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Apstrakt—U radu se ispituje moguénost smanjenja ¢eteringa u
kliznom reZimu jednog digitalnog regulatora promenljive
strukture namenjenog za linearne sisteme sa ogranifenim
upravljaékim ulazom. Nelinearna diskontinualna funkcija
relejnog tipa, koja je sastivni deo originalnog zakona upravljanja,
zamenjena je adekvatnom kontinualnom aproksimacijom.
Analizirana je stabilnost modifikovanog sistema i istaknute su
uodene osobine sistema. Dobijeni teorijski zakljuéci su potvrdeni
simulacionom proverom na numeri¢kom primeru.

Kljuéne redi—Sistemi upravljanja promenljive strukture,
diskretni klizni reZimi, ¢etering, kompenzacija poremecaja.

. Uvop

Sistemi upravljanja promenljive strukture (SUPS) [1] u
radnom kliznom rezimu (KR) [2] su jedna od popularnih
robusnih nelinearnih tehnika upravljanja, teorijski invarijantni,
u idealnom KR, na parametarske i spoljne poremecaje koji
deluju u kanalu upravljanja [3]. Za ovu osobinu je potrebno
diskontinualno upravljanje na kliznoj povrsi sa moguénoséu
ostvarivanja  beskonacne frekvencije prekljucivanja
upravljackih struktura. 1z tih razloga, zakoni upravljanja u KR
sadrze diskontinualnu komponentu, najcesc¢e relejnog tipa. U
prakti¢nim realizacijama se osobina invarijantnosti redukuje u
veliku robusnost sistema, upravo zbog realno ostvarljive
visoke, ali konacne frekvencije prekljucivanja usled
neidealnosti prekidackih elemenata.

Glavna prepreka Siroke primene SUPS sa KR je pojava
visokofrekvencijskih oscilacija u KR, poznatih kao Cetering,
§to je neprihvatljivo u nekim sistemima poput mehanickih.
Ovaj neZeljeni efekat nastaje usled diskontinualne prirode
upravljanja i postojanja neizbezne nemodelovane (parazitne)
dinamike, koja se pobuduje takvim upravljanjem i generise
cetering.

U literaturi su predloZene razli¢ite metode za ublazavanje
¢eteringa u KR. Jedan od prvih pristupa [4] podrazumeva da se
diskontinualna signum funkcija u upravljanju zameni
kontinualnom nelinearno$¢u tipa zasienja sa velikim
pojacanjem, §to za posledicu ima smanjenje robusnosti buduci
da pojaCanje u sistemu postaje konacno. Drugi pristup je
uvodenje opservera stanja [5], preko koga se zatvara petlja u
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kojoj ne egzistira Cetering. Petlja sa opserverom je idealna
(nema nemodelovanu dinamiku) te nema Ceteringa u njoj pa
sluzi kao bajpas za cetering. Medutim, varijacije parametara
sistema naruSavaju robusnost i performanse sistema. Klizni
rezimi viseg reda (KRVR) [6], noviji pristup dosta popularan
poslednju deceniju, su nastali u nastojanju re$avanja problema
Ceteringa. Za nastanak KR r-tog reda potreno je da relativni red
sistema u odnosu na kliznu promenljivu bude r, pa se tek u r-
tom izvodu klizne promenljive javlja diskontinualno
upravljanje. Narocitu paznju je privukao tzv. super-twisting
algoritam (STA) [6], razvijen za kontinualne sisteme sa jednim
ulazom, koji ostvaruje KR drugog reda. Medutim, na osnovu
analiza sprovedenim u [7-9] moze se zakljuciti da KRVR mogu
ostvariti manji ¢etering u odnosu na konvencionalne KR samo
u sistemima sa dovoljno brzim aktuatorima. Dodatna redukcija
Ceteringa se moze ostvariti adekvatnim podeSavanjem
kontinualne aproksimacije signum funkcije u regulatorima
promenljive strukture [10].

Digitalna implementacija upravljackih algoritama uz pomo¢
mikroprocesora je otvorila analizu KR u vremenski diskrethom
domenu [11]-[15]. Pokazano je da je samo u nhominalnom
sistemu moguce ostvariti diskretni KR, i pri tome upravljanje
ne mora biti diskontinualno. U svim ostalim sluc¢ajevima
moguce je ostvariti samo tzv. kvazi-KR (KKR), gde se kretanje
sistema odvija u nekoj bliskoj okolini oko klizne povrsi. Kako
vremenski diskretno upravljanje unosi dodatno kaSnjenje u
sistem, Cetering je izrazeniji u sluc¢aju diskretnih KR. Jedan od
na¢ina da se elimini§e ova pojava je da se u okolini klizne
povrsi primeni linearno upravljanje [16], $to ¢e naravno dovesti
do gubitka robusnosti sistema u toj zoni. U slu¢aju primene ove
strategije, potrebno je izvrSiti eventualnu kompenzaciju
poremecaja u sistemu u cilju povecanja tacnosti. Za
sporopromenljive poremecaje, kompenzaciona upravljanja su
predlozena u [17-19], koja imaju linearni karakter. U radu [20]
je predlozen digitalni regulator promenljive strukture sa
nelinearnim kompezatorom poremecaja za linearne sisteme sa
ogranicem upravljackim signalom. Predlozena upravljacka
struktura podseca na diskretizovanu varijantu STA upravljanja
[21], ali indukuje manji Cetering.

U ovom radu se upravo polazi od digitalnog regulatora
promenljive strukture [20], &ije je upravljanje u okolini klizne
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povrsi linearno i potpomognuto je kompenzacionim ¢lanom.
Dopunska kompenzaciona upravljacka komponenta se formira
nelinearnom estimacijom poremecaja, koja se dobija
integracijom  signuma  klizne  promenljive. Kako
kompenzacioni deo regulatora ipak sadrzi diskontinualnu
funkciju, moze do¢i do indukovanja ¢eteringa. 1z tih razloga, u
ovom radu se ispituje primena odredene kontinualne
aproksimacije signum funkcije sa ciljem ublazavanja Ceteringa,
kao i njeni efekti na performanse sistema u pogledu stabilnosti
i tacnosti. Odredena je oblast konvergencije modifikovanog
upravljackog sistema i pokazano da se adekvatnim izborom
parametra kontinualne aproksimacije moze suziti Sirina kvazi-
klizne oblasti u slucaju sporopromenljivih poremecaja u
odnosu na originalni algoritam. Dobijeni teorijski rezultati su
verifikovani simulacionim ispitivanjima.

I1. OPIS DIGITALNOG REGULATORA PROMENLJIVE STRUKTURE

Posmatra se linearni kontinualni sistem upravljanja koji je
opisan modelom u prostoru stanja
x(t) = Ax(t) + b(u(t) + d(1)), 1)
gde je x € R™ vektor stanja, u € R je upravljacki signal,
A € R™™ i b € R™?! su matrice stanja i ulaza, respektivno. Na
sistem deluje ograniceni poremecaj d, |d(t)| < dy < o, koji
zadovoljava uslove poklapanja, tj. deluje u prostoru
upravljanja. Za realizaciju digitalnog regulatora potrebno je
izvr§iti vremensku diskretizaciju modela (1). Vremenski
diskretni model sistema je oblika
X1 = AaXy + bg(uy + di), )
Ag = e*T, by = [ e*Bdt, 3)
pod pretpostavkom da je perioda diskretizacije T dovoljno mala
i da su poremecaji u sistemu sporopromenljivi. Tada se
poremecaj moze smatrati konstantnim izmedu dva uzastopna
trenutka odabiranja, $to za posledicu ima oc¢uvanje uslova
poklapanja u diskretnom domenu.

Da bi se ostvario KR Zeljene dinamike potrebno je da se
najpre dizajnira odgovarajuca klizna povrs, a da se potom nade
upravljanje koje uspostavlja KR. Kretanje sistema se tada moze
dekomponovati na dve faze: fazu dosezanja klizne povrsi i fazu
klizanja po datoj povr$i. Za svaku od ovih faza vezana je
odgovarajuca upravljacka komponenta.

Pristup koji omoguéava jasno razdvajanje komponenti
upravljanja za dosezanje i klizanje bazira se na kori$¢enju
diskretnog modela sistema koji je dobijen primenom 6-
transformacije, [16]. Matematicki model sistema (1) u §-
domenu se dobija koris¢enjem modela (2) na slede¢i nacin.

B = TEZE = A, + bs(wy + de), (4)
As= (Aq —L)/T, bs= by/T. (®)
KR treba organizovati po povrsi s5 , = 0 u prostoru stanja, gde
se klizna promenljiva u §-domenu definise kao
) Ssk = C5Xk, Csbs = 1. (6)
Zeljene sopstvene vrednosti sistema su definisane spektrom u
kontinualnom domenu
A= Xy A1 0], ()
pri ¢emu nulta sopstvena vrednost ukazuje da je dinamika
sistema u kliznom rezimu redukovanog reda, tj. n — 1 reda.
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Nenulte sopstvenene vrednosti se mogu preslikati u §-domen
na osnovu (5) kao As5; = (e*" —1)/T, i =1,--,n— 1, dok
nulta sopstvena vrednost ostaje nepromenljiva. Spektar u &-
domenu je sada definisan sa

/15 = [7\«5_1 7\«5_2 }“S,n—l 0] (8)
Formula za nalaZenje vektora klizne povrsi [22], u ovom
slu¢aju postaje

cs = [kse 1]-[4s bs]T, ©)
gde je ks vector pojacanja povratne sprege po stanju koji
obezbeduje spektar (8) u sistemu (4), dok operator 1 oznacava
pseudo-inverziju matrice.
Na osnovu (6) i (4) sledi da je

N =S
656,k — 28k+1738k

= cs0x, = cgAsxy +u, +di. (10)
Ekvivalentno upravljanje u §-domenu se odreduje reSavanjem
uslova ssp+1 =0 po upravljanju u,, te se koriS¢enjem
prethodne jednacine dobija

(11)
Clan ss,/T u upravljanju je zaduZen za fazu dosezanja, i
postaje jednak nuli kada sistem dode na kliznu povrs. Ovom
komponentom moze da se uti¢e na fazu dosezanja.

Ostvarljiv deo ekvivalentnog upravljanja (11) je
Uy = —CsAsXy — SSTk = —(kse + %Cﬁ)xk- (12)

Zadatak upravljanja je obezbediti brz odziv bez preskoka i
znaCajnu robusnost na poremecaje u sistemu. Takode treba
uzeti u obzir neizbezno postojanje zasicenja u aktuatorima, §to
uslovljava ograni¢avanje upravljackog signala regulatora po
amplitudi. Navedeni zahtevi su ostvareni digitalnim
regulatorom promenljive strukture sa kliznim rezimom [20].
Upravljacka strategija ovog regulatora se sastoji iz dva reZima
rada. U prvoj fazi, kada je stanje sistema udaljeno od klizne
povrsi, deluje linearno upravljanje sa zadatkom da dovede
stanje sistema u blisku okolinu klizne povrsi koja zavisi od
amplitude poremecaja koji deluje. Nakon toga se aktivira
nelinearna kompenzacija poremecaja koja ojacava linearnu
upravljacku komponentu. Na taj nacine se izbegava preskok i
pojava integratorskog zamaha usled postojanja nelinearnosti
tipa zasicenja.

Zakon upravljanja [20] je opisan slede¢im jednac¢inama:

_ S5,k
ueq’k = —C5A5xk - T - dk'

= {Uosgn(uzjk), |u2,k| > UO, (13a)
Us i, lus,| < Uo
Usk = Uk — P2,kUcks (13b)

Uy = —CsAsXy — T_l[kn + (1 - pz,k)ksz]sa,kv (13c)

Uk = Uep—1 T kintTSgn(SS,k—l) (13d)
0, |us k| > U,

Pii = { el % (13¢)
1, lusi| < U,

P2,k = P1k-1s (13f)

ko, ksy >0, kg + kg < 1. (139)

Moze se primetiti da se ukupno upravljanje uy  sastoji iz dve
komponente: linearne v, ;, i nelinearne (kompenzacione) u .
Kada je stanje sistema daleko od klizne povrsi, izlaz regulatora
Uy, je u zasic¢enju jer linearno upravljanje tezi da dovede sistem
na kliznu povr§ u nominalnom slu¢aju. IzraCunato upravljanje
us i, je velike amplitude koja se onda limitira na Uy, vrednost



koja je prihvatljiva za aktuator. Nakon izlaska regulatora iz
zasi¢enja primenjuje se linearno upravljanje
Uy = —CsAsx — T (ksy + ks2)Ss (14)
u trajanju od jedne periode diskretizacije. Ovaj mehanizam je
ostvaren pomoénim promenljivama p;j p,x. U granickom
slu¢aju kada su pojadanja kg, + ks, = 1, upravljanje (14)
postaje tzv. dead-beat upravljanje koje daje ssrq =0 U
slu¢aju nominalnog sistema (d; = 0). U realnom sistemu
uzima se da je ks + ks, < 1 posto je dy # 0 (ukljucujuéi i
nemodelovanu dinamiku) da bi se podesila $irina kvazi-kliznog
domena. Ovakvo upravljanje dovodi stanje sistema u neku
okolinu klizne povrsi. U sledeCoj periodi diskretizacije
redukuje se pojacanje linearnog dela upravljanja i aktivira se
nelinearna komponenta, tako da se tada upravljanje definise
realacijama
Uy = —csAsxi — T Ks1Ss. 6 — Ucks (15)
Uek = Uek—1 T KineTSgN(Ssk-1)- (16)
Komponenta upravljanja u. je izlaz diskretnog integratora sa
pojacanjem k;,; koja tezi da kompenzuje dejstvo poremecaja.
Dakle, (16) sprovodi nelinearnu estimaciju poremecaja. Na
ulaz integratora se dovodi signum funkcija klizne promenljive.

Stabilnost sistema podrazumeva konvergenciju trajektorija
sistema ka kliznoj povrSi u oba rezima rada regulatora, u
zasi¢enju i van zasic¢enja. U [20] su izvedeni uslovi stabilnosti
sistema, dati kroz dva tvrdenja. Prvo tvrdenje se odnosi na
potrebnu veli¢inu limita izlaza regulatora.

Tvrdenje 1: Diskretni sistem (4) sa regulatorom (13) koji
radi u rezimu zasié¢enja ¢e napustiti ovaj rezim za konacan broj
perioda uzorkovanja ukoliko vazi da je

UO > |C5A5xk| + do,Vk >0. (17)

Drugo tvrdenje sagledava uslove konvergencije nakon
izlaska regulatora iz rezima zasicenja.

Tvrdenje 2: Uslovi konvergencije diskretnog sistema (4) sa
regulatorom (13), koji radi van reZima zasienja i ima
parametre 0 < kg; <1 i ke > 0, ¢e biti ispunjeni unutar
oblasti definisane sa

kinth

|56,k| > — (18)
ks1

Iz ovog uslova se vidi da za kona¢no malo T postoji uska oblast
oko klizne povrsi u kojoj ne postoji konvergencija trajektorija
ka kliznoj povrsi i koja uti¢e na Sirinu kvazi-klizne oblasti.
Moze se zakljuCiti da je prilikom projektovanja sistema
pozeljno ostvariti §to je moguce manje T, jer ne postoji bojazan
generisanje prevelikog upravljanja i potencijalne nestabilnosti
usled postojanja limitera na izlazu regulatora.

I1l. UBLAZAVANIJE CETERINGA

Relacije (15) i (16) opisuju rad regulatora (13) u zZeljenom
rezimu rada van zasi¢enja. U estimatoru poremecaja (16)
figuriSe diskontinualna funkcija. ITako diskontinualni signal
sgn(s5_k_1) prolazi kroz integrator, diskretna realizacija
integratora ne moze u potpunosti da isfiltrira ovaj signal. Zato
ovakav estimator ipak predstavlja izvor ¢eteringa u sistemu.

U ovom radu se ispituje moguénost dalje redukcije Ceteringa
zamenom diskontinualne signum funkcije u (13d), odnosno
(16), nekom kontinualnom aproksimacijom. Kako se signum
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funkcija moZe opisati relacijom sgn(s(g,k) = Ssx/ |55_k|, ideja
je da se primeni u (16) sledec¢a kontinualna aproksimacija

= _Sek-1
Ueck = Uck-1 + kintT B+Iss k-1l '.B =0. (19)

Uticaj parametra 8 na oblik aproksimacije je prikazan na SI. 1.
Ocigledno je da za B =0, (19) se svodi na (16), tj. nema
aproksimacije.

Nakon uvodenja kontinualne aproksimacije, potrebno je
analizirati stabilnost i performanse sistema. Najpre se posmatra
rad regulatora (13) sa aproksimacijom (19) u rezimu zasicenja.
Kako tada aproksimacija (19) nije aktivha i upravljanje je
maksimalne  amplitude  u;, = Uysgn(ugy),  uvodenje
aproksimacije nema uticaj na ovaj rezim, te i dalje vaZe uslovi
(17). Dalje treba analizirati rad sistema van zasi¢enja
upravljackog signala.

1

| ﬁ
=z o} .
5
3 =0.05
-0.5 =02 |1
3 =0.35
3 =0.5
-1 L
-5 0 5

85 (f)
SI. 1. Izgled kontinualne aproksimacija funkcije sgn(ss ;) za razlicite vrednosti
parametra § > 0.

Nakon izlaska upravljanja iz zasi¢enja, na osnovu zakona
(13) u narednoj periodi diskretizaije deluje upravljanje

U = —csAsx — T (kg1 + ks2)Ss 1, (20)
pa §ss postaje
8ssx = =T (kg1 + ks3)Ss i + dye. (21)

Posto je 8s5, = T~ '(Ssk+1 — Ss.k), iz prethodne jednacine se
moze naci Sg 4+, Kao
Ssp+1 = (1 — kgy — ks2)ssp + Tdy. (22)
Vazno je primetiti da se u granicnom slucaju (ks + ks, = 1)
dobija s5 1 = Tdy, Sto ukazuje da ovo upravljanje dovodi
sistem u O(T) okolinu klizne povrsi, ¢ije dimenzije zavise i od
amplitude poremeéaja. Ukoliko nema poremecaja (d, = 0),
dobija se ss ;.1 = 0 te je ovo upravljanje ustvari ekvivalentno
upravljanje koje ostvaruje dead-beat odziv.
Vec¢ u narednoj periodi diskretizacije, pojacanje regulatora
se redukuje (ks, = 0) i aktivira se kompenzaciono upravljanje
U, (19). Izlaz regulatora se sada formira na osnovu jednacina

U = —CsAsx — T k1S5 — Ucys (23)
N -
Uek = Ucg—1 + KineT /3+|i:;,k1—1|' (24)
pa se dinamika klizne promenljive opisuje sa
Ssperr = (1= ks1)ssp + T(di — Uey), (25)
N -
Ue 1 = Uek + KineT ﬁ (26)

Kompenzaciono upravljanje u, , ustvari predstavlja estimaciju



poremecaja. Ako se uvede greska estimacije kao z, = d; —
U, ., dinamika sistema (25), (26) se moze izraziti kao

Sske1 = (1 — k1S5 + Tz, 27
S —
Ziy1 = —kine m + 7 + Ay, (28)

gde je Ay = dyy1 — dy.

Stabilnost nelinearnog sistema (27), (28) se moze analizirati
koris¢enjem pseudo-linearne forme [21], [23], $to u ovom
slu¢aju daje slede¢i model

Ok+1 = A(Ss k)o-k + pkr (29)
0
% [ ] Ao = [gffsmT P Pe= [Ak]

Karakteristi¢na jednacina pseudo-linearnog sistema (29) se
nalazi iz uslova F(z) = det(zl — A) = 0, iz koga se dobija

F(2) = ayz* + a1z + ao(ssx) = 0,0, >0, (30)
kin T2
a; =1,a; = kg —2,a0=1—kgy l?+|5t§k|'

Uslovi stabilnosti sistema se mogu odrediti primenom
Dzurijevog testa stabilnosti, koji se za sistem drugog reda (29)
svodi na zahteve F(1) >0, F(—1)>0 i |ay| <a,. Za
karakteristi¢nog polinoma (30), ovi uslovi su sledece relacije

kintT2
— 31
B+|ssl (31)
2 4 kneT? (32)
( 51) /?+| | ’
_ KineT?
1—ks + B+lsar] < 1. (33)

Kako vazi da je ki, > 0, kg; < 1 B=0iT>0, prve dve
nejednakosti su uvek ispunjene. Dakle, uslov stabilnosti
definise (33). Posto je izraz unutar apsolutne vrednosti u (33)
uvek pozitivan, apsolutna vrednost se moze zanemariti i uslov

postaje ki T2/(B + |ssx|) < ks1, iz koga se nalazi
klntT _ B (34)

Dakle, sistem (29) je stabllan unutar oblasti definisane
relacijom (34), §to znaci da ¢e u toj oblasti trajektorije sistema
biti usmerene ka kliznoj povrsi s = 0. Vazno je ista¢i da u
sluéaju konstantnih ili sporopromenljivih poremecaja, za koje
se moze smatrati da vazi dj, = dj_4, sistem (29) je autonoman
jer je A, = 0. Tada Ce trajektorije sistema dosegnuti granicu
konvergencije |ss| = kineT?/ksy — B. OCigledno je da u
neposrednoj okolini klizne povrsi, datoj sa |55‘k| < ki T?/
s1 — B, uslovi konvergencije nisu zadovoljeni, pa trajektorije
napustaju ovu oblast i tako nastaje kvazi-klizno kretanje.
1z (34) se vidi da se primenom aproksimacije okarakterisane
sa f, pored redukcije Ceteringa, moze povecati oblast
konvergencije sistema, tj. smanjiti zona oko klizne povrsi gde
se konvergencija ne garantuje. Interesantno je da se za vrednost
B = ki T?/k, dobija uslov konvergencije
|ss.| >0, (35)
koji ukazuje da su u celom prostoru oko klizne povrsi ispunjeni
uslovi konvergencije. Tada se javlja diskretni KR. U slu¢aju
B = 0, oblast konvergencije (34) se svadi na (18), §to ukazuje
na valjanost analize.
Ovde treba ista¢i da izvedeni zakljuéci vaze u slucaju
konstantnih i sporopromenljivih poremecaja. Za ostale tipove

|56k| >
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poremecaja treba ocekivati da ¢e njihova amplituda i
frekvencija uticati na Sirinu kvazi-klizne oblasti, koja ¢e
svakako biti veca nego teorijski dobijena Sirina na osnovu
oblasti konvergencije (34).

1V. NUMERICKI PRIMER I SIMULACIONI REZULTATI

Dobijeni teorijski rezultati su provereni digitalnom
simulacijom. Za tu svrhu je izabran akademski primer
linearnog, nestabilnog i kontrolabilnog objetka upravljanja
petog reda, ¢iji model (1) je definisan matricama

1 2 3 -5 6 [ 1 1
[—2 6 -3 -4 —71 |—2|
A=l2 -4 6 -10 12 b—|3|.

l—8 -6 —4 3 1 J -1

4 12 -6 -8 -—14 l2]

Neka je proizvoljno izabrano podetno stanje sistema x(0) =
[10 —5 0 —10 5]T. Perioda diskretizacije sistema je
T =0.001s.

Zadatak upravljanja je da se sistema iz proizvoljnog
pocetnog stanja dovede u ranotezno stanje (koordinatni
pocetak), organizovanjem KR duz povrsi sa definisanom
dinamikom. Neka je Zeljena dinamika sistema u KR data
spektrom sopstvenih vrednosti A = [-1 -2 -3 -4 0]
u kontinualnom domenu. Koriséenjem A5 = (e*T — 1)/T,

i=1, — 1, dobija se spektar u §-domenu
/15 = [ 0.9995 -1.998 -2.9955 -3.992 0].
400 T
= 200f A2
0 —
= -200} | a)
5 -400F .
-600 .
0 2 4 6 8 10
_ 400
= 200f A7
I 0 —
=200} b)
T 400
600 ! | ] ]
0 2 4 6 8 10
t[s]
Sl. 2. Koordinate stanja a)f =1.1111-10"%b)f =0
100 '
0
BHTsa (0]
= O - - — - sgn(ss(t)) | ]
El a)
-100
L L
0 2 4 6 8 10
-] e i it
7100 -——==10
b3 s5(t)
< 50 — =0l |4 b)
o - sgn(ss(t))
ok i i i I 1
0 2 4 6 8 10

ts]
Sl. 3. a) Upravljanja; b) Ispunjenje uslova (17)

Odgovarajuca klizna povrs$ koja obezbeduje Zeljenu dinamiku



je definisana vektorom

cs =[0.4437 0.5794 0.3072 -0.6614 0.063],
dobijenog iz (9). Parametri regulatora su kg; = 0.9, k,, = 0.1
i kine = 100, dok je ogranicenje u sistemu U, = 150.

0.2
=01 b
7 a)
0
0 2 4 6 8 10
0.2
= 0.1 -
o b)
0
0 2 4 B 8 10

t[s]
Sl. 4 Klizna promenljiva: a) § = 1.1111-107*;b) 8 =0

s5(t)

-5 : - . .
4.3 4.31 4.32 433 434 4.35
,_><1O'4
B!
1SN _ _ 1 _ _ D
L RE VLN KL RIRL| )
4.3 4.31 4.32 4.33 4.34 4.35

t[s]
Sl. 5 Klizna promenljiva (uveéan detalj): a) § = 1.1111-107%; b) § = 0
-130 v : T r r

131}

—

E]
-132F

-133
4

-130

=131

—

]
-132F

133 L . 1 . .
4 5 6 7 8 9 10

t[s]
Sl. 6. Upravljanje (uveéan detalj): § = 1.1111-107*;b) § = 0

U prvom testu sistem je izlozen odskocnom poremeéaju
d(t) = 130h(t — 3), gde je h(t) Hevisajdova funkcija.
Posmatrani su sluCajevi primene aproksimacije (19) sa
karakteristi¢nim vrednodéu B = ki T?/ks; = 1.1111-107%i
slucaj sa signum funkcijom (8 =0). Na SI. 2 i SI. 3 su
prikazane koordinate stanja, upravljanja i ispunjenje uslova
izlaska sistema iz zasi¢enja (17), na kojima oba sistema imaju
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naizgled iste odzive. Koordinate stanja asimptotski teze
koordinatnom pocetku uprkos dejstvu poremecaja. Izlazi
regulatora su inicijalno u zasi¢enju ali veoma brzo izlaze iz
zasi¢enja, bududi da je uslov (17) sve vreme ispunjen. Klizne
promenljive, prikazane na Sl. 4, ukazuju da se brzo uspostavlja
KR i da dejstvo poremecaja izbacuje sistem iz KR ali da
regulatori uspevaju da ponovo uspostave KR.

Medutim, uvecani detalji kliznih promenljivih na SI. 5, gde
su kruzicima oznaCene vrednosti klizne promenljive u
trenucima odabiranja, ukazuju na razli¢itu prirodu kretanja
sistema u neposrednoj okolini klizne povrsi. Naime, za slucaj
B =k, T?/k, oblast konvergencije (35) obuhvata &itavu
okolinu klizne povrsi, te trajektorija sistema treba da dode na
kliznu povrs za dati tip poremecaja. Ovo predvideno ponasanje
sistema je potvrdeno odzivom na Sl. 5a, gde se u sistemu
uspostavlja diskretni KR, pa je ostvarena maksimalna ta¢nost.
U slucaju primene signum funkcije u regulatoru (8 = 0), na
osnovu (18) se vidi da u naznacenoj okolini klizne povrsi,
oivienoj isprekidanim linijjama na Sl. 5b, ne postoji
konvergencija te trajektorije sistema napustaju ovu oblast. U
ovom slucaju uspostavlja se diskretni kvazi-klizni rezime, $to
ukazuje na smanjenu ta¢nost sistema i pojavu Ceteringa.

0.1H

= 0.05 1 a)

Sd(f)

ts]
Sl. 7. Klizna promenljiva: a) = 1.1111-107*;b) § = 0

5“073 r , . .
5 . : . .
0 2 4 6 8 10
5><‘10'3 . . i .
= Ol, \f VVVY \’ V \] \J VYVVV VY »
5 ! { ] ]
0 2 4 6 8 10

ts]
Sl. 8. Klizna promenljiva (uveéan detalj): a) § = 1.1111-107*;b) § =0

Efekti uvodenja kontinualne aproksimacije na redukciju
Ceteringa se vide na Sl. 6, gde su prikazani uvecani detalji
upravljackih signala oba sistema. Oc¢igledno je da je upravljanje
u slucaju primene aproksimacije za grani¢nu vrednost U
potpunosti glatko, dok za B =0 wupravljanje sadrzi



visokofrekvencijsku komponentu po uspostavljanju kvazi-
kliznog rezima. Ova komponenta, iako je po amplitudi veoma
mala, ipak ukazuje na moguénost pojave Ceteringa.

U drugom testu se ispituju performanse sistema u prisustvu
promenljivih poremecaja. Na sisteme deluje slozeni poremecaj
koji se sastoji iz konstantnog i sinusoidalnog dela, tj. d(t) =
10 sin(4nt) + 100h(t — 3). Ostala podeSenja u sistemima su
identi¢na prethodnom slucaju.

Odzivi Kliznih promenljivih su dati na SI. 7 iz kojih se vidi
da sistemi ispoljavaju manju robusnost na promenljive
poremecaje u odnosu na sporopromenljive poremecaje. Na
osnovu uvecanih delova ovih grafika, prikazanih na SI. 8, vidi
se da u oba sluéaja nastaje kvazi-klizni rezim. Takode se vidi
da je Sirina kvaziklizne oblasti u slu€aju primene aproksimacije
nesto ve¢a u odnosu na slucaj za f§ =0, iako za grani¢nu
vrednost S su uslovi konvergencije ostvareni u celom prostoru.
To ukazuje da za ovakav tip poremecaja sistem sa
kontinualnom aproksimacijom zbog glatke kompenzacione
komponente upravljana gubi izvesni stepen robusnosti, a
samim tim i tacnosti.

V. ZAKLIJUCAK

Sprovedenom analizom i simulacionim rezultatima je
pokazano da primena predlozene kontinualne aproksimacije
signum funkcije u digitalnom regulatoru promenljive strukture,
pored efekta ublazavanja Ceteringa, otvara mogucnost
prosirivanja oblasti konvergencije sistema ka kliznoj povrsi. U
sluéaju sporopromenljivih poremecaja data aproksimacija ima
blagotvorno dejstvo, jer se redukuje Cetering i ostvaruje
diskretni KR, ¢ime se postize apsolutna tac¢nost. U slucaju
promenljivih poremecaja, primena aproksimacije koja redukuje
Cetering ipak dovodi do izvesnog smanjenja robusnosti,
odnosno ta¢nosti. U tom slucaju je potrebno je na¢i kompromis
izmedu prihvatljivog nivoa Ceteringa i zahtevane tacnosti.
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ABSTRACT

The paper explores possibility of chattering reduction of a
digital sliding mode controller for linear systems with saturated
inputs. A nonlinear discontinuous relay function in the control
law is substituted by an adequate continuous approximation.
Stability of the modified control system is analyzed and the
observed system properties are emphasized. The obtained
theoretical results have been confirmed by simulation of a
numerical example.

Chattering Alleviation of a Digital Sliding Mode
Controller for Linear Systems

B. Veseli¢, C. Milosavljevi¢, B. Peruni¢i¢-Drazenovié, S.
Huseinbegovi¢, M. Petronijevié



Autonomno kretanje besposadnog vozila po
zadatoj putanji primenom algoritma sa aktivnim
potiskivanjem poremecaja

Momir Stankovi¢ i Stojadin Manojlovié¢

Apstrakt—U radu je predloZen algoritam autonomnog
kretanja besposadnog vozila po zadatoj putanji primenom
koncepta upravljanja sa aktivnim potiskivanjem poremecaja.
Nelinearnosti kinematike kretanja i poremecaji linearne i ugaone
brzine vozila su formulisani u vidu totalnog poremecaja. Za
estimaciju stanja nominalnog modela i totalnog poremecaja, kao
dodatne promenljive stanja, projektovan je proSireni opserver
stanja. Na bazi estimacija i dostupnih merenja formulisan je
upravljacki zakon za aktivno potiskivanje totalnog poremecaja u
realnom vremenu i upravljanje kretanjem vozila sa definisanom
dinamikom praédenja zadate putanje. Simulacionom analizom
predloZenog algoritma sa tipi¢nim modelom pogona guseni¢nog
besposadnog vozila je pokazana efikasnost predloZenog resenja u
razli¢itim scenarijima pracenja zadate putanje.

Kljuéne reci—Autonomno kretanje; Besposadno vozilo;
Upravljanje sa aktivnim potiskivanjem poremecaja; ProsSireni
opserver stanja;.

I. Uvop

Tako su ideje o automatizovanim pokretnim platformama
bez ljudske posade (eng. Unmanned Vehicles - UVs) postojale
jo§ pocetkom proslog veka, tek njegovim krajem doslo se do
tehnoloskih mogucénosti za njihovu realizaciju. Osnovna
namena besposadnih platformi je delimi¢na ili potpuna
zamena Coveka u napornim, rizi¢nim, nepristupacnim i sl.
civilnim ili vojnim misijama. Uz tehnoloski napredak u
oblastima senzorskih i aktuatorskih komponenti, obrade
signala i algoritama vodenja (navigacije) i upravljanja, zbog
potencijalnih  moguénosti ovih  specificnih  platformi,
poslednjih godina se poklanja sve veca paznja njihovom
razvoju i primeni. Posebnu grupu automatizovanih platformi
predstavljaju besposadna vozila (eng. Unmanned Ground
Vehicles - UGVs) projektovana za kretanje po uredenom ili
neuredenom terenu. Razvoj besposadnih vozila u pocetku je
bio zasnovan na automatizaciji kretanja postojec¢ih vozila
kojima je upravljao covek. Medutim, zbog poveéanja
ekonomicnosti, mobilnosti i manevrabilnosti, danas se
besposadna vozila projektuju kao posebna klasa vozila sa
tockovima ili gusenicama, sa potpuno automatizovanim
funkcijama kretanja i, najceS¢e, nezavisnim upravljanjem

Momir Stankovi¢ — Vojna akademija, Univerzitet odbrane u Beogradu,
Generala Pavla JuriSi¢a Sturma 33, 11000 Beograd, Srbija (e-mail:
momir_stankovic@yahoo.com).

Stojadin Manojlovi¢ — Vojna akademija, Univerzitet odbrane u Beogradu,
Generala Pavla JuriSi¢a Sturma 33, 11000 Beograd, Srbija (e-mail:
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pogonskim to¢kovima [1].

Sistem za autonomno kretanje besposadnog vozila se, u
opstem slucaju, moZze razdvojiti na tri celine: sistem za analizu
terena, sistem za planiranje (proraCun) trajektorije i sistem
upravljanja kretanjem. Sistem upravljanja kretanjem treba da
obezbedi praéenje zadate trajektorije uz minimalna
odstupanja. Funkcionalno se moZe razdvojiti na upravljanje
uzduZznim kretanjem, odnosno upravljanje intenzitetom brzine
kretanja i na upravljanje ugaonim kretanjem (uglom skretanja)
[2]. Algoritam upravljanja treba da obezbedi robusnost i
stabilnost kretanja, uzimajuéi u obzir dinamicko ponaSanje i
konstruktivna ograni¢enja samog vozila kao i uticaje
poremecaja. ReSenja ovog problema variraju od primene
klasi¢nih do inteligentnih tehnika upravljanja [3].

U ovom radu analiziran je algoritam upravljanja ugaonim
kretanjem guseni¢nog besposadnog vozila za prac¢enje zadate
putanje, primenom koncepta sa aktivnim potiskivanjem
poremecaja (eng. Active Disturbance Rejection Control -
ADRC). Ovaj koncept se pokazao kao veoma robusan,
efikasan 1 praktiCan u potiskivanju kako spoljaSnjih
(ambijentalnih), tako i unutraSnjih (sistemskih) poremecaja
[4]. Pri modelovanju sistema, sva odstupanja od nominalnog
modela, ukljucujuci greske modelovanja
(neodredenost/promene parametara, nemodelovana dinamika)
i spoljasnje poremecaje, tretiraju se kao fotalni poremecaj
sistema. Potiskivanjem totalnog poremecaja preko unutraSnje
povratne sprege, za kompenzovani (nominalni) sistem, u vidu
redne veze integratora, projektuje se kontroler zatvaranjem
povratnih sprega po stanjima. Klu¢na komponenta ADRC
kontrolera je proSireni opserver stanja (eng. Extended State
Observer - ESO), koji se projektuje za nominalni model, a
totalni poremecaj se uvodi kao dodatno stanje sistema. Od
kvaliteta estimacija ESO-a u najvecoj meri zavisi efikasnost
ADRC kontrolera [5].

U radu je projektovan ADRC kontroler na osnovu
kinematickog modela kretanja besposadnog vozila, uz
pretpostavke da je intenzitet brzine kretanja konstantan i da se
pracenje referentne putanje ostvaruje kontrolisanjem ugaone
orijentacije vozila. Pri tome se svi poremecaji koji mogu
nastati u toku kretanja vozila usled proklizavanja, neravnog
terena ili neadekvatnog odziva pogonskih motora, modeluju
kao poremecaji intenziteta brzine vozila i poremecaji ugaone
brzine njegove orijentacije. S obzirom da poremecaji
intenziteta brzine vozila ne deluju na istom ulazu gde i
upravljacki signal (eng. mismatched uncertainty) model



sistema je formulisan u pogodnom obliku kako bi se svi
poremecaji ukljucili u totalni poremecaj.

Za estimaciju stanja nominalnog modela i totalnog
poremecaja projektovan je linearni ESO. Koriste¢i estimacije i
dostupne merene veli¢ine, formulisan je zakon upravljanja za
minimizaciju normalne komponente greSke pracenja (eng.
cross-track error), pri ¢emu se besposadno vozilo priblizava
zadatoj putanji zahtevanom dinamikom.

II. KINEMATICKI MODEL KRETANJA VOZILA PO ZADATOJ

PUTANIJI
Kinematicki model autonomnog kretanja vozila u
inercijalnom koordinatnom sistemu se moZe opisati
jednacinama:

i(t) = (v, (t) + v, () cos 8, (t)
() = (v, (1) +v,(1))sin 6, (1) @)
6,() = o,(1)+ @, (1)

gde su x(r) i y(f) koordinate a @, (f) ugaona orijentacija
vozila. Linearna brzina vozila Vv, se smatra poznatom uz

pretpostavku da je konstantna, a ugaona brzina vozila @, ()

predstavlja upravljacku veli¢inu, koju treba proracunati tako
da vozilo izvr§i zahtevani manevar. Uticaj proklizavanja,
neravnog terena ili neadekvatnog odziva pogonskih motora na
kretanje vozila modelovani su poremecajima linearne v, (¢) i
ugaone brzine @, (t). Poreme¢aji v,(¢) i w,(t) predstavljaju
osnovni uzrok odstupanja vozila od zadate putanje pri
autonomnom kretanju vozila.

Na SI. 1 prikazana je zadata putanja kao pravac definisan
uglom 6, u inercijalnom koordinatnom sistemu. U tom

slucaju je greSka ugaone orijentacije vozila u odnosu na
zadatu putanju:
0,t)=6.()-6, 2)

Poziciono odstupanje vozila definisano je greskom e, (t)

kao normalno rastojanje vozila od zadate putanje.

YA

Q
ok /

Sl. 1. Zadata putanja kretanja vozila i greSke pracenja.
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Problem pra¢enja zadate trajektorije se moZe definisati kao
regulacioni problem minimizacije greSke e, () u prisustvu
v,(8) 1 @,(1)
upravljackog signala @,(t). Na osnovu SI. 1 i primenom

poremecaja primenom odgovarajuceg

izvoda na jednacinu (2), dobijaju se izrazi za dinamiku
greSaka pozicionog odstupanja i ugaone orijentacije vozila u
odnosu na zadatu putanju:

é,(t) = (v, +v,(1))sin 6,(r) 3)
0,(t) = w,(t) + w, (1) “)

Imajuéi u vidu da je ugaona brzina rotacije vozila @, (t)
upravljacka veli¢ina, iz (3) se moZe uociti da poremecaj v, (t)
ne deluje na istom ulazu kao i @, (¢) (eng. mismatched
uncertainty), za razliku od poremecaja @, () (eng. matched
uncertainty) [6].

Diferenciranjem (3), i uvrStavanjem (4), dobija se model
dinamike greske e, (1) :

é,t)=w,t)v,+v,(t))cos(b,) s
+a, (t)(v, +v,(t))cos(8,)+v,(t)sin(b,) )

u kome je uticaj oba spoljaSnja poremecaja sveden na
zajedni¢ki ulaz sa upravljackim signalom @, (t) (eng.
matched uncertainty).

Iz (5) se vidi, da je dinamika greSke e, (f), ¢ak i u odsustvu
(v, =w,(1)=0), Ako se
pretpostavi  postojanje  pocetne greSke pozicioniranja
e, (ty) %0, Zeljena dinamika minimizacije greske se moZe

poremecaja nelinearna.

definisati kao:
e,(D+k,e, (1) +ke, ()=0 6)

gde se pomocu k ik, definiSu parametri prelaznog procesa.
Prema tome, zadatak pradenja zadate putanje predstavlja
projektovanje upravljackog signala @ (r) kojim se
obezbeduje da greska e,(r) sa zadovoljavajuéom tacnoScu

prati zadatu dinamiku, definisanu sa (6).

III. PROJEKTOVANJE ADRC REGULATORA ZA AUTONOMNO
KRETANJE VOZILA

U skladu sa konceptom ADRC-a, izraz (5) se moZe zapisati
u formi:

&,(t) = v, cos(8,(n)- &,(1)+ f (1) ™

gde je:



ft)=cos(8,)v, (o, (t)+a,()(v, +v,(t))cos(b,)
+v,(t)sin(8,) ,
3

totalni pormecaj, koji obuhvata nelinearnost modela i
pretpostavljene spoljaSnje poremecaje. Ako se f(f) usvoji
kao dodatno stanje sistema, (7) se moZe predstaviti modelom
u prostoru stanja:

(1) = Ax(t) + B, (1) + Ef (1) ©)

gde je x(t)=[e, () e, f ()] vektor stanja, pri ¢emu
matrice u modelu imaju formu:

0

,B=|v,cos(8,(n),.E=|0 (10)

>

I
o O O
S O =
o = O

Na osnovu modela (9) linearni proSireni opserver stanja se
projektuje na osnovu relacija:

X(1) = AX()+B@, () +L(y-¢,) (an
gde je X(r)=I[e, () eil ® f(t)]T vektor estimiranih stanja, a

matrica L=[8 3, B,]" sadrZi pojaganja opservera. Koristeéi

estimacije stanja sistema i totalnog poremecaja, uz ucesce
merene veli¢ine 6, moze se formirati upravljacki zakon:

— WOgpax > ee <-zm/2
kb —ke — f (12)
o, = M’ ge‘<7[/2
v, cos(6, (1))
a)xmax ’ 0{.’ 27l2
gde je maksimalna ugaona brzina vozila. Uz

s max

pretpostavku  da su  estimacije

() =e, (1), ¢,()=¢,(0), f() = f(1),
upravljackog zakona (12) se kompenzuje uticaj totalnog
poremecaja, a nelinearna dinamika greske (5) se svodi na
zadatu formu (6), gde se dinamika pribliZavanja vozila zadatoj
putanji podeSava parametrima ki k, .

zadovoljavajuce, tj.

primenom

Izbor parametara ki k, se moZe izvrSiti primenom metode

podeSavanja polova. Ako se za oba pola sistema sa
zatvorenom spregom usvoji da su realni i isti, odnosno
D, =—@. , (@, >0), pojacanja regulatora se mogu odrediti iz

jednakosti karakteristi¢nih polinoma:

(s+@) =5 +ks+k, (13)
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gde je sa @, definsan propusni opseg sistema sa regulatorom
(12). Zadavanjem propusnog opsega opservera @, = k@, , gde

je k>1, pojacanja opservera se mogu odrediti na slican
nacin, iz jednakosti karakteristi¢nih polinoma:

(s+a)0)3=s3+,6'1s2+/3’2s+/3’3. (14)

Imaju¢i u vidu mehanizam wupravljanja kratnjem
besposadnog vozila, treba napomenuti da su linerana brzina
v, 1ugaona brzina rotacije vozila @, rezultat ugaonih brzina

pogonskih to¢kova. Model kretanja guseni¢nog vozila sa dve
gusenice i dva pogonska tocka (za levu i desnu gusenicu)
moZe se predstaviti u obliku:

v, IL(WD +w,)
2 (15)
P
o, =—(w, —w,)
m

s

gde su r prec¢nik pogonskog tocka, m normalno rastojanje
izmedu gusenica, w, i w, ugaone brzine desnog i levog

pogonskog tocka, respektivno. Ukoliko uzmemo u obzir
poremecaje usled proklizavanja gusenica, model (15) se moze
zapisati u obliku:

P

v,+v, = E(aDWD +a,w;)

(16)
r

o+, = Z(aDWD —a,wp)

gde se koeficijentima a, ia, modeluje klizanje desne i leve
gusenice, respektivno. Koeficijenti a, ia, suuopsegu [0,1],
pri ¢emu se za vrednosti manje od 1, generiSu poremec€aji v, i
@, . Odgovarajuce brzine pogonskih tockova w, i w, se
direktno proracunavaju na osnovu zadatih vrednosti v, i®,

primenom izraza (15).

Iv. SIMULACIONA ANALIZA

Simulaciona verfifikacija predloZzenog reSenja autonomnog
kretanja  je  realizovana u  programskom  paketu
MATLAB/Simulink na dinami¢kom modelu vozila sa
parametrimam=1.4m ir=0.1m.

U okviru prvog scenarija razmatrano je kretanje vozila po
zadatoj trajektoriji, definisanoj uglom 6, = 7 /3rad . Pocetni

poloZaj vozila je definisan koordinatama x(0)=0.3m ,
y(0)=0m i uglom 6, (0)=x/4rad. Pretpostavljeno je
postojanje proklizavanja obe gusenice, odnosno:

a,(t)=0.85+0.15sin(2t + 7/ 4)

a7
a, (t)=0.85+0.15cos(3¢)



Pored toga simulirano je postojanje Suma merenja signala
e, (t), koji je ukljuen od 3 sekunde simulacije. Dobijeni
rezultati pracenja zadate trajektorije, za tri ADRC regulatora
(12) sa istim propusnim opsegom Uu zatvorenoj sprezi
o, =3rad/s 1 razli¢itim vrednostima propusnog opsega
opservera (@, =4®,, @, =8w.1 w, =16@, ), su prikazani na
Sl. 2. Kakakteristike pracenja u odnosu na idelanu putanju
definisanu izrazom (6) su dati na SI. 3, dok su vrednosti
zahtevanih upravljackih signala, odnosno brzina desnog i
levog tocka prikazane na Sl. 4. Kvalitet estimacija totalnog
poremecaja za analizirane vrednosti propusnog opsega
opservera je prikazan na Sl. 5.

45 T T T T
flo| T Ref. ]
ryu=4(uc
351 @,=80 2
st a, =160, ]
_ 25} -
=
=
21 4
151 q
1} 4
05 i
0 . . . . \
0 0.5 1 1.5 2 25

X[m]

Sl. 2. Karakteristike pracenja zadate putanje za razli¢ite vrednosti propusnog
opsega opservera

0.05
ol
-0.05
_ 01
%n (ua=8(uc
015} =160, 1
Idealna putanja
-0.2 f 4
025 .
03 . . , . ,
0 1 2 3 4 5 6
t[s]
Sl. 3. Uporedne karakteristike pracenja u odnosu na idelanu putanju za

razli¢ite propusne opsege opservera

Na osnovu rezultata sa Sl. 2 1 SI. 3 vidimo da vozilo, za sve tri
vrednosti propusnog opsega opservera, uspesno prati zadatu
putanju u uslovima postojanja pormecaja. Kao Sto je i
ocekivano, sistem sa najveéim propusnim opsegom opservera
ostvaruje putanju najpriblizniju idealnoj, Sto je posledica
najmanje greSke u estimaciji totalnog poremecaja (SL 5).
Medutim, sa Sl. 4 se moze uociti da povecanje propusnog
opsega opservera dovodi do porasta zahtevanih ugaonih
brzina pogonskih to¢kova, kao i povecanja osetljivosti sistema
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na merni Sum.

80 WL’wU=16wc T
i =
Y I WDJ(uo—Tﬁmc 4
1 w,, e =8
| U%
40 1 _ il
WDJ(uO—B(u
30 0 = 1
w,,@,=40,
WD’mO=4mc g

w Wy [rad/s]

_40 . . . . .
0 1 2 3 4 5 6
tls]

Sl. 4. Signali upravljanja pogonskim tockovima za razli¢ite vrednosti
propusnog opsega opservera.

y | —— Frwo=
Jrywo=4we

fiwa= 16w,
——— Jwo= 16w, I { i
0 1 2 3 4 5 6
tls]

SL. 5. Estimacije totalnog poremecaja za razliCite vrednosti propusnog opsega
opservera.

U drugom scenariju analizirano je pracenje putanje
definisane uglom 0. =ml4rad . Pocetni polozaj vozila je
x(0)=0.3m, yO0)=Ilm i
6.(0) =0rad . Parametri regulatora su podeSeni usvajanjem

definisan koordinatama

o, =3rad/s i @w,=8w,, a simulirana su tri sluaja za
razli¢ite dinamike proklizavanja gusenica. U prvom (S1)
pretpostavljeno je da nema proklizavanja, odnosno,
a,=Lla, =1,dok je u druga dva slucaja proklizavanje
modelovano sa:

S2:a,=0.85,a, =0.95;
S3:a,(t)=0.85+0.15sin(2t + 7/ 4),a,(t) = 0.85+0.15cos(3t);

Trajektorije  vozila, normalne na

trajektoriju e, ()

greSke  pracenja
i estimacije totalnog poremecaja su



prikazane na Sl. 6, SI. 7 i Sl. 8, respektivno. Na osnovu
dobijenih rezultata moZe se zakljuciti da projektovani sistem
ostvaruje zadovoljavajuée performanse pradenja u sva tri
razmatrana slucaja. Kao S§to je 1 ocekivano, najbolje
performanse se dobijaju kada nema proklizavanja (S1) a
vrednost totalnog poremecaja nula. U slucaju kada je
proklizavanje gusenica konstantno (S2), putanja vozila
odstupa od idealne u toku prilaska zadatoj trajektoriji, a nakon
toga greSka pracenja postaje nula, Sto je rezultat nulte greske
estimacije totalnog poremecaja u stacionarnom stanju (SI. 8).
U treem slucaju (S3) se uoCava da, usled sinusoidalnog
oblika proklizavanja, primenjeni proSireni opserver stanja ne
moZe da estimira totalni poremecaj bez greSke u stacionarnom
stanju, (vidi Sl. 7), $to dovodi do izvesnog odstupanja od
zadate putanje.

35

25

Y[m]
N

Ref
81
1 S2
S3

0 1 2 3 4
X[m]
Sl. 6.  Karakteristike pracenja zadate putanje za razliCite dinamike
proklizavanja gusenica.

05F

04r
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s2

s3 [
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df

e m]

01r

Sl. 7. Uporedne karakteristike pracenja u odnosu na idelanu putanju za
razli¢ite dinamike proklizavanja gusenica.

V. ZAKLIJUCAK

Autonomno kretanje besposadnog vozila po zadatoj putanji,
uz poremecaje linearne i ugaone brzine kretanja, realizovano
je primenom kontrolera sa aktivnim potiskivanjem
poremecaja. Problem je formulisan u vidu minimizacije
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najkrac¢eg (normalnog) rastojanja vozila od zadate putanje. Za
estimaciju totalnog poremecaja projektovan je linearni
proSireni opserver stanja, pri ¢emu je totalni poremecaj
definisan tako da obuhvati i poremecaje koji ne deluju na
istom ulazu kao i upravljacki signal. Upravljacki signal za
aktivno potiskivanje totalnog poremecaja i priblizavanje
vozila zadatoj putanji prema unapred definisanoj dinamici
kretanja, je formiran na osnovu estimacija opservera i
dostupnih merenja.

Koriste¢i model kretanja guseni¢nog vozila sa dve gusenice
i dva pogonska tocka, pokazano je da se poremecaji linearne i
ugaone brzine vozila mogu efikasno estimirati primenom
linearnog proSirenog opservera stanja, pri Cemu se
povecanjem propusnog opsega opservera tacnost pracenja
poboljSava, ali se povecavaju energetski zahtevi za aktuatore i
osetljivost na merni Sum. Primenjenim zakonom upravljanja
uspesno se elimiSu poremecaji tipa pocetnog stanja i
konstantni poremecaji uzrokovani proklizavanjem, dok se
odgovarajuce podeSavanje parametara kontrolera.

Ideje za buduéi rad su, da se pre prakticne implementacije
na konkretnom besposadnom vozilu, analizira primena ADRC
kontrolera za upravljanje intenzitetom brzine i ugaonom
pozicijom vozila, sa ciljem autonomnog pracenja sloZenijih
putanja.
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SI. 8. Estimacije totalnog poremecaja za razliCite dinamike proklizavanja
gusenica (prelazni period - levo, stacionarno stanje - desno).
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ABSTRACT

In this paper path following active disturbance rejection
controller (ADRC), for unmanned ground vehicle (UGV), is
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proposed. Model nonlinarities, together with linear and
angular velocity uncertainties, are treated as one total
disturbance, enhancing both, matched and mismatched
disturbances. Linear extended state observer (ESO) for total
disturbance and nominal model states estimation is designed.
Based on estimations and available measurements, the control
signal for path following with predetermined transient
behavior, is formulated. Simulation analysis, with tipical
tracked unmanned ground vehicle motion configuration, is
performed, and results illustrate efficiency of proposed control
scheme in diferent path following scenarios.

Autonomous Active Disturbance Rejection Path Following
Control of Unmanned Ground Vehicle

Momir Stankovi¢ i Stojadin Manojlovié¢



CucreMn 3a NOAPHIKY OJIJIy YBaIby
Oa3upaHy HA BEIITA4YKO] MHTEJUTeHIN] Y
TpeTMaHy yMepeHe (popMe OuInjapHor
IIaHKpeaTUuTuca

Ama BymeBuh, Anekcanmap I'imyxoBuh, Mupua H. Kaneruna, Anexkcangap Kuexxesuh,
3opan . Jeanuaunh

Ancmpaxm—Y OKBUPY OBOT paja NpPEeJCTaB/bEHO je
jenHo perieme cucreMa 3a IOAPUIKY OAJIYYHUBABY Yy
Jedemwmy yMepeHe ddopMe GuinjapHOr MaHKpeaTUuTHCA.
Ha ocHoBy mapamerapa u IIoKa3aTejba U3 KJIMHUYKE
nmpakce, pa3BHUjeH je CHCTeM 3a ycMepaBame JieKapa
NpUJINKOM u30opa MeTode U IOCTYyIMKa Jiedelha OBOT
3anaJjberba MaHkpeaca. 360r pejlaTUBHO MAJIOT CKYIIa
nojaTtaka, ycjen cnenudUuIHUuX MeIUIIMHCKUX IIPOo-
meaypa, u3bop pesieBaHTHUX obesiexkja morBpheH je
Kpo3 aBa dopMaau3Ma: KOpeJaliOHOM AaHAaJIU30M U
crabsom omuryuuBama. Ha ocHoBy omabpanux obesiexk-
ja, nmo duHaTHOr pelllema ce O0JIa3U y3 OCJIOHAL], HA
Teopujy morrnopHuxX BekTopa. IIpeasiokeHo periieme
HAIILJIO je CBOjy MpPUMEHY y KJIUHUYKOj ITPAKCH.

Knapyuwne pewu: ymepena cdopma OusmjapHoOr mnaH-
KpeaTHuTHuca, KopeJjanyoHa aHajau3a, cTabjio omjryvu-
Bamwa, CBM.

I. VBOJI

Y HacTaBKy TEKCTa IpeJCTaBUIEMO OCHOBHE ITOKa3a-
Te/be U TapaMeTpe KOju KapaKTepHIILy yMepeHy (opmy
OUIMjapHOr TAHKPEATUTUCA, AJIM U KOHBEHIINOHAJIHE U He
TaKO KOHBEHIIMOHAJIHE HAYNHE Jedera uctor. Hanme, mo-
srazehn o1 IpeTrocTaBKe Ja ce Pau O MYJITUIUCITUILII-
HAPHOM IPO0JIEMY Ca YHCTOM MEJUIMHCKOM IIPUMEHOM
pa3yMeBambe MEeJIUIMHCKOr Jiejia je of HajBeher 3nadaja
HE CcaMO 3a Kpajibe KOpHUCHHKe, Beli Kao m Tymademe
n3abpannx obesiexkja n pa3yMeBamba CBUX CJIOXKEHNX (de-
HOMEHa KOjU Ce MOry JOOUTH y MaTEeMAaTUYKOM OIIHCY
pobsema.

AKyTHM IAHKDEATUTHUC IPEJICTAB/bA €H3MMCKO UH]JIa-
MAaTOPHO 000JbeIbe IMAaHKpeaca, KOje MOXKe 3aXBATUTH
KaKO caM OpraH, TaKO W OKOJiHA TKuBa. VHiummeHrm-
ja obosema je oko 17/100000 cranoshuka. Hajuernhu

A. Bysbesuh (anjabuljevic@uns.ac.rs)*, A. Tyxo-
Buh (aleksandar.gluhovic@gmail.com)**, M. H. Ka-
neTuHa (mirna.kapetina@uns.ac.rs)*, A. Kuexxepuh

(aknezevic021@Qgmail.com)***, 3. II. Jesmuul (jelicic@uns.ac.rs)*
* Vuusepsurer y Hosom Cany, @akyiaTeT TEeXHUYKUX HAyKa,
Hemaprman 3a padyHapcTBO u ayromaruky, 1Tpr Hocureja
O6pagosuha 6, 21000, Hosu Can, P. Cpbuja

** New Hospital, An6epra Ajumrajua, Hosu Can, P. Cpbuja

*** Komnanukn nenrap Bojsomuue, Xajayk Bespkosa 1-9, Hosm
Can, P. Cpbuja
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€THOJIONIKA YUHHUOIM KOjU Ce Be3yjy 3a OBO CTambe CY
6umjapHa Kaakyao3a (45%) u Kousymanuja aaKoOXOJIHUX
muhia (35%). Ymepene opMe aKyTHOI ITAHKPEATUTHUCA,
KOje Cy W TIpeJMeT OBOI' HCTPAKUBalha, jaB/bajy Ce Y
80% ciy4ajeBa u uMajy OJar KJIUHUYKHA TOK Ca CTOIOM
MoprajureTa of, 1%. AKyTHM maHKpeaTuTHC OHJIMjapHE
€THOJIOrHje Y3POKOBAH je KaJKyJ030M XKydHe Kece u/
WK KYy9IHUX IIyTeBa. TpeTMaH KajKyJio3e OuiujapHor
crabyia Koa yMmepeHe dopme MaHKpeaTHTHCA, M0 aKTY-
€JIHOj TIPETIOPYI AMEPUIKOT YJIPY?KeHha racTPOEHTEPO-
JIoTa U eHI0CKOICcKuX xupypra (American Assosiation of
Gastroenterology and Endoscopic Surgeons - SAGES),
CBOJIM Ce Ha YKJAambarhe YKyJdHe Kece JIAAPOCKOICKOM
xoustenucrekromujoM (JIX) ca mHTpaonepaTUBHOM XOJIAH-
ruorpacdujom (MOX), y unby npeseniyje mojape HOBOL
aTaka OoyiecTH. YKOJIUKO IIOCTOjJU CYyMiba Ha IPHUCYCTBO
KQJIKYJIyCca y Ky9IHUM KaHAJMMa, Ca TOBUIIIEHUM BPE/HO-
cruMma OmmpyOuHA, Paayd Ce eHIOCKOICKa PEeTPOrPaIHa
xosanruonankpearorpaduja (EPIII) ca enmgockomnckom
nammitoromujom (EIIT), y nuiby ykiamarma KajKymoyca
U JIETPUTYCA U3 KYIHUX BOJOBa, U 00e36ehuBama HOP-
MaJTHOT TIPOTOKA XKYUHU y JIBaHaecTOnaJadHo 1peBo. OBa
rpore/ypa ce yriaBHoM u3Bogu mpe JIX, Maza ce Moxe
pagnTu 1 TokoM JIX mim HakoH e, [1].

Ha crynuju cnydajeBa Bojsomune, JIX je moctynna y
CBUM OOJIHUIIAMA, KAO U Yy KJIMHUIKOM TieHTpy. MehyTim,
EPUII nporeaypa moryha je camo y Kimamakom meHTpy
Bojsomuie u To om crpame jemamor jekapa. Ilo mammm
HajOO/BUM Ca3HABUMAa, yKylaH Opoj Jiekapa y Cpbuju
KOju m3BOJie OBy omepanujy je 3 mmm 4. Kao Kipy4dHO
nuTame u 3ajarak namehe ce 0/jabup ckyra 00jeKTUBHUAX
napamerapa Koju hie jiekapa OIpeJIeuTH Ja CaMO U3BEJIe
MIUPOKO stocTyrHy JIX mim a uiax mamjeHTa momaJjbe u
na mojarny nporeaypy EPIIII. Bax#o je HamomenyTn 1a
Cy aHAJIM3UPAHU CaMO 00jeKTHUBHE IIapaMeTpe jep cybjek-
TUBHU TTapaMeTpu (HIID. yATPa3BydYHU IIPErJIe]]) He MOry
Jla TApaHTyjy JOCIETHOCT Y pesyararuma. JIpyru Haannu
uperviesia, 1omyT Komijyrepusosane Tomorpaduje (IIT)
¥ MarHeHTHa PE3HOHIE, HUCY MIMPOKO JocTymHH. [Ipum
ToMe, 3a oko 80% manumjenara goBoJbHa je JIX, 10K cBera
20% nanumjenara saxtesa n EPIIIL.

Kipyuno 3a ananmse y cucreMy 3a IOJIPIIKY OJJIy-



quBamby je OUI0 Jla MUHMMH3YjeMO JIAKHO HEraTUBHE
3akspyuke y norpedbu masohema EPIIII mro je u 3amcra
y CKJIaJy ca J0OpOM KJIIMHUYIKOM ITPAKCOM. 300r MaJjor
CKyTIa rojaTaka, n3oop obesexja je ypahen Kkpo3 Kopesa-
IUOHY aHAJIU3Y U CTabJIO OJUIY IMBAHA IIITO je OIPABJAHO
ca MaTeMaTUYKOr acleKTa [2], a TakaB HA4YMH paja ce
KODUCTH W y CJIMYHUM MEJIUIIMHCKAM HCTPAsKUBAIMA
[3]. IIpema mammM Haj6O/BUIM CA3HAFBUMA, OBAKAB MPU-
CTYTI TIOJIPIIIKE OJIIyYUBamby y Jiedemy ymepere dopme
aKyTHOI' IIAHKPEATUTUCA jeé OPUTMHAJIAH W IIPBU IIyT Ce
MIpe3€eHTYje Y OBOM PaJy.

Pan je opranmzoBan na cienehu Hauun. Y MOTJIaB/BY
II npukazan je o7abup AUCKPUMHUHAHTHUX OO€sIexKja.
YV mormasipy 111 npukazano je GajlaHCHpame MOIATAKA.
dopmupame cucreMa 3a MOJPIIKY OJJIy9IUBarby JATO je
y moryiaBsby IV, 10K je 3ak/bydak maT y MOTJIaBiby V.

OBa cryauja je omobpena o crpane Eruwdakor komure-
ta Memumuackor dakynrera y Hoom Cany u Etmuke
komucuje Kaunnakor nearpa BojBoanne.

II. KOPEJIAIIMOHA AHAJIN3A I CTABJIO
OJIJIYUNBAIbHA

IIpBu kOpak 3a pemraBare OBOI PEAJIHOT ITPODJEMA
omma je mmeHTudUKANMja JIUCKPUMUHAHTHUX 00e/IexkKja
(MemUIMHCKAX TIapaMeTapa) KOju €y OJ KPyIMjasHe Ba-
JKHOCTH 33 YKa3WBalhe [IPUCYCTBA KAJKYILYCa y XKYIHUM
BOJOBUMA. 3a MOTpede OBOI IMpOjeKTa KOPHUIIHeHu Cy
MEIUIIMHCKU TIOJAIN [AljaHaTa 0DOJIEINX Off aKyTHOT
MMAaHKPEATUTHUCA KOjU Cy NpUuKyIbenn y Kimnmakom 1ien-
Tpy BojBomume. IlpuiukoM camor mpujema mHallmjeHaTa
npuKkysbeHo je npeko 80 mapamerapa. Heku ox sux cy
OuIM JIECKPUIITUBHY TIOJAINA O CyOjeKTUBHOM CTamby Ia-
[MjeHaTa, 3aTUM O UCTOPHUju OOJIeCTH, Ka0 U 00jeKTUBHU
rmapaMerpH IOMyT HAJIA3U KPBU U CYOjeKTUBHHU KaO IITO
je ynrpaszByunu nperyies. CBU HapaMeTp Cy 10 MPABUILY
pacmopeheHn y BpeMEHCKUM cepujamMa oj 12 wacoBa y
npeux 48 caTu 10 npujeMy y OOTHUILY.

Y nobmjenoj 6asm mojgaTaka Hajgasze ce TOJAIM 34
100 nmarujenara JiedeHUX OJ yMepeHe hopMe OUInjapHOr
naHkpeaTuruca. ¥ Jjureparypu [1] nponamasumo ja ce
norenrjanan Kagguaat 3a EPIIIL mory y3etn y pas-
MaTparme YKOJIUKO je IUXOB [J1a3roB CKOp Mambu Of 3.
306or oBe ummeHuIe, 6a3a ce cmarmwyje Ha 96 marujenta.
Op tux 96 manujenara, ko wux 19 je pahen EPIIII, mok
je ko 77 marujenara 6ujia goBosbHA JIX.

Kpos mymeputuke mocTymnke uaaBajamba obesexkja u
nparehn HaYWH pa3MUILbAka JEKApa U3IBOjUIH CMO D
00jeKTHUBHUX MapaMerapa: YKyIHU OUIupyOuH, JUpPEKT-
Hu Ommpybun, ankaaaa docdaraza, [IPIT u ramal'T.
CybjeKTHBHE TIapaMeTpu Cy IMOKa3aJii W3BECHY HeI0-
CJIEHOCT W HUCY MOIVIH OUTH y3€TH y pa3MaTpalbe.
UcnutuBame JUCKPUMUHAHTHOCTHA 0obesexja paheHo je
Ha JIBa, HAYWHA!

1) xopumhemem ITupconosor koedunujenra Kopesa-
nyje n
2) xopumhermeM cTabia oIy INBaba.
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A. Odabup obeaeorcja kopuwherwem Ilupconosoe xoegu-
YujeHma Kopeaayuje

Iloctynak wunenTnduKanyje IUCKPUMUHAHTHUX 00e-
JIeXKja, 3aI1049e)Id CMO KOPEJIAIMOHOM aHAJIIM30M. Y KOJIUKO
JKEJTUMO T3, UCIIUTAMO J& JIM TIOCTOjU 3aBUCHOCT u3Mely
nBa (uiu Bure) obesiexja, Taja FOBOPUMO O yTBpuBamby
nocrojama kopenaruje usmehy tux obemexja [4]. Koe-
durmjeHT Kopesaiuje je moKa3aTesb CTeIIeHa CTATUCTUAY-
Ke T0Be3aHOCTH 00ejiexKja M MPEeJCTaB/ba Mepy EbUXOBe
JINHeapHe 3aBUCHOCTH. JeHa oJ1 Hajuyemrhie KOpUITheHnX
Mepa moBe3aHocTH naBa obesexja jecre IlupcoroB ko-
ebunmjert xopenarmje [4]. Y tabemn 1 cy mpukasaxm
ITupconoBu KoeduMjeHTH KOpesalije 3a oHa obesrexja
Koja uMajy Hajsehu TparkeHu KoepUIMJEHT U OHU yjeIHO
[IpeJICTaB/bajy Haj3HAYajHUja 00esIexK]ja 3a HaIll ITPODJIeM.

Tabemna 1
ITupconoB KoeduimjeHT Kopesaiuja 3a
JIMCKPUMWHAHTHA, 00M/beXK]a

Hasus obenexja ol
ykyunu ommmpyoun | 0.4051
gupekTHH ounmupyobun | 0.3837
ankaiaa docdaraza | 0.3703
IPII 0.274
rama I'T 0.2164

W3 oBe Tabese MOXKeMO TPUMETHTH 8 Cy YaK o
Haj3Hadajumja obesexja mo IlupconoBom koedunmjeHTy
KOpeJalyje ycTBapu y ¢aab0j KOpeJaluji ca U3JIa3HOM
IpoMeH/bUBOM. Kako 6ucMO MOTBpMIN Jla cy ojabpaHa
obesieXkja 3amcra AUCKPUMWHAHTHA 38 HAIl MpodJieM,
ypabena je m Basmmarnuja I00MjeHUX O0EJIEKMja KOPH-
mthemeM cTabJsia oIy INBabA.

B. Odabup obesesicia xopuwhervem cmabaa 004y4u6arsa

Hpyru HauuH ojapehuBama JIUCKPUMUHAHTHUX 00e-
JIexKja KOJU je MMIIJIEMEHTHPAH ¥ OBOM PaJLy jecTe cTabJIo
omryunBama. Ctabiio oIy anBama IpeacTaB/ba rpadud-
KI MOJIeJ 33 BU3YyaJH3allijy MPOIeca OJIyInBarba Kala
ce peraBame IpobJieMa Oy YNBarba CBOJIA HA JIOHOIIE-
e BUINE CYKIeCUBHUX O/IyKa, [5]. Ha mouerky ce 6upa
napaMerap 4nja BPEJIHOCT HAjOOJbe eI PACIOJIOKUBE
y3opke. Kao mro je mozuaro, cTabyio O/uIydHBamba ce
ocuM 3a onpehuBarmbe MUCKPUMUHAHTHAX 00eJIexK]ja, MOXKe
KODUCTUTH U 3a KyiacuduKaInjy mojaraka. 360r mMajor
O6poja mojiaTaka, Kao U cjade Kopesalyje yIa3HuX rmapa-
MeTapa ca M3J1a30M, Y OBOM CJIVUa]y CTabJIO OJIy IUBAbA
je kopumniheHo UCKJBYYIUBO 3a CeJIEKIHjy obesexkja, 0K
he ce mMeroma BeKTOpa HOCAYA KOPUCTUTU KAO MOAPIIKA
OJIy9IUBaIby y TpeTMaHy ymepemre ¢opme OummjapHor
nankpearutuca. Ctabyio oJyIyanBamba, IOpeJT CeJIeKIje,
omoryhaBa HaM U yBU/[ y 3HAYAjHOCT n3abpannx obesrex-
ja, kao u cam ,uyT’ cejekiuje. [IpemgrocTt crabia ory-
quBama y oaHocy Ha [lupcoroB koedunujeHT Kopeanmje
jecre ayroMarcka cejeknuja obesexja [6].

3a morpebe oBor pajsia Kopuinhen je ID3 amaropuram.
KsanturaTtusua mepa xojy 1D3 anropuram kopucTu Ka-



KO Om ojpenno Hajbosba obesexkja jecre mHOOPMAIUO-
na gobur [7]. Cumysanuje cy BpIIeHE ca Pa3IUIUTHM
KoH(puryparujama cradsia. ydbmHa crabaa je ysmmasia
BpPeIHOCTH HA MHTEpBaJTy o1 3 s10 10, 10K ce 6poj aucToBa
ce Hayta3uo y orcery of 2 jo 10. Ilocmarpajyhn mqobujena
cTabjia oIy YnBama IpuMeneHo je f1a ce Kao 3ajeTHUIKU
caJIpyKaoIy CBUX crabasa m3aBajajy ciaemeha obesexja:
ykymau ounnpyoun, [IPTI, tupexTau 6nmupyoun, aakaJi-
Ha docdaraza u rama I'T. Ocum Tora, HaBeieHa 00e-
Jgexja ce y Behnnu reHepucannx crabajia Hajaze OJIHKe
KOpeHy cTabJjia, OJHOCHO Ha MamuM JyOmHaMa cTadJa.
Yuopehyjyhu pesynrare Koje cMo mobmin KopuihemeM
crabiia ofTyanBarma u [lmpconoBor KoedumjenTa Kope-
Jlangje, MOTBPAWIA CMO IOTIYHY MOJYJAAPHOCT u3Mmely
JUCKPUMHUHAHTHUX 00ejiexkja JOOMjeHuX KOpHUIIemeM
0Ba JIBa IOCTYIIKA.

III. BAJTAHCUPAIE ITOJATAKA

Caenehu npobitem koju ce Hamehe je HebaIaHCHPAHOCT
nogaTaka. HebasancupaHocT mojaTaka moIpa3yMeBa CH-
Tyaljy y Kojoj ce 6poj y3opaka 3HAUajHO PA3JIUKYje IO
KJlacaMa y TOCTyIKy Kiacudukanuje. Kiacudukaropu
MAIIHCKOI yderba TeNIKO ce Hoce ca HebaJaHCHPAHUM
CKYTIOM IIO[aTaKa 3a 00yKY, jep Cy OCEeT/bUBHU Ha IIPOIOP-
[MOHAJIHOCT PAa3IMYUTUAX KJIaca, Ia Ce Kao IMOCJIEIUIA
jaB/ba TEHJIEHIHja ajropuTamMa Ja (aBopu3yjy KJacy
ca HajBeliuM yJieJI0M UCIUTAHUKA IITO Hajuerilie pe3yJi-
Tyje ,obmamyjyhoM” Taunonthy. To je mocebHO mpobIIe-
MaTHIHO KaJa je OJf MHTepeca TadHa KJIACU(PUKAIM]a
sberke” (MarmMHCKe) Kjace, ajii HaJAa3uMO BUCOK IIPO-
IIEHAT TAYHOCTH KOJH j€ 3allPaBO IIOCJIEINIA UCIIPABHE
kinacudukaryje Behuucke kiace. OBy YHEEHUILY OBJIE
EKCILJTUIUTHO HABOJIUMO, HEe CaMo J[a HArJIACUMO IOTPedy
3a baJlaHcHpameM mojaTaka, Beli u 1a yBeaeMo mocebHy
METPUKY 3a OlleHy KBajuTeTa npeaukiuje. C 003upom Ha
TO J]a AJITOPUTMU MAIWHCKOD yYemha HUMAjy 3a I/b Ja
cMaibe YKYIIHY CTOIy Tpelke, Hehe obpaharu mocebmy
[aXkby Ha MamUHCKY KJacy, U BepoBarHo Hehle ycrerun
Jla HaIpaBe Ta4dHO HpenBubame 3a OBy KJACY, jep O mboj
HE CAJIPXKU JIOBOJHHO IOJIATAKA.

V 6a3u mojaTaka pasmMarpaHor mpodsemMa, O YKYIIHO
96 marujenara, Ko camo 19 ncnnranuka je pahen EPIIII,
nok Kogx 77 ucnmranvka Huje pahen EPIIII. Kao mrro
je HaBeIeHO Yy YBOIHOM IIOTJIABJbY, MPUOPUTET je Ja
ce MUHUMW3Y]y JIa)KHO HEraTUBHU 3aKJbydld y IOTPe-
ou m3Bohema EPIIII koju y oBOM ciiydajy TpecTaBiba
MamWHCKY KJjacy. /lakie, HeOnxomHo je OWI0 ypaauTu
GaslaHCHpPaIbe MM0JIATaKa.

VY awmreparypu [8] ce moxe nponaliu HekoJuMIUHA T10-
TEHIMjAJTHUX METOJa 3a peIlaBarme OBOI IIpobjema, a
Kao HajOOJbM METOJN Ce HABOIU J0ABAaIbeé HOBUX IO~
TaKa y KJIace ca IPOIEHTYAJIHO MamuM 6pojeM y3opaka.
Mebhytum, y mpakcu je TO BeOMa TEIIKO MOCTHNM, Ia ce
npuberaBa HEKAM JIPYTUM MeTOmaMa. JeJIan o Hajuerntie
KopumheHux je J1a ce n3 BehmHCKe Kjace n3bdare y30piu
Kako Om ce 6poj y3opaka BehmHCKe KJace M3jeTHATNO Ca
OpojeM y3opaka mamuHCKe Kiace. [Ipu Tome, mopa ce
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BOJUTH padyHa Ja yKymaH Opoj y30paka mMopa outu 6ap
10 nyra Belin ox 6poja uzabpanux obesexja [9].

OBa mpenopyka 3a 6GajaHcupame M0jaTaka je HCKO-
puiirreHa y oBoM pajy Ha cienehn mauwn. Ha ciyuajan
Ha4MH ce of 77 ucnuranuka koj Kojux Huje pahen EPIIII
n3abepe 40 n Tux 40 ucnuranuka yiaase y mporec oOyke
CBM asrropur™owm, 3ajeo ca 19 ucnurannka Koj KOjux
je paben EPIII. Ilpumehyjemo na nojanu u jjaspe HUCY
Hajbosbe OaJlaHCUPaHU, aJid 300T OIPAHUYEHA 8 YKYIIaH
6poj y3opaka mopa outu 6apem 10 myra Behu o yKymHOT
6poja obesexkja, OBO je HajOOJbe IITO CMO MOIVIA J&
J00mjeMo m3 KOpHUITeHe 0ase mojgaTaka.

IV. CBM MATEMATNYKIN MOJEJI

Hakon mro cmo maentudukoBain mapamerpe OJ1 WH-
Tepeca 1 u3baJaHCHPaAJIN TOIATKE, HEOIIOXIHO je OMIo 1a
ce Ha OCHOBY H3J/IBOj€HHUX Iapamerapa (opMupa cucrem
3a TOJIPIIKY OJUIyYHBAIby y TpeTMaHy ymepeHe dop-
Me aKyTHOI OmIMjapHOI IaHKpeaTHUTHUca. 300r 3aucra
MaJIOr CKyIla TojaTaka, HAPOYUTO MAJIOT 3a TAIlHjeHTe
kojuma je pabem EPIII, ompememman cmo ce 3a Ma-
TEeMaTUIKM MOJIEJI Y3 OCJIOHAI] HA TEOPU]y IOTIOPHUX
sekTopa (CBM) [10]. Metona kiacuduxanuje 6asupana
Ha BEKTOPHMMa HOCAYMMa IPEJICTaBsba jedaH O MoJesa
MAIIMHCKOT yYera KOjU Ce BeOMa YeCTO KOPUCTU KaKO
3a KJIACH(PUKAIMOHY, TAKO W 34 PErpecroHy AaHaJIH3y.
CBM aJsropuram je JOBOJHHO IO3HAT aJropuTaM, mna nehe
OUTH JIeTa/bHO U3BODEH Y OBOM PaJIy, & HEroBO JIETAJbHO
MaTeMaTnydKo n3Boheme Moxkere IpoHahu y JuTeparypu
[11], [12].

Ilocebna maxkma je Omaa mocBehena onTuMu3anuju
mapamerapa CBM asropurma. Byayhu na nepdpopmance
rerepasinzanuje CBM ajropurma y BeJIMKO] Mepy 3aBHCe
on napamerapa C (XuneprapaMerap KOju IIPABU KOM-
nomuc u3Melly ciiokeHocTu Mozena W CTerneHa JO0 Kora
ce TOJIEDHILY OJICTYIIakba MOJeJa), € (XuleprapaMerap
KOjU KOHTDOJIUINE IMHPUHY HEOCET/bUBE 30HE, & FheroBa
BPEJIHOCT yTHde Ha Gpoj BeKTOpa Hocada) u 7y (mapame-
Tap Koju oxpelyje obiauk nzabpane kepues dyHKIWM]e),
HEOIOX/THO je M3BPIIUTH FHUXOBY omTuMu3aryjy. [Ipema
[13], [14], usmehy naBesenux napamerapa IIOCTOJU jaKa
Be3a, TAKO Jla je IIPenopykKa Jia Ce OHU ONTUMUIY]Y
HUCTOBPEMEHO, & He o/iBojeHo. OnruMu3aiiuja napamMerapa
je m3BpreHa y3 nomoh anaropurMma poja decruna [15] u
Ka0 KPUTEPUjYM ONTUMAJJHOCTU je KOPHUINTEHA CPEIiha
kBagparHa rpemka [16]. Kao kepuen dynkuuje cy mpo-
cnehuBane: pajmjanna, raycosa, JUHeapHa U MOJMHOMHA
kepHes dynkiuja. Hakon ontumusanuja xepHea dyHK-
[Mja u CBUX heHnx nparehnx mapamerapa, 1001jeHO je 1a
ce Hajbospu pelynrarn ;100ujy 3a CBM anropuram koju
rMa paJujanaHy KepHea GYHKIujy u qobujenu cy ciaenehn
mapamerpm: C' = 102, e = 1073 u v = 1071

WNako je ypalheno basancupame ImojaTaka, KJjace U
Iajbe HUCY y noTmyHocTu bastancupane. Ocum Tora, CBM
MOJIETT je jJaKO OCeT/bUB Ha yJIa3He MOJIaTKe W HEPETKO O
CKyIIa YJIA3HUX IOJIaTaKa, 3aBUCH W TAYHOCT KJiacudu-
kanuje CBM. Kako 6u ce mobuiau mro o0jeKTUBUHUjU



pe3yJITaT, CIIPOBEJIEH jé eKCIEPUMEHT OIUNCAH Y HACTAB-
Ky. ¥Y3opuu koju ce npociehyjy CBM kao ymaszau nojarm
cy mpocaehuBanu Ha ciaegehn HAYTUH:

e o1 19 mcnmranuka kox kojux je paben EPIII, na
ciydajan Hauun ce 6upa 80% wcnumranvka (15 uc-
nuranuka) xkoju ce upociehyjy CBM asropurmy 3a
00yKy W BaJIMJIAIN]y, JIOK je Ha mpeocTasia 4 y30pKa
BPIIIEHO TECTUPAIbE JOOMjEHOr MOEsa

e o1 77 ucnuranuka Koi kojux uuje pahern EPIIII na
ciydajaH HaumH ce uzabepe 40 ucnmranuka. Qg Tux
40 umcnuTanWKa, Ha CcaydajaH HauuH ce Ompa 80%
ucnuranuka (32 menuranuka) koju ce upociaelyjy
CBM asroprumy 3a 00yKy U BaJUJIAIN]y, JOK je Ha
[IpeocTajgnxX 8 y30pakKa BPIIEHO TeCTHDPae JI00uje-
HOT' MOJIEJIA.

Kao omnena ycnentnoctn omadpanor KiacupuKauoHor
MoOJIeJ1a, yOOUIajeHo ce KOPUCTEe CTaHIAPIN30BaHE Mepe
U OlleHe KOjuMa ce KBaHTH(MUKYje paJ IMPOojeKTOBAHOT
cucrema 3a Kjaacudukanujy n npeauknnjy. [loa omnemn-
BarbeM, OJIHOCHO IPOIEIHbUBABEM PaJla CHCTEMA 3a, Ipe-
JIKIINjy YIVIABHOM Ce MUCJIH Ha ojipehuBarbe BpeHOCTH
HEKUX OJ[ CTAHJAPIHUX Mepa KOjuMa ce KBaHTHU(UKY]e
BEroB yUYMHaK OfHOCHO nepdopmance. Mepa kBajguTera
[IPEJICTAB/bA IOTEHINjAJI MOJENa J& KOPEKTHO IIPEJIBH-
nu Kjacy Hosor mogarka. Marpuna xoudysuje (engl.
confusion matriz) NPeACTaB/ba JIETAbAH U INperJeaH
puka3 OpojeBa HCIPABHO U HOIPENIHO KJIACU(PUKBAHUX
y30paKa Ha OCHOBY KOjUX Ce€ MOTY BPIIUTH OIEHE T00U-
jeror mogesa kinacudukanuje. OnmTu 0OJIUK MaTPUILE
KoH(py3uje 3a OuHapHy KIaCUPUKAII]y je MPUKA3aH Ta-
6emoMm I, e je

o TP (true positive; creapuo nosurusaum) - 6poj y3opa-
Ka KOjU NPHUNAaJajy MO3UTUBHO] KJIACH, a J0/e/beHa
UM je TIO3UTHBHA KJIaca,

e TN (true negative; creapHo HeraTuBHHU) - OGP0 y30-
paKa KOju IpUIa/Iajy HEraTUBHO] KJIAaCH, & JI0JIeJbeHa,
UM je HeraTMBHA KJlaca,

o FP (false positive; jiazkio mo3uTusHu) - 6poj y3opa-
Ka KOjU IPUIIaJIajy HEraTUBHO] KJIACH, & J0JebeHa
UM je TTIO3UTHUBHA KJIaca,

o FN (false negative; maxxno HerarusHu) - 6poj y3opa-
Ka KOju IIpUIaIajy IO3UTUBHO] KJIACHU, a JOJe/beHa
UM je HeraTHMBHA KJlaca

Tabena 11

Omrmmru 06K MaTpuiie Koudysauje.

IIpensubena kiaca
Kimaca = 0| Kmaca = 1
IIpage kmace | Kimaca = 0 TN FP
Kiaca =1 FN TP

Tabema III npencraBsba jelan mpuMep MaTpPHUIE KOH-
dyzuje CBM kiacudukaropa 3a ciiy4aj kaja rpeda ja ce
cuposejie EPIII. ITpumehyjemo ma je y oBoMm ciay4ajy o
40 ucnimraHmKa KOjuMa je 10BosbHA camo JIX mpomemypa,
HAI KJIACH(PUKAIIMOHN MO/ TO MOToano 3a 39 mcrura-
HUKA, JIOK je 33 caMO jeTHOT' UCIIUTAHUKAa PEKao Jia My je
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meonoxgad u EPIIII. ITITo ce Tide 19 ncnmrannka Kojuma
je meorrxoman u EPIII, nam knacudukarmmonn Momes je
onrosapajyhy kjacy moroano 3a 17 mcuuTaHuwka, J0K je
3a ,ZLBOJI/IL[}’ HNCIIUTaHUKa IIOTPENIHO J0/Je/IN0 KJIacy.

Tabemna 111
Matpuna koHdy3uje 3a ciiydajeBe Kaa je HeOIXOIaH
EPIIII.
IIpenuknuja
JIX | JIX uw EPIII

CrBapHu 11X 39 1
pesyiaraTu

JIX uw EPIIT | 2 17

[To 3aBprmreTky Kpenpama KIacuUKAINOHOT MO/IeA,
KODHUCHO je TeCTHUpaTU Iherose nepdopMaHce Ha CKYILy
mofaTaka KOju My je HENO3HAT, IPHU YeMy je HEOIIXOIHO
a Taj CKYyN MOJAaTaKa CaIpKu nmH(OpMAIje O KJiaca-
ma. OBakaB BUJI TECTHPAa MPEJICTAaB/ba HEIPUCTPACHY
oreny remepasusaruje. Hajuaenthe ce kopuctu K-ciaojua
yHakpcHa Basuganuja (enr. K-fold cross-validation). K-
CJI0jHA yHAKpCHA Bajauganuja (KpocBaJuianmja) je Tex-
HUKa eBaJjIyalyje KIacupuKamuoOHnX Mojesa Koja ce m3-
BOJU TaKO IITO Ce OPUTHHAJIHU CKYII IIOJATAKA JEIH Ha
k jemmakux TOJCKYIIOBa. JeIaH MOJCKYI Ce KOPUCTU 3a
TECTUpAE, JIOK Ce CBU OCTAJIN IOJICKYIIOBH KOPHUCTE 3a
Tperupame. OBaj MOCTyNaK ce MOHAaB/ba y k mreparmja
TaKO Ja Ce CBAaKU TMOJCKYI KOPUCTH TAYHO jETHOM 3a
Tectupaibe. 1o 3aBpINeTKy CBUX WTepalinja, M37Baja ce
OHAj MOJIEST KOjU je MMAao HajMalby T'PENIKy Kjacuduka-
mje, [17].

Beh je mamomenyTo ma je m3yia3 jaKo OCET/HbUB Ha
JIOOMjeHN CKyIl YJIa3HUX MOJaTaKa, Ima Ja Ou ce jaoomin
MTO 00jeKTUBHUJU PE3YJITATH IIOCTYIAK OIMCAH T'Ope je
moroB/beH v 100 mrepamuja ca omabpannm CBM moze-
sgoMm. Ha oBaj Haumn cy mpaheme [gBe TATHOCTH MOJEIIA:
TAYHOCT HaJl OOydaBajyhuM CKYIOM Io/aTaka y IIpo-
1ecy KpOCBaJIMallije U TAYHOCT HaJ[ TECTHUM CKYIIOM.
Taunoct, Kao jemHa of Hajuernlie KOpUIINeHUX Mepa 3a
[IPUKA3WBAE YCIEITHOCTU KJIACU(PUKAIIN]E, TPEICTABHA
OJIHOC YKYITHOT OPOja KOPEKTHUX IpeaBuhama U YKYITHOT
6poja mpeasuharma. MareMaTuvuKn, TAUHOCT 3AIMUCY]EMO

TP+TN
TP+TN+FP+FN’

IIpomena TaunocTu Haj 0O6y4uaBajyhinM CKyImoM y mpo-
mecy KpocBaymaanyje 3a ogabpanu mozen 3a 100 urepa-
[yja y 3aBUCHOCTH OJ OabpaHnX yIa3HUX [0IATAKa AT
je ma caumu 1. IIpocewHa TavdHOCT OBOT MOJEa W3HOCH
90.51%.

IIpomena TadHOCTH HAJI TECTHUM CKYIIOM 3a OJa0paHu
mozient 3a 100 urepariuja y 3aBUCHOCTH OJ1 0/1a0paHuX yJiia-
3HUX To/laTaka jata je Ha caunu 2. [Ipoceuna Tavnoct
oBor Mozena usnocn 82.68%.

[Topen TagrOCTH, MOpPaMO OOPATUTH MTAXKELY HA jOIIT He-
KOJIMKO IOKa3aTesba ycrerHocTn Kiaacudukanuje. [Ipe-
[U3HOCT je Mepa CJANYHA TAYHOCTH, aJd Ce OIHOCU HUC-
KJBYYIHBO Ha jegHy mocMmarpany kiacy. OHa mnpejcraBiba

TaYHOCT =



MpomeHa yKkynHe Ta4HOCTM y npoLiecy KpocBanuaauuje
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Cnuka 1. Ilpomena ykynHe Ta4HOCTH y IPOLECY
KPOCBaJIIalfje KpO3 UTepalyje
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Cruka 2. Ilpomena ykynHe TadHOCTH KPO3 UTepaIyje

OJIHOC TAYHUX MO3UTUBHUX MIPEIBUD)amka U YKyITHOT Opoja
caytvajeBa y KOjuMa je KaacupuKaTop MpeaBUIn0 TOCMa-
TpaHy kjaacy. OCeT/bUBOCT HPHUKA3yje OJHOC KOPEKTHO
npeBU)EeHNX BEKTOpa aTpubyTa HEKe KJjace W yKYITHOT
6poja IpaBUX IOHABJbAIbA TE KJACE Yy CKYILy IOjaTa-
ka. CrenududHOCT je CIoCOOHOCT TecTa Jia KOPEKTHO
UIeHTU(UKYje OJCYCTBO HEKOr aTpuOyTa, a MOXKEe Ia
ce MHTEPIPETUPA U Kao IPOIeHA YCJIOBHE BepoBaTHONE
Ja aTpuOyT HUje HIAeHTU(UKOBAH, y3 yCJIOB Ja Ia Ha
IIoCMaTpaHoj Ho3uIuju 3amcra HeMa. Hamenene wmepe
MaTeMaTUIKH MOYKEMO 3alncaTu Ha ciejehn Haunn

TP
[§] 3HOCT — ————
HPERISHOCt = 7o
TP
TbUBOCT == —————
0CETJHLUBOC TPLFN
5 TN
11T NMOUYIHOCT —= —————— .
cuett CTTEFPITN

I'paduru HaBeeHUX Mepa TPEIU3HOCTH, OCET/BUBOCTH
U creru@UIHOCTH Cy MpPUKa3aHW Ha ciaukama 3, 4 u b
pecriektuBHO. [IpocedHa BpemIHOCT MPEIU3HOCTH W3HO-
cu 73.23%, mpocevHa BPUjEIHOCT OCET/HABOCTH HM3HOCH
76.25%, MOK MpocevHa BPEIHOCT CIENU(MUIHOCTH U3HOCU
64.88%.

Kao mro je Beh peueno, Hama je oj mocebHE BaXKHO-
T TagHOCT morahama 3a caydajeBe Kaja je HEOXOIHA
EPIIII nporenypa, 0aHOCHO OUTHO HAM je Ja OATrOBOD
KJIacu(UKAITMOHOT aJTOPUTMa 3a CIydaj Kaja Tpeba 1a
ce pagu EPIII npornemypa Oyiae tadan. 360r Tora je 1mo-
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Cruka 3. IlpoMeHa Mpenu3HOCTH KPO3 UTEPAIHje
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Cruxka 4. IIpomena ocersbrBOCTH KPO3 HUTEpaIyje
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Cimka 5. IlpomeHa crienuUIHOCTH KPO3 UTEPAIUje

ceOHO M3/[BOjeHa U TAYHOCT MOJIEJIa CaMo 33 OBY KJAacCy U
npukasana je ua cauru 6. [Ipoceuna BpemnocT TagnocTn
3a 0Baj caydaj usHOCH 76.25%.

Cunxka, 6.
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IIpomena TagHOCTH 3a CJIy4aj KaJa je HEOIIXOJIaH
EPIIII kpo3 urepanuje



Ananmzupajyhiv BpeiHoCTH 32 TPUKA3aHe MEpe, MOXKe-
MO JIa 3aKJBYyIUMO Jia onabpann kiacudukarnuonn CBM
MOJIeT Jaje 3a710BosbaBajyhe pesyarare. [Ipumehyjemo ma
je yKymHa TadHOCT MoJjiesia Behia y OJIHOCY Ha Ta<dHOCT
MoOJIesIa KaJla UCIUTYjeMO CJIydaj Kaja je HeONOoXJHA U
EPIIII mporeaypa, aam TO CMO W OYEKHUBAJIH IIOIITO Ta
KJIaca IIPeJICTaB/ba MAUHCKY KJIACy 3a OBaj MPOOJIEM.

V. BAK/BYYAK

V ckJoIy OBOT pajia MPOjEKTOBAH je CUCTEM 3a IIOIp-
IIKY OJIyYUBaIby y TPeTMaHy yMmepene dopme Ouimjap-
HOT naHKpeaTuTuca. [IpojekroBamy cucrema 3a MOAPIIKY
OJUIyIMBAIbY [IPETXO/IUIA je pe1odpasia nojaraxka. [Ipu-
JINKOM CaMOT IIpHjeMa IallijeHaTa IPUKYIJHEHO je IIPEKO
80 MeIMIIMHCKHX TapaMeTapa, ma je OMIo HEOmOXIHO OJa-
OpaTyu Haj3HadajHUje mapamMeTpe Koju 01 HaM yKa3a/Iu Ha
IIPUCUCYTBO KAJIKYJIO3€ Y YKy9IHUM BoJoBUMA. J{uckprmu-
HaHTHa obejiexja cy onpehena kopuinhemem [lupcoro-
BOI' KOe(UIMjeHTa KOpeJalyje U Kao JUCKPUMUHAHTHA
obesexja cy ce m3aBojuim: yKymuau owmampyowmn, [TPII,
JUpEeKTHU OmmnpyouH, ankaaHa ¢ocdarasza u rama ['T.
BamanocTt uzipojenux obesexkja norsphena je mpuMeHoM
cTabJsIa OJJIyYBambAa.

TraBHEU 1Mk Harer paja je 0o Ja MUHUMA3Y]EMO JIa-
2KHO HeraTWBHE 3aK/bydke y morpebu m3sohema EPIIII.
3a dopMuparme cucTeMa 3a IMOIPIIKY OJJIyYUBay KOPH-
uthen je CBM ajnropuram, KoMe je mpeTxo/iuiia Iporery-
pa GanaHcupame momaTaka mo Kiaacama. OuruMmsanmja
rmapaMarepa MoJesa HaJl TECTHHM CKYIIOM IIO/IaTaKa je
6una 82.68%. IomTo HaM je o moce0He BasKHOCTH GUIIa
TavHA MIPETUKITIja CIydajeBa Kaja je neornoxogan EPIIIT,
HU3/IBOjEHA je W MPOCEYTHA TATHOCT MOJIEJIA 3a OBAj CJIyUaj
u oHa m3HOCH 76.25%.

Butho je namomenyTu sia jiekapu y CBOjOj KJIUHUYIKO]
MIPAKCH 3alcTa KOPHUCTe M3J0BjeHa obesexkja Kako Ou
UIEHTUMUKOBAIN PUCYCTBO KAJIKYIIY3€, & MOCIEIUTHO
ciaeu OIJIyKa ma Jim Tpeba fa ce pajd JI0[aTHA IPO-
ne/iypa Kako 6um ce pemmo mpobJieM OBAKBOT 000JEIHA
nankpeaca. OHO IITO ce MATEMATHIKHU HEe MOYKEe OIMCaTH,
Gap He Ha MaJOM CKYILy IIO/aTaka, jecTe CyOjeKTUBHU
ocehaj, 3HaIbe U UCKYCTBO UCKYCHOT JIeKapa U3 KJINHIIKE
npakce Koju npumkom JIX Moxe ma mpumern ma sy
2KYYIHAM BOJIOBUMA TOCTOjU KAJIKY/Iy3a U HA OCHOBY TOTA
Ja JoHece mporeny ja Jjim je morpeban EPIIIL.
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ABSTRACT

This paper presents one solution for the decision support
system in the treatment of moderate form of biliary
pancreatitis. Based on parameters and indications from
clinical practices, the system for directing doctors in selecting
methods and procedures for treating this pancreas ailment has
been developed. Due to specific medical procedures, the data
set is relatively small, so the choice of relevant features was
confirmed through two formalisms: the correlation analysis
and the decision tree. Based on the selected features, the
final solution is reached by the theory of supporting vectors.
The proposed solution has found its application in clinical
practice.

Decision support system based on artificial
intelligence in the treatment of moderate form of
biliary pancreatitis
Anja Buljevié, Aleksandar Gluhovié, Mirna N.
Kapetina, Aleksandar Knezevié, Zoran D. Jeli¢ié



Predikcija ishoda proteticke rehabilitacije nakon
amputacije donjih ekstremiteta uz oslonac na
algoritme veStaCke inteligencije

Jovana Arsenovi¢, Aleksandar Knezevi¢, Mirna N. Kapetina i Zoran D. Jelici¢

Apstrakt—Proteti¢ka rehabilitacija trenutno predstavlja
najbolji tretman za pacijente sa amputacijom donjih
ekstremiteta. Medutim, fabrikacija proteze i prateca proteticka
rehabilitacija predstavljaju veoma dug i skup proces koji nekada
ne dovodi do poboljSanja mobilnosti i kvaliteta Zivota pacijenata.
Zbog toga je neophodno predvideti ishod rehabilitacionog
tretmana. Glavni zadatak ovog rada bio je da se napravi alat, uz
oslonac na algoritme vestacke inteligencije, koji bi se mogao
primeniti u ranim fazama, kako bi se napravila §to bolja
predikcija ishoda rehabilitacije pacijenata sa amputacijom
donjih ekstemiteta, odnosno kako bi se predvideo K-nivo (engl.
Medicare Functional Classification Level, K-level), ishod testa
dvominutnog hoda (engl. two minute walk test) i testa ustani i
kreni (engl. timed up and go test). Evaluacija modela vr§ena je
nad realnim podacima pacijenata Klinike za rehabilitaciju,
Klinickog centra Vojvodine. Dobijeni rezultati pokazuju
znacajno poboljSanje, u pogledu performansi klasifikatora, u
odnosu na prethodne metode i potvduju izbor nekih od
najznadajnijih parametara prilikom identifikacije pacijenata.

Kljucne redi—Predikcija, veStacka inteligencija, metoda
vektora nosaca - SVM, stabla odluke, amputacija, rehabilitacija.

. Uvop

Amputacija donjih ekstremiteta predstavlja hirurski
postupak koji se primenjuje radi odstranjivanja ishemicnog,
inficiranog, nekroti¢nog tkiva ili lokalnog tumora, kada nije
moguca resekcija [1]. U svetu se godiSnje izvrsi preko milion
amputacija noge, procena je Svetske zdravstvene organizacije
i Medunarodne dijabetoloske federacije, dok se prema
podacima Klini¢kog centra Vojvodine, u toj ustanovi godisnje
izvr$i vise od 100 amputacija donjih ekstremiteta iznad nivoa
sko¢nog zgloba [1]. Kretanje predstavlja osnovnu potrebu
Coveka, a hod je primarni naéin kretanja ljudi, tako da je
glavni cilj rehabilitacionog procesa ponovno uspostavljanje
ove funkcije. Poboljsanje sveobuhvatnog stanja i kvaliteta
zivota osoba sa amputacijom donjih ekstremiteta omogucéava
proteticka rehabilitacija.

Proteze mogu omogu¢iti funkionalni hod i nadomestiti
fizicki nedostatak i trenutno predstavljaju najbolje reSenje za

Jovana Arsenovi¢ (email: arsenovic.jovana@uns.ac.rs), Mirna N. Kapetina
(email: mirna.kapetina@uns.ac.rs), Zoran D. Jeli¢i¢ (email: jelicic@uns.ac.rs)
- Univerzitet u Novom Sadu, Fakultet tehnickih nauka, Katedra za
automatsko upravljanje, Trg Dositeja Obradovic¢a 6, 21000 Novi Sad, Srbija.

Aleksandar Knezevi¢ (email: aleksandar.knezevic@mf.uns.ac.rs) —
Univerzitet u Novom Sadu, Medicinski fakultet, Katedra za fizikalnu
medicinu i rehabilitaciju, Hajduk Veljkova 3, 21137 Novi Sad, Srbija.
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osobe sa amputacijom donjih ekstremiteta [2]. Nazalost, nisu
sve osobe sa amputacijom dobri kandidati za proteticku
rehabilitaciju, a ovaj skup i dug proces nekad ne dovodi do
poboljsanja mobilnosti i kvaliteta Zivota u meri u kojoj se
o¢ekivalo. Stoga postoji potreba da se predvidi ishod
potencionalnog rehabilitacionog tretmana.

Cilj ovog istrazivanja bio je da se napravi alat, uz oslonac
na algoritme vestacke inteligencije, koji bi se mogao §to ranije
primeniti, kako bi se napravila $to bolja predikcija ishoda
rehabilitacije pacijenata sa amputacijom, odnosno kako bi se
predvideo K-nivo i ishodi testa dvominutnog hoda i testa
ustani i kreni. Da bi predikcija bila §to uspeSnija potrebno je
identifikovati parametre za predikciju, odnosno one faktore
koji uticu na osposobljenost za hod uz pomoé proteze.
Prilikom identifikovanja pacijenata, odnosno tokom
donosenja odluke da 1i je pacijent dobar kandidat za
propisivanje proteze i zapocinjanje proteticke rehabilitacije,
lekari se fokusiraju na odredenje parametre (engl. feature, u
daljem tekstu obelezje, atribut, faktor, varijabla ili parametar).
Oni moraju biti strogo definisani, $to jednostavniji za procenu,
da ih ne bude previse, a ni premalo, tako da doprinose
najboljoj ta¢nosti klasifikatora i ne predstaljaju problem
lekarima za odredivanje. Svi autori koji su pisali na ovu temu,
slozili su se da postoji viSe faktora koji utiCu na uspe$nost
predikcije hoda uz pomo¢ proteze, ali koji su dominantni i
dalje je predmet istrazivanja.

U radu [3] za konstruisanje predikcionog modela baziranog
na vektorima nosa¢ima (engl. support vector machine, u
daljem tekstu SVM) koris¢eno je 11 varijabli: starost, pol,
uzrok i nivo amputacije, period od amputacije do proteticke
rehabilitacije, funkcionalni komorbidetni indeks, pisustvo
Secerne bolesti, prisustvo partnera, ogranicena ekstenzija kuka
ili kolena rezidualnog ekstremiteta i mobilnost pri prijemu. Za
izbor najboljih obelezja u radu [3] koris¢en je genetski
algoritam, koji je izdvojio starost, funkcionalni komorbidetni
indeks, nivo amputacije i  mobilnost pri prijemu kao
dominantne faktore. Kriterijum optimalnosti bila je ta¢nost
klasifikacije nad test skupom. Preciznost modela bila je u
intervalu od 72,5% do 82,5%. Kao dominantna obeleZja za
klasifikaciju u radu [4] izabran je test Sestominutnog hoda
(engl. 6-minute walk test) i test stojanja na jednoj nozi (engl.
one-leg standing test). Na osnovu ovih parametara K-nivo su
predvidali sa osetljivo§¢u blizu 90%. Ono S§to su u ovom radu
istakli jeste da je klasifikacija radena samo za pacijente sa
transtibijalnom amputacijom. U radu [5] kao nezavisni
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prediktivni faktori predlozeni su pol pacijenta, starost, duzina
trajanja rehabilitacije 1 duzina Cekanja na pocetak primarne
proteticke rehabilitacije, dok su u radu [6] izdvojena sledeca
obelezja: predenja razdaljina i trajanje hoda, nivo amputacije,
pol i vremenski interval od amputacije do proteticke
rehabilitacije. Trenutno, ne postoje tacno definisane klini¢ke
preporuke za odredivanje kandidata za proteticku
rehabilitaciju, kao ni jasnih faktora koji bi potencijalno mogli
predvideti ishod rehabilitacije. U radovima [7, 8] izvrSen je
sistemati¢an pregled literature napisan na ovu temu od 2007.
godine do 2015. Faktori koji su oznaCeni kao potencijalni
prediktori su starost, nivo amputacije, funkcionalni status pri
prijemu, kao i komorbiditeti. Medutim, u radu [9], koji se
takode bavio pregledom literature na ovu temu, jedino je
uocena snazna veza izmedu parametra balans i sposobnosti
hoda uz pomo¢ proteze.

Poglavlje 2 sadrzi opis dostupnog skupa podataka, kao i
mehanizme za reSavanje problema nedostaju¢ih podataka i
balansiranje skupa podataka. U poglavlju 3 dat je opis
predlozenih metoda i izbora obelezja za klasifikaciju.
Ostvareni rezultati i diskusija predstavljeni su u poglavlju 4.
Naposletku, u zakljucku, u sklopu poglavlja 5, dat je rezime i
naznaceni su pravci daljeg isteazivanja.

Il. EKSPERIMENTALNI PODACI

U radu je analiziran uticaj razli¢itih atributa na predikciju
ishoda rehabilitacionog tretmana pacijenata sa amputacijom
donjih ekstremiteta. Podaci koji su koriséeni u istrazivanju,
prikupljani su u Klinickom centru Vojvodine u period izmedu
2010. i 2012. godine. Bazu podataka ¢inila su 104 pacijenta,
razli¢itog pola i starosti (62,1 + 10,9 godina) koja su bila
podvrgnuta eksperimentu. Kriterijum za ukljuéivanje
pacijenata u istrazivanje bila je jednostrana amputacija donjih
ekstremiteta iznad nivoa skoénog zgloba pacijenata koji su
prvi put snadbeveni protezom. Svi ispitanici dali su pismeni
informativni pristanak za ucesée u ovoj studiji. Istrazivanje je
dobilo saglasnost za sprovodenje od strane Eticke komisije
Medicinskog fakulteta u Novom Sadu i Klinickog centra
Vojvodine.

A. Balansiranost skupa podataka

Kao §to je ve¢ napomenuto, 104 pacijenta je ucestvovalo u
istrazivanju, a njihova klasna raspodela za kategoriju K-nivo
je prikazana na slici 1. Sa grafika se moZe ocitati da je
meduklasna razlika u broju ispitanika veoma velika.

Klasifikatori masinskog ucenja ne mogu Se nositi sa
nebalnsiranim setom podatka, odnosno ovi algoritmi imaju
tedenciju da favorizuju klasu sa najve¢im udelom ispitanika
[10]. Ovakva neuravnotezenost moze posebno da bude
problemati¢na kada nas zanima ta¢na klasifikacija manjinskih
klasa, klasa sa najmanjim brojem ispitanika, kao Sto su u
naSem slucaju klase oznacene kao 01 4.

K-nivo predstavlja medunarodno priznatu skalu koja se
koristi za predstavljanje ishoda rehabilitacionog tretmana
pacijenata sa amputacijom donjih ekstremiteta. Donja granica
K-nivoa, oznacena klasom 0, predstavlja nemogucnost
samostalnog hoda uz pomo¢ proteze, dok je maksimalni ishod
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Sl. 1. Raspodela ispitanika prema klasama za kategoriju K-nivo.

K-NIVO
60
50
<
<40
=z
<
E 30
5
- 20
2]
0 T T 1
1 2 3
KLASE

Sl. 2. Modifikovane klase kategoriju K-nivo.

rehabilitacionog tretmana oznacen klasom 4. Sa slike 1 se
ocitava velika meduklasna razlika u broju ispitanika.

Da bi se smanjila neuravnoteZenost broja ispitanika po
klasama, izvr$ena je modifikacija klasa (slika 2), po uzoru na
[3, 4]. Novi nivo 1 oznacavao bi nemoguénost samostalnog
hoda uz pomo¢ proteze ili strogo ogranicen hod na veoma
kratkim relacijama (hod u kuénim uslovima), prakti¢no, sama
proteza ne bi znacajno poboljSala mobilnost pacijenta, niti
njegov kvalitet zivota. Posle modifikacije, ovoj klasi
pripadalo je 38 ispitanika. Nivoom 2 predstavljao bi se ishod
rehabilitacije pacijenata koji su imali moguénost hoda na
relacijama koje bi bile i izvan kucée ali uz znaCajna
ogranic¢enja, dok pacijenti nivoa 3 bi bili osposobljeni za hod
na dugim relacijama, uz minimalna ili ¢ak bez ograni¢enja.
Nakon modifikacije, ovim grupama pripadalo je 49, odnosno
17 ispitanika, respektivno.

Na oshovu rezultata testa dvominutnog hoda i testa ustani i
kreni, formirane su nove kategorije, koje bi potencijalno
predstavljale ishode rehabilitacionog tretmana. Ukoliko bi za
vreme testa dvominutnog hoda ispitanik preSao manje od 26
metara, klasifikovan bi bio u klasu TMWT1. U slucaju da bi
ispitanik presao izmedu 25 metara i 55 metara, pripadao bi
klasi TMWT2, a ukoliko bi presao vise od 55 metara za vreme
dvominutnog testa pripadao bi klasi TMWT3. Sto je veéi
indeks klase, odnosno S$to je ispitanik preSao viSe metara za
vreme testa, ishod rehabilitacionog tretmana je bolji.
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Sl. 3. Raspodela ispitanika za test ustani i ktreni - TUG (belo) i test
dvominutnog hoda - TMWT (roze).

Test ustani i kreni 28 ispitanika zavrsilo je za manje od 30
sekundi i svrstano je u Klasu TUG3, 32 ispitanika
klasifikovano je u TUGZ2, odnosho bilo im je neophodno
izmedu 30 i 60 sekundi za test, dok je njima 38 bilo potrebno
viSe od 60 sekundi da bi zavrsili test. Ovi podaci graficki su
predstavljeni na slici 3.

Modifikacijom klasa smanjena je razlika broja ispitanika
medu klasama ali je i dalje postojala razlika koja bi
potencijalno mogla uzrokovati favorizaciju vecinske klase.
Dodatno, ta razlika je smanjenja ponavljanjem uzoraka
manjinske klase na slu¢ajan naéin.

B. Resavanje problema nedostajucih podataka

Istrazivanje, koje je realizovano u Klinickom centru
Vojvodine, sprovedeno je kao prospektivna serija sluéaja, $to
za posledicu ima mali broj nedostajuc¢ih podataka u bazi. Od
19 parametara kojima su predstavljeni pacijenti, kod samo 3
parametra se javljaju nedostajuci podaci (slika 4).

Jedan od najpopularnijih naCina reSavanja problematike
nedostaju¢ih podataka jeste zamena nedostajuc¢ih podataka
uzorakom srednjom vrednosc¢u ili modom [11]. lako se ovom
metodom umanjuje varijabilnost podatak (varijansa) i procene
kovarijanse i1 korelacije u podacima (jer se ignoriSe odnos
izmedu varijabli), zbog malog broja nedostaju¢ih podataka
smatrano je da ove promene nemaju statisticki uticaj na
konacni rezultat.
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Sl. 4. Raspodela nedostaju¢ih podataka prema parametrima. Nedostajuci
podaci se javljaju kod obelezja Bekova skala depresivnosti, fantomski bol i
obelezja pusac.
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I1l. 1ZBOR OBELEZJA I METODE ZA KLASIFIKACIJU

Izbor adekvatnih obelezja ima klju¢an uticaj kako na
kvalitet, tako i na efikasnost klasifikacije. Odabir (selekcija)
obelezja podrazumeva biranje bitnijih (diskriminatornih)
obelezja iz celog skupa podataka [11]. Na slici 5 prikazane su
Gausove krive za obelezja balans, nivo amputacije i fantomski
bol. Sa slike zaklju¢ujemo da obelezje fantomski bol nije
diskriminatorno. Srednja vrednost obelezja svake klase,
prikazane na apcisi, imaju sliéne vrendosti. Takode, i
verovatnoce ovog obelezja po klasama su veoma sli¢ne, pa je
na osnovu ovog obelezja gotovo nemoguce klasno razdvojiti
ispitanike. Medutim, obelezja balans i nivo amputacije
moguce je okarakterisati kao diskriminatorna. Za potvrdu
izbora obeleZja i odredivanje njihove znacajnosti, kori§¢ena
je i tehnika stable odluke.

T T T
a) —— NIVO 2

P — NIVO 1
o8 / \ — NIVO2 |
\ NIVO 3

Sl. 5. Gausove krive za obelezje balans (a), nivo amputacije (b) i
fantomski bol (c). Na osnovu ovih grafika mozemo da zaklju¢imo da su
obelezja balans i nivo amputacije diskriminatorna, dok obelezje fantomski bol
nije.
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Sl. 6. Stablo odluke kako pokazatelj zan¢ajnosti obelezja balans. Sa grafika
je jasno uocljivo da veoma lako mozeo izdvojiti klasu 3, odnosno pacijente sa
potencijalnim visokim ishodom rehabilitacije.

A. Stabla odluke

Zbog svoje sistemske strukture, metoda stabla odluke je
jednostvna i razumljiva za ljude. lzdvajanjem puta od
odgovoarajuce klase, odnosno lista, pa sve do korena stabla,
dobija se odgovor zasto je donesena neka odluka, pri cemu se
iz svakog Cvora Cita razlog trenutnog izbora. Takode, svako
stablo odluke se jednozna¢no moze definisati preko skupa
pravila “ako-onda” (engl. if-then), koja su osnovni gradivni
blokovi baza znanja ekspertskih i drugih sistema zasnovanih
na znanju [12].

Stabla odluke izvrSavaju klasifikaciju u dve ili vise klasa,
na osnovu vrednosti obelezja kojima opisujemo uzorke,
propustajuci ih niz stablo od korena ka listovima. Na pocetku
klasifikacije bira se obeleZje ¢ija vrednost najbolje deli
raspolozive uzorke. Algoritam ID3, koji je razvijen za ucenje
stable odluke i koji je kori§¢en u ovom radu, obelezja deli na
osnovu statistiCke veli¢ine koja se naziva informacioni blok i
koja se definise preko entropije (entropija je 0 ako Svi uzorci
pripadaju istoj klasi a 1 ako klase imaju isti broj uzoraka)
[12]. Analizom baze podataka, algoritam je procenio da je
najbitnije obelezje balans. Sa slike 6 moze se videti da se
pomocu obelezja balans lako mogu izdvojiti pacijenti ¢iji bi
ishod rehabilitacionog tretmana bio maksimalan ($to je ujedno
i potvrda za za Gausovu krivu sa slike 5).

Na slici 7 prikazano je stablo odluke sa izdvojenim

parametrima za kategoriju K-nivo. Obelezja koja je stablo
oznadilo kao diskriminatorna su: balans, nivo amputacije,
starost, indeks telesne mase (engl. body mass index - BMI),
misiéna snaga ekstenzora kuka rezidualnog ekstremiteta (RE
E kuka na grafiku), Bekova skala depresivnosti (engl. Beck
depression inventory - BDI), starost pacijenta pri prijemu,
multidimenzionalna skala ostvarene socijalne podrske (engl.
multidimensional scale of perceived social support test -
MSPSS), kao i parametre miSi¢ne snage ekstenzora kuka (IE
E kuka na grafiku) i plantarnog fleksora (IE F plan na grafiku)
intaknog ekstremiteta.

B. Metoda vektora nosaca

Odabrana obelezja prosleduju se algoritmima baziranim na
vektorima nosafima. Primarna verzija SVM algoritma na
ulazu uzima skup podataka i zatim odreduje kojoj od dve
moguce klase svaki uzorak pripada, odnosno trazi se funkcija
f(x) koja je u funkciji hiper-ravni H, koja predstavlja
razdvajajuéu marginu za dva stanja sistema u prostoru
obelezja [11], H: w'x + b = 0, kao i dve hiper-ravni (koje se
nazivaju vektori nosa¢i) Hi: w'x + b =11i Hz: wix + b = -1,
uz uslov da ne postoje tacke izmedu Hi i Hy i da je razmak
izmedu margina maksimalan. Sematski, to je predstavljeno na
slici 8.

lako je SVM algoritam primarno razvijen za binarnu
klasifikaciju, on se moze koristiti i za problem viseklasne
klasifikacije. Standardan algoritam za reSavanje ovakvog
problema je rastavljanje problema od M Kklasa na seriju
problema od po dve klase, i konstrukcijom viSe binarnih
klasifikatora [11]. Jedan od pristupa je metod ,jedan protiv
jedan®, koji formira za svaki par klasa po jedan klasifikator
[12]. Ti klasifikatori su osposobljeni za razlikovanje uzoraka
jedne klase od uzoraka druge klase. Klasifikacija nepoznatog
uzorka se vrS$i prema maksimalnom broju ,glasova®, gde
svaki klasifikator ,,glasa®, za jednu klasu.
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Sl. 7. Stablo odluke za ketegoriju K-nivo.
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Sl. 8. Hiper-ravan H i njene margine u ravni parametara X; i X,. Zelenim
trouglovima predstavljeni su uzorci koji pripadaju klasi y=1, dok su
zvezdicama predstavljeni uzorci klase y=-1.

IVV. REZULTATI I DISKUSIJA

Za generisanje i simulaciju rada SVM predikcionog modela
i stabla odluke koris¢en je programski paket Matlab.
Pripremljeni podaci prosledeni su algoritmu stabla odluke,
koji radi po principu ID3 algoritma. Obelezja izabrana na ovaj
nacin prosledena su SVM algoritmu. Za reSavanje ovog
problema izabran je linearni kernel. Rezultati su dobijeni
evaluacijom obucenih modela nad odgovarajuéim test
skupovima, dobijenih krosvalidacijonom metodom sa 10
particija. U svakoj iteraciji koristilo se 9 razli¢itih particija za
obuku, odnosno 9 podskupova skupa svih uzoraka, dok se
preostali skup Kkoristio za testiranje.

Tabela | predstavlja matricu konfuzije SVM Kklasifikatora
za K-nivo, nakon resavanja problema nedostajucih podataka i
balansiranja klasa. 1z tabele se moze iéitati da algoritam u
veoma Visokom procesu tacéno klasifikuje. Tacnost SVM
klasifikatora, odnosno procenat korektnih predvidanja od
ukupnog broja predvidanja, iznosila je 89.3%. Tacénost
klasifikacije ostalih kategorija prikazana je na slici 9. Najveca
ta¢nost postignuta je prilikom predvidanja kategorije K-nivo
(89,3%), dok najlosije performanse se javljaju kod
klasifikacije kategorija testa ustani i kreni (81,88%). Pored
ta¢nosti, i ostale mere za evaluaciju klasifikatora za kategoriju
K-nivo su veoma visoke. Osetljivost klasifikacije, odnosno
procenat korektno predvidenih od ukupnog broja pravih
ponavljanja te klase za K-nivo iznosi 83,95%, specifi¢nost
(sposobnost testa da identifikuje odsustvo neke klsse) 91,97%,
dok je preciznost (odnos tacnih predvidanja i ukupnog broja
predvidanja) iznosila 83,7%.

V. ZAKLJUCAK

Uzimaju¢i u obzir stalno povecanje broja pacijenata sa
amputacijom donjih ekstremiteta, kao i cenu i trajanje
rehabilitacionog tretmana, predikcija ishoda rehabilitacionog
tretmana predstavlja jedno od veoma aktuelnih pitanja
savremene rehabilitacione medicine. Brojni radovi napisani na
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TABELAI
MATRICA KONFUZIJE ZA KATEGORIU K-NIVO
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Sl. 9. Tacnost klasifikacije za razli¢ite kategorije.

ovu temu, ¢iji je jedan mali deo kori§¢en kao smernice i
inspiracija ovom radu, svedocCe o znacaju ove tematike.

Glavni cilj razvijanja sistema za predikciju uspe$nosti
rehabilitacionog tretmana treba da bude identifikacija tac¢no
onih obelezja koja ¢e doprineti uspesnoj predikeiji, to jest
pronalasku onih parametara koji ¢e omoguéiti korektnu
identifikaciju pacijenata sa amputacijom pogodnih za
propisivanje  proteze 1 ukljufivanje u odgovarajuci
rehabilitacioni tretman. Obradom podataka i selekcijom
obeleZja metodom stable odluke, postignute su veoma visoke
performance SVM Kklasifikatora. ObeleZje koje je ozna¢eno
kao balans izdvojeno je kao jedan od najznacajnijih prilikom
identifikacije pacijenata pogodnih za propisivanje proteze.
Maksimalna efikasnost postignuta je prilikom predikcije K-
nivoa i iznosila je 89.30%.

Ovakav sistem vestacke inteligencije, zbog svojih visokih
performansi, moguce je primeniti i u klini¢koj praksi. Dalji
rad u buduénosti trebalo bi da se skoncentriSe na testiranju
algoritma nad proSirenom bazom podataka, odnosno
predvidanje nad originalnom petostepenom skalom.
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ABSTRACT

Prosthetic rehabilitation is currently the best treatment for patients
with lower limb amputation. However, prosthesis fabrication and
accompanying prosthetic rehabilitation are very long and expensive
process that sometimes does not lead to improved mobility and
quality of life of patients. Therefore, it is necessary to predict the
result of rehabilitation treatment. The main task of this work was to
make a tool, based on artificial intelligence algorithms, which could
be applied as early as possible, to make the best possible prediction
of the result of rehabilitation of patients with amputation of the lower
extremities, or to predict the K-level (Medicare Functional
Classification Level), Walking Ability Level, Two-Minute Walk Test
and Timed Up and Go Test. Evaluation of the model performed on
data from the Rehabilitation Clinic, Clinical Center of Vojvodina.
The obtained results show a significant improvement, in terms of
classifier performance, compared to previous methods and confirm
the choice of some of the most important parameters in patient
identification.

Predicting results of prosthetic rehabilitation in lower
limb amputees by using artificial intelligence algorithms
Jovana Arsenovi¢, Aleksandar KneZevi¢, Mirna N.
Kapetina and Zoran D. Jeli¢i¢



Multipurpose remote monitoring system based on
microservice architecture

Luka Bjelica, Milo§ Panié, Marko Peji¢

Abstract—This paper presents a cloud-native, multi-purpose,
and reusable system for collecting, processing and storing data,
with the aim of monitoring an arbitrary physical system. The
proposed system can be divided into three main parts: a private
network containing a set of microservices that perform complete
data processing, applications that implement the low-level logic
for collecting data from remote sensors, and a web client
which enables interaction between the user and the rest of
the system. The final product of this paper is a system based
on the microservice architecture named isobar.ot, that allows
monitoring of the chosen set of values of an arbitrary physical
system, through a simple and functional user interface. Using
the system presented in this paper, the user is able to control
the entire course of remote monitoring: from the selection and
specification of the collected data scheme, through the definition
of alarm values, to displaying changes of values and alarms in
real-time.

Keywords: distributed systems, microservice architecture,
remote monitoring systems, cloud-native systems, Internet of
Things

I. INTRODUCTION

Monitoring the various parameters of arbitrary physical
systems is a crucial part of every industrial facility. Super-
visory Control and Data Acquisition (SCADA) systems are
ubiquitous in almost all industries: from the food industry to
the power industry, which results in a need for continuous
improvements of the existing, and development of new
solutions [1].

This paper concerns the development of the modern
solution for remote monitoring systems that can be used
for monitoring an arbitrary physical system. It is based
on a microservice architecture with cutting-edge tools and
technologies. Motivation for choosing this topic came from
a necessity for a system that can work with large amounts
of data and is flexible in a relation to a supervised physical
system, which makes it usable as a part of Internet of Things
(IoT) systems [2].

One of the biggest challenges when designing such a
system is the scalability, i.e., the ability of the system to work
with a large number of sensors and serve a large number of
clients without a drop in performance. Furthermore, such
a system requires a simple and functional user interface in
order to provide an operator with an efficient way to monitor
changes in the collected data, have insight into the alarming

L. Bjelica (bjelicaluka@uns.ac.rs), M. Panié¢
(panic.sw19.2018 @uns.ac.rs), M. Peji¢ (markopejic@uns.ac.rs), University
of Novi Sad, Faculty of Technical Sciences, Department of Computing and
Control Engineering, Trg Dositeja Obradovica 6, 21000 Novi Sad, Serbia.

AUI1.1 Page 1 of 6

events in real-time, as well as defining new locations, alarm
types, schemes of the data that is collected, etc. For the
above-mentioned goals to be fulfilled, the proposed system
is designed according to the principles of microservice
architecture.

After the Introduction, basic principles, advantages and
disadvantages of the microservice architecture and the ar-
chitecture of the proposed solution are explained in Section
II. Technical details about the implementation, along with
the tools and technologies that were used are introduced in
Section III. Results and user interface are shown in Section
IV and the concluding remarks along with future plans are
given in the final Section V.

II. ARCHITECTURE

Two mandatory requirements that the proposed system
must meet are working with a large amount of data and
serving a large number of clients. The architecture of the pro-
posed system is designed so that the mentioned requirements
are satisfied for the arbitrary amount of data and number of
clients.

Microservice Architecture

Microservice architecture implies the development of ap-
plications in the form of small, isolated, and independent
services that communicate with each other via clearly defined
protocols. Such a method for developing systems came about
due to the aim of overcoming flaws and problems that come
with monolith architecture.

The traditional approach to developing software implies
the use of monolithic architecture. One of the flaws of
monolithic architecture is that it poorly copes with overload
[3]. One approach to handling overload is to vertically scale
the existing machine on which the application runs. That
is expensive and not efficient enough to solve the problem
completely. The other approach is to use horizontal scaling
and create multiple instances of the application. This ap-
proach leads to inefficient use of hardware resources because
there is no possibility to scale only those parts of the system
that require it [3]. In addition, the degree of reusability of
individual components is reduced because they are tightly
coupled with the system they were initially developed for.

The main advantage of the microservice architecture-
based systems is that the individual microservices can be
scaled independently. That way, better utilization of hardware
resources is achieved so that only the parts of the system that
are affected by overload get scaled. Additional advantages
that the microservice architecture brings are independent



development of individual components as well as the high
degree of their reusability [3].

i

Client
WSiH'I'I’P

Load Balancer

@

HTTP

TCP/IP | Service Node.js

Service Java
TCPIIPl

= —
g = Message Queue
saL s

NoSQL

Fig. 1. Microservice Architecture Scheme

Fig. 1 presents the example of the microservice architec-
ture scheme. It can be noticed that system based on the
microservice architecture is suitable for scaling individual
parts that require it because each part represents an inde-
pendent application. There is also the possibility of using
different technologies for implementing individual services,
as well as the use of different communication mechanisms
and protocols depending on the need.

System development follows the divide and conquer prin-
ciple, which divides a large and complex system into smaller
units, which are easier to develop. It is important to mention
that dividing the system into smaller entities does not solve
the complexity problem, but rather it delegates it to a level
above, that is, to connect the system’s components and their
orchestration.

Previously stated benefits surpass hardware limitations of
a single machine on which the system is running and thus
make the microservice architecture an adequate solution for
implementing remote monitoring systems.

System Architecture

The proposed system represents a set of components, each
being an independent application with a unique role. The
system is made out of services that are responsible for:
authentication, user groups and user profiles, schemes of data
that is collected from arbitrary physical sensors, validation,
persistence and aggregation of the collected data, detecting
alarms, generating reports from the aggregated data, and
displaying the user interface.

The architecture of the proposed system is presented in
Fig. 2. The system runs on the cloud and is completely
independent of the physical system from which it receives
the data.

The responsibility for collecting data from physical sen-
sors and sending it to the system is encapsulated within the
Local Processing Unit (LPU). LPU acts as an intermediary

AUI1.1 Page 2 of 6

isobar.ot
Cloud

Sensor
Microservice

L

= = Report
Micr:P:rvice
MongoDB

Auth
Microservice

1

Redis

L=

o o
R = o~
MoDB Mich:;?'vice (®°7 Sél-

Microservice Alarm
ooo m_\_’@
’(E‘?‘ APl Gateway Redis

Microservice
NGINX

Load Balance

_— x“ . ®

[ca]
Public Internet

[
[2]
=

Local Processing

Client Unit
Sensor

Fig. 2. System Architecture Scheme

between physical sensors which collect raw data, and the
part of the system which is launched on a cloud.

The services are a part of the private, isolated network
and it’s not possible to address them directly from the
public internet. The ingress service, acting both as a reverse
proxy and load balancer [4], is the only way to access
services from the outside. All inter-service communication
is done in a synchronous manner with one exception. The
only asynchronous communication is data ingress where the
API Gateway service sends the data to the Data and Alarm
services separately and is not interested in the content of the
response.

A brief description of individual services that make up the
system follows:

1) Authentication Service: The role of the authentication
service is to provide a safe way to persist user credentials.
This service implements the logic for generating access
tokens that are used by other services for restricting unau-
thorized access to individual resources. It’s worth pointing
out that the authorization is highly dependent on the context
it’s used in and implies that details of role-based access
control (RBAC) used for restricting access to individual
resources need to be defined in the service that owns the
resources. Otherwise, every service that implements RBAC
would be tightly coupled to the service that implements
authorization logic. The problem with that approach is that
the authorization service may represent a bottleneck of the
system. Tight coupling of services is not a problem if
they are running inside the same process. Knowing that
the presented system is distributed, this approach presents a
big problem because it increases the degree of inter-service



communication and causes the known problem "chatting"
[5]. The problem mentioned above is the reason why the
authorization is not implemented within the authentication
service.

2) User Service: The service responsible for working with
user profiles and user groups is a very important component
of the system because it enables isolating data at the level of
user groups. This service is responsible for protecting user’s
personal information and controlling which user group does
the user belong to. Considering that most of the resources on
the system are tied to a specific user group, user has access
limited only to those resources tied to the group it belongs
to.

3) Sensor Abstractions Service: A key component of the
proposed system is a service that provides a way for arbitrary
sensors that collect data on a supervised physical system.
The role of this service is to persist information about the
schemes of data that is being collected, as well as information
about the concrete sensors that send that data. The entities
used by this service are sensor abstractions, i.e., schemes of
data that is being collected, and the information about the
concrete physical sensors along with their locations. The idea
behind defining data schemes is the possibility of validation
of incoming data on the service, as well as the possibility of
using the same data scheme for multiple different sensors.
The scheme represents a set of individual tags (physical
values of interest), each containing a name and a primitive
data type. Apart from the name and the simple type, for
every tag in the data type, aggregation methods are listed,
based on which, aggregation service knows how to process
raw data.

4) Data Validation Service: Received data first goes
through a validation process, which is carried out based
on the previously defined data type. This service is also
responsible for verifying the validity of the public API
token, using which the LPU unit proves authenticity. Apart
from validation, this component presents a suitable place for
dispatching events about received data in real-time. Events
are dispatched through previously defined bidirectional com-
munication protocol with the aim of achieving publisher-
subscriber mechanism [6].

5) Data Persistence and Aggregation Service: The com-
ponent which contains markedly the most complex logic and
which requires the most hardware resources is data persis-
tence and aggregation service. Before it gets aggregated, the
raw data are persisted inside a temporary data store that is
being cleared after a fixed period of time. The reason why
raw data aren’t stored permanently is that the amount of
data is immensely large and that storing it isn’t efficient. The
more efficient solution is doing periodical data aggregation,
such that users are able to define a time period after which
the aggregation is performed. Additionally, users are able to
define the methods by which data aggregation is performed,
which later allows them to follow trends and generate reports
of interest. By that, the system gets better performances, not
only in terms of memory usage but also in decreasing the
time needed for generating certain reports.
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6) Report Service: The purpose of the persisted data lies
in the ability to generate certain reports from them, with
the aim of monitoring trends and presenting behavior of
arbitrary values that are collected. This service implements
the logic for generating reports on the aggregated data that
is permanently persisted in the system. The report takes
into account the specific frequency at which the data was
aggregated as well as the time interval within which the
data was collected. It also provides the ability to define and
store report types that contain all the information needed to
generate a particular report, except for the time interval.

7) Alarm Service: Detecting critical values, that is, data
values which deviate from predefined boundaries can be
very significant for physical systems which the proposed
system is monitoring. The responsibility of this component
is the detection of critical values and dispatching events
about them, in real-time. Critical values are detected by
rules previously defined in alarm types. Alarm type contains
priority, a threshold value, and the information about whether
the threshold presents an upper or lower limit of the normal
state. A property from the data type can have a set of
predefined alarm types tied to it. During alarm detection,
every alarm type that is tied to a certain property is taken into
consideration. When the critical value is detected, an event
is dispatched through a predefined, real-time communication
protocol. After the alarm event is dispatched, the client has
the option of caching that alarm for a certain time period
and thus preventing the system from dispatching more of
the same events tied to the alarm of a certain priority, type,
and limit value.

8) User Interface Service: This service provides elements
needed for the graphical presentation of real-time data and
generated reports. In addition to that, it contains elements
that can be used to create certain resources, set certain rules,
and take care of users and user groups.

III. IMPLEMENTATION

The microservice architecture allows the usage of numer-
ous technologies for implementing individual components
so that the most suitable technology for the requirements
specific to that component is used. Fig. 3 shows an overview
of all technologies used for implementing certain parts of the
system.

Implementation of Individual Components

The authentication service implementation was realized
using the .NET Core [7], while the MongoDB [8] database
was used for the persistence of user accounts. Each user
account consists of a unique name, password, and role. In
case of the data leak, hashing and salting [9] of passwords
is applied with the aim of preventing their misuse.

For the purpose of implementation of the service for
working with user groups and profiles, .NET Core was used.
User groups and profiles are in a one-to-many relationship,
i.e., a profile belongs to exactly one group, while a group
can contain several user profiles. The user group contains
a name, surname, and e-mail address. To ensure that the
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connection between user groups and accounts is modeled
properly, MariaDB [10] relational database was used.

Another of the services implemented using .NET Core is
a service for defining abstractions of physical sensors, i.e.,
schemes of data that come from remote sensors. Entities
relevant to this microservice are sensor schemes, physical
sensors, and locations. Since these entities are interrelated, a
relational database MariaDB was used for data persistence.
Primitive data types which are supported are real numbers,
boolean values, enumerations, and text. Each sensor has its
own public API token, which is a randomly created string of
letters and digits that can be altered. Altering the public API
token of a sensor is a significant function since it provides
a mechanism of protection from receiving false data from a
party that has obtained the token in an unauthorized way.

The implementation of the data validation logic is sep-
arated into the data validation service implemented in the
Node.js [11] environment. This service uses Redis [12] cache
as temporary storage for a public API key as well as the data
scheme of the authenticated sensor. This decreases commu-
nication with the service in charge of validating public API
tokens and evades creating the system’s bottleneck. Sending
data in real-time is done by using a WebSocket, using the
socket.io library [13].

Data persistence and aggregation service is implemented
using .NET Core and MariaDB database. One of the main
reasons for choosing MariaDB as a relational database is the
native support for built-in mechanisms that can be used for
storing and manipulating data in dynamic JSON [14] format.
The collected data is stored in a temporary table whose
content is deleted after an all-day cycle of aggregations. The
system supports several different aggregation time periods,
of which the smallest is five minutes, and several different
methods for aggregating real numbers including minimum,
maximum, sum and mean. The aggregated data is stored in
separate tables in the database, each corresponding to a single
resolution.

.NET Core was used for the implementation of the report
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service. This service reads data from the database in which
the persistence and data aggregation service has stored the
processed data. Report generation was realized with the help
of mechanisms for manipulating data in JSON format that
are supported by the MariaDB database.

Implementation of alarm service is done inside the Node.js
environment, while the MariaDB database was used for
storing information about the alarm schemes and concrete
critical values themselves. Sending data in real-time is done
using WebSocket, which makes users promptly informed
about every critical value of the monitored system. This
service also uses Redis cache for storing critical values to
avoid notifying the client unnecessarily. Another role of
Redis is to synchronize socket.io events between multiple
instances of the application.

The user interface was implemented using React.js [15]
and Bootstrap [16] libraries.

Automation of Development Processes

Developing a system that is based on a microservice
architecture increases the maintenance complexity because
the source code of the system is made up of multiple
smaller and often independently maintained code bases.
Continuous Integration (CI) represents a necessary part of
the development process of systems composed of many
components with independently maintained code bases. That
includes validation and testing of individual functionalities,
as well as the rebuilding of components affected by changes.
Continuous Deployment (CD) is the process of automatic
reflection of changes to the final system which is used in
production. In systems that are subject to frequent changes,
the CD represents a necessity and can be very important
in both the development and deployment phases of the
system. In the development process, an instance of the
staging application is created in order to provide access to the
application to everyone that is involved. That significantly
increases the degree of error detection in the development
phase and reduces the chances of a bug in production.

Developing the system comprised of components that
are implemented in different technologies, complicates the
requirements for the environment in which individual compo-
nents can be started. The concept of containers is introduced
with the aim of providing a virtual environment at the
operating system level, which can be predefined, packaged,
and quickly launched. Such an environment has a high
degree of portability and can be run on any platform on
which a container engine can be run. The proposed system
uses Docker [17] for the containerization of individual com-
ponents. Docker provides an API for defining, packaging,
transferring, and running virtual environments in form of
containers. It also supports the creation of isolated private
networks within which containers can intercommunicate and
reference eachother using the local DNS server [18].

High availability and fault tolerance deserve special atten-
tion for distributed systems that are running in a production
environment. A highly available system tends to minimize
service downtime while a fault-tolerant one ensures that no



data is lost during minor or major failures. The goal is to
have both a highly available and fault-tolerant system that
ensures high service uptime without data loss. The fact that
the proposed system can be deployed on a multi-node cluster
and that the data replication on multiple nodes is supported
ensures that the aforementioned goals are met in a production
environment. By distributing traffic across multiple nodes,
the uptime of the individual services, resilience to data loss,
and the request processing capacity are increased.
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Fig. 4. Automatic Development Process Scheme

Fig. 4 illustrates the scheme of the automated CI/CD
pipeline used by the proposed system in a development envi-
ronment. Once the changes are made, they are synchronized
with the remote codebase located on GitHub. The application
that implements the CI/CD pipeline, i.e. Jenkins [19] gets
notified, via the WebHook submission mechanism, about the
changes that have been made on a certain branch. When
an event containing information about the changes reaches
Jenkins, a predefined pipeline is started. The pipeline runs the
process of validating changes and rebuilding Docker Images
if the changes prove to be valid. Additionally, the affected
parts of the system get synchronized with newly integrated
changes by a command that gets executed using SSH (Secure
Shell) on the machine on which the system is running.

The proposed system can be instantiated using the docker-
compose tool, for the needs of the development environment
or using the kubectl tool for production environments. The
role of the aforementioned tools is to take care of pulling,
configuring, starting, and shutting down previously defined
services, creating private networks within which the services
communicate and scaling certain services depending on the
needs of the system.

IV. RESULTS

The final product of this paper is a functional remote
monitoring system, based on microservice architecture and
modern technologies, called isobar.ot. The system described
in this paper supports the processing and persistence of
arbitrary data sets, as well as tracking of trends in the
collected data, i.e., periodical changes in the data values and
the detection of critical values in real-time. In addition, the
system allows the generation of reports from the persisted
data for a certain period of time, which allows the user to
analyze the behavior of the physical system that is monitored.

The most valuable aspects of the proposed system are the
fact that it can be reused for many different physical systems,
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and also its scalability which is ensured by the microservice
architecture. The system solves one of the basic problems
that come with the IoT systems, which is giving semantics
to the raw data collected from the physical sensors so that
storing and processing of data is realized in a uniform way,
independent of the nature of data.

Besides various simulations, such as collecting data on
weather conditions, that were used to test the system’s
reusability, there are two successful use-cases of the proposed
system. Both of them are Road Traffic Monitoring Systems
(RTMS) that are deployed in India and Croatia. The first
receives data from two different sensor types: laser and radar.
The laser sensor sends detailed information about the passed
vehicles such as speed, class, and it’s dimensions. The radar
detects vehicle’s speed and relative position and send them
in real-time.The second use-case receives data from a camera
that detects which class of vehicle has passed. The previously
mentioned use-cases prove that the proposed solution can be
used to monitor arbitrary physical systems. In both cases, the
system ensures high availability and fault tolerance, i.e. it is
deployed on a multi-node cluster and uses data replication
in order to prevent data loss.

User Interface

Fig. 5 shows the appearance of the user interface, which
monitors critical values in real-time. The hide option gives
users an opportunity to declare that they are aware of a
particular alarm, to take all necessary steps, and not want
the system to notify them more about the alarm so that they
can pay attention to other alarms.

PROPERTY TYPE CRITICAL VALUE PRIORITY LOCATION SENSOR

sinus Above 79.1056663295 Low Zrenjanin sinus Simulation

sinus Above 86.9963516663 Medium Zrenjanin sinus Simulation

sinus Above 95.2598516295 High Zrenjanin sinus Simulation

tanh Below -50.1444326271 High Curug Tanh Simulation

cosinus Below -5.88190451025 Medium Novi Sad Cosinus Simulation

Fig. 5. Alarms Monitoring in Real-Time

The Dashboard section (Fig. 6) presents the appearance
of the user interface through which data arrived from sensors
is tracked. Selecting the sensors is done from the drop-down
menu, where all the sensors belonging to the corresponding
user groups are listed. It is possible to choose more than one
sensor and to display data in real-time graphically and in a
table.

For the purpose of testing the proposed system, simulation
sensors are implemented, which represent individual appli-
cations independent of the rest of the system. Their role is
to simulate the operation of LPU units by sending random
values or values of certain mathematical functions, instead of
collecting data from physical sensors. Some of the functions
supported by simulation sensors are sine, cosine, sigmoid,
ReLU (Rectified Linear Unit), and the like.
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V. CONCLUSION

This paper presents a cloud-native, multi-purpose remote
monitoring system, based on microservice architecture. The
implemented system is named isobar.ot and consists of three
main parts: local processing units (LPU) used for implement-
ing low-level logic for collecting data from physical sensors
and sending it to the cloud, an isolated private network with
a set of microservices that perform the entire processing and
persisting data on the cloud, a client web application that
allows users to interact with the rest of the system.

The biggest advantage of the proposed system lies in its
ability to monitor arbitrary physical systems, and the ability
to work with a large number of sensors and serve a large
number of clients. These advantages are achieved by relying
on microservice architecture and modern technologies.

Despite the fact that inter-service communication is
brought to a minimum, there are cases where a better solution
for communication would be to use asynchronous protocols,
such as AMQP [20]. Another disadvantage of the proposed
system is that some services use data that are not owned
by them, i.e., they have to turn to services that have that
data. This reduces the failure resistance of interdependent
parts of the system. A potential solution to this problem
is to use caching more frequently or replicate the data
used by multiple services while maintaining asynchronous
consistency.

In addition to overcoming the previously mentioned short-
comings of the proposed system, the plan for further devel-
opment is the implementation of a data export service in
the form of a file of a certain format, such as PDF, CSV,
JSON, and the like. Also, the plan is to implement support
for receiving data in several different protocols, and not only
in HTTP. Another possibility for further development of the
proposed system is the implementation of a uniform control
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component. The task of this component is to provide a
mechanism for managing the monitored physical system, at a
high level. That way, the proposed system would be extended
to a fully functional supervisory and control system, which
is certainly in the plan for future development.
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Integrated Particle Filter
for Multi Target Tracking

Zvonko Radosavljevi¢, Dejan Ivkovi¢ and Branko Kovacevié

Abstract— Target tracking in heavy cluttered environment
requires methodology for false track discrimination and data
association. Recently, we present a new particle filter (PF)
approach which recursively calculates the probability of target
existence for the false track discrimination. Our approach
treats possible detections of targets followed by other tracks as
additional clutter measurements. It starts by approximating
the a priori probabilities of measurement origin. The posterior
data association probabilities are calculated to discriminate
clutter measurements when updating trajectory probability
density function. A new complete recursive track initiation,
confirmation and deleting algorithm based on PF and
Integrated Track Splitting (ITS) and named Integrated
Particle Filter (IPF) is presented. Through the extended
simulations showed the effectiveness of this approach in a five
targets scenario.

Index Terms—Target tracking, data association, particle
filter, Integrated Track Splitting.

. INTRODUCTION

Each sensor measurements may either be a spurious
(clutter) or a target measurement. The target existence and
trajectory are not a priori known [1]. The tracks are
initialized using measurements, thus both true tracks and
false tracks simultaneously exist. The false track
discrimination (FTD) is a procedure to terminate a majority
of false tracks and confirm majority of true tracks [2],[3]. A
track quality measure needs to be calculated for successful
FTD. The multiple hypothesis tracker (MHT) [4][5] is one
of the first widely used algorithm for target tracking in
clutter. The measurement-oriented MHT, often known as the
Reid algorithm [1], forms new tracks and measurement
allocation hypotheses centered around global origin of
measurements. The MHT uses statistical methods (track
score) to discriminate between false and true tracks. The
probability of target existence obtained by utilizing Markov
chain propagation models and Bayes update is used as the
track quality measure in Integrated Probabilistic Data
Association (IPDA) of [6] and Integrated Track Splitting

(ITs) [71.[8].

The application of the Sequential Monte Carlo estimation
framework to real multi-target tracking problems is plagued
by many difficulties. Among other things, realistic models
for the target dynamics and measurement processes are
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often nonlinear and non-Gaussian, so that no closed-form
analytic expression can be obtained for the tracking recurs.

When tracking a single object closed-form expressions
are generally not available for nonlinear or non-Gaussian
models, and approximate methods are required. The
extended KF liberalizes models with weak nonlinearities
around the current state estimate, so that the KF recursions
can still be applied. However, the performance of the EKF
degrades rapidly as the nonlinearities become more severe.
To alleviate this problem the unscented KF (UKF) [9], [10]
maintains the second-order statistics of the target
distribution by recursively propagating a set of carefully
selected sigma points [11]. This method requires no
linearization, and generally yields more robust estimates.

When tracking with Particle Filter [12],[13] an analog to
the predicted measurements covariance is not directly
available and could only be constructed as an approximation
to the current particle cloud. A common alternative is to use
a form of soft gating based upon a Student’st likelihood,
combine the same function and probabilistic data association
approaches to develop a new method for tracking in clutter
using a particle filter. This is done by deriving an expected
likelihood from known measurements and clutter statistics.

In this paper, we propose the integrated particle filter
(IPF) solution for the target tracking in clutter. Each track
trajectory pdf is represented by a disjoint set of particles,
and the probability of target existence is integrated into the
track state, similar to [14], [15], [16]. The FTD may use the
probability of target existence as the track quality measure.
The standard IPF is a single-target tracker, and we also
include multi target approach [17] for target tracking. They
all share common recursion elements, being distinguished
by the data association calculus. In addition to the recursive
calculation of the probability of target existence and non-
uniform clutter, we also include the state dependent
probability of target detection, and maneuvering (multi-
model) target trajectories [18].

Rest of the paper is organized as follows. The models and
the particle filter background are presented in Section 2. The
common IPF framework is detailed in Section 3, and the
implementations of IPF is presented in Section 4. This
approach is indicated by simulations in Section 5, followed
by the concluding remarks in Section 6.

Il. PROBLEM STATEMENTS

The dynamic target trajectory state models at the time k
are given by the:

X = FX 4 +V, @

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. The measurement of existing and
detectable target is taken with a probability of detection Pp.
At time k, one sensor delivers a set of measurements
z, ={Zk,j}’}/|:1 track out of which a set of measurements are

selected for track update. Converted target measurement y is
given by [19] :

Y = Hx, +w, @

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 Pp . Clutter measurements follow
the Poisson distribution characterized at location by clutter
measurements density p, (y) [19].

Particle filtering samples at the continuous posterior
density function of interest into a set of weighted particles.
If the weights are chosen appropriately, then these weighted
set of particles represent the posterior density in a way that
the posterior density function can be made arbitrarily close
to the equivalent set of weighted particles. The target
trajectory state pdf at scan k is defined by set of

particles{X, ,W, }, parameterized by set of N particles

{w,, x, }', where should be satisfied ZN:W|i=1' Using
i=1

sequential importance sampling [xx], particle filters can

approximate the posterior density function, regardless of the

time interval k of the trajectory model [20].

I1l. INTEGRATED PARTICLE FILTER

The track state consists of the target existence event, and
the trajectory state, and for each track we recursively
calculate the probability of target existence, and the
trajectory state probability density function (pdf). The
trajectory state pdf are only defined conditioned on target
existence. Depending on the calculated probability of target
existence we may conclude that the target exists and confirm
the track. Each confirmed track stays confirmed until
termination. Alternatively, if the calculated probability of
target existence dips below certain level we conclude that
the target does not exist and terminate the track [21].

Key topics of new IPF algorithms are:

e new particles arise by re-sampling;

¢ heavy particles are multiply,

o weak particles are extinguished

e measurements are used to correct the weight of the

particles and the probabilities of target existence.

At begin, lets define key parameters. The number of

N

particles from ( -D" scan, k17 N does not change from

i i
scan to scan. Lets represent particle{xkfl’ W *1},
1 = h
=1 Niy from (k-1)° scan , mean and weight. Number

th
of measurements arriving from k scan are M, ,and
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N, =N is number of particles after re-sampling step.

Probability of target detection, as the function of target
trajectory state is p, (X, ) = P, . Also we have equation
[22]:

lSD = ZWLA pD(XIL) = PDZWL,1 =P, @)

Proposed IPF algorithm is perform by the following steps:
- prediction step,
- measurements likelihood calculating
- update step and
- re-sampling step.

A. Prediction step:

At begin, we calculate probability of target existence, by
the:

Wika = D Wi 4)
The mean of particle is given by the:

x =4 vi)=Fx_, +v, (5)
where particle propagation noise is v; ~N(0,Q) and
measurements sets is givenby Z, ={z},...,z,"*}

B. Measurements likelihoods

After KF prediction, we estimate measurements by the:
§ic = Hx, ®)

In order to compute statistical distance:
dzij = (Zk,j - )A'IL)T (Rk)il(zk,j - 911)’ J :11---1 Mk (7)

Probability density function is given by the:

p: .=¥exp[—0.5~d2ij] ®)

ol Jdet(2R, )
where likelihoods of measurements is:
pk,j = Zwli(—l : pli<,j (9)

Now, we can calculate measurements likelihood ratio, by
the equation:

Ac=1-Py+P, > Pes (10)
i P
Beta’s coefficients we can update by the:
1-P,, j=0
_1 (11)
P A, PDh, j>0
P j



C. Update step:

In update step, we first calculate weight of particles, in
purpose of trajectory state update, by the [23]:

M i
k pk,j

Wli< ZWLfl‘(ﬁk,O +Z,Bk,j (12
j=1

K.j

At the end of update step, we calculate target existence
probability of track, by the equation:

Akl//k\k—l

T kTkkL (13)
1-(1- Ak)l//k\k—l

Yk =

D. Resampling step:

Resampling step calculates mean and weight of particles,
by the foloowing [24]:

{Xlilwli{}:{xlilwli :S\N:l},l :1’2’."’ N (14)

N, N
where
Neg
i=1
u =U {Oi} (16)
N
u|=u1'+(l—1)%1ic:ic,1+W|'<,i=l,...,N 17)

where S, is sum of weights, U[] means uniform

distribution, u, is interval of weights.

E. Output Calculation

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

Np
s Iyl
R = Zwk X, (18)
1=1
B = Swt x5, 2T 19
k — ZWk'Xk'Xk = X X (19)
1=

IV. IMPLEMENTATION OF IPF

In this section, a brief instruction of IPF sofware
implemenattion, we describe. Track initiation and
termination is an part for establishing the records of the new
targets and terminating the unwanted records of the
inexistent targets when they leave the surveillance region.
But in the heavy cluttered environment, there exists due to
the unknown state of the target and the sequence of
measurements which originate from the target. Here, we
present a track management procedure.

Track initiation is composed of two parts:
- produce temporal tracks and
- confirm the temporal tracks.
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Track termination is of two meanings:

- reject the temporal tracks;

- terminate the confirmed tracks when the detected
targets leave the surveillance region.

A. Software implementation of IPF

One cycle of the recursive IPF algorithms software
implementation consists of the following procedure:

for scan = 1 : number of scans
--Read Measurements
-Target Tracking with IPF
-Initializing of Measurements Selection
-Measurements selection (measurement likelihood for all
particles)
-Taking into account clutter density
-Update Tracks of IPF
-Single Target Track Data Association
-Update Weights
-Resampling
-Estimate IPF
-Tracks Initializing
-Update Old Samples
-Update Status
-Update Age
-Eliminate Wide
-Merge Close Tracks
-Eliminate Tracks -Out of Bound
-Update Tracks (Confirmation and Deleting)
-Prediction of IPF
-Determine Target Track
-Target Statistics of Scans (True, False, Confirmed,...)
-Reduce Tracks
End

V. SIMULATIONS

For the purpose of research, a simulation scenario with
five targets motion scenario (Fig.1). Targets are initially
positioned at the edges of a circle with the center at
(500,500) and a radius of 450. Each target moves with a
uniform speed towards the center of the circle, which they
should reach in 20 scans, after which they carry on with
uniform motion for further 20 scans. A random (noise)
component is added to the speed vector of each target, with
covariance (2*R/400).

A random component is added to the speed vector of each
target, thus at scan 20 the variance of the distance between
each target and the centre of the circle will be double the
sensor measurement error noise covariance matrix. In the
two targets scenario, the targets initial separation is 20°,
instead of fifteen targets scenario with the targets initial
separation 10°. The following definitions of true and false
tracks are used. Each initiated track is false with respect to
all existing targets. A false track becomes a true track with
respect to a target when the state estimate is sufficiently
close to the true target state.

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.

Thus, the average number of initialized false tracks per
scan will depend on the number of targets present. The
average number of initialized false tracks per scan was 8,
and 120 for the two and fifteen targets experiments,
respectively. A confirmed false track in one scan is 300 and
200 for the two and fifteen targets cases, respectively. The
performance measures used to compare the algorithms
confirmed true tracks, root mean square error positions and
target retention statistics. Results are presented by a number
of confirmed true tracks and Root Mean Square Error
Position.

The target retention statistics was obtained by noting the
identity of the confirmed true track following each of the
targets at scan 14. These identities are checked again at scan
38, and the following statistics is accumulated for each
experiment:

nCases: total number of cases of a target being followed
by a confirmed track at scan 14;

nOK: percentage of tracks still following the original
target at scan 38;

nSwitched: percentage of tracks that end up following a
different target at scan 38;

nLost: percentage of tracks not following any target at
scan 38,

nMerged: percentage of tracks lost due to merging
between tracks counted in nCases between scans 14 and 38

For the target retention statistics, each algorithm identifies
the confirmed true track for a specific interval that includes
intersection of trajectories. The targets intersect at scan 24
and many joint events occur around that time. In the
experiment, the identities of the confirmed true tracks are
obtained at scan 17 for performance comparison.

Parameters were used: probability of target detection is
pD=0.8, number of Monte Carlo runs is 100, duration of one
recursion 40, measurements noise matrix -R=[25 0; 0 25],
maximum of target speed -25 [m/s], variance of acceleration
g =0.75, number of particles -1000, maximum number of
components -40, starting cross statistics in 14 scan, ending
Cross ststistics scan 38.
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Fig. 2. Simulation scenario (Five targets)
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Confimed True Tracks

Fig. 2. confirmed true tracks diagram over time (five target)

The sampling period of radar sensor is T=1s. Duration of
the scenario is 40 scans. The system input is modeled as

x(k)=[xxy y]T where the
Cartesian coordinates of the target position are, and are the

appropriate velocities. Transition matrix and process noise
matrix are given by:

follows: vector state

1T OO
0100
Ll (20)
0 01T
0 0 0 1
T3/3 T%/2 0 0
0 :qu/z T 0 0 (21)
K 0 0 T3/3 T2/2
0 0 T2 T

respectively. Measurements matrix and measurements noise
matrix is given by:

1000 o 0
H= " R= 2
0010 0 o

respectively.

All simulations were done in a software package
MATLAB, with CPU Intel Core i7, 2.93 GHz. Results of
simulation are governed by the number of confirmed true
tracks (Fig, 2) and target retention table. We compare
standard ITS and proposed IPF algorithms.

(22)

Target retention table

ITS | IPF
nCases[n] | 91 80
nOK[%] | 31.86 | 42.5
nSwit[»] | 15.38 | 18.75
nLost[»] | 52.76 | 38.75
merged 26 14
CPU[s] | 1.65 | 1.81

The results confirm the justification of the proposed IPF
approach compared to standard ITS algorithm. IPF has a
smaller percentage of losses and switched targets and higher
percentage of full tracking targets with approximately the
same CPU consumption.



VI. CONCLUSION

The multiple target tracking algorithm, known IPF, is
proposed and was tested in a special scenarios with five
crossing targets. It uses the well-known features of ITS
algorithms that account the probability of target existence of
objective forms, trace and ease of use offered by the Particle
Filter. A Simulation results with two-dimensional scenario
showed that the proposed algorithm ends up with good
performance and small computational load. Proposed
algorithm, which has been presented for tracking multi, have
the ability to estimate the number of targets. Tracking the
trajectories of the target over time, operate with missed
detections and give the trajectories of the targets.
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Hough transform 1n visual product quality
control

Aleksandra Marjanovi¢, Sanja Vujnovi¢ and Zeljko Purovi¢

Abstract— Product quality inspection is one of the
indispensable steps in the production process, and there are
more and more factories that are trying to automate that
procedure by using computer vision algorithms. Additional
efforts are made to keep these algorithms simple and fast when
time is of the essence. This paper relies on Hough transform as a
standard tool in image processing and discusses its possibilities in
a time-constrained scenario. Being that the considered product is
ball-shaped, the extension of Hough transform for circle
detection is used to detect product in appropriate cells on the
conveyor belt. The problem setup may seem easy, but
unpredictable parameters of the industrial surroundings make it
challenging. The detection algorithm is tested on a real-life image
database collected at one chemical factory in Serbia.

Index Terms—Visual product quality Defect

detection, Hough transform, Circle detection.

control,

1. INTRODUCTION

With the development of modern technology, the efficiency
and reliability of industrial plants is increasing, whether it is
in terms of improving the hardware of existing systems or in
terms of applying intelligent control laws that can monitor and
regulate a large number of signals simultaneously. The
automation of the production process is especially important
in places that do not represent an ideal working environment
for humans, such as plants in the electric power and chemical
industries.

In the last decades advanced algorithms have found their
place not only for increasing the quality of the production
process, but also because of high expectations from
customers, fierce competition, and stricter requirements of
regulatory bodies and in quality control of the final product
[1]. One of the basic forms of quality control is visual
inspection of products and in many factories it is carried out
in an old-fashioned way, by a human inspector. This,
however, can be a very demanding job that requires a person
to be in constant focus during a shift of about 8 hours, looking
at the same product thousands of times. Research shows that
in this process the error rate is high and goes over 25%. It is
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only natural that automated solutions for visual inspection of
product quality, which rely on the methods of computer vision
and artificial intelligence, are becoming more and more
common [2], [3]. Apart from lowering the errors in the quality
control process, there is another great advantage of
implementing these kinds of solutions by the manufacturer.
Mainly, the redirection of people from a repetitive non-
creative job, which in some industries can be unpleasant for
people's physical health, to jobs that are of greater importance,
and which could not be done without people [4]. According to
Markets Insider estimates, the machine vision sector will have
earnings of about $ 12.29 billion from the start of their use
until 2023, with an annual growth rate of about 7.61%.

The requirements placed on such a quality control system
are very often contradictory. On the one hand, they must be
fast enough for the production system to run smoothly, and on
the other hand, more advanced algorithms that would increase
the accuracy of such systems are also numerically more
complex and require more time to execute. This paper
discusses a segment of the visual inspection system in a
modern chemical production plant that operates with a large
capacity of several hundred products per minute. This leaves
room for about a hundred of milliseconds for product
processing, which should include image recording, image
processing and decision making, as well as taking appropriate
action. The job of engineers, therefore, is to design the
simplest possible decision system with the highest possible
success rate. Of course, it should be emphasized that the
mechanical part of the system should be fast and reliable, but
at the same time simple and cheap enough to be cost-effective
for serial production.

The problem tackled in this paper refers to quality control
in the production process of scented sanitary balls. Prior to the
automation of this process, the inspection was performed by a
person by monitoring for several hours the batches of balls
that are at the output of the shaping subsystem. Apart from the
fact that this kind of work is tiring for the sense of sight, it is
also tiring for the sense of smell due to strong vapors in the
plant. Due to all these facts, the company's management came
up with the idea of automating this segment of production.
This paper describes the first step in the product quality
assessment procedure, which refers to the detection of
products within the intended slot. In real industrial conditions
this can be quite challenging, as will be explained later. The
algorithm must be simple and fast enough at the same time, so
that in combination with the algorithm for checking the
regularity of the ball and communication between individual
components it is suitable for real time application.



Following Introduction, Section II provides a review of
Hough transform and its application in line and circle
detection. Section IIT describes in detail the setup of product
visual inspection process, focusing on the challenges during
product detection phase and the possibilities of overcoming
them using Hough transform. Finally, Section IV shows main
results concerning the influence of image down sampling on
detection accuracy, as a tool for reduction of computational
efforts.

II. HOUGH TRANSFORM

Hough transform in its original form is a tool that enables fast
and efficient detection of straight lines in digital images [5].
Namely, if we want to find among the n points in the plane
those that belong to one line, the number of operations that
should be done by the brute-force method is proportional to
n3, which is unusable in the context of real time execution.
On the other hand, Hough transform starts from the idea that
one point (x;,y;) located on the line

y=ax+b (1
maps to the line in (a, b) space
b=—-xa+y,. 2

Similarly, any other point on the line (1) will map into the line
in (a,b) space, which intersects the line (2) in the point
determined by parameters a and b in Eq. (1). In other words,
the problem of searching for line parameters is reduced to
searching the space (a, b) with the aim of finding the point
where the largest number of lines intersect [6]. A limiting
circumstance in this consideration is the fact that the vertical
line has an infinite slope. This problem is overcome starting
from the idea that every point on the line in (x,y) space can
be represented by a sinusoid in the parametric space (p, 8)

xcosf +ysinf = p, (3)

which is shown in Fig. 1.
9/

p x1 cos6 +y;sinf = p

X, cosf +y,sinf =p

X1 X2

Fig. 1. The concept of Hough transform.

Similarly, the cross section of these sinusoids contains the
correct parameters p and 6. In this way, the previous search is
reduced to a search by angle 6 € [-m/2,/2] and p €
(—00, ). The implementation of this algorithm first involves
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the quantization of space (p,8) into so-called accumulator
cells. Then, each point (x,y,) is observed and the
corresponding quantized value p is calculated for each
quantized value of the parameter 8 and the final search for the
cell in which the most sinusoids were found. Over time, the
extensions of this procedure to the problem of finding second-
order curves and arbitrary shapes have been considered [7],
[8]. Thus, for the detection of a circular contour, three
parameters should be determined, the coordinates of the center
of the circle and the radius:

(x - xo)z + - .')’0)2 = R2. 4)

Similarly as before, a different representation of the circle
over the radius and polar angle can be considered:

Xo + R cos @
Yo + Rsin6,

X

y ®)

where 6 € [0,21). In this case, the accumulator is three-
dimensional, and the procedure for incrementing the cell
values is based on the previously described procedure.
Namely, each pair of points is a potential center (x,,y,), and
the radius range is the potential radius. Bearing in mind that
the search is now done in three-dimensional space,
computational time of single curve detection is high. Over
time, improvements to this algorithm have been proposed,
such as the use of genetic algorithms [9] and harmony search
[10], which shorten computational time and allow sufficiently
precise circuit parameters to be found. Also, there are
extensions of this algorithm to the detection of arbitrary
curved lines.

III. PRODUCT DETECTION ALGORITHM

To better understand the idea of applying Hough transform
in the process of visual quality inspection, let us describe the
setting of the problem in a little more detail. The balls arrive
one by one for individual inspection, sorted on the appropriate
conveyor belt, separated by barriers (Fig. 2). The part of the
system related to the visualization of the product consists of
three cameras separated in space, two on the side and one
from above, which have the task to look from different angles
at the cell in which the product should be located. After that,
in case there is a product in the cell, a quality control
algorithm is applied, which should assess whether the ball is
defective or not. If there is no defect, the ball should be passed
to the next step of the production process. If, however, the ball
is defected the pneumatic blower should be signaled to throw
the ball off the production line, after which it is sent for
recycling, i.e., the beginning of the mixture making step.
Processing images from two side cameras can be done in the
same way, because the image obtained from them is similar.
Namely, it shows a ball leaning on the barrier that is
immediately behind the ball when the direction of movement
of the conveyor belt is observed, and in one case the ball is
leaning on the left and in the other on the right barrier.



Additionally, behind the ball (as seen from the camera), there
is a partition that provides an appropriate, contrasting
background color depending on the color of the ball. On the
other hand, the third camera is placed above the ball, and the
picture from it shows the ball leaning on the barrier, but also a
part of the base, that is. the conveyor belt on which the ball
lies. Precisely because of this difference, processing images
from the third camera is somewhat more complicated than the
first two. Namely, after a few minutes, and then a few hours
of using the system, the belt becomes dirty, sometimes with
the color of the balls that previously passed over it, which is
shown in Fig. 3 (one and the same belt is often used to process
different colors of balls, depending on the requirements). In
order for the belt to be cleaned, the machine must be stopped
for a few minutes. However, if the cleaning is not carried out
in a timely and adequate manner, this can complicate the
algorithm for processing images from the third camera.

The step of checking whether there is a ball between the
two barriers is the first step in the algorithm, and it should be
the fastest one, so that there is enough time to perform a more
time-consuming step, which refers to checking the quality of
the ball. By analyzing the image from the first two cameras,
this is very easy to check, because the background behind the
ball is not dirty. However, if the same algorithm is applied to
images from the third camera, many false alarms appear,
which further leads to a misconception about the number of
defective balls, because empty slots are classified as irregular
balls in the next step. An additional problem in the analysis of
the image from the third camera is the fact that during
operation the voltage on the light is variable, so the brightness
of the ball changes with it, and it is difficult to automatically
adjust the camera exposure, because it is almost impossible to
find a reference point that will not be influenced by the color
of the ball. These and similar problems are precisely the
consequence of working in industrial conditions, which can be
very unpredictable.

Fig. 2. Examples of full cells.

“Jp—
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Fig. 3. Examples of empty cells.

This is exactly the problem we will try to solve by applying
Hough transform. Because the picture of an empty cell often
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consists of stains at the bottom of conveyor belt, as well as

smaller masses which should not be counted as the ball and

will certainly be eliminated from further production process
due to smaller dimensions, Hough transform is proposed to

find circular contours in an image whose radius is in a

predefined range, and in accordance with what the expected

radius of the ball is. The algorithm consists of several steps:

e In the first step, depending on the color, it is necessary to
find the appropriate color space, i.e. the appropriate
representation, in which it will be easier to notice the
difference between the ball and the background. In some
cases, it will be some of the RGB components, other
times HSV space will be more useful, etc.

e In the next step, using the Canny edge detector, the
previously selected gray image is translated into a black
and white image, by carefully selecting the thresholds of
the said detector. The thresholds are chosen so that the
edges of the ball are detected as clearly as possible,
although in real conditions this implies the detection of
background noise.

e Finally, the Hough transformation is applied to check
whether among the detected points in the black and white
image there are those that belong to the same circular
contour of the appropriate size, which indicate the
presence of a ball in the image. Due to the nature of the
algorithm, it will certainly find a circle, and based on the
parameters of the circle and the number of detected
points, a decision is made whether the ball exists in the
image or not.

Additionally, as mentioned earlier, this procedure involves
searching in 3D space, which requires computing resources.
Bearing in mind that the ball has some expected size, i.e. the
radius, as well as the limited space in which the center of the
sphere can appear, the first step in enhancing the speed of the
algorithm refers to the appropriate narrowing of the search
space for all three parameters. The second step refers to the
examination of the extent to which it is possible to work with
a resampled image of lower resolution, i.e. the extent to which
the decimation procedure affects the finding of the circular
contour and its parameters. The results of this consideration
are presented in the next chapter.

IV. RESULTS

Testing of the proposed algorithm was done on a database
consisting of 3000 images with empty cells and 3000 images
with the product (2800 regular products and 200 defects). All
images have the same 600x500 resolution. Let us first observe
the performance of circular contour detection in different
images. Fig. 4 and Fig. 5 clearly show that the extended
detection algorithm gives a good result, in terms of successful
contour detection. The images on the left show the original
images of the balls, and on the right is the result of the
application of Canny edge detector, together with a drawn
contour whose parameters correspond to a circle that fits the
largest number of points. Fig. 6 shows the results in the case



of images without products. What can be noticed at first
glance is that the algorithm again managed to find a circular
contour, although it is not obvious in the original image. But
that is still the expected result, because the algorithm finds the
circle on which the largest number of points from the BW
image is located. The essential difference between these two
cases is in the number of points which the detected circle fits.

Fig. 6. Examples of circle detection on an empty cell.

Table 1 shows first- and second-order statistics for the
number of detected points per circle N, as well as the
execution time of the algorithm T on the Intel(R) Core(TM)
17-9700KF CPU at 3.60 GHz configuration It can be observed
that the number of detected points is significantly higher in
the case when the ball exists than when the cell is empty. A
more detailed analysis showed that there is a clear gap
between these two cases, which means that the detection
problem can be successfully solved by setting an appropriate
threshold. In addition, another interesting fact is that in the
case off a defect, the number of detected points is slightly
smaller than in the case of regular products. This result is
justified bearing in mind that the defect of the product is often
reflected in its irregular contour, which deviates from the
circular contour in a few segments. However, for most
products, this deviation is not significantly pronounced, which
is why these two cases are not linearly separable considering
this parameter space. Execution time analysis in different
cases also gives the expected results. Namely, in the case of a
defective ball, the output from the Canny edge detector is
slightly higher than in the case of a regular one. Therefore, the
number of points that need to be processed during the
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formation of the accumulator matrix is higher. On the other
hand, one could expect that in the case of empty cells, the
number of points returned by the Canny edge detector is not
large. However, depending on the lighting and the degree of
conveyor belt contamination, the number of points may be
approximately the same as in the case of regular balls.
Therefore, the execution time of the algorithm in that case is
somewhat less, but not significant. Even though 30ms does
not sound like a long time, it is not affordable when there is
around 150ms available for the overall product inspection
process.

TABLEI
AVERAGE DETECTION PARAMETERS PER DIFFERENT TYPES OF IMAGES

Nmean Nstd Tmean Tstd
Regular product | 312.6 76.3 29.5ms | 2.lms
Defect 265.9 65.9 32.1ms | 3.3ms
Empty cell 41.5 13.17 | 26.8ms | 4.2ms

The last result led us to the idea of decimation, i.e.
downsampling. Several cases depending on the degree of
decimation were considered. Table 2 presents the results that
show the degradation of detection parameters depending on
the degree of decimation. In addition to the two parameters
discussed earlier, this analysis also observed the extent to
which the position of the center and the radius of the detected
circle change with decimation in comparison to the case of no
decimation. What can be noticed from the last two columns is
that the relative changes in the position of the center and the
radius are very small. What is perhaps a slightly more
indicative information is that the maximum absolute deviation
in the center position in the case of an empty cell is between
80 and 90 pixels, and in the case of a full cell between 18 and
22 pixels depending on the parameter k. Similarly, during
decimation, there is a maximum absolute change in the radius
of 12-18 pixels for full cells, and 26-28 pixels for empty cells.
In other words, the difference obviously exists, but it is
negligible when compared to the radius. Another important
parameter is the mean execution time of the algorithm. The
results show that this parameter is smaller for higher k, and
that it decreases by about 30% for higher decimation.

TABLEII
AVERAGE DETECTION PARAMETERS FOR DIFFERENT DEGREE OF DECIMATION

Nmean Tmean Ax/R A1?/1?

Full | 1569 | 24.1ms | 44e-3 | 0.7¢3

k=2 Empty | 229 | 21.8ms | 253¢3 | 9.003
Full | 103.9 | 21.4ms | 3.3¢-3 | 1.5¢-3

k=3 TEmpty | 146 | 20.2ms | 26.4e-4 | 11.563
Full | 797 | 202ms | 6.5¢-3 | 2.2¢-3

k=4 Empty | 119 | 193ms | 36.4e3 | 16,363
Full 62.9 19.7ms | 5.1e-3 4.6e-3

k=5 Empty | 93 | 189ms | 35.9¢-3 | 19.3¢-3




Based on previous considerations, the introduction of
decimation is justified. Let us analyze how this procedure
affects the number of points N as a crucial parameter for
decision making. The mean value of the number of points on
the detected circle decreases with a higher degree of
decimation, which is expected. Again, when looking at the
mean value in these two cases, it would seem that there is a
large enough gap between the classes, however it turns out
that they are closer to each other with higher decimation,
primarily due to irregular products. Therefore, although the
previous arguments are in favor of a higher degree of
decimation, one must still be cautious and a compromise must
be made. In this sense, it is shown that for k = 4 it is still
possible to set a threshold on the number of detected points
for classification purposes, and yet significantly speed up the
execution of the algorithm.

V. CONCLUSION

The paper discusses the possibilities of applying Hough
transform in detection of a ball-shaped product in the
appropriate cell on the conveyor belt during the product
quality control, based on the digital image. Firstly, it was
shown that images without a product can be classified quite
easily from the case when the cell is full by setting a decision
threshold. The possibilities of the BW image decimation
procedure for the purpose of accelerating the detection
algorithm, are further discussed. This step was evaluated by
the execution time and individual parameters of object
detection in relation to the case when no decimation exists. It
has been shown that the execution time is significantly
reduced to about 20 ms, which is about 30% shorter than in
the original case. In terms of the parameters of the detected
circle, the algorithm is not too sensitive, while the unfavorable
influence of the degree of decimation is reflected in the
reduction of the gap between the two classes in terms of the
number of detected points on the circle. As a compromise
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solution, the decimation parameter k = 4 is proposed, for
which the proposed algorithm does not make any mistakes
during the decision-making process on the available database.
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Abstract—Stability of fractional systems is yet an open problem
especially when dealing with incommensurate differentiation
orders. The objective of the invited talk is twofold. First of
all, a new method [1] for determining stability regions, in
the parametric space, of fractional incommensurate systems is
presented. It is based on interval arithmetics and allows, beyond
the stability property, to specify the regions in the parametric
space that have the same number of unstable poles. Hence, all
transfer functions which parameters belong to the same stability
region have the same stability property.

Contrary to rational systems, the stability property of frac-
tional systems does not guarantee the existence (or the bound-
edness) of the Z,-norms, 1 < p < oo, of their impulse response.
Hence, the second objective of the talk is to examine the existence
conditions of these .Z),-norms [2]. The established results are used
to choose a performance index for evaluating stable feedback
control system performances.

I. INTRODUCTION

Fractional systems has been attracting a lot of interest during
the last two decades in different fields of engineering and
science, since the seminal work by Oldham and Spanier [3],
[4] for modeling diffusive phenomena.

Fractional systems can be described in transfer function
form:

M

Z bLSﬁ’
% (1)
14+ > ajs%

Jj=1

F(s) =

where the exponents of s can be ordered 0 < a1 < @y <
o< an, 0L 5() < ﬂl < ﬁM and (ai,bj) € RQ,Vi =
0,1,...,M,Vj =1,2,..., N. The multivalued function s —
s¥ becomes holomorphic in the complement of its branch cut
line of the complex plane, chosen to be along the negative real
axis, R<g, including the branching points 0 and oco. Hence,
F(s) is a meromorphic function in the complement of R«
of the complex plane: C\ R<o.

The .Z,-norm of f(t), the impulse response of F'(s), is
defined as'

£l = o+oo|f(t)\pdt for 1 <p< oo

Iflloe = sup |£(2) @
teR>

'Note that f(t) is a continuous-time function and hence the supremum is
used instead of the essential supremum in the definition of || f]|co-
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A function f(t) is said to belong to the Lebesgue space
Z,(R>p) with p € [1,00], or ., in short, if its p-norm is
finite: || f||, < oc.

The system F(s) is .Z)-stable, 1 < p < oo, if and only if:

I[f % ullp

< o0 3)
[l

sup
u€Lp,u#0

where * stands for the convolution product and () the system
input. Condition (3) is satisfied, Vp € [1, oo], when

fez (Rzo) 4)
In such a case:

Lf*ullp < 11 ffullp (5)

The bounded-input-bounded-output (BIBO) stability is de-
fined as the %, -stability.

Due to its simplicity, the most used criterion for testing
stability of fractional systems is Matignon’s theorem [5, the-
orem 2.21]. It allows deciding whether a system is stable
by locating its s”-poles. It generalizes the classical Routh-
Hurwitz criterion for rational systems. It is extended to take
into account variations of v € (0, 00) in [6].

Theorem 1. A commensurate transfer function, of order v,

F(s) = ;;:Z) where T and R are coprime polynomials, is
BIBO-stable if and only if

O<r<<?2 (6)

and for every s € C such that R(s) =0

jarg ()] > v @)

However, Matignon’s theorem applies only for stability
checking of commensurate fractional systems. When the sys-
tem is incommensurate, some other criteria, mainly based on
Cauchy’s principal theorem [7] or its derivatives such as the
Nyquist theorem [8] are used. However, these methods are
quite difficult to implement in practice.

Since (4) is only a necessary condition, the system might
be .Z,-stable and yet have an impulse response, f, with an
infinite .Z),-norm V¥p € [1,00]. This feature is not common
in the classical rational systems: when a rational system is
Zp-stable then its .£},-norms are finite.



II. STABILITY OF UNCOMMENSURATE FRACTIONAL
SYSTEMS

This section of the paper contains results of a joint work
with Milan R. Rapai’c and Vukan Turkulov, which is currently
submitted at the ICFDA’2021 conference [1].

Bonnet and Partington [9] proved that F'(s) is BIBO-stable
if and only if it is analytic in the right-half complex plane
{%e(s) > 0}. In such a case

F(s) € #0(Cy) ®)

where #5,(C) is the Hardy space of analytic functions on
the open right-half plane C,.

On the other hand, it can be proven from Rouché’s theorem
that all system poles vary continuously with its parameters
anywhere in the complex-plane except the branch-cut, R<g.
Moreover, when transfer function differentiation orders vary,
new poles can appear or vanish only on the branch-cut. Hence,
the basic idea is to consider that if a fractional system is stable
for a given parametric point then it remains stable unless its
poles cross the imaginary axis. Further, assuming that there is
no possible simplification between poles and zeros of F'(s) in
(1), the stability of F'(s) depends only on the position of the
zeros of the characteristic function:

N
fls,a) =1+ Zajso‘j 9
j=1

A. Problem formulation

According to the previous remarks, the following problems
can be formulated in the parametric space:

(P1) Finding stability and instability regions. In this case, the
objective is to check whether, for positive ¢ € RY,
f(pe’? @) has zeros in the right half complex plane
including the imaginary axis. However, due to the sym-
metry of complex conjugate zeros, the searching domain
can be restreint to the first quadrant of the complex s-
plane: (p,0) € R>o x [0, ]

(P2) Finding the Stability Crossing Sets (SCS) between stabil-
ity and the instability regions. In this case, the searching
domain in the complex plane is restraint to (p,6) €
R>o x {5 }. Hence, only values of a € RZ, for which
the poles are crossing the imaginary axis towards the
instability region are searched for.

Hence, the problems (P1) and (P2) can be formulated as
finding the set of all feasible parameters

0= (p797a)T eN= (RZO X Ox € RTZLO)7
where © = [0, %] for (P1) and © = {Z} for (P2), satisfying
Ze{f(pe’’, )} =0

and

Im{f(pe’®, )} =0

If 30 = (p,0,)” € Q such that f(pe’? &) = 0, then, for
the problem (P1), the characteristic function has zeros in the

(10)

(11)
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closed right half complex plane and, for the problem (P2), on
the imaginary axis, which allows determining the SCS.

Both of these problems can be formulated as a Constraint
Satisfaction Problem CSP?

Fe{ [(pe’®, )} =0
Im{f(pe’®, @)} =0
0<p<R, €0,
o€ Rgo

CSP: (12)

where R is oo in theory and is finite in practice for evident
implementation reasons. The solution set S for the problem
(12) is rewritten as:

S=1{60¢€ Q| Z%{f(pe’’, a)} C [0] and

In{ f(pe’’, @)} C [0]}. (13)
The characterization of the whole set S can be formulated
as a set inversion problem:
S=fH(one, (14)
and solved by guaranteed methods using interval arithmetics,
introduced in the next subsection.

B. Introduction to interval arithmetics

Interval analysis was initially introduced by Moore [10]. An
interval [z] = [z, Z] is a closed, bounded, and connected set of
real numbers. The set of all intervals is denoted by IR. Real
operations are extended to intervals as follows. Given [z] € IR
and [y] € IR:

[2] + [y = [z + v, T +7], (15)
[z] = [y] = [z — 7,7 -y, (16)
[z] % [y] = [min(zy, 27, Ty, TY), max(zy, 27, Ty, Ty)] (17)
o el B3] iro gy "
[z]/[y] {( 0. 00), 0 € . (18)

Interval arithmetics do not define an algebra because (IR, +)
is not a group. Indeed, elements of IR do not have an inverse.
Take for instance A = [—1,1] € IR, then A+ (—A) = [-2,2]
is not equal to the degenerated interval [0] = [0,0] = {0}.
Either, (IR, +, ) is not a ring etc. Additionally, arithmetic
operations on intervals introduce often pessimism because the
result of each operation must be included in an interval.

2Usually a CSP is formulated using inequalities

z < Ze{f(pe’?, @)} <=
y < In{f(pe’?, )} <7
0<p<R, €0,

n
a € RZO’

CSP:

where z, T, y, 7 can also be set to small enough values —e, €, —¢, €; as in the
fourth initialization of the example in section II-ES.



C. Solving the CSP

1) Contractors: The CSP (12) is solved by a contractor C,
which is an operator which permits to reduce the domain [6]
without any bisection. Hence, contracting the box [0] means
replacing it by a smaller box [#]* such that the solution
set S remains unchanged, i.e. S C [0]* C [6] [11]. There
exists different types of contractors depending on whether the
system to be solved is linear or not.

In our study, a non linear type contractor named forward-
backward contractor is used to reduce the initial searching
space. The basic idea when implementing this contractor is
to decompose a principal constraint into primitive constraints.
Each primitive constraint involves elementary operators and
functions such as {+, —, x, /, exp, log, .. .}. The next example
illustrates how a given constraint is used to contract a domain.

2) Example: Consider the constraint:

{f(x) =1x3 —x2x1 =0,

19
21 € [2,10], a2 € [1,10], a5 € [1,5], (19)

which can be rewritten as:
XT3 = T2X1.

The forward interval constraint propagation removes all incon-
sistent values from [x3] as follows:

([21] x [a]) N [as] =

Then, the backward interval constraint propagation removes
all inconsistent values from x; and x> as follows:

([zs]/[wa]) N [21] = [2,5],
([za]/[21]) N [2] = [1,5/2].

After a forward and a backward propagation, the contracted
box is [x] = ([2,5],[1,5/2],[2,5])"
solution of the CSP.

In some cases the contractor cannot reduce enough the
parameters domain. In such cases, bisection of the variable
vector 6 is necessary. The algorithm SIVIA [12], which is
described in the following section is based on the association
of contractors and splitting.

[z3] = (2,5].

[21] =

[z2] =

which contains the

D. Set Inversion Via Interval Analysis (SIVIA)

This algorithm, proposed by Jaulin and Walter in [12],
allows to obtain an inner S and an outer S enclosures of the
solution set S (if it exists), such that:

scScSs. (20)

SIVIA is a recursive algorithm based on partitioning of the
parameter set into three regions: feasible, undeterminate and
unfeasible. SIVIA uses an inclusion test [¢] : IR — N which
is a function allowing to prove if an interval [6)] is feasible in
which case it is added to the set S. Any undetermined region is
bisected and tested again, unless its size w([@)]) is less than a
precision parameter 7 tuned by the user and which ensures that
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the algorithm terminates after a finite number of iterations. The
outer approximation is then computed as S = S U AS where
AS is the union of all remaining undetermined boxes. Hence,
the SIVIA algorithm is presented in algorithm 1.

Algorithm SIVIA (in: [t],[6],7 ; out: S,S )
1) Option: Call contractor on 6.

2) If [¢]([@]) = [0], return;
3) If [¢]([0]) = [1], then S := SU[6];S := SU [6], return;
4) If w([0]) < n,S =Su 0]
Else bisect [6] into [6;] and [62];
5) SIVIA (in: [t], [0 } n ;out: S,S);
6) SIVIA (in: [t],[02],7 ; out: S,S)

Algorithm 1: The algorithm

The option in line 1 allows either to call the contractor or not
at each execution of the SIVIA algorithm which complexity
is known to be exponential!

E. Example

Consider the following transfer function having two differ-
entiation orders.
1
where a = (a1, 0) € A1 x Ay C R%, A; and A, define
the searching domains. It can be analyzed by checking the
position of the zeros of the characteristic function

F(s,a) = (21

f(s,a) = 8% + 2% + 1 (22)
f(pe??, o) = p2 cos(fars) + 2p™ cos(fa) + 1+
j(p*? sin(Bas) + 2p“* sin(fay))  (23)

1) Implementing the forward-backward contractor on the
system under study: A first contractor could be implemented,
after the real part of f:

Fe{ f(pe’® )} = 0 &

p*? cos(faz) +1 = —2p“t cos(fay) (24)

A second one could also be implemented, after the imaginary
part of f:

In{f(pe’’, @)} =0 &

p*?sin(fag) = —2p* sin(fay)  (25)

However, handling sin and cos functions in each contractor
is not an easy task because asin and acos functions return
angles in their principal determination, i.e. between 0 and 7
for the acos, and between fg and g for the asin. In that
case, care must be taken to set back the angles to the correct
determination. Another alternative, is to combine (24) and (25)
to obtain another contractor with less sin and cos functions.
Such a contractor, named combined contractor, is obtained by

squaring both equations and summing them up

072 +2p°2 cos(fa) + 1 = 4p>*. (26)



1 function [x]=Comb_Contractor_Red (x)

2 global nb_siv;

3 XX = X;

4 rho = x(1); theta = x(2);

5 alphal = x(3); alpha2 = x(4);

6 SForward

7 x1 = rho” (2xalpha2);

8 x2 = 2*xrho”alpha2;

9 x3 = thetaxalpha2;

10 x4 = cos (x3);

11 x5 = x2+x4;

12 X6 = x1 + x5 + 1;

13 x7 = 4xrho” (2xalphal);

14 %Backward

15 x7 = intersect (x6, x7);

16 alphal= intersect (alphal,1/2x1log(x7/4)/log(rho))
17 rho = intersect (rho, (x7/4)"(1/(2*alphal)));
18 X6 = intersect (x6, x7);

19 x5 = intersect (x5, x6 - x1 - 1);

20 x2 = intersect (x2, x5/x4);

21 alpha2= intersect (alpha2, log(x2/2)/log(rho));
22 rho = intersect (rho, (x2/2)"(1/alpha2));

23 x1 = intersect (x1, x6 - x5 - 1);

24 rho = intersect (rho, x17(1/(2xalpha2)));

25 alpha2= intersect (alpha2, log(xl)/(2+«log(rho)));
2

27 x = [rho, theta, alphal, alpha2];

28 if any(isnan(x))

29 X=XX;

30 end

31 end

Fig. 1. The implementation of the combined contractor (26) using the IntLab
toolbox [13] under Matlab.

A single cos function remains in (26) instead of two in
the previous two contractors, which is easier to handle. This
contractor is implemented in Fig.1, using the IntLab toolbox
[13] under Matlab.

The algorithm is applied to the characteristic function
(22), using four different initializations. In the first three, the
problem (P2) is considered and in the fourth, the problem (P1)
is treated.

2) First initialization: The initial searching box and toler-
ance are respectively set to:

0=(p,0,a1,a2)" €[0,4] x {g} % [0,3] x [0,4.5] (27)
n = diam(8) /2" (28)

where diam(0) defines the length of each element of (0).

The SIVIA algorithm is executed:

« without contractors (without step 1 in the algorithm). In
this case the SIVIA function is called 13 543 times in 190
sec. The obtained outer enclosure S is plotted in Fig.2.

« with the combined contractor (26) called at each step of
the SIVIA algorithm (with step 1 in the algorithm). The
SIVIA function is called 8 711 times in 296 sec. The
obtained outer enclosure S is plotted in Fig.3.

Moreover, the values at which the poles cross the imaginary
axis correspond more or less exactly in both cased to the plot
of Fig.4, which validates a posteriori that all the poles are
inside the searching interval p € [0,4]. In case some poles
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Fig. 2. First initialisation — Stability crossing sets obtained without

contractors. Zeros of the characteristic function f which arguments equal
g are probably contained in the yellow boundary (outer enclosure S). The

lower left region delimited by the yellow boundary represents the guaranteed
stability region.

a

Fig. 3. The same as Fig.2, however with contractors.

were touching the limit R = 4, it would have been necessary
to choose a bigger R.

As a conclusion, regarding this first initialization, the al-
gorithm using the combined contractor is a little bit more
precise for the same tolerance factor 7. Execution speeds of
both algorithms are comparable. The former as compared to
the latter converges in a bigger number of iterations, however
quicker, because the latter calls the contractor at each SIVIA
iteration.

3) Second initialization: Let’s search for the SCS by en-
larging the searching domain. The initial box is now set to:

0 =(p,0,01,a)" €[0,4] {g} % [0,15] x [0,20] (29)

The tolerance is defined as in (28), however applied to the
new definition of the initial searching box.



Imaginary axis
o

I I I I
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Real axis

Fig. 4. First initialization — Zeros of the characteristic function f crossing
the imaginary axis.

Fig. 5. Second initialization — Stability Crossing Sets (wider intervals as
compared to Figs.2 and 3). The number of unstable poles is indicated in each
region.

The SIVIA algorithm, without contractors, is called 73 037
times in 1 090 seconds. The obtained outer enclosure S of
the SCS is plotted in Figs 5, which indicates additionally the
number of unstable poles, computed at integer values of the
parametric points. Hence, all systems with parameters inside
the different regions delimited by the SCS have the indicated
number of poles. The intervals of poles look very much like
the ones in Fig.4.

4) Third initialization: A major change is operated here.
Instead of testing, the CSP defined in (12), a new CSPN is
defined by enlarging the acceptable mapping of f(pe??, a) to
a square of size € instead of a single point (the origine).

—e < Be{ f(pe?, )} <,
—e < Im{f(pe’®, )} <,
0<p<oo, €O,
O0<ap <oo, 0<ay < oo,
e=0.1

CSPN: (30)
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a

Fig. 6. Third initialization — Inner S (in red), and Outer S (in yellow)
enclosures of the CSPN defined in (30)

Hence, instead of searching for the zeros of the characteris-
tic function f in (22), the algorithm searches for intervals [6)]
that are mapped according to f inside a square of length e. This
is the usual way CSPs are formulated. The same parameters
and tolerance are chosen as in the first initialization in (27)
and (28).

The results, obtained without contractors in 27 795 iterations
and 443 sec, are plotted in Fig.9, where red and yellow parts
indicate the inner and the outer enclosures S and S of (20).

It turns out not to be interesting to consider the CSPAN (30)
instead of the initial CSP (12), because it widens the feasible
solution set as the square, of length e, defining the admissible
mapping gets wider.

5) Fourth initialization: In this part, the problem (P1) is
solved. Hence, instead of looking for the stability crossing sets,
let’s look for all the zeros of f(pe’?, ) in the first quadrant.
Consider the CSP in (12), and the following searching box:

0= (p,0,a1,a)" €[0,4] x [o,g} % [0,3] x [0,4.5] (31)

When setting the tolerance to (28), the algorithm is stopped af-
ter an hour because of convergence issues. Then, the tolerance
is augmented to:

n = diam(8)/2*

The algorithm converges in 12 525 iterations and 194 sec. The
obtained outer enclosure S is plotted in Fig.7.

Apparently, the root-searching-domain in the first quadrant,
is validated a posteriori in Fig.8: all the poles of the first
quadrant are inside the searching domain, defined by p € [0, 4],
when (aq,a) € x[0,3] x [0,4.5].

Higher precision is definitely required to find out a better
sketch of the stability region (in white).

However, this problem appears to be ill-posed as the CSP
(12) evaluated for interval values of [0], can never be satisfied.
A mapping of [] with f is an interval that can never be a
subset of {0}. Hence, in the instability region, the algorithm
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a

Fig. 7. Fourth initialization — Guaranteed stability in white and possible
instability (outer enclosure S) in yellow

Complex

Real

Fig. 8.  Fourth initialization — Possible root location in yellow, searching
domain boundary in blue

will keep bisecting, until reaching the precision 7. It turns out
that the time complexity of the SIVIA algorithm is higher than
a brute-force search on boxes of elementary sizes 7, which is
not interesting.

As a conclusion of this part, it turns out that it is more
interesting to solve the problem (P2) by looking for the
stability crossing sets and deducing the stability regions.

III. WHICH NORM FOR FRACTIONAL SYSTEMS?

This section of the paper contains results originally pub-
lished in [2].

As mentioned previously, (4) is only a necessary condition.
The system might be .Z),-stable and yet have an impulse
response, f, with an infinite .Z,-norm Vp € [1, co]. The fol-
lowing theorem, proven in [2], states the existence conditions
of the .£,-norms.
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o

The .Z),-norm of a fractional transfer function is finite

Transfer function relative degree

The .Z,-norm of a stable fractional
transfer function is infinite

o
o
T

Case of the %-norm: when the relative degree
is less than 0.5, the .%-norm is infinite

Fig. 9.  Finiteness region of the .Zj,-norm of fractional stable transfer
functions in the relative-degree versus p plane. The border curve (1 — %)
does not belong to the finiteness region.

Theorem 2. Let a fractional transfer function as

(32)

where F(s), given by (1), is BIBO-stable and where 11 > 0.
Numerator and denominator of F(s) are assumed to be
coprime (with no possible simplification between poles and
zeros). Then, the Z,-norm, 1 < p < oo, of the impulse
response of F (8) is finite if and only if the transfer function
relative degree satisfies:

1
M+04N_/8M>1_§ (33)
and the integrator order satisfies:
1
0< p<l—-= (34)
p
or
p=20 (35)

The yellow zone in Fig.9 shows finite combinations of .Z)-
norms, in the plane relative-degree versus p. Similarly, the
orange zone in Fig.10 shows finite combinations of .Z),-norms,
in the plane integrator-order versus p.

Remarks:

e Z,-norm finiteness conditions (33)-(34) are in accor-
dance with the %5-norm finiteness conditions determined
in [14].

» Equation (33) shows that all the .£),-norms of rational
systems, V1 < p < oo, are always finite because the
relative degree is an integer at least equal to one (for
a proper transfer function with no nonzero feedthrough
gain). Additionally, (34) shows that the .Z},-norms, V1 <
p < oo, are always infinite in presence of a rational
integrator, with p = 1.

o A pure integrator s%, Vi € Ry, has always an infinite
Zp-norm, V1 < p < oo, because conditions p + oy —



The .Z),-norm of a stable fractional transfer function
with a pure integrator is infinite
o
o
oI — — — — — — — — — — — — — — —
=
S
=
8
<
)
2 The .Z,-norm of a stable fractional
= transfer function with a pure
05k integrator is infinite
Case of the Z»-norm: when the integrator order
is less than 0.5, the .%-norm is finite
0
0 1 2 3 4 5 6 7 8 9 10
P
Fig. 10.  Finiteness region of the .Zp-norm of fractional stable transfer

functions in the integrator-order versus p plane. The border curve (1 — %)
does not belong to the finiteness region, except the point (p = 1, = 0)
which does.

+

r €; Yi
syl Gs) >
Fig. 11. A simple feedback control system structure
Bu > (1= ) and p < (1 — ), cannot be satisfied

simultaneously (here any = Sy =0) .
In the following example, the results are used to choose
a proper criterion for evaluating performance of a feedback
control loop.

IV. EXAMPLE

This example is taken from [15, example 2]. Consider
the simple feedback control system structure of Fig.11 and
different fractional order PI controllers, with ¢ € {1,2,3,4},

K,
Ci(s) = K, + v (36)
which yield different closed-loop transfer functions:

T 1+ C;(s)Gi(s)

as reported in Table 1. Tavazoei (2010) evaluates numerically
different integral performance indices among which the in-
tegral of absolute error (IAE) and the integral of squared
error (ISE), on a step response. The IAE and ISE-indices
are respectively the Zj-norm and the .%-norm squared of
the error signal e;(t) of Fig.11 (respectively ||le;||1 and ||e;]|3)
when the input r(t) is a step:

Lo - s

S

Ei(s) (38)

The %-norm of e;(t) was also computed analytically in
[14] and allowed to confirm the results announced in [15]
regarding the ISE-index. In this paper, the -Z;-norm of e;(s)
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is additionally computed by numerical integration of the time-
domain signals e;(t). The Z,-norm is deduced easily.

Note that E;(s) has a proper integrator of order 0.2 and
hence, according to (34), an infinite .#;-norm and finite .-
norms for p > 1.25. Consequently, |le;||2,|lei]l4. and |le;] oo
are finite. F4(s) has a proper integrator of order 0.5 and hence
infinite %, and %-norms. Additionally, [15] has evaluated
other performance indices such as the integral of time mul-
tiplied absolute error (ITAE), the integral of time multiplied
squared error (ITSE), and the integral of squared of time
multiplied error (ITSE). All these performance indices were
shown to be infinite for F4(s). No finite performance index
has been proposed in [15] for evaluating the output feedback
control law for E4(s). Theorem 2 and condition (34) show that
the .Z),-norm is finite for all p > 2. Here, the .%-norm of the
error signal can be used as a finite performance index of the
output feedback control. For the remaining systems, Fs(s) and
E5(s) have no integrators, relative degrees greater than (1— %),
stable 50'5-poles, and hence finite .%},-norms V1 < p < oo.
Note that ||e;||o equals 1 for all ¢, because the step response
always starts at y;(0) = 0 and hence ||e;[lcc = €;(0) = 1.
Consequently, the .Z,,-norm is not, in this case, an interesting
performance index.

V. CONCLUSIONS

This paper proposes an algorithm, based on interval arith-
metics, for stability analysis of fractional transfer functions.
Guaranteed stability region is determined in the parametric
space. Two problems have been formulated and it has been
shown that the problem of finding the parametric region for
which the system is unstable is ill-posed because the bisection
algorithm has a time-complexity worse than a brute-force
search. However, the problem of finding stability crossing sets
turns out to be very interesting, as it allows finding with a
reasonable complexity, the stability crossing sets and hence
deducing the whole stability region.

Having stable fractional transfer functions does not, how-
ever guarantee the existence of the .Z)-norms of its impulse
response. Some additional conditions on its relative degree
must be fulfilled. This helps choosing a performance criterion
for feedback control loops.

The analytical computation of the .Z5-norm was proposed
in [14] for commensurate systems only. A challanging task
would be to extend this result to incommensurate systems.
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Application of cascade control in the process of
flue gas desulfurization of thermal power plant

Goran Kvascev, Zeljko Djurovic, Avram Avramovic

Abstract—The paper presents the use of cascade control for the
needs of an efficient flue-gas desulphurization process in the
thermal power plant TE KO Drmno. A system for reducing the
content of sulfur oxides (SO2) in flue exhaust gases -
desulphurization has been implemented within two thermal power
plants units. The technological process, control structure,
implementation of cascade control, and plant operation results are
presented. By applying the proposed control structure, the
efficient operation is achieved of the entire system in terms of the
regulations of the European Commission in terms of emissions of
sulfur oxides and particles, but also electricity consumption and
energy efficiency. The goals that the plant was supposed to meet
were achieved, as well as the economic justification of the entire
project.

Index Terms— Flue-gas desulphurization, thermal power plant,
cascade control

I. INTRODUCTION

In the Republic of Serbia, within the PE “Electric Power
Industry of Serbia” (EPS), 34,896 GWh of electricity is
produced annually, based on ten-year average. The electricity
generation capacities owned by EPS have a total capacity of
7,855 MW and consist of 22 thermoblocks, 49 hydro units, and
one reversible hydro power plant with 2 units. About 70% of
production comes from thermal power plants and about 30%
from hydropower plants. As fuel in thermal power plants, coal
from surface mines is mostly used, i.e. lignite, whose average
annual production ranges from 37 to 40 million tons of coal.

Lignite is a solid fuel that contains a high percentage of
sulfur. Combustion of sulfur-containing fuel produces sulfur
dioxide SO,, as a dominant product of its oxidation, and sulfur
trioxide SO; (in the amount of several percent of SO,), as well
as other oxides sulfur, which have no greater significance.
Sulfur oxides SO, and SO; have been recognized as the most
common and most dangerous gases of anthropogenic origin,
with a serious negative impact on human health and vegetation,
primarily creating acid rain. Therefore, it is of special interest
to reduce the emission limit values (ELVs) of sulfur oxides to
an acceptable level, which will not be harmful to the
environment and the health of the population.
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In the Republic of Serbia, based on our conditions, ELVs are
defined by several criteria:

e  whether plants are fired by solid, liquid, or gaseous fuels,

e  whether plants are small, medium, or large (in terms of
power),

e  whether plants are old or new.

In the Republic of Serbia, based on: “Uredba o grani¢nim
vrednostima emisija zagaduju¢ih materija u vazduhu iz
postrojenja za sagorevanje” (“Sl. glasnik RS”, br. 6/2016) [1],
the emission limit values, ELVs, for sulfur dioxide are
expressed in mg/normal m3 as function of power of plant, and
which are applied to old plants, are given in the Figure 1.

g S0, M

1
50 100 500 M

>

Fig. 1. Emission limit values, ELVs, for sulfur dioxide in mg/normal m3, which
are applied to old plants as function of power of power plant

For plants with a thermal power of 100 to 500 MWth, the
emission limit values for sulfur dioxide are calculated
according to:

y = —4x + 2400
where: x - thermal power of the plant (MWth), y - emission
limit value for SO, (mg SO»/normal m?).

For plants with a thermal power of more than 500 MWth, a
desulphurization rate of at least 94% must be achieved.

On the other hand, observing the National Plan for the
Reduction of Emissions of Major Pollutants from Old Large
Combustion Plants [2] (Nacionalni plan za smanjenje emisija
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glavnih zagadujucih materija koje poticu iz starih velikih
postrojenja za sagorevanje), which clearly defines the
maximum emissions of sulfur oxides, it is clear that these goals
have not yet been achieved. If we take as an example the TE
KO Drmno B1/B2 units, for which the maximum emission of
7,957.03 tons per year is defined according to the plan [2], and
compare with the data that over 95,000 tons of SO, were
emitted during the previous year, it is clear that it is necessary
to provide a plant for processing sulfur oxides, i.e. flue-gas
desulphurization system. Such a system has been put into
operation during the past period. Tests, final adjustments of
control loops, and obtaining the necessary approvals for work
are in progress.

II. FLUE-GAS DESULPHURIZATION TE KO DRMNO

According to the conclusions of the Study “Directions of

optimal reduction of sulfur oxide emissions from thermal power
plants of the Electric Power Industry of Serbia” [3], TE KO
Drmo B1/B2 was chosen as the first thermal power plant where
the construction of such a plant is planned. The flue gas
desulphurization plant in TE KO Drmno is the first
desulphurization system in Serbia to be operational, and it
started operating on October 23, 2020. Based on previously
accepted analyzes, the wet limestone / gypsum process was
defined as the reference desulphurization process.

Process Overview

The process of flue gas desulfurization consists of several

chemical processes that are essential for understanding and

applying the control system, which is presented in Figure 2:

e The SO; in the flue gas is absorbed into the circulating
slurry

e  Circulating slurry containing calcium sulfate (CaSO4) and
precipitated limestone

e Add some limestone into absorb to supply alkalinity and
calcium ions (Ca ++) source

e Add air into absorb for Oxidized SO; to sulphate (SOs).

e  Solution sulfate ion and calcium ion reaction precipitated
gypsum (CaSO4 * 2H,0)

e  The precipitated gypsum is separated from the slurry water
is removed. This results in solid by-product from the
process. Slurry liquid return.

The process schematic is shown in Figure 3, which shows the
thermal power plant that was upgraded by the flue-gas
desulphurization subsystem, and which consists of three main
parts:

e Absorber — within which the process of Absorption,
Oxidation, and Neutralization (shown in Figure 2)
takes place

e  Absorbers preparation

e  Gypsum dehydration

The most important process takes place in the Absorber, where
the main control structures are located. It is necessary to control
the flow of an absorber with the control valve in order to make
chemical reaction to be successful and efficient. This can be
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achieved by adding limestone into the absorber to ensure
alkalinity. Constant alkalinity produces a successful and
efficient flue-gas desulphurization process. As the absorber
system is large in volume, and the time constants are also large
(on the order of 15 minutes), it is extremely important to
accurately add limestone slurry. This is main task for the
control system, to work efficiently and precisely. For this
control structure, cascade control is proposed, with the outer
loop according to alkalinity (with reference pH value), and an
inner loop for control of a flow of limestone slurry.

S0, (G) == S0, (L)+H,0==H+ +HSO;==H* + SO

0,G) —— 0,(L)____

EEEEs

H* + SO,* + Ca?=——== CaS0,* - 2H,0

0
0,@ == 0,1 h
1
€O, (G) == CO, (L)+H,0+—* HCOy + Cat=—*— CaCO,

Liquid layer ' Solid layer

S0, (G) +H,0 — H,S0, (Absorb)

H,S0, +1/2 057~ H,SO, (Oxidation)
H,S0, + CaCO;— CaS0,+ H,0+ CO, T (Neutralization)
CaSo, + 2H,0— CaS0, - 2H,0 | (Crystallization)

Fig. 2. Chemical Process Overview
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Fig. 3 FGD Process schematic

Figure 4 shows a process flow diagram (PFD):

e flue gases: when the flue gas system is running: VDG
— ODG inlet valves — Buster fan — Absorber —
New chimney

o flue gases: when the flue gas system is not working:
VDG — Bypass valves — Old chimney

e  air: when the air sealing system is running: Air sealing
fan — Heater — Valve closed

e process water: when the process of flushing the
absorber inlet with water in case of emergency is in
progress: Process water tank — Flushing water pump
in case of emergency — Flushing water tank — Flue
gas duct spraying



outlet CEVIS

emergency flushing water
pump

Fig. 4 Process flow diagram, 1-old chimney, 2,3-sealing fans, 4-outlet CEMS,
5-bypass damper, 6-emergency flushing water pump, 7-heater, 8,12-induced-
draft fans, 9-new chimney, 10-inlet CEMS, 11-absorber, 13-booster fan, 14-
inlet damper

III. CONTROL LOOPS

Figure 5 shows the simplified P&I diagram shown on DCS
SCADA system - Absorber picture. Measurements, state of
actuators (valves, pumps, and actuators), as well as controls
within control loops are presented. Control valve (measured
position: 2TJ39S001) is responsible for alkalinity (pH
measurement marked as 2TD40A001 and 2TD40A002). The
flow of liquid limestone slurry through this pipe is marked as
2TJ39F001. As the system for measuring the pH value needs to

be maintained at regular time intervals, a double measurement
is planned, so the value of one probe is taken as main and
another as spare, which gives a regular measurement in full
time.

Within this research, a cascade control structure was
proposed, with the use of P1/ PID controllers, shown in Figure
6. Simpler control procedures did not give satisfactory results,
observing a testing period of 6 months.

Cascade control structure consists of two loops:

e  The outer loop controls the alkalinity (pH value) of the
PID controller - the pH value is controlled by setting
the flow of the internal PI controller. Alkalinity
measurements is achieved by sensors

e Internal PI control loop - controls the reference flow

from the outer loop through control valve 2TJ39S001,
and measured flow of limestone slurry — 2TJ39F001
PI/PID controllers are tuned using the SRT method [4],
measuring the response in the open loop in the nominal mode
of plant. In the first version, the control of the PID controller in
the external loop was set without differential action, however,
after testing, it was necessary to introduce significant
differential action for two reasons: faster elimination of
disturbances and problems due to jamming of the control valve
due to longer periods without moving the actuator.
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Fig. 5 SCADA control system — P&I diagram
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Fig. 6 Proposed cascade control structure
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IV. MAIN RESULTS

Figures 7 and 8 show the measurements from the plant
after the final testing in the nominal regime. Figure 7 shows
satisfactory results of control the alkalinity (pH value) with
a rise time of about 10 minutes with a step change of the
reference value. The measured flow in inner loop is almost
same as flow reference.

Observing the measured values in the real environment, it
can be concluded that the control of the plant operates within
the specified standards. The emission of sulfur oxides SO
does not exceed the value of 250 mg/Nm?3, measured in 24
hours time range. Considering that the inlet concentration of
SO, is in the range of about 5000mg/Nm?, it can be
confirmed that the efficiency of the desulfurization process
is more then 99%.
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V. CONCLUSION

The paper presents the application of the cascade control
structure of desulphurization in the thermal power plant TE
KO Drmno. By applying the proposed control structure,
the efficient operation of the entire system was achieved in
terms of meeting the regulations of the European
Commission, which is shown through the data obtained in
the actual operation of the plant. Possible improvements
consist of the introduction of feedforward control
depending on the boiler load, as well as the measured input
values of sulfur oxide.
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