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Development of A Comprehensive Quality Measure for
Identification of Nonlinear Hybrid Systems

Ahmad Madary, Hamidreza Momeni

Abstract: In this study, a comprehensive quality measure criterion is developed to evaluate the
performance of the identified models for nonlinear hybrid systems using support vector regression-
based techniques. The proposed quality measure criterion includes all the factors that affect the quality
of the identified models, namely identification error, quality of the switching signal, and model
complexity. Using the proposed criterion, the resulting models of hybrid systems identification can
be efficiently compared and the best model with acceptable complexity, tolerable identification error,
and desirable switching signal quality will be selected. This quality measure criterion prevents
selecting the complex models relying on the Occam’s Razor theorem. Besides, it provides the
possibility of comparing the effects of different kernel functions on the identified models considering
the aforementioned factors.

Keywords: System identification, Nonlinear hybrid system, Identification quality, Occam’s
Razor.
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" Piece-wise models

8 Nonlinear autoregressive exogenous

® Expectation maximization

10 Autoregressive exogenous

1 Switched mode nonlinear autoregressive exogenous
12 Curse of dimensionality

! Clustering techniques

2 Mixed integer programming techniques
% Sum of norm optimization

4 Hybrid stable spline algorithm

® Feature vector selection

® Principal component analysis

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

&)

ST Jor s 933,287 L g o g e i 28755 ok el S (1 b

&u;),ﬁ‘@b,\ﬁj‘@wggbju,w

wlﬁﬁol):g‘\l:.w;&;_\«{l:::;Lwa&@uudm%&;w
Wil else 36 555 olalid I ool Gkt (slagaly e orolr

ol ot O (51 ok Sl Caliinn slin 5 ST b ¢
tlie 5 gy Sl CdST et el sl G (G ol )
o3l b (a5t 5 by od (Sl g Lolid 51 Jol slad e s Shes
S5 slrs ol o @11 Olziy 13 Osaw S5 5 e Sl i)
Ol ¢ glolis dlis 53 pgo S, 6 alas B8 b Leds
P23 1 leld dis I Jools Calies glagal 5 adide 4 lie
Ll g P k5 ool 0357 Bl b ol Jlns ol 605Nl S o
oslle Slalis Cds 5oy dsine Sy @lyls 1) Jdo o e
s Ol 3 )15 g g S 233 5 gLl sllast 4 53 2
21 Cilibes s @l S 01 lan a5 eslizal b iopan
duu,pqwcu e 5 03,5 gwypodd gluls Jue

38 Sl (s iy eh

e Oy v

g - . pa . a s - a -

e S 051 (S b 0 ki e e lagtcs £ 8 4 s ot

Bl Gl 5 oo 4 OlF e b ol S sbils
yi=,X) +e m
- Xy = ict = Vieng t Uiciomge 7 Wimnpomy] RTINS
CYLSJJka\éyU;{-}JS-ju st})}j‘d}u'nb 3na)‘lJ§i.u4:..~ﬁ
el 6,8 oIl e 5wl b Glad gad sldas sias OLIS Ty
A4S o atein S 035 e 3ge 0dins 0L A € {1} e
fi @5 ol el b i a5 ff gt 5l ST
ARX#Ea&ﬁéyw&ybw‘M\{#ﬁb
S Olsty Ll g S, ray 03 s dal (SNARX)
B8 53 550 4 an w5l s D)o b gl

Y] g oo

N
fi(X @, b;) = zaijkj(xi'x) + bj, )
=1

ay;] eoss daly s S
oot s ol B8 UG 3 035 o5 b o el
(Bt Sladie 5 Gl el s s ¢ (a5 2 b o Gl
A€,y n) g S 5 by Ll s 5 L;Lm;,){fj};f:l

by Ll Oole 5 @ = [ay;

s o G b S bl ) BL e D 25 5T (slaesls 4 ax 5 L

DA T o s 500 0 !

od b 255k Sl a5 hs S (Kl ST gla ) lite
Ol 48 gezes &G 3l oslizul L NARX (gladde oJsl dom 1o 3 ol
Ole) o5 S (o nw 93 alm 0 oSl )3 €355 0 035 (radsS S 5
0 VY] g m 53 ST Pl (Bolal sla s o b 1 g s
4 kst b oS S g ot g lold Gl (BL ) el i leai
93 hls enlgiiny Sy Ll ol oslanal Hammerstein sladde [
Ly Je Sl e sl el )l o lolis 5 Jte ol il dl 5o
oo 3 eslizal b Jde gl il 8 3 ot plil EM g,

sosly @)

LI [YYXO] ol dlazr iz slads Loy » (e Gla 25, &7 Jl )3
1) b b lade 1 (ams 03k 15 a5 03 (ol 8 S5
4 i § S SUlg Spypran i 5 OSLS S (Sl
o Y] 55 ol 1l Sslas gy sl digls S 0 gme slabs,
Tk b5 ) o) San 5 (Sig oiS U287 o bl ol
kit Gy 3 Shas Canyal Ol Sy 3 5 358 00 Ozl
b g s JUSw ils 455 ) pl 03 e S o iy S
Bl e mwd 53 e pl &S Syse 53 S Sl OT 1 edsd
¢ Jolis abas 3.l o 1l gl damDe b6 Sy gm 4 g S s
St (S5 Shls Dbty Hlsp g S) e Sl
Lo Lisd Jlesl ot 2 c\_,:w‘\{.x;ﬂj@juﬁ 3L sl
s 65 4 e gy pl b (o o s Gl Lol dlis
ool i s 0390 o e WV ] 558 g0 s 8 (55l
IVl g @ &5 fonly (6oL 3l (hls dlis &8 355
DS 3 Dslite soaT s gy calis Jom 1SS S o L et
O Slagel Ol Sl by e DUl 5 ol 35 o0 S
5 e SLUsS B led Sl on sk ) (61 ol oo Sl 6
st B 8 55 o b s e e el 53 150
Sy e R Aejs (gluld s Gl ws,le b, eSTe
2 S5 Sl b 03 dhe (S 5 (e IS plols)
i oy 5 glals gllast 56 53 g Oty 13 O g 5
e Ysann 5 20,8 o 13 03kl 5 g0 A Mo Sy 50 43 50 e
g e DBl ol Jue Ol 4 il 251 sl o ST glyls S
Sz 35 do 3t Sdors b Jde sl 4 zte L5 o ol o
ELARE> LR G S o3l sles lyls jodomy slads
bl g bl a3 (6345 Oljpr 4 okd sl S b
3 el Je e bl jghte 4 s @l s 4 4 g

el Dlae 66 LB s s S5 sl ST el L plelis

2 Lagged input and output

1 Occam’s razor

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

o i n Sl Ll ol gladie ST St sl Jlone toe oY

‘_g'w}du)%a»chlJA»'

(JS @l el b Bd H={lj= 1,0} S5
nln el )b (6l Sogline jialie b g gline Hlslu b g ladde ool il
Sliaz i S wb a3l 5 s JST ml 5 45e3 Ol ye 4
e Tl el ' (AE s o> Sl 53 S skiles
NGRS 5 e Sy 0> Jlanl dals il e gie
LT Gy b ey oles (695 2 Coalid 53 S 555 o Jol
61,-:-Lwlj5|ﬁ6wax)l>j)>djlcdeu%;dlg.[wv]
o et 4 el ok plondl ke (sl sl (555 2 65 1SS!
):Sd_lqd-\‘jl)ozﬁJJﬁ;Aﬂﬁ;\a.ﬁ)bﬁ);C}schw.»\AL.'::
S35 357 5 oa (p 53 s Cals) Ul el tals b s 0 J1 S5

.w\;.\.:‘léwp;ck,».uu,;)gdwgw

ooy 3l 55 LS mb O Sl e g el (s S 3 5
gl Wals D50 4 edd GLuls Jde LdST e malr Sl
AT r Sl g

Jols 50 = [a, b]" JJ.,«éu):.»bbf)l:ﬁ‘djlcla.u):}u:{l):
Al G b Sl Al o e 5 a6l el Sle 5 O
by te s il isd o dmslbes LOT oy Jlez=l 03500
ot N Jols 55507 laesls omdls Hlasl 5o b Jue sla el
B @l oalgls 5 x smabll Syl D = {( y) L, Sl
g g dalme 25 g0 4 058 el 2 FE

P(o,b|D,x, )
_ P(Dla, b, x,3)P(a,b|x, H) (f)

P(D|x, 3t) '
3 Sl Jhe sl gyl oty Sl w5 P(@, Bl H) 0T 55

A3 e Olis 1y Sl bl “Cplis” P(Dla, b, x, H) Oole
Sl e a5 okd odal b eyl il (ALS (F) dslae oS 7 5
Jte sla by alove 53 Y gans [YA] s Jute (sl bl 51
Ssh gn a8 o3l

S 238 o o e e el iy 155 a5kt 4
ealaotona 5l lastebly Gl Jaes ptem 5 a sla el
—r JBe R 5 2 S by Ll Ohle 5 @) a0 (popen
—r b de la bl 65 et w55 b dlelag, pl 1 sl
WLl 5Dy 4 Olg

P (e, b, 3)

b
= [ [Pz 20py1x.90), ©
j=1

ol % by @ G055 iy w55 S 338 0 2 e o6 s
7 Iy lsS e e 5 o e Ll 555 G115 s 5
Al o

1 4
P(aj|x 7€) = Z—e‘TI“iT % )

aj

1 n
minimize — Z R(aj)
lajhlo} -
c N N )
+ N; (Jg}mn{’ (y,— - ; o ke (x, xp) + b,-))

Sl sl 5 dus (Saony b5 adby € byl ol oo
ol e K i Ol jzi oS boken 5l edge 1y Sl
G A St Gl edd GLuld e ST e
K peaer s g plolid gl glay 586 0yl )5 ol oo
B ould T S w3l 5 e (S ey s

Juts gla eyl Lo g5 o lalis (gllas Ol o b SleMbI 51, 235
23 Gpoper 2o i (b L Sole 5 @ W05y Gx
Ojee )30 0 Ol o 5 g g S i 233 0y od (Gl
ce&a:\:u@rjwﬂ},&@@ma)yq&éb)&blbw
Saeds J g8 € gyl baw g Jde Sdomy Ol cohe 403 5 0L
ol e b ssh g odalie ST e Sle ps s Ol BT b
g 51y od (lulid Jde ST o malr lne (Al
sl odd S350 saled odipls 53 Gl o b 8 b s

elld s bl (ool oz 02057 Cws 4 skl
b e 5235 0 O o ol 3 1 2 eh Sl
LIt 55 T o s e 0] (513 Lol e oS i
030> e 5 (1) Oy Jl3 2 0o 85 I 5 0aT oy lns Ole
258

2313 0L 5 S8 53 kS ramin el Jlne & gliws Jo-l e

Tl ol

P(D|6, X, 7) P(6|X, 7))
P(D|X, H)

P(O|D, X, H) =

P(D|X, ) P(X|H)

/P(DU{)

‘ Third Level ‘ \
‘ P(D|3) P(3)

P@HID) =——4 s

P(X|D, ) =

kST et palr e 03)5T iy ol ) S
23485 Lsd g0 denloes O = [a, b]” JM&LAP‘)H)\DﬁCJ)‘éﬁ.»JJ
b=[b; - b,]" 5050 Jhs sladjs s, a@=[a; - a,]" OT
O ) st 25 3185 1) A2 0 ol Sasbe 4 Lo Sl
Ll 53 o 53 ) = [ Bl ke (sl el il ol 3T (s oo
o:‘is.,d\ai’-‘@}jd‘j,&‘1)‘5«5“;&»@‘5{)%‘3){@‘~>;¥"~6~

o5 03l 5l cp g mla 53 Lulgh 3 6l Gy 5 sl e 5 B0

2 Likelihood

'Evidence

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

oy

ST Jor s 933,287 L g o g e i 28755 ok el S (1 b

&u;),ﬁ‘@b,\ﬁj‘@wggbju,w

N —g(yi—f,(xi))z

e
arg max ——
1_[ g j=1,n Zs

i=1
N
_ 1_[ 1 Ly gﬂlg_gnfg(yrf e
Zs
=1

7= (2)

Ot @08 03w S S L OIS e 1y die Gl el ey e

2
’

13505 dloms 3 Oy se 4 (1) Laesls JolS Cglin 5 (V) b el 5l

P(a,b|D, x, %)
M1 Z5 ey 2 e (@b

POILH)

W ~
Ji(a,b) = Z;’afaj )
=1

N
+§Z arg min (v - fian)’.
sgﬁu,;.bgj;;p(m;{,}t) oS Jle 5 sl calaly ol o
W28 8 anl ol B eslinel 3 0 el (gmy e 53 Cals Sy po
—t o Jlanl w55 ol e sla bl 00,57 s 4 skt 4
S50 4045 s al g a3 OT s 9348733 5 ST sl
05505 S M S dal g S o 0358 g0 0005 2l BMAP s

da{\)&bm@jjﬁ)@@uosﬂylbgdgwg‘;)p&_l

MAP
| j',")

n
aMAP’ bMAP: rg'lgl Z I;_] afa]
N j=1 “Y)
+§Z arg min (v - fi@n)’

au.u.ﬂia:s:,;@igt;mu.ﬂolﬁ‘<\\>4@\,,(\~>4@bwmg
Sl 5t 5L 93 (1)l O 53 il 53 (V1) sl 5 0351 SIS
bl sble 5 0js Jold oo sl )by calaly 55 8 25 5 5
Sl

Ol o s Bt 25 e sla iy pdls S 53 L5 055!
25 Sage 4 aalsl 3 ST (A) Cald ST s Sleslasal b
5 gy bt b (5l g dls &0 o b il old e 5L
35 e S
A= arg min_ P (yi|xi,fj(. ; aMAP, bMAP)),

i=1,-,N.

S Sl @ 5 s Slb ke b (3l dig e &S (VY) alail

Y)

bl ol s (oS 5 S0 o oy S el Ll 0T
s & daly opl 039 e (1)) alaly Sl eslizal 55 wlul (St
L Pl wb (S a5 ola) sl el i Shes 35
o b Tl e 0280 Gl Jili mp8 w Tler B

N
0, = (=)
J #}
7 oY w55 Wl st ol Koo gl 51015 e A e ol 5
Syge OF 53 s al g 0305 OLaS aalsl 53 457 ) glailan Lol 5 ga e3lizul
oaT Cows 4 1S 53,57 sy A1S (sl il g3 OIS o
Oty Oliadol Ol a0 0 ins OLaS i o(#) sl 53 [YA] 5 55l p5 oo &5
W25 5 a1 s g5 L 3500 i aals) 534S Calatys Sl
bl Ol ) et Jil w55 (0) Al s s Dle
\aM\fTUmcl‘pQJWQQE%IAMJA:@YMJQ|
Shike sl o tnBTE oty w55 25 b [YA] Lipdr 48 8 i 5
de sl bl iy 8 @ty W05y @l b mis s by mLL
Wy 25O 4 Ol

n _Hi T
1 (S )
Hj:lzaj

4 Alg e S Sl Cald Oyle P(Dla, b, x, H) Lo G,‘,:

P(a,bly,H) =

Gzl Slesls B Eel S gt 8 5l Je D
B8 cals i g skl 4 350 A:AJ?}EJ): g dﬁfgl.\;l
34 by e (e 5 4 Sl L lusl 53 a5 ol (aj\l laosls
oslizal 550 Tl ST ool skt ol gk enls olans|
e 1 Sl S ol e 3 g0 adi [WV ], 0 513
&Ko by (2, y;) Dbl bl 5l e a A4S o SW b s (ole
u,aL,a;:‘-l;;)\;Q\s)Ualdl@jdlﬂl)dblaﬁ.ﬁSWﬁj
Cr.&éd.u4.34>‘-}§l{l)ealsupifmﬁjaﬁaogq.na
S oslizul b 3ge et 35,8 oo S5l (AS o S ff ol 03
Bl Gl 55 Sose 4 0l o1y Sl STlas

A; = arg max P(y;|x, f;),

i = arg max_ P(yilx. fj)

R e—f’(Yi—fj(xi)) W
POl fy) = ——

Jlaz>l oS U5 b Zs 5 conlin il U S AC) oA daly s
J’Jg C"’“Mﬁ)hﬁ‘u )‘e.ﬂba:)gf:»aﬁd-\.nf] LW@‘
. .. 1 . < e . - EX - B
w8 K5 2 s b s i Do 4 Cpilie B S
e 28 Lol b Lyl 5 b adyl st &l o3 Wloly cal 258
5 Sl G i sl W) ey sy = i) ok sl
Y] el Sy sl el JEs Wb POl f ()
Y] dtn S 51 Jatn s S Slallast oS ol ol gl 26
25 eA w UEe b Ol ST Cals (b3 ol Sl esliad b

W
N

P(Dla, b, x,3) = Hargjga?’(nP(yi —fj(xl.)) = CY)

i=1

® Smooth
4 Min logarithm summation of exponential

t Non-informative prior
2 Maximum likelihood principle

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

o i n Sl Ll ol gladie ST St sl Jlone toe of

30 Loyl (5l e

4 98 55 S Ly s Do 4 5 0 g 55 (YA
B3 e B g5 e
P(O|D,x, %)
MAP 1 T v
= P(6 |D, x, F) exp (_EAB ZAB),
«(VV) alasly 45 AB = @ — GMAP  @MAP = [qMAP pMAPIT T S
oSk s Sl 2=—V2logP(a,b|D, X, H) pr s il T
C};Q%’B ol S L ETT Ll s (e glaale) Ty byl S
);,.\.:uu:,ﬂl“c,; d 35 S yle (gl il el g oy 2 3550 s
IYA] sl oV S35 sls 5 cllia ol
:y&:&u"h,:abliL;\Jgﬂ:wa;‘_}.m;p)ﬂw;qjlﬂ
eSS Sl dadi a6l 53 pds oo Sygee (VF) dlaly Sl eslizal U
bob}\b\d@',@&nf@q,ﬁﬁjgqu%Mﬁ,’w
3 g Bl s 5 S 4
B;j € {o,1}, vi=1,--,Nj=1,--,n,
n
stBy=1 iff A=/ and ZBU =1 OA)
=
& Olg ey d @}AGU‘(\\)dql)qwfﬁb»a\o;}a;:)ljg

2505 e 5L g5 sl

2B (v ~fe) 0%)

Jj=1

N n
i=1

n
lez%afaj+§
j=1

Ol &8 38 n ol o™ (a5 S jle o)y cpl o3 Jil ke
Oobe promen [F] il o fol Jue 1 Hlaml 5 )90 (65l e o kins
Ol e 1) alaly bt dlaly awlin bl Waosls S50, £33
50 Sty b5 aiby o (1) dlaly 53 € b oS 55 alin
Bl ol (1) el ):%J;\M eolsodge 1y i3, sl
o 85 3l o3lial b ot 1o s s ot glulid 5 (V) s OLe
Ol 4 s go 15 OSGl pl CodST ot ol slome 4 0Ly s
Do S5 oy Lo 0t plonil plalis oS ot 61y 1, 0T
252085 4 55 Olniy Sl

Gt 53 (> oS el ] %C;@Cqﬁaﬁ:ﬁ:w
s ety polie & (535 (Saels dde sla bl ek s 2
l% Cnd 5 e (gl eyl polie @ a8 1 jls 5155 5 OS5
L52 YB3 08 5T A e s SIS Sy Lol Wil
ladte 03 5o HE 5l L Cos 87 ool 31y s St 53 Y]
ol B 03) i Sl 3B (G g JIF 5 S Laesls L

MINLSE mls oy 5 ol bl ol ok 0 Sl MINLSE Loz
Dy A ) D s
g 4 Sl i 4e seze G (5l Min LSE b s
%Jédﬁk>0 cC)T)AeS;J;@ A (J,s A{{Xj};;l
ol o 5 85 i Wl (g elde

Min LSE (xq, -+, xp)

n

= —k"1log Zexp(—kxj) .

j=1

)

~0Lbe & T 51w 4 L ol nS” 4 Cond MINLSE el 1S 1
e aalsl )3 o (6,55 53 MINLSE ol 018 5005 (S b sla
g3l 0L 33 S e
N Ghyls 48 gazme ¢ gl G5l Jol @b MIinLSE & 1) o
1l 5 e ol 9 Vb WOLS s () e

min{xy, -+, x,} — k" log(n)

< Min LSE (xq,, %) %)
< min{xy, -+, x,}.

g g e 4 0lE ) lfllmn{xj} O,ke O
min {x;; = —klog|ex max {—KkX;
j=1.---.n{ /) g( p (j=1.~~~.n{ 1})>
1l 25 b 4 VU e (hls Sl y o 2,80 e

g (e (53
n
<log Z exp(—xx;) )

=
< log(n X exp(—kx*))
=logn — kx™.
Xy, X} 4o gamme Sl Hldie (X7 cabal;y cpl 5 oS

b VL oS KT s le o 2T ) o 03505 0 b
O LT e s & (VF) alasl s
6 Ol b st alaly 4 a5 b &Sl 0¥ €SSl ST
S 0B 4 B Gl 018 Ol5 o K bl 6l e Sl
32 4 (1) (5l gy Alas MINLSE b 5l o3lizal b .3 yas ¢S 557

258 el )
j=1 %)
S alon e Sl eslinad b Ol o 1y Jeo (sbo a3

S s sl elyb ol g5y p Tast glaals s BMAP S aMAP ol

L g 0 dnnlome ey @}fvgfv‘:&"- Sa s glaaks s S asds

® Regularization term
¢ Over-fitting
" Under-fitting

Scale factor
2 Error bars
3 Curvature
4 Quadratic

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

ST Jor s 933,287 L g o g e i 28755 ok el S (1 b

&u;),ﬁ‘@b,\ﬁj‘@wggbju,w

mwaﬁ.[f\]:ﬁag%ﬁAeQT&,&,J\&\&@@}:

Jis 5 0 O b Sl 6Kl S 557 0T it &8 Tl 5 576 5o
AS by O bl S UL

P(Dlyx, 3)

S

Evidence

Yy
~ P(D|OMAP, x, 30) P(OMAP | x, 3) A6. o

Best fit likelihood Occam factor

4 oy gn els 351 (61 Jobe &S0 1S s Oy o871 ool

Ll e Ll de 5 s Ol b s Bl edony S o510l
Je & dms oo sl osle gladits 4 oS5l 5 eST6 AL Todkony
F ot el gladie & o (sl (631 5 o 2ol glls ST oy
bosls 510 sl a1y (aladde fmmman o b (250 0 4o 2
GR3 0l & [YA] S o s o i i oo g 0 il 5L
S o sl el 15 ST S8 4 oS e st pladue
S bl e 155 Slp 2B s i 3l ealizal byl

13 g5 delows 5 G b 4 015 o0 1y 218 ke

P(Dlx, 31)

L N n(N+1) 1 (Yw)
=[ [z ] [zt @ em ™7 12

j=1 i=1

. N
“ip b per S E 5 Z5 = (%T)E 3Zg; = (ff)z OT ys &
sdee 1 Je (Sbomy J 287 il sty sla eyl pl ol Ul o
(055 (b @38 a8 lols) g &35 polie b Je iyl
230 b Je 8 Sl 55 a8 e Bl lges w6 ¢SS L1y aesls
b1y bosls (@ (Sen slie iy 0 28 55 53 (93T py &S sS7
L sl ol oS 51 ool bl il o 51 ooy 5 5l sen
At 5 S HY] s ol S8 s L S s
Coge & e pS) Jol Sl Gl e 3 S Slaai
Ok 4 238 dlesl Las ol (gla ki oles (5,8 UISSI L L
sy oS 1y a3l ladie S35 Sy 4 Gni ol 893
da3 o o 5 A3 gn e 5 | Laesls IS 5k w5 SLSI Sy
Wb otaBTE NS oty ezl oS 5550 55 i S 30 o) [YY]

[YA] ol 15
S S o i 25 e 4 il e ] S e w6 S 055
ol 2 S gl s ealiel o o 218 0,557 Sty 55kt 4 0T
1358 o S g5 Do a5 (V) 02,80 e Oy o 4 3 0

N(x N-n
J, = -5 ZIOguj +logp | + > log2m  (v¢)
j=1

don Sl 5 53) 350 i 3 g0 536 e 4 Tl S e
T A Als ol Sl (San (L5 n 0315 olazl 3 50 S 4 Laesls
wlcwé)yﬁflwl.w\wtjbl%g@@:6»)?
o o o ol 5500 o s 6l j2el 5k 03557 S 4 g5 Codn o7
Sl Sl (6,858 4 Sl ST ol Gl s el 55 ol 059
A dal sl g alie O1ST Jod Sl bl

56 05,5 Bl 5 dde (b a5l aigy 3lae 03557 oy 5 e
uﬂl)gdﬁ\;@m(a.\;u;i@wf)z‘djlcb.uuﬁuﬂ
gresn il 2 s o SO LS i Jhas 4 18 el yls el en 4
gkl 35 e 31 Cotn ol Jike Sk 0150 058 Bl Jslas
La055 lls Jols Jke (sla eyl T 6l aigy jr3lie 03557 Cos
Ll %) 25 o Sl s (#lj) e 2 sl

B zils sl 53 bbbl al ooy w55 e ol 3
Jle| B35 ) she ke G2 056 Sl eslinal L Jde 5 Sledbl

1y gn 0313 QLS 5 )50 4 (o

P(D|x, H)P(x|H)

P(XlD'j{) = P(Dlg{) ’ ()

SNkl n e S (22305 L ey 555 P(XIFE) 0T 2 S
ang polie U Loyl 5o oS Sledbl 5556 I i S pliT
C35) 35 g 53T 35 BOT ey 55 el Sl s bl
ot 0L 5 ) (s olike sl el O sz )R ol 5
BB Syl ol 4y S 2l T sl 51 S e o7 s
L bl s i Sledbl 6l s dizen Jazous 05101 &S5 4 LOT 40n
A1 PDIF) (i 5505 woxl o [YA] & Ol5ion (obey 055
55 g 03l Cl:;m\ £ C]a,u): S ol Jdo
Sl a3l T ciils b 25 seT glaosls Cals P(D)y, H) & )le
gl sl o (ALS (F) bl 4 ol FE Wad it o3l 5ils 5 Joe
D3m0 S a el ol sl CHES iy w55 2 b
Olon 45" 035 £s° C]a.u Call 05500 ST b Jolas e c_)'}:
odins 05 0 = [@B]” S 55 il o izl Ul o A1 S
25 IS aomn G b 51 Ul o (A58 Bl e St sla etk

::}&M\’;ﬁdu\.ﬁéhﬂ‘)l{;&j)

P(DIx, ) = f P(DI6, x, H)P(0]x, H)d6, (V)

S Jule (la el Sl s polin 3 gubls oSy LI g 155

b Wl e aS LSS ol by sl e isls oV g5 ez

4 Overly complex
® Rough precision

! Best fit parameters
2 flat
% Occam’s factor

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

o i n Sl Ll ol gladie ST St sl Jlone toe o

30 Loyl (5l e

5 b 5 S Sl Hyj i o35 polie sl fy calasly cpl o
AL s ST el bl 5 kS
53 b zelybl 5 Jue sla eyl S5l e ol B g 0pST)
e CokS i il et li Ol gr 5 0kd Blod SoiST e s
bl CohS et le nl 3T Cons s dlo o 53 1y 0k g lalis
b i S plalen ol SMBI b5 4 Jde ey Jazl 55
SIS 56 s Sapies gLkt 5 & adaze SIS o el
Sl A ke (lyls edd oleld Jde CuiS 53 ege SEB 5 o3y
0l 0315 _pmezer (gl ol b Sldn 5 cJda S iz N Laosls Sl
() B
Pl Olndy Slay Glaoedle s pé ml) Glagtens )2
s aws b3l adsl 3,se 53 51 [MF](LS-SVM®) Sile e
e bl Cua Ll ,\..Ssa osliinl Calizes gladds awslas
Ole o 3 4 gy U 5 (i 15 2 Sl a0 a3 o o
st B e Sl Lol L 98T Sl b S
SVR (sla sy 53 Faodlas o s 3 b 51y Jde (Stomy Wil
Sl b e gf**’“r‘“-‘ G 4 6 Ll il J S
Jue slajlirle boodd olulid Calibue gladis awslin (sl baosls
mt e ) A A ekl o3ls jolazst| glaesls Oljw cpiomen At
sh b S 55 Caliee o Lalid sl 5y gl amlie ) shie 4 Sl
Gl ) sl aslraen 54 LSS Slme G (s 53 SleMb 3L
23 e g b ed (Sl 6l 1y 3,050 (aled il S SVR
ol oS mils sl Ks Db e S o
s 7 ol ol Glalid S awlis (5l P KX SRy
5 ol i Jold) (s b or Glaptecn 1 G55 plul
Eol o Gls 8 Sl Pt (S5l g e S (YD)
Jde slajlstle Obasl s & oy ol )il T 4 K5
JS 2 305 e 25 K (51 ke i (sla el s (o 5 S pline
s G el o8 T 1A (IS S0 lalid gy
wns gy s A 55 b e Sl L (sl e (5ol S ea )l
Gl den Hlae &K il el ys ol e e i 1) slels
sl et Gl Sl 65,5 bl SdST SLOL Gl
SR STIFIPESRE R Uiy
falolid e Calibue (glageal, Obusl s amlin @
el Calides glajlit b Ol g anslas @
WOoglite Jde gl el )l aglie @
Lo Sl (6l 53 s Calites (glad e i 4573 5ol a5 1L

Gobms bl baosls 531 o 2 4 4 55 b dde &S5 sl Llsusil oS

1
+3,(8%47; 1, B) + 5 loglz].

Db alg 5 Do 4 Llg oD e e Sl
5 (M# + pH; ﬁH2>

BHY  BHs e

WS sk

L, =[]

Oatjaasj

( N
| if t=s: Uz + ﬁz Bizkz(xi:xt)2
ife#s: ZBlzk Gt 20l G 5)

043
[sz]s [ab a;s]:| ﬁZBLZk (xuxs)

927
[Hs)] = [6b a;; ] BZBM'

G S5y 5l Kl (MN X N) (g5 o 5o K M, piomen
S5 okd S O gV sn) 5 4 4 5 b &5 ool et e Sl
M, = dzes ' Sb-o ki gl il 0T Lole 5 ey
s Hy=diag(Hy, -, Hyp) € R0 diag(ugdy, -, uyly)
Hy; €RVY 4 H, = diag(Hyy, -+, Hyp) € R™X (H, ;€ RVV

J=1,n &l Hs; ER 3Hy = diag(Hz, -+, Hs,) € RV
2] = |M, + BHo|IBHs| Sosso & L1550 ot o jilo Olin 5>
—g ks sl s 4 Hy = (Hy — HH7TH]) S 355 acslous
Gl (S 5 e 8 5 He e sloadl e S5
T slaail o 5l b Oy g0 4 Ll 5 0 &S Hy = diag(Hyy, ) Hop)
Shealizal b gl esls tsled Hyj = (Hyj — HyjHi HY) Soppo &

g el 5 s 4 Z Ol F5 Ghled o i
n
1zl = n|ﬂj1,\, + BHy;||BHs|. (%)
j=1
23 Soge wHaj foo b oirs plie ool 5 0150 L 1Z] (28

g
n
log|Z| = Z (N - k]-) log u;
=1
kij
(Yv)
+ Z log (#j + ﬁll(Haj))
=1
n
+nlogp + z log 1,(Hs3),

t=1

4 Trade-off coefficient
5 Non-convex
¢ Near-optimal

! Block-diagonal matrices
2 Data fitness
3 Least square support vector machines

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

vy

ST Jor s 933,287 L g o g e i 28755 ok el S (1 b

&u;),ﬁ‘@b,\ﬁj‘@wggbju,w

S S Sl Oy 4 M) 0280 51018 o i s
— ot Al 5 s 4 Joe (6l Ll S amin . gad oslitul Juke

D

ki
QM(ﬂ{j) logcru + logop + ]loguMAP

1
pHAT — ~logg,

kij
1
_EZ (,u?”“”’ + ﬁMAP)Ll(Haj))
MAP =1

o MAP
_H Il a; ||%_ﬁ_
4 J 4

+ ngog
(¥Y)

B (i — fj(xi))z-

4 okl 0305 olamstl OleMbl L sliws of; = L, Bjjalsles ol 53
Hj s bsipp S il oo sk ois polie slaxi ky 5035 Hj Jts
AR e olis
Jolo oS sk 303 3,3 4 e (S5 5 G kS i
bailpo ol ol glolid oS oS e Lo e Slaailye plos
DS,k
3 XL, By (}’i _fj(xi))z :H} L L Je ;45)",1 .
*ﬁ 28 ey Ll
et s sl 15 oS (s S jle e Samy @
s’ a0
dogap slogay,; adjy byl s 55 Conki pds @
i Hj Joa 0 0k o313 oluarst| Sledbl blis slas @
Hjabg e oy polie) [ e Sl laaaiis @®
ol aged Gluper 1) Soge & Ol e 1y edaT Gy el Hlas
i o i 5 DL 51 o e b esle gladie & LodST A
s e alsl el osls olastl Sl
die ple sl 1y glelis s H & 55 (g 2 S olT
a0 by or oLl 1y IS oS i 6 s e e
ol ash s 8 L 3 H adue a3l gl S 53 Sl ks aled oS 355

22 e i e dan (62 QM ¢ sazme &) 50 43 Sk i

n
QMoyeran = z QM(:H}) \ag)
=1

(AICY) ST Jme g MDL! sl b bliy
031> (S5 55 oy e oS Ll Ol |y Jde ST e 336 MDL as L

Ll or aila cpl . maS sl byl sl b Jde S0 0l w6305 1,

125 25 Bilp e 4 e (MSEY) st Sl o o goe J13 51
o ool Sl besls (55 s SOl eolser Fedomy sladie
S Jbe Ol g a) (2515 slns 03 g0 Ll b L5 Je o 2 Sl
Caxs '@;rﬁ,‘: <L L over-parameterized sladds & (Cals
Cl“‘ [YA] &S o oy e rlf;l Jeol el 53 &7 s dal = o=
oateia Ja & Sl 56 51 Sl 6l s el o s
g S Lol dngp IS s 5 61
Jae 0T (gl 63 Slas jasls Olsie & 3 e gin 55
Hj e S ey S35 55 65 (25 b3 5 o oolisl adete
53 ddo a1 E & sy dal i ol P(D|H)) ol b o 35

P(D|34)P(34)
P(D)
X5 = Wbl D) b ite aon 635 6,5 UK L P(DIH) 1S
T Al s 4 ([ B]
P(DI) = [ POI; 3)PCr1%)dx, )

o b7y oSS Il w55 L G ssb Ol e s 1S
3 S Gt sl 53 b st (glaabe )35 a8 0 50 sl sla
s r amaloa B 5 [ 4 S (VF) 9 el 4 8 6

p(g—[j |D) = (YA)

k; -1

(o) = (553
SR L7
& 2# 24 u,+mz(Ha,))

2
(UB) (¥+)

-1
_ Al(Haj)
257 ZZ 4 (4 + By (Hap))

mcw& 5L s (YR) daly s Uast (glaabn cpl 5l oslizal L
:@lyb‘»‘){@ﬁjc;)yq@lfcd
P(D|H;) ~ P(D|x}"*", 3;)2m0p0,, )

$lp polie o 5 Jeie Sl eslazal P(D|)(MAP,IHJ-) S sk w
oo b s o ol (LlokeT s 4y 5 elaw 3 48T La el 5L
4 H; e é‘ﬁMGJ)} (V) 5 (YF) Laslgy o g @LJJ‘IJE

1335 or telonn g0 )

P(34]D)
(H AP) O.z (BMAP)E,, 1 Bij aﬁexp( 7,(6MA4P, MAP)) (¥Y)
(HMAP N-— k, Hl 1(valAP +BMAP/11(Haj))BMAPH3j

5 Akaike’s criterion

! Mean square error

2 Generalization

% Separable

4 Minimum description length

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

o i n Sl Ll ol gladie ST St sl Jlone toe DA

30 Loyl (5l e

5l 5V 05ls jamads gyl ¥ e pimmen [YA] 555 0 0T
303 Ol gie 4.5 503 03Litwl QM 1 015 o ke 3 5 s lie 5o 4
S o ol QMg(F1)) F Il 51 5YLQMs(F,)) & S s 3y
Pl (s a1y (6 R slaesls 5 05 6 e SPIpen shyls
Ll cpl @l Hy b byl 55 05 e 1) cllas ol WSe das o

3303 0l
ol 3 e oS 4SSl 10T S S (ST Dglite (S 1 5T
o S o 4y ot G ol s 3 8 573
Caleden 5SS 53 5 opl 3ol a4 &K 55 Sl o ki Jals 0T
) 3l se dals A5 S sline slagal, LSS (sla bl L s
J)ga& (S ol 93 s ed awglie |y Calidee ‘5"“&"‘\1 o D)
sbhie pl gl pash oo LU Bl nl 6l olgiiy CAS amis

Wl 43551 el 3550 b i DS 4 5

J’i_lz Ui — Vi
}’i:Ik\/< k )+ 15 1+ei Vi <Y ¥

L1.3 + Ju—g +exp(=yi) +e Y, >V,

ol 03Ul H = {3 (1), H5(0.5)} o3& J55 93 5 sy opl 5o
st 43 8 53 Vel ey Sy oS (a5 gla bl

Wl 0 313 DL Y ger 3 o Lalid s .
ol sl g5 503 K oslitel Sk i sl a1 S
Je o g Olgie 4 g Sl (oS sl dslie Hlas Olgie 4 )
BM:JWJQ)AMCNMJJSQ[’):&D}:@;.)Bh_d“
b 1l 4o 53 08 g el ok S Lalis g g SIS kS
b g Sl el amlin lne gt g SIS oS e ST 805
Oljn 5 31 487 s 6558 oo bl o 5 0 Jde Olgie 4 AV,
&Lﬁau‘5\25-;ﬁj.k{rjégj)b(ﬁ)%dbjluﬁ‘&bu&uaﬁ-
93 ol 3 S o8 ik s Ol e Dby ol 3,8 o
Lo Sos Oob 5l (BI57 55r ok sl 51 65 4 slone
o 533,S DBl e o e 015 e ol 93 ) 08 8 55
oS Oly ol pl el ClST estli o 2ty (6lols gl e ¢ filae
(S oy Obr wdlan o 2 GLls Jie ol 7 ool gpdpe ol
o Sl (55 5 ol g S ChS 5 ol gl
e ) s IS oSS e L 4 o U
J> 4 L ol s Sl s a8 Sy 5 (o janass
‘Cydbg@;&j%}g;&@umswogﬁu;
CiS g o Sol o, ol oy 65V Sl

.;J‘aéj:@@}thifw

Jsb L(H) & 545 wig LH) + LDIH) Sppe 4 ol 55k @
o AS” o 5§ Jsb L(DIH) 5035 St pH ko oS o 5
v g H o bey eas U D glesls
CiS i [VF] il o Gy 48§ i 3 log P(D|H) &y s
MDL oL i sl 48 T oo s 4 (1Y) iy 05,83 51QM
4 il or oS Sl ST s 5 gl et b St ¢l

[YA] 558 48 8 a5 ;s MDL I oo &5 &y 50

S350 daxfllae Y

SLlT (2,m 02 25 0 & b5 b e (e (50 0l 2

2,8 oo s glulis

Yi
—0.4y2 , +0.5u;,_; +¢; if =1 (¥

T (08— 05e¥1 )y, —yE, +09uy +e if A=2
Sl bl LI alie gba ST 15 0k i Do 4 o il 2
“dde 4y e s e 8 Lk o 4 45 050 0 o luld 6
4w lis gl QM %@fwm.:}i@Q}mﬁonut}éu
O wods Lol ot o 2 Ol Jol sladie s 435 5
G bk b s g0 03l i ol Ji S 5,9 0T Sl g 25500
@l el SIS0 L sl QM Sl s 5d e plulis Sosline S
238 (oo o3lial s amlin 5 Sglize fi S
Ols 08 025 Sl i D1 J1 2w o) 53 10 Sb 86 (g g
ol Sl Ll 85 3 gy 3550 ol sl 5 ke Sty
I sllit 5,50 G =,% 5 et yolin 5151 & (70) i SIS
fglin ol (B yme sl slas Loy odd glelis sladda w5
H= b sl Jie 55 318 ol gl Lhds
Vader )3 odel Cowd @ @L‘J el ol eslazwl {H(0.01), H, (1)}
50 (Jde Sy oS o3 Sjle Jald s ol ok 1)
35035 oty cead s 0303 janads days MSE (i)l
- kS Sl b e 1S 5 (B S S 5 @) s
5 & (MSE) Wosls (Sl 0350 Llod L g 5 sl o s il
QM Ll ol Js o s F Sl 5 0dal S @ o &7 iy 0
V'Gﬁlg Sl Ja s o ¥ I s odeT s 4 Je das e Ol
S o ol Calodae L3 5505 513 p s 435 53 MSE o8 s 51 4|
‘wldaﬁjaﬁﬁam:owﬁdug{;wﬁu:@\d»
JA_&JWJM&QW Ol opl ol ¥ = 5 i 7 Sl s

M%E&:&,wu\w6;,1;63551‘“;!;‘5@;&;}&@

Encode

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

814

ST Jor s 933,287 L g o g e i 28755 ok el S (1 b

=W 50, Sl

1,25 ‘JLG"C‘ d"‘) Lo ez

C ooslize jie 25 gl olals ol D s

Pl | 0l | POl | v

Y Sl ) S La el 5L

0.7994 0.5236 0.6726 0.4346

0.4360 0.4464 Hy

0.0963 0.1525 0.1296 0.1095

0.1670 0.1062 Hp | " Sus b

0.8957 0.6761 0.8022 0.5441

0.6030 0.5526 S

0.1697 0.2387 0.2036 0.2274

0.2277 0.2255 =

' S
00034 | 00048 | 00041 | 00045 | 00046 | 00045 | MSE
71.66 925 86.66 71.66 ) 68.33 H,
70 51.66 67.5 80 61.66 80 Hy | "besls Larass
71 68 79 75 73 73 TS

0.0180 0.0078 0.0094 0.0070

00074 | 00134 | g,

0.0044 0.0093 0.0074 0.0095

0.0089 | 00069 | dg,

0.0092 0.0068 0.0071 0.0067

0.0069 | 0.0108 a? b el 2!

1.956522 | 1.147059 | 1.323944 | 1.044776

1.072464 | 1.240741 Cy

0.478261 | 1.367647 | 1.042254 | 1.41791

1.289855 | 0.638889 C,

86.36 119.77 113.72 95.60

109.43 83.34 H,;

99.66 74.99 76.68 107.81

90.38 105.18 H, QM) cas

186.02 194.76 190.40 203.42

199.81 188.52 o

LSS sladue b Calsses 1 ST 2

Sl bl s ¥ g

¥ I b Il 7 el (OIS Yed |y ad- PER
0.4130 0.2721 0.6671 0.4569 0.3375 0.3046 H,
0.9939 0.9789 1.2355 1.0603 0.9813 0.9416 T, C g
1.4069 1.2509 1.9026 1.5172 1.3188 12462 | g
0.2013 0.1834 0.4060 0.3146 0.1375 0.164 458 Y
0.004 0.0037 0.0081 0.0063 0.0027 0.0033 | MSE
47.3684 50.8772 15.68 66.66 43.055 64.71 H,
100 100 100 100 100 100 Hy | wesls jamass
70 72 59 81 59 77 ol
41.3730 54.4683 15.6849 59.4812 58.1322 | 64.7183 | H;
108.5466 | 106.0259 | 103.1039 75.8227 103.2244 | 969853 | H, | QM) s
149.9196 | 1604942 | 1187888 | 1353041 | 161.3566 | 161.7036 | ¢sexs

() St (Il ) 53 T J Mo (ST Dgliko (S siol s
(F0) o 3l 2l 355 g0 435 1S a4 ki (sladoe sk 435 5.
Hy Jde gl Calibn sl el b s JS7 ez Sl ealind L
Gols Hy e 8 Jl 53 355 0 olulis ((0.01 0.05 0.1 0.5])
ok &yl o 53 Jole mls Bl e Vbl ol gl

S MSE et le glyls dde alad e sul 4 4 55 b .l

4 S oS (2,0 03 Lls s wrpss S5 bl SSw ey
3t ol 33 bl s Gaain )3 (6 e U5 sl S
Ll .l aeis JBOT baw 5 okl 0305 [anads LIS e do
B e 0T St (5 ol a8 20 s w0l s 5o
Q;asﬁ)\ajfﬁéﬁsgg}w}‘cbJ‘S@uhy_lq.w\d‘g\

S o AR 58 1 80k sl ez

! Regularization

2 Fitness

% Data assignment
4 Overall

® Overall

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

o i n Sl Ll ol gladie ST St sl Jlone toe 2

30 Loyl (5l e

S e —A

Sl okd (plalid e CokST Jlonier el Jlns 6 cllie ol o
2 obme ol 3 Slas 5 ol o3ls s s b s Sl
;\Ju&fﬁ,uﬁjwj\g@cu.ﬂ‘suufg.ugua\
N3sg g s S LS 5 plalis sl ) e 235
Slirn oS el £ 5550l sn ) 0l B Dl 0 ) B
ol s 53 alal Loy sSB ol odd o3l dam s mel
hls & gladde s o)lsan 5 axils p 5o 1) ot 8 on Lo gt
s S kS 5 ol sl (S ko Ol adlias g
Shre (CadST et asla ol s aspe 6tk Sl il
2 men 35 o p ¢S 3l i ol 035 Blod b Je Sy
ool Sy gladde 8 dms e |y OB ol Ak 4 asls
JJ;GUJ}Q&wal)'l}u;w&ﬂr.n@bd.l:éuL;LAJJ;)'\
lad Sl 1 0T sla melsly on g

o T Oiliudss

2 e pld sl 6K ek 4 ate) ol 53 ey T Slidios
NGl polast (o o b os lagtocs glalid ket & 0 e
& Jol eVl o padsd 03,57 Sty s 05Ble Ol G b ()
J,ab-L;Laduu‘Q)ywl‘\{.:;:)b}:}&bt.&&f):\)flf}l
dal g glels gl 5 oy Ols sdlas oy e slyls oloks I
o a b @l i ol & B el SO s

28 4 55 Sl s 5 bl sl gl 1y 0T Ol gz a5 sls o5

&l
[1] G. Ferrari-Trecate, M. Muselli, D. Liberati, M.
Morari,  “A  clustering technique for the
identification of piecewise affine systems,”
Automatica, vol. 39, no. 2, pp. 205-217, 2003.

[21 H. Nakada, K. Takaba, T. Katayama,
“Identification of piecewise affine systems based
on statistical clustering technique,” Automatica,
vol. 41,no. 5, pp. 905-913, 2005.

[3] A.L. Juloski, S. Weiland, W.P.M.H Heemels,
“A Bayesian approach to identification of hybrid
systems,” IEEE Transactions on Automatic
Control, vol. 50, no. 10, pp. 1520-1533, 2005.

[4] Y. Lu, S. Khatibisepehr, B. Huang, “A
variational Bayesian approach to identification of
switched ARX models,” in IEEE 53rd Annual
Conference on Decision and Control(CDC), 2014,
pp.2542-2547.

[5] J. Roll, A. Bemporad, L. Ljung, “Identification
of piecewise affine systems via mixed-integer

o315 Lawass s MSE 054 1,ls oA Y 5 Y Gl ol s
7S (S ko O s 8 ol 55,5 QMa 51QMs calie by 35
4{6.,\;-\3?db)é&bt&.@h].um‘;w{@:ﬁd;ﬁl{léj
Wito S Sy s 4 bes 5 2y roms o3l anat bls
Olgoe Iy e cpl sl Hlay 5 ) Sl o 6 N0 kS S

.})ASOJ.AL.':.A \J)Jq-)b

Hy )y Caliien o B gl olils ls N st

| G| | G| Y Sl Yy -
b bl
#,(05) | 7,(0.1) | #,(0.05) | #,(0.01)
02102 | 01546 | 02231 | 05134 | %, ‘.
\
02237 | 01937 | 01758 | 02431 | #, | &
04339 | 03483 | 03989 | 07565 | e |
029 | 02973 | 02883 | 02907 | w»
by
&
=z “
00058 | 00059 | 00058 | 00058 | &
775 85 925 65 | .
8833 | 7333 68.33 60 7, %
84 78 78 62 S8
00112 | 00056 | 00077 | 00176 | oF, | _
00071 | 00100 | 00105 | 00044 | o2 };
0.0088 | 00073 | 00092 | 00091 | o2 | ™=
7734 | 9984 | 10491 8320 | 7, | _
2
13129 | 10820 | 92.53 10060 | %, E
20863 | 20804 | 19745 | 18882 | ;o>

4 Sl g8 sty 551 4 o ri bl H,(0.01)) v J
jﬁf\i}_)}tghubj\vﬁ-ﬂ:}w‘;'b-\il{JBJ_\L..:)\:\‘gLJb
ls Gesls 3l 5 55 slaaddse 5l S aS 1o Ad sl Glate Je
Sl b e L)l S CiSTF Y Sl g5 s a5 B
I8 lwT S el oals olast) (6 ik s o3l B Il
D3 4 Al el (el Hla, 5 1 ¥ Ll 4 Lo (08T oo
250 ockalia Vs 53 0155 n et 255 oy a3y " g Sl
H1(0.5))F S 4 Cnnd (6 2 5, SKhee (7 (0.1)) ¥ Il 57
3 5 QMs(Hy) 0T 55 o 1ot oy e ol 3503

255 b (el QMa(FH )

! Significantly better

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

ST Jor s 933,287 L g o g e i 28755 ok el S (1 b

&V}j;ﬂ{‘gb)\,&)"@%@bjujw

[18] G. Bloch and F. Lauer, ‘“Reduced-size kernel
models for nonlinear hybrid system identification,”
IEEE Transactions on Neural Networks, vol. 22,no.
12, pp. 2398-2405, 2011.

[19] F. Lauer, G. Bloch, R. Vidal, “Nonlinear hybrid
system identification with kernel models,”
in49thIEEEConferenceonDecisionandControl,CD
C2010, 2010, pp.696-701.

[20] L. Bako, K. Boukharouba, S. Lecoeuche,
“Anf0-f1norm based optimization procedure for
the identification of switched nonlinear systems,”
in 49th IEEE Conference on Decision and Control
(CDC), 2010,pp.4467—4472.

[21]V. L. Le, F. Lauer, L. Bako, G. Bloch,
“Learning nonlinear hybridsystems: from sparse
optimization to support vector regression,” in
Proceedings of the 16th international conference on
Hybrid systems: computation and control, 2013,
pp.33-42.

[22] F. Bianchi, M. Prandini, L. Piroddi, “A randomized
approach to switched nonlinear systems
identification,” IFAC Papers On Line, vol. 51, no.
15,pp. 281-286, 2018.

[23] A. Scampicchio, A. Giaretta, G. Pillonetto,
“Nonlinear Hybrid Systems Identification using
Kernel-Based Techniques,” IFAC Papers On Line,
vol.51, no. 15, pp. 269-274, 2018.

[24] A. Brusaferri, M. Matteucci, A
Spinelli,“Estimation of Switched Markov
Polynomial NARX models, ”arXivpreprintarXiv:
2009.14073,2020.

[25] F. Bianchi, M. Prandini, L. Piroddi, “A
randomized two-stage iterative method for
switched nonlinear systems identification,”
Nonlinear Analysis: Hybrid Systems, vol. 35, pp.
100818, 2020.

[26] C. Xiujun, H. Hongwei, W. Lin, X. Zhengging,
“Identification of switched nonlinear systems
based on EM algorithm,” In 39th Chinese Control
Conference (CCC), pp.1337-1342, 2020.

[27]J. Lunze, F. Lamnabhi-Lagarrigue, Handbook of
hybrid systems control: Theory, tools, applications,
Cambridge University Press, 2009.

[28] David. JC. MacKay, “Bayesian interpolation,”
Neural computation, vol.4, no. 3, pp. 415-447,
1992.

[29] L. Ljung, System identification, in: Signal analysis
and prediction, Springer, 1998, pp. 163-173.

[30] S. S. Keerthi, C.-J. Lin, Asymptotic behaviors of
support vector machines with Gaussian kernel,
Neural computation 15 (7) (2003) 1667-1689.

[31]1 D. J. MacKay, Probable networks and plausible
predictions: a review of practical Bayesian methods
for supervised neural networks, Network:

programming,” Automatica, vol. 40, no. 1,pp.
37-50, 2004.

[6] A. Bemporad, J. Roll, L. Ljung, “Identification
of hybrid systems via mixed-integer
programming,” in Proceedings of the 40th IEEE
Conference on Decision and Control, 2001,
pp.786-792.

[7]1 A. Bemporad, A. Garulli, S. Paoletti, A. Vicino,
“A bounded-error approach to piecewise affine
system identification,” IEEE Transactions on
Automatic Control, vol. 50, no. 10, pp. 1567-1580,
2005.

[8] A.Bemporad, A. Garulli, S. Paoletti, A. Vicino, “A
greedy approach to identification of piecewise
affine models,” in International Workshop on
Hybrid Systems: Computation and Control, 2003,
pp.97-112.

[9] Y. Ma, R. Vidal, “Identification of deterministic
switched ARX systems via identification of
algebraic varieties,” in International Workshop on
Hybrid Systems: Computation and Control, 2005,
pp.449-465.

[10] R. Vidal, S. Soatto, Y. Ma, S. Sastry, “An algebraic
geometric approach to the identification of a class
of linear hybrid systems,” in 42nd IEEE
Conference on Decision and Control, 2003,
pp.167-172.

[11]F. Lauer, “From support vector machines to
hybrid system identification,” Ph.D. dissertation,
Université Henri Poincaré-Nancy |, 2008.

[12] A. Hartmann, J. M. Lemos, R. S. Costa, J. Xavier,
S. Vinga, “Identification of switched ARX models
via convex optimization and expectation
maximization,” Journal of Process Control, vol. 28,
pp. 9-16, 2015.

[13] G. Pillonetto, “A new kernel-based approach to
hybrid system identification,” Automatica, vol. 70,
pp. 21-31, 2016.

[14]1A. L. J. Juloski, S. Paoletti, J. Roll, “Recent
techniques for the identification of piecewise
affine and hybrid systems,” in Current trends in
nonlinear systems and control, Springer, 2006, pp.
79-99.

[15] S. Paoletti, A. L. J. Juloski, G. Ferrari-Trecate, R.
Vidal, “Identification of hybrid systems: A
tutorial,” European journal of control, vol. 13, no.2,
pp. 242-260, 2007.

[16] A. Garulli, S. Paoletti, A. Vicino, “A survey on
switched and piece-wise affine system

identification,” IFAC Proceedings Volumes, vol.
45, no.16, pp. 344-355, 2012.

[17]1F. Lauer, G. Bloch, “Switched and piecewise
nonlinear hybrid sys-tem identification,” in
International Workshop on Hybrid  Systems:
Computation and Control, Berlin., 2008, pp.330—
343.

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html

[ Downloaded from joc.kntu.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.20088345.1401.16.1.5.7 ]

[ DOI: 10.52547/j0c.16.1.49 ]

o i n Sl Ll ol gladie ST St sl Jlone toe Y

30 Loyl (5l e

computation in neural systems 6 (3) (1995) 469—
505.

[32] M. E. Tipping, Bayesian inference: An introduction
to principles and practice in machine learning, in:
Advanced lectures on machine Learning, Springer,
2004, pp. 41-62.

[33] T. V. Gestel, J. A. Suykens, G. Lanckriet, A.
Lambrechts, B. D. Moor,J. Vandewalle, Bayesian
framework for least-squares support vector
machine classifiers, Gaussian processes, and kernel
Fisher discriminant analysis, Neural computation
14 (5) (2002) 1115-1147.

[34]P. Grinwald, A tutorial introduction to the
minimum description length principle, Advances in
minimum  description length: Theory and
applications (2005) 3-81.

[35] F. Lauer, R. Vidal, G. Bloch, A product-of-errors
framework for linear hybrid system identification,
in: Proc. of the 15th IFAC Symp. on System
Identification (SYSID), Saint-Malo, France, 20009.

Journal of Control, Vol. 16, No. 1, Spring 2022

VO 5l o) led V8 A oJ S dloes


http://dx.doi.org/10.52547/joc.16.1.49
https://dorl.net/dor/20.1001.1.20088345.1401.16.1.5.7
http://joc.kntu.ac.ir/article-1-862-fa.html
http://www.tcpdf.org

