success of clustering. We
observed that even with various suggestions on how to choose
the values, the algorithm does not always perform well on
different sets with the same distribution.

However, even if we assume that parameters r, and r;, are
tuned correctly, there are no theoretical propositions on
choosing the threshold value &, which has a great impact on the
number of clusters found. In case of samples with dimensions
n =1, 2,3 we can visualize the dataset and assess whether the
cluster centers have been found correctly. Nevertheless, in most
cases the dimensions will be significantly bigger and there
would be no unique way to rate the success of the algorithm.

One of the methods to further enhance the algorithm and
propose a uniform way for choosing parameter values would
be to separately consider the maximum scattering along each of
the axis. For example, if we have two-dimensional samples
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where the variance along one axis is much larger than the other
and classes are near to each other, determining the density in
the radius as the maximum quadratic norm of two samples,
would lead to poor results.

Though the simplicity of subtractive clustering is its big
advantage, the results are not ideal. That being said, it can be
used as a preprocessing technique for other more sophisticated
methods.
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