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SUPHACHAI BOONPOKE : DEVELOPMENT OF PARTIAL
DISCHARGES PATTERN RECOGNITION SYSTEMS BY USING
ARTIFICIAL INTELLIGENCE TECHNIQUES. THESIS ADVISOR :

ASST. PROF. BOONRUANG MARUNGSRI, D.Eng., 183 PP.

PARTIAL DISCHARGES/PD PATTERN RECOGNITION/SIMPLIFIED FUZZY

ARTMAP/SUPPORT VECTOR MACHINES

Presently, power transformers which transform voltage level from one voltage
level to another voltage level with the same frequency are used for transmission and
distribution systems in Thailand. Power transformers are used to step up or step down
voltage and are used as an integral component of any efficient power transmission and
distribution network. Power transformers are the most expensive and important
equipment in electrical power system. Transformer oil is one of important insulations
for power transformer. Partial discharge is one of main factors that can lead to failure
of power transformers. Also, partial discharges can destroy insulation system and can
cause ageing of insulation systems. Preventive maintenances are the best way for
protection of power transformers. In addition, partial discharge detection in
transformer is significant method that can know unusual things and can prevent
transformer from failure. In this thesis, development of partial discharges pattern
recognition systems by using artificial intelligence techniques was conducted. The
objective of this work is to applying artificial intelligence techniques, simplified fuzzy
ARTMAP (SFAM) and support vector machines (SVM), to recognize the pattern of
partial discharges. Simplified fuzzy ARTMAP and support vector machines algorithm

were developed and were operated via MATLAB. In this thesis, partial discharges



signals were generated by four types of artificial partial discharge source and were
detected by electrical signal detection method. Artificial partial discharge source are
included corona discharge in air, corona discharge in transformer oil, internal
discharge, and surface discharge. PD measurement signals were characterized by
using statistical tool and were used as a data base for pattern recognition and
classification. The effectiveness of simplified fuzzy ARTMAP and support vector
machines for apply to partial discharges pattern recognition and classification was

confirmed.
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Uxv)$
q (pC)

Time (ms)

A a A 4 1 2 a o
19 5.1 valszquazyulavesmsmaaamnssuedm luniianaiuland
msaazilTnaeyauluudazmaiulaad vl lad5ina 4 USuna &
Y
msfumae 1l

J Ao 5 a 4
1. masamvmavesdszydamsiandunala luniianaduland

(discharge amount)
q, = Z q; (5.2)
2. Snvesdansandunaldlunilanadulad (pulse count)

n =Zi (5.3)

[ = = S A w Y £ a 4
3. aundsvaveslszyaamnsanduna lalunitanaiuladd

(mean pulse height)
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9= (5.4)

4. mgagavesszydamniandunaldlunilavaiulond

(maximum pulse height)

(.'Im =MAX(Q1) (55)
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9 A o QsJ‘ A9 1 ]
Ku>0 ﬂ1ﬂ13ﬂﬁ$ﬁ]WfJiJﬁﬂ‘Hﬂ!gﬂ@ﬂllﬁﬁ3JL!uﬂ@m@yjaﬂigﬁ]"m@gﬂlu‘lﬂﬁlmﬂ

9

v N o 0o v A Y ' ' ¥
Ku<0 fﬂﬂﬁﬂﬁSi]"lflﬂJﬁﬂHill%EJ’f]ﬂﬁTl!Uﬂ@‘ll@MvﬁﬂﬁSi]"lEJf‘JEQﬂ‘L!ﬂf’Nﬂ’JN

(5.7)



69

A A A

1l a

Ku >0 Ku= 0 Ku<o0

719 5.3 guumsnszaevesmANulides wazaNuIaNAY

A = 4 1 a 9}3 [ & (% £
H999IMIATHT VAU @1NT0NA IAN IULTIAUATILIN LAZUTIAUATY
d’ Y =® 9 a a [ d! a a
avveIRauLTIAY WAssNNTanlTnaluussauasuin teneonanmsnasanidsualu
1 A
139AUATIaY Ay USuw H, (p)uag Hn(gp)'ﬁqmmimmmﬁ”wmﬁﬂwmﬂu
U z =) % d! + v +
28NHULNITNTZ18 HUAD N15NTZ18IULTIAUATIVIN H () nu H  (p) tagns
nszareluusaduaieay H,, () v H, (p) lasudazdiuia (H,,(9) . H; ()

— _ a Y ' 9 1
H, (p) wag H, (p)) 81113995118A28AIANNI LazAIANULHANAN

Hg, (9) Hy (9) H,, () H, ()

Sk*,Ku* Sk*,Ku* Sk*,Ku* Sk*,Ku*

ﬂﬁ 54 WTi”IiJLG]i’Jiﬂﬂ!ﬁﬂHmum@\iﬂ1iﬂi 1Y



70

d' = 1 a Aaa 1
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' ad
(A) M1 modified cross — correlation factor : mcc lunsald ®@ =1

mcc=®DeDecc (5.11)
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(Gulski, 1991)
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o @ l o 1 1% [ o
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aah vailszy Y aad ATREVIEEA yua
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3 4.35e-10 116.1 26 6.55¢e-11 259.46
4 7.40e-11 237.48 27 7.05¢-11 260.17
5 7.86e-11 239.95 28 6.56e-11 260.79
6 7.26e-11 241.71 29 6.74¢-11 261.41
7 7.46e-11 243.25 30 6.55e-11 262.03
8 6.88e-11 244.5 31 6.57e-11 262.62
9 7.09e-11 245.72 32 6.77e-11 263.23
10 7.54e-11 246.98 33 6.47¢e-11 263.8
11 7.04e-11 247.94 34 6.47¢-11 264.37
12 6.92¢-11 248.89 35 6.63¢-11 264.95
13 6.90e-11 249.78 36 6.75¢-11 265.55
14 6.61e-11 250.65 37 6.63¢-11 266.13
15 6.76e-11 251.48 38 7.00e-11 266.73
16 6.69¢-11 252.29 39 6.57e-11 267.26
17 6.77e-11 253.1 40 6.51e-11 267.8
18 6.72¢-11 253.86 42 6.64¢-11 268.33
19 6.78¢-11 254.62 42 6.42¢-11 268.85
20 6.57¢-11 255.33 43 6.58¢-11 269.39
21 6.56e-11 256.03 44 7.33¢-11 270
22 6.64e-11 256.73 45 6.64e-11 270.54
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4

asadi ATREMEER yula Asei Az yula
50 6.46¢-11 273.18 74 6.73¢-11 287.42
51 6.87¢-11 273.76 75 6.72¢-11 288.14
52 6.90¢-11 274.35 76 6.73¢-11 288.87
53 6.58e-11 274.86 77 7.01e-11 289.72
54 6.42e-11 275.38 78 6.78e-11 290.46
47 6.52e-11 271.6 79 6.92e-11 291.29
48 6.59¢-11 272.14 80 6.67¢-11 292.05
49 6.46¢-11 272.67 81 6.56e-11 292.85
55 6.42¢-11 275.93 82 6.67¢-11 293.7
56 6.41e-11 276.46 83 6.81e-11 294.6
57 6.98e-11 277.12 84 6.59%¢-11 295.47
58 6.42e-11 277.65 85 7.12e-11 296.45
59 6.58e-11 278.22 86 6.72e-11 297.41
60 6.46e-11 278.76 87 6.83e-11 298.39
61 6.50e-11 279.32 88 6.71e-11 299.42
62 6.53¢-11 279.9 89 6.78¢-11 300.53
63 6.34¢-11 280.46 90 6.91e-11 301.68
64 6.44e-11 281.04 91 6.97e-11 302.97
65 6.64e-11 281.64 92 6.94e-11 304.3
66 6.68e-11 282.27 93 7.01e-11 305.77
67 6.51e-11 282.86 94 6.83e-11 307.43
68 6.57¢-11 283.48 95 6.84E-11 309.71
69 6.56¢-11 284.12
70 6.48¢-11 284.75
71 6.69¢e-11 285.41
72 6.46e-11 286.05
73 6.59%¢-11 286.73
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AVINN 1

A% va1lszy yula
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3 1.08E-11 231.67
4 9.18E-12 231.87
5 1.47E-11 2329
6 8.36E-12 233.17
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° Glu‘;])"NLLSQY"‘IUﬂi\?a‘U INAATHEITY S AT Lﬂﬁﬂlﬂu 13.928 pC



75

A @ 1 Y a A 4
AT NN 5.3 GI’JE]EJNGUfJiJvaﬂﬁLﬂﬂ@]ﬁ"]ﬂi%ﬂ?ﬂju

muadi 1
A Az yula
1 8.94E-10 28.985
2 1.46E-10 74.447
3 4.99E-10 81.698
4 8.23E-10 244.23
5 9.03E-10 268.69

9 = J A I 9 = J 1 2
ﬂlﬁlyjﬁﬂﬁ"’]ﬂiiﬂuﬁﬁNﬂ 5.3 Lﬂuﬂlﬁ]yjﬁﬂﬁ'ﬂﬂiﬂﬂWﬂiu IH%JQWUQ?]TUL’JEH

E
Yo A

JansafIuIu laaail
[} [ =& a A 4 3 = I
o U ausaduATIuIN NAAaI3Y 3 A5 AN 51.3 nC

1 @ £ a A 4 3 A &
o TUFINUSIAUATIAY NAATHITY 2 ATY 1aeITlY 86.3 nC



{ LY ] 9 a 4 a
M13199 5.4 A1081990aNSNARATITININAD

76

A 1
A vailszy yula
1 1.34E-09 21.923
2 7.28E-10 32.547
3 9.35E-10 56.683
4 6.03E-10 72.826
5 5.61E-10 92.877
6 4.01E-11 117.71
7 8.11E-11 197.74
8 8.75E-11 201.76
9 7.57E-10 213.52
10 4.13E-11 225.07
11 1.10E-09 238.53
12 2.61E-10 244.76
13 7.50E-10 249.28
14 4.11E-11 252.66
15 4.19E-11 259.38
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6.3 Simplified Fuzzy ARTMAP (SFAM)
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f

(09 075 01 025) UNATUYYTU

f

(0.9 0.75) ounA

@ sznnusduna

517 6.13 myouwulsznnvesdoya (0.9 0.75) @20 Simplified Fuzzy ARTMAP

6.3.4 fe1amslszynaly Simplified Fuzzy ARTMAP

) a

115 ud106191n151111MA 1A Simplified Fuzzy ARTMAP 111l52 gnd 14

o

I o o
Tun1538131n 10 (Rajasekaran, 2000) 1 uni1s§drgUunuuaziwuniszinnvosginin

E U U
& dad Ay 1
nagdnmalidssunvuaz g lilidessunau
o o { o 09: <3| o
dmsunmnlFlumsinasunaznisiwundszinmiuiuglainuiig
~ [l = 9 A a [ a o
'hinmssunau edsznoudae iniwaiestu guUnimsadazgdaimedneiines

H 1 H A
danaaalugiami 6.14-6.16 Fuduuunilnd sUamiiwnllumsdnasuinazgniuim
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1 @ a 4 I o @
AAUANYUEA21895 moment based feature extractor tWo 151 udoyadisunisinasy

q U

tazmINuunlszinn

o

= Y o A 12
MTNN 6.1 ﬂ"ﬁg%12ﬂﬂ1wm13ﬂ1ﬂ‘lﬂﬂﬂ13iﬂﬂ3u

UIUTOUVDIMIAN DU 3

1 a 4 1

MWITINNDITADAT DI 05<p<1

gadoyarnaou 3 dae19 (Juueazisenn)
F)

YAUDYANATOU 50 gﬂu‘uu

. ) HUUHYY HUANUWIA LIRS
an¥aIZURIVDYaNATO
HUDHENT I

oATINTFI 100%

A ¢ X
6.4 !ﬂﬁﬁﬁ!]ﬂ!ﬂ@ﬁ!ﬂﬂﬂuu

A s A ] ) 2 3 o w Yo

i3eamaestnenyulagnimuiuTay Vapnik uaziiaslasuanuauls
o [ Jq 9 ll A a1 1

' lwanuazilszgndldavednunnine iesnnnguantifeuraislszmsguainso

Y o o o 4 o 9 1o < 9
lddmsumsiiuemenisswunidszinndeya Banumiudrgeiiudu soulids

a a 9 a A 4 dy Yo I 1 A

dszansnmlumsldausiamisannmesinonyuldsuanuauluiusdrannluifos

o Y Y oA Y ° ¥ A
mmmmiaiumﬁ]m,uﬂﬂizmmau”a‘lﬂ Iﬂﬁlm‘w136EJNfJ\‘IﬂﬁLLﬂ‘ﬂﬂJUWWﬂﬁiﬂ!,l,uﬂ"llﬂllﬁ‘]/m

U

%

Y
2 AA1d (two-class problem) 11 u18v0 s gynidenafenisdwundeyans 2 aara

U

=< A Y

Y o dou Ay A ) o "y ~ o =
ﬂ?ﬂ?\l\iﬂgﬁu‘ﬂhlﬂﬁﬁf]ﬁiﬁiﬂiﬂﬂﬁ')ﬂEJWQ"II?JH'@‘VI*D%%HLUﬂ Lﬂ?‘l’iﬂWﬂ@ﬂﬂi%ﬂWﬁ'ﬁ'u ADNITEAIN

D o

v o = ] o Y ¥ £ M Y& o "y =
ardwuniausaldlumsswunladnudeya e luldidudedsdoyalunisinaon
va o [ ™) . -
aaauiamsiliidunalinio generalization)
A s A I ax a Y 9 . .
Lﬂﬁ@ﬂl?ﬂl@]ﬂﬁLﬂ@ﬁlgull]u'l‘ﬁﬂ"lﬁlﬁﬂugllﬂﬂﬂ[ﬂﬁﬂﬁ'@u(superwsed learning method)
Y 9109/, o =) 1 Y . . Y
mmm“lm"lwm“lumsmuuﬂmaumﬂizmmlaimm (classification) HALNITATNAUNITOAD DY
(regression)
A s X dq 9 0 y = '
Lﬂiﬂﬂ!?ﬂl@]@i!,ﬂ’f)ﬁ1}!1&1/11615611!ﬂ'lﬁﬂﬂLL!ﬂﬂizlﬂﬂﬂlﬂll“alﬁﬂﬂ'ﬂ support vector
. . 4 ¢ X Hq o v a
classification (SVC) Lﬂ'ifNL’Jﬂm’é)iLﬂﬂﬁlguﬂﬁlﬂfiuﬂiiﬁﬁNﬁiJﬂ”liﬂﬂﬂfJEJLi‘c’Jﬂﬂ support vector
. o Y] a a o’dy 1 4‘ 4 dy ~ 9
regression (SVR) ﬁ"ﬂrﬁ‘]J(lux‘lTL!TVIEJ"ILIWH‘EH%%ﬂﬁTJLﬂ‘W"I%LﬂiﬂﬂL?ﬂL@]ﬂiLﬂﬂWHHVIi%iuﬂ"ﬁ

o A s L Hq v ° 4 Y o o
ﬁ]”llluﬂﬂﬁglﬂlﬂ Lﬂi@\ﬂ’lﬂl@i’]ilﬂf‘]ﬁuuvlcl“lfcluﬂ”ﬁﬁ]’]l!uﬂﬂﬁglﬂcﬂuuﬂﬁgﬂ@ﬂﬂ?ﬂ@jﬁnlluﬂllﬂﬂ
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a v o 1 a3 2 . .
1FUFU (linear classifier) 1o @281y Tl s udu (nonlinear classifier) Tagtiiviaune
ﬁamimizumLﬁuﬁummzﬁqﬂ (optimal separating hyper plane: OSH)
) a . . [ 4 J { { o
(1) A8 munmFudu (linear classifier) 1HunIoanaesinonyundwundoyalunsdl
A & V A o ) Y w o a g
eyatiuamnsouen 1d41e Tugdi 6.14 naasmsswundoya 2 aaradlredrswundudu

' A v

3 v o A gy 4 "y 3 I A
3H’i1!ulﬂ?1%@]3%"ILLCL.!ﬂLﬂf\TLﬁuﬂﬁ”lll”liﬂl!ﬂ\iellf‘]ﬂsl‘alﬂuZﬂawﬁvlﬂ@jﬂ@@\?uuuﬂglﬂﬂllw

=]

] 1
I ]

1 v 9
wunliuzauiganisazedrinindeyadeeglndngavesdoyans 2aard

2

A
Y ~ ~
ﬂ?ﬂﬁgﬂgﬂNTﬂﬂq@
A o = A o ] = s
53‘L!T]JLﬂu‘ﬂuﬁ’i3J"I$ﬁﬂJ‘VIf‘!ﬂ‘wﬂ?ﬁiﬂWﬂﬂlﬂﬁTiUﬂ"ﬁﬂ“!Hﬂﬂlﬂl&ﬁNﬂﬁ@uu‘ﬂﬂnﬂl@@i

2 Ao

D = {(x1,1),(x2,¥2)s(xqrg) },xeR", y e{-1,1} (6.10)

9
o

s zIUnu (hyper plane) sienulasati
(w,x)+b=0 (6.11)

seurunud19d S end1seuruinuuu U e @ (canonical hyper plane)
d' a J a [ 1 9 A Jd A «3’ Y]
TAsNII TR0 5 U0ITSUIUNUAINANNUTZNOUAY W AD VUIANAADS S 0INADS 11T
. A ' o . ' ] S A ' Y
(weight vector) 1182 b A0A1 1 US (bias value) NGUVDITOYALINIABS NVZNA1 1A
' ' Y v v
gnuenedlumuzan TagszuiunuAuMIIzaunga lduszuun Uz auiiga
o o’qa: 1 [ 1 a o
12ADITMUNTOYAINADI NI 2 Aad 1A0619NADI AT TZILHITENINTZUIIAUAY
~ o 7Y A Py Y A ~ P A o
mnzauiganunnmesvoyanoglndngavzdeslininiiga Tasdosmiszurunuau

mwgauigalugdvesilandu £(x) = (wx)+b HedFussumiuainsaionzan

Y
Jd o

] v
Tuvssiagulaennmesiiminuazysuna luda dredeuludade 11l

min|f(x,)| = mAian, x[>+b‘ =1 (6.12)
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OSH

P o 9
317 6.14 M3dmundoya 2 aana

Y
Y

[ v 19 o=
wiuanuduiusvesgioyannwesnaeula q (x,,»,)

[

villwx)+b]21 i=1..,Q (6.13)

o @ 19 A o Y <3| a 9 .
ﬁ'TVi'ﬁ°Uﬂﬁ]1J"ll'E'JNvﬂl’)ﬂm’E]3‘ﬂﬁ'nﬂ‘iﬂﬁ]ﬂluﬂhlﬂﬂﬁﬂﬁlﬂl'll%\uﬁu (linearly separable)
a Jd v a % CZ 1
udranunsannsanilenfuszmununuuiyad f(x) = <w,x>+b A18MTIADNAIUUIA
4 A o Y 3 @ 1 @ ] .
INABT W 1f|gfm111411Jum‘5mg1uuazm"luaﬁ b INUMNIZAY VDULUH (margin) AT
a a 1 o2 Y a a a
uﬂWiJllﬁﬁnﬂﬁZﬂ$ﬂ1i§ﬂﬁﬂ‘i$ﬁ'ﬂ\1!’)ﬂm@§Pjﬂﬁ@u X; 1a ] NUISUHIUINU 5’1wmim1izummu
Y
@ a1 @ J a Y
Glmmuuagtym ﬂ1"11’E)‘]JL"IIG]ETHJTiﬂﬁﬂqﬁjﬂWﬂmuWﬂﬂlﬂﬁl'}ﬂlﬂﬂi w UBNTSHIUINU ANUUITYS

a ' 4 a
gAATENINNNADS X, MINTLINUAY (w,x)+b Ao

Kw, xi> + b‘

[

d(w,b,x;) = (6.14)



i 6.15 syununu (w,x)+b =0

100

9 v ]
auiudmsuszunuA vz auiigaudl szezgaaasenineszuumnuiudoya

¢, >
NINKDT (NN 2 AAE)

d(w,b) = min d(w,b,x;)+ min d(w,b,x;)

x;,y=-1 x,y;=+1

= min <W’)C"er>+ min (i +b)
I U I R

1 . _
- m[xﬂ':”_lkm x; +b) + x,-,T,- |:n+1‘<w, x; + b>‘j
2

i

(6.15)
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P 4

R RHURIGI

UBDULUA

A A s &
EL]J‘Vl 6.16 ITBIINABDIINDHUYU

v o Y Y 3 9 P A Ay
AANVTURNUTVIAUILTU 11 VUIAUBININNDS w  SaNAIDE YDUIVAUDI
a o A A [y a o AR J VoA A
szanununzadiamn Jym lumsmszunumnuauminzauidsaiunmsmainiosiige
? o ' v ) 1
vosilansuae 11t e luluaunsn

I

) :%” W (6.16)

Wa1saIsmMsmanvzaungauuu TUsunsuiidaaed (quadratic programming)

o @ Y = A A a < I
dmsvlglunsmveuwanuiniiga Tasn1sWa1saINg ¥R V09a1n5099 (Lagrange theory)
A = A A A o Jd o < 4
N30N 0¥ UNYDI Kuhn-Tucker (Kuhn-Tucker theory %30 KT NUAInFuUa1ni0a9

(Lagrangian) @1 33 ae 1l ‘ﬁy
1 2 &
L(w,b,a) =§|| w|| —Zaiyl-[(<w,xl->+b)—l] (6.17)
i=1

{ o < s % 1 { S o
Taoh o APAI9MAINT099 (lagrange multiplier) ¥IADINTHIA T DONGgAVD T AN

< Jd A @ J 1 Y
AMNITIVUNYUNUVUINUDIUINDT W LA ﬂ”lul‘]_li’)ﬁ b
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oL Q
_=o:>§:a. =0 6.18
b < iV ( )
oL Q

oy —=0=w=)) ayx; 6.19
T w ?21 iVi%; (6.19)

Jd v 3 J v J = 1o . = 1 ~ 1
WQﬂ%ua”lﬂ'iﬂﬂﬁ]ﬂﬂﬂa”l')NﬂTJSﬂﬂu (duality) WANIITOAUNVISTUNGAIINNIISH

v v

' A o 1o Jd v < IR 1
HUANNA LWﬂmmﬁzmﬂumiﬂm’Jm ﬂTQS@JﬂHﬂJQQWQﬂ‘BHﬁTﬂiﬂQ’ﬂﬁ]\ii’)gﬂug‘ﬂ

max W («) = max(min L(W'b’“)j (6.20)
a o W,b

AIUUIINANNIIN (6.17) AUNITN (6.18) FUN1TN (6.19) LagaUNITN (6.20)

@

Y [ J o o 1 ~ Y dy
fazllﬂmmauwuﬁmmumimmmmzwqﬂmu

190 Q
max W (er) = max ——ZZaiajyiyj<xl-,xj> + Zak (6.21)
@ @ 2i:1j:1 k=1

9
v A

as o I
wmImameuvosilyruiluaail

* [1QQ 2
o =argmin —ZZaiajyiyj<xl-,xj> - Zak (6.22)
« (2373 k=1

[

S A

Fapoulvie ;>0  i=1..,Q

Q
> oy =0 (6.23)
=1
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% 4 @ < J A o
ﬂ"lﬁllﬁlﬂ'llﬂ'lﬁ (6.22) NUFUNT (6.23) L‘Wd’i]‘ﬁWI'Jﬂmﬁ'lﬂiﬂ\?ﬂllagiguTULﬂuﬂULﬁMW%ﬁiJ

Y 1

4 =

{ o= 1
Tagh x, 1oz x, Aonmmoinenyu 49 ldandeyannaesindoulundaznara

a.a,>0, y.=-1y =+1

%

o a < A
Wwungnsonnsuutu 2 Uszanae

%

o < . a
- UUNUV VLU (hard classifier) ﬁﬁum’iizmmﬂuﬁﬂ

f(x)= Sgn(<w,xi> +b) = sgn[ Zaiyi<xi,x>+bJ

ieSVs

%

- @I WUALVDOY (soft classifier) DANATTZUUAUAD
*
f(x) =h<w ,x>+b

-1:z<-1
Tagn h(Z)= z:-1<z<1
+1:z>1

A A 1 dy
NI U lvuod KTT @ il

a;(y;[(w,x;) +b]-1)=0 ,i=1..,Q

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)



v ¥ Y
w2 1@ mmmznnmesnilu lautouluae lii

J’i[<W’ xi> +b]=1
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(6.30)

Ao S s 1 & 7 Lo o T 3A
ﬂ%ﬂ@]?@,mMﬂiﬂWﬂVlmﬂuﬁuﬂ (non-zero lagrange multipliers) (INIKIDTIAINAIINAD
Y

Y
v

s
nﬂmaigﬁawuuumm

[

2UAD

[

a o 9y Jou 1 dya} v o a Y £ g 9y 1
Wfl]'lﬁﬂ!'lﬂ'lii]'ll,lfl,!ﬂsll'ﬂﬂaljaL'Jﬂl@]'[3]5ﬂ\W]'t’]ulﬂu@'{]fl@]'ﬁ]'lllitlﬂllﬂﬂlﬂf\uﬁu %Qlﬂumﬂﬂaﬂ

4

Tunnu 2 @ Ao unudwazunuuey Awdalum1s 9N 6.2 tazgli 6.17

{ % ' ° o o a 4 J {
A1519% 6.2 Gfllﬂll"ﬂ@n’é]ﬁlNﬁT‘rﬁUﬂﬁi]WLLL!ﬂLL‘U‘UL‘]NLﬁuﬁﬂﬂlﬂ?@ﬂlﬂﬂma‘ilﬁﬂﬁuu

U

X Y
0.1365 0.6614 1
0.0118 0.2844 1
0.8939 0.4692 -1
0.1991 0.0648 1
0.2987 0.9883 -1
0.7561 0.65546 -1
0.8125 0.7102 -1
0.5023 0.6105 -1
0.4221 0.4501 1
0.3023 0.2114 1
0.1505 0.2611 1
0.6302 0.8721 -1
0.7523 0.8241 -1
0.1365 0.6614 1
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0.9

0.8

*

0.7

0.5

0.4

03P

O

0.2

0.1

O doyanard +1

* doyonatd -1

517 6.17 m3dwundoya 2 aard AreAIS wUNIUUITUTY

A <3| o Y a Y 2K o A o a 4 9
LH’ENfﬂTﬂL‘]J“Llﬂ"IifﬂWLLuﬂﬂJﬂiJuaLLUULGHQ!ﬁu AWNINTLADNATUIULINATNY H Iﬂﬂﬂlslf

J o a
qummumg&'u

i

Q Q ,
H(i,j)=Y D Y *Y; *<Xl-,X‘,>Tﬂﬂﬁﬂqﬁ%’uuuw§m’f'u <Xi,Xj> - X
i1 =

oX}—

a L4 o @ . . o w
NAwaIns H 391905 115un5uideaes (quadratic programming) a11130 leidalu

4 o < 4 o s
Iﬂ'ﬁllﬂ'ﬁJ MATLAB Lﬁﬁ)?ﬂ@]’)ﬂﬂ!ﬁWﬂi@\iﬂ a g ATUIUWIVUIALINIADT w IINTAUNIT

(6.24)
o o 4 Y o 3 < a ¢
NUUMUIUVUIANINADTIAIYAINUAINTDIVLASINATNG H
2 U 09/’
| w|f=a"*H*a dudu | w | =+/128.189
2 o ! v { U QSJ} 1 U
ag Margin = H =0.1766 Liag ﬂ”lu?mﬂ’]ﬂ"lll‘ﬂﬂﬁ b 1INAUMSN (6.25) ANUU ﬂ"lll‘]Jﬂﬁ
w

b=7.9391
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517 6.18 TR UAUMIN AuRgavD IR IR IUMFudU

U

nsauiedoya x test = [0.2813 0.4289] udiimssumundleaunisi (6.27)

Y Y 9
Hazgae a tag b TNAY
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09T
0.8

07} *

03p

Y
O fayanare +1 m Jeyanadeu

* Yoyanand -1

‘]_]ﬁ 6.19 Maduunilse Lﬂﬂﬂlﬂﬂﬂl@lla‘ﬂﬂﬁﬂﬂ mﬂmﬁnuummmmmu

fx)=sgn| Y a;y;(x;,x)+b = f(x) =sgn((~5.7980) + 7.9391)
ieSVs

v
v 9

o Y I £ A 3 o dy
%']ﬂﬁ'iJﬂ”lﬁﬂ"liﬂTllUﬂllﬂﬂWLﬂu +2.1411 BUATIH MY ULIN A UToYanado U

U

=2 o <3| v asJ‘ ° =X A Y
ﬂﬂgﬂﬂ”llﬂ!ﬂlﬂﬂﬂﬁ"lﬁ +1 ANUUANNITIUNIIUANNYNADY

=)

v o [ a . . o
@ s vy TiiduFudu (ontinear classifier) Tunsdindoyannmesinas

' ° YY o o A v A aa o ¥
1]@"]1]’]5'0ﬁ]'l!l,uﬂllﬂﬂ'l‘(’Jﬁ')ﬂ“!ﬂﬂl%\ﬂﬁ“ﬁﬁﬂﬂﬁmﬂﬂlﬂUlsllﬂﬂ'lﬁﬂ'llluﬂsll’ﬂllanﬂlﬂﬂﬁI?Jﬂﬁ@u

QU

Q

Nidugadu miamﬂmaimawummmsam (map) mauagaﬂmamﬂﬁau X hdalsg
aﬂymzmqﬂﬂ (high dimensional feature space : Z ) TﬂsjmsLaaﬂmsﬁmuu”lmﬂmﬁmmu

v o ] 2 k4 v A QIJ
(non-linear mapping) Mz auudildinioannaesiNeryua o gmIszUILNUAY

[
=1

9 ' v
winzafgauuy lidudaduludiginiifqeiu IResummezay FanlFlumsdadoya

a Aawv

[ Aad v &Y 1
nnesAndou lfulSgiansuei ﬁqamwﬁaﬁmwuﬂu (kernel function)

Y
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o { [~ a
Tumsmdiaeuniemsudilymivesdoyafarvisonsn lavuylaidwsadu
9 A o’dy a :ﬁy ° @ o 9y J 0
Ar01A509INIAes NN TaguuiAaiugudmsumsswundoyainaes lagiinig
1 oF [ a Aaw Aad J 1
dedoyannaesdnaou ldulsglianyusdangininlaen1da (mapping) Haramsnaig
a Ao = A 9! o 9
sznumuiiiveulamnigae 14 umsswundoya
a A I 9 2 A 4 dy ] ) [
wasalugii 6.20 Wudeyaduniosnmesinonyu bisusomszuudmsy

, a v A o qu 0 ) o ya D, v
LL‘]JQLLEJﬂLL‘]J‘]J!G]NLﬁu[lﬂ 9 L‘Wi’)vnolﬁﬂ"ﬁﬁ]']l!uﬂsllﬂ%l‘a%q 2 ﬂaWﬁiﬁﬂJﬂQTNQﬂ@ﬂqqﬂ

A
5)
»-
O Class +1
o Class -1

{ o=y { ] 1 a
U1 6.20 doyanmaes dndoud luaunsontwen lauuumgady

Qat

a Aav

Aa a 'Q J 1 1 4 o 1
Yspinsunannmesgnds lineuiazgniwuniGenii Usglianyme (feature space)

QU

aaaaalugii 6.21
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o O
O] #edduunu > O ®
. o
® ,
U3piiouna sgiidnuae U3 giiendng

11 6.21 msdalsgiiauna ldaulsgiidnyas NTNAgInIN
yi((w,x)+b)21-¢& i=12..Q &>0 (6.31)

e & AndTunatavesnnuianaininduunlu'ld (measure of the misclassification

v v
a Ao A ' o

Jd v ! 1 o= [ an
errors) Handun lddanToulasdoyannnesinaeu lldulSglianyas Alidageniniuiivate

U

v A

Jd o ' J v o o o Jdo
HaAduuilanFunyuy (polynomial function) HaAFUF1UTAN (radial basis function) WaAHY
a 4 o o I 4 Jd o
HAUDYA (sigmoid function) mﬂ%umﬁauwvgum (spline function) Wudu dietins 19 ey

[ 1 dy Y o Y 9 o J A Y
ﬂ\iﬂﬁ”l?l.!uafwnclﬁﬁllﬂ”lﬁﬁTVii‘]Jﬂ"liW"lﬂTWi?J"l%ﬁiJVlf‘lﬂi]%llﬂﬁllﬂ"li

180 Q
maxW (a) = max ——ZZaiajyiyjK<xl-,xj> + Zak (6.32)
@ @ 2i:1j=1 k=1

P4 9
v A

4 Jd o ' { 1 [ a 4 1 4
e K x,-,x->ﬁaWqﬂ%uuﬂuﬁsl%”lumsﬁm‘uu”lmﬂuwu%’mﬁam%’aganﬂmm
Aaa =< an ° i~
IageunezIsmImmneuveilyruiluaedl
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. (1 & Q
a =argmin EZZalaJylyj < > Z (6.33)
@ i=1j=1 k=1
Failouluie 0<a, <C i=1..0
Q
D a;y;=0 (6.34)

A N 71 AL A ' L. £ g N 7
C ADNIIINULADTIATAINEILTYNIN regularlzatlonparameterG]NHJ‘L!WHHJMEH

n1¥n1uAUAI82990ATEHINNVOUIUANUINNAA (maximum margin) AUATUAANAIA

Tumsauu ﬂﬁfjﬂ Elﬁf;f @ (minimum classification error)

A
Z : +
X2 A 2
+
N
+ =N +
=+
+ - - + B +
_ |- X4 - - 2
+ -
.\ - +
+ - +
Z3

51 6.22 msdadeyannmesinaeuninlsglaeia ldulSglawiia

4 ) { 4 § 4 Y < 4
Wemmapsuvesaumsn (6.33) aetonlvluaumsi (6.34) MenmdIguaIniesd

v o < & o I ¥ a o A S A
uazmmuummmmwwﬂw"lﬂ‘izumLﬂuﬂmmﬂzﬁumjﬂﬂﬂ@
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f(x) :Sgn(<w,xl~>+b) =sgn Zal-yiK<xl-,x>+b (6.35)
ieSVs

Q

<W, x> = ZaiyiK<x,-,x> (6.36)
i=1

18

b= —EZaiyl-[K<xl-,xr> + K<x,-,xs >] (6.37)

i=1

HadFuudu gnl¥lumsdanseuasdeyannmesinaeussegluilTgiouna lads

a aw {aaa 1 ) o o Y 1 -5 J {
Uspianvagniinagenimazildannsoswundoyannaes 14 dredrvesilsngduunui
Y
9

9 o 4 J '
l¥dmsunsownnesinovynldun

HardFuwu
K(x,-,xj)=(x,-0x;-r+1)d (6.38)

d' A dyo v
Tagh d ABIVFMNAIVDIANMTNY U

o v A 7 I~ o A
HanFugusANuDUIN@I%8U (gaussian radial basis function) 1uilenFunegly

J
FRBGIGRLAN

2
K -oxg - L 639
(o2

J o o 9}0 [ . . . . I o Jdo
HaNFUgIUTAVUVUAYFAIEY (exponential radial basis  function) 1uilandu

noglugl

K(x;,x;)=exp| — (6.40)
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Tdsunsudmsunsiswagmsswundamnssuedrudromaiin Simplified  fuzzy
ARTMAP

FThhkArkrkkkhkkhkrAkkhkhkrkhkrkrkhkkhkkirkrkkhkkhkirkhkkhkikhkikikhkkihkihkiihkihkiikix

clear all ; close all ; clc;

9y ' Y aa
load PDPD.mat % TnantayamAuaNYUENNADATDY
¢ 1 ¢ 9
% Admsaundusuiudoyarndon

% 1sznoudie data tiag labels

net = create_network(size(data,2)) % afranTevneluinTeuius muam
a g 1 1 a 4 1
% W53 1Y AN AeS aeaded
1 [ 09/' A A 1
%Mma AU net Ao nTevielszam

1 =X

% neunge lianinaou

Y

tnet = train_t2(data, labels, net) % Hnaeudoyalinuinioliealodoya
o 1 = [ 09/’ A
% gmSumsinaeu aaiy thet Ao

% 1n50t1edszanifieuigninaouuan

r = classify(testdata, tnet, [], 10); % M3suunlszanaamsauieaiy

% aedoyadmSunadou (testdata)
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Hansudmsumsadhansevisves maila Simplified fuzzy ARTMAP

AhkhkrkArhkhkhkkrhkhkrkirhkhkrkrhkhkhirhkhkkhikhkhkiirdhkhkkhirhkhiihkikkiihihkiihikikx

function net = create_network(num_features, varargin)

a = varargin
o 1 a s A Y o o
net = struct( ... % MruanINIs Il osNe Isd s ums
D' ,num_features ... % a51unTevelsvaniion 15U M o
'max_categories' 100 ... % Ansimesaended m B iludu
,'vigilance' ,0.85...
,alpha’ ,0.001...
,epochs' 1.
, beta' 1.
, weights' ,cell(2) ...
, labels’ -
,epsilon’ ,0.001...
,'singlePrecision’ , false ...

for i=1:2:length(varargin)
net = setfield(net,varargin{i},varargin{i+1});
end
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Hansudmsumsinasuves maiia Simplified fuzzy ARTMAP

AhkhkrkArhkhkhkkrhkhkrkirhkhkrkrhkhkhirhkhkkhikhkhkiirdhkhkkhirhkhiihkikkiihihkiihikikx

%  lafdu train_t2 Andewniodisves SFAM dodeyadmiinaou

% Taod data flumasnduune Mx N ag labels Huma3nduuia Mx1
% WS data f1U 1WATA labels ApalinuTenndpaiy

% net iflunevior)szanmitoudiga ufinmsinaou

function net = train_t2(data, labels, net)

for e=1:net.epochs
network_changed = false;

for s=1:size(data,1)

input = data(s,’);
input_label = labels(s);

% miﬁﬁuw@ﬂﬁﬁummgm
input = [input 1-input];

o U a J 1
% MHUUANNITINNDITTOAT D
ro = net.vigilance;

create_new_prototype = true;

% Auramilandunszduueudazilizion
activation = ones(1,length(net.weights));

for i=1:length(net.weights)
activation(i) = sum(min(input,net.weights{i}))/...
(net.alpha + sum(net.weights{i}));
end

o w U J v
% L?Emmﬂ‘lmMmmuﬂszé’jumﬂmﬂﬂmﬁ%
[sortedActivations, sortedIndices] = sort(activation,'descend');
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o o a 1 J v Y 9 A J 3 o
% ‘Vﬂfﬂiﬂ”I‘L!’Jil!tlﬁ%W’ﬂTiil!"Iﬂ"I‘WQﬂGIﬂ!ﬂi%@]‘u%"lﬂlﬂﬂul‘ﬂﬂ”I‘L!f‘JEJLW@TﬂﬂTU”IWUﬂ Wj

{ 7 9 v
%  ImngaudumMIBeuivesiazilizan

for p=sortedIndices

match = sum(min(input,net.weights{p}))/(sum(input));

. ¢
if match>=ro % ATIVAOLILT LHLUUE

if input_label==net.labels(p) % asauYsLIN

Y
% USuAniniinmssous

net.weights{p} = net.beta*(min(input,net.weights{p})) + ...
(1-net.beta)*net.weights{p};

network_changed = true;
create_new_prototype = false;
break;

else

% Match-tracking begins. Increase vigilance
ro = sum(min(input,net.weights{p}))/net.D + net.epsilon;
net.vigilance = ro;

end
end
end

if create_new_prototype
new_index = length(net.weights)+1;

if net.singlePrecision

net.weights{new_index} = ones(1,2*net.D,'single’);
else

net.weights{new_index} = ones(1,2*net.D);
end

net.weights{new_index} = net.beta*(min(input,net.weights{new_index})) + ...
(1-net.beta)*net.weights{new_index};

net.labels(new_index) = input_label;
network_changed = true;

end

end % samples loop
end % epochs loop
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Hansudmsumssuunyszinnves maila Simplified fuzzy ARTMAP

hhkkkhkrkhkhkkhkirkhkkkikhhkhkkhhhkhkkhkihhkhkkiikhkhkkiirhkhkkhihkhkkiihkikiihhkhkiihikik

function results = classify(data, net, labels, debug);

results = [];
hits=0;

for s=1:size(data,1)
input = data(s,:);

% msiounaliiduinasgiu
input = [input 1-input];

o J Jd o '
% Auumileindunszduuoanaazlszion

activation = ones(1,length(net.weights));
for i=1:length(net.weights)
activation(i) = sum(min(input,net.weights{i}))/...
(net.alpha + sum(net.weights{i}));
end

o w U J v
% L?smmﬂ‘lmMmmuﬂszé’]:umﬂmﬂﬂmﬁ%
[sortedActivations, sortedIndices] = sort(activation,'descend');

o o a 1 d v Y Y A 1 g’ v
% “lmﬂ'liﬂ11!’3%1!&@31/\!%1511!1ﬂ'l‘Wxiﬂﬁlfuﬂi$$ﬂuﬂ1ﬂh1ﬂhlﬂ°ﬁ1u@ﬂ!W®ﬁ1ﬂ1u1WUﬂ WJ-

{ 7 9 v
%  ImngaudumMIBeuivesiazilszian

results(s)=-1;
for p=sortedindices

match = sum(min(input,net.weights{p}))/(sum(input));

if match>=net.vigilance % ATIVADULS TBLUUCH
results(s) = net.labels(p);
break;
end
end

end % samples loop
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9 o Yo o = 4 1 Y a A 4 dy
I‘]Ji!tﬂ’illﬁ”l‘ﬂi‘ﬂﬂﬁgﬁ]1LLa$ﬂﬁi]”ILL‘L!ﬂﬂE‘T"’If”Iii]‘]_INﬁ’JLlﬂ’JElmﬂuﬂlﬂiﬂdnﬂmi’)ilﬂ’f)ﬁiéu
KEKEIEKXEIAXIAKXEIAXIAIEAIEAIEAXAALAEAAkAARIAARkIAARkIAAkIAAkIAAkIAAkkhkkkikhikikk

clear all ; clc
load CHA_PD_svm.mat % Tvangadoyadmiulnaou

global p1 p2;
pl=75;
p2 =2;

load CHA PD_testdata.mat % Twaﬂqm%yjaﬁm?ﬂmﬁﬂu

fori=1:1

% SVM#1

[nsv1 alphal biasl] = svc(data,labelsl,'rbf',Inf);

predictedY _1 = svcoutput(data,labelsl,testdata, rbf',alphal,biasl);
if predictedY_1==1

break;
end

% SVM#2

[nsv2 alpha2 bias2] = svc(data,labels2,'rbf', Inf)

predictedY _2 = svcoutput(data,labels2, testdata,'rbf',alpha2,bias2)
if predictedY_2==1

break;
end

% SVM#3

[nsv3 alpha3 bias3] = svc(data,labels3,'rbf', Inf)

predictedY _3 = svcoutput(data,labels3, testdata,'rbf',alpha3,bias3)
if predictedY_3==1

break;
end

% SVM#4
[nsv4 alpha4 bias4] = svc(data,labels4,'rbf', Inf)
predictedY _4 = svcoutput(data,labels4, testdata,'rbf',alpha4,bias4)

end
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o do o o = a A J dy
Hensudmsums Fjﬂf’fﬂu"llﬂ\u‘]/lﬂl!ﬂlﬂﬁﬂ\inﬂl@l@ﬂﬂﬂﬂuu
kkhkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkhkhkhkhkhkikhkhkikhkhkhkikhkikikikik

function [nsv, alpha, b0,H] = svc(X,Y ker,C)
%SVC Support Vector Classification

%
% Usage: [nsv alpha bias] = svc(X,Y ker,C)
%
% Parameters: X - Training inputs
% Y - Training targets
% ker - kernel function
% C - upper bound (non-separable case)
% nsv - number of support vectors
% alpha - Lagrange Multipliers
% b0 - bias term
%
% Author: Steve Gunn (srg@ecs.soton.ac.uk)
if (nargin <2 | nargin>4) % check correct number of arguments
help svc
else

fprintf('Support Vector Classification\n")
fprintf(’ \n')
n =size(X,1);

if (nargin<4) C=Inf;, end

if (nargin<3) ker='linear";, end

% tolerance for Support Vector Detection
epsilon = svtol(C);

% Construct the Kernel matrix
fprintf('Constructing ...\n");
H = zeros(n,n);
for i=1:n
for j=1:n
H(i,j) = Y())*Y(j)*svkernel(ker,X(i,:),X(j,:));
end
end
¢ = -ones(n,1);

% Add small amount of zero order regularisation to

% avoid problems when Hessian is badly conditioned.

H = H+Le-10*eye(size(H));
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% Set up the parameters for the Optimisation problem

vlb = zeros(n,1); % Set the bounds: alphas >=0

vub = C*ones(n,1); % alphas <=C

X0 = zeros(n,1); % The starting pointis[0 00 0]

neqcstr = nobias(ker); % Set the number of equality constraints (1 or 0)

if neqcstr

A=Y, b=0; % Setthe constraint Ax=Db
else

A=, b=
end

% Solve the Optimisation Problem

fprintf('Optimising ...\n");
st = cputime;

[alpha lambda how] = gp(H, ¢, A, b, vib, vub, X0, neqcstr);

fprintf('Execution time: %4.1f seconds\n',cputime - st);
fprintf('Status : %s\n',how);

w2 = alpha*H*alpha;

fprintf('jwO|*2  : %f\n',w2);

fprintf(Margin : %f\n',2/sqrt(w2));

fprintf('Sum alpha : %f\n',sum(alpha));

% Compute the number of Support Vectors

svi = find( alpha > epsilon);

nsv = length(svi);

fprintf('Support Vectors : %d (%3.1f%%)\n’,nsv,100*nsv/n);

% Implicit bias, b0
b0 =0;

% Explicit bias, b0
if nobias(ker) ~=0
% find b0 from average of support vectors on margin
% SVs on margin have alphas: 0 < alpha< C
svii = find( alpha > epsilon & alpha < (C - epsilon));
if length(svii) >0
b0 = (1/length(svii))*sum(Y (svii) - H(svii,svi)*alpha(svi).*Y (svii));
else
fprintf('No support vectors on margin - cannot compute bias.\n");
end
end

end
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o do o o o a 4 4 §
1/\|\‘1ﬂ%’uaTVii‘]JﬂWﬁﬁ]”ILL‘L!ﬂ‘]Jﬁ%&ﬂﬂﬂl@ﬂlﬂﬂUﬂLﬂéﬂﬂlfJﬂL@ﬂﬁLﬁi’)'ﬂig‘lu
kkhkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkhkhkhkhkhkikhkhkikhkhkhkikhkikikikik

function predictedY = svcoutput(trnX,trnY,tstX, ker,alpha,bias,actfunc)
%SVCOUTPUT Calculate SVC Output

%

% Usage: predictedY = svcoutput(trnX,trnY tstX, ker,alpha,bias,actfunc)
%

% Parameters: trnX - Training inputs

% trnY - Training targets

% tstX - Testinputs

% ker - kernel function

% beta - Lagrange Multipliers

% bias - bias

% actfunc- activation function (O(default) hard | 1 soft)

%
% Author: Steve Gunn (srg@ecs.soton.ac.uk)

if (nargin < 6 | nargin > 7) % check correct number of arguments
help svcoutput
else

if (nargin == 6)
actfunc = 0;
end
n = size(trnX,1);
m = size(tstX,1);
H = zeros(m,n);
for i=1:m
for j=1:n
H(i,j) = trnY (j)*svkernel(ker,tstX(i,:),trnX(j,:));
end
end
if (actfunc)
predictedY = softmargin(H*alpha + bias);
else
predictedY = sign(H*alpha + bias);
end
end
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o do o o o a 4 4 §
1/\|\‘1ﬂ%’uaTVii‘]JﬂWﬁﬁ]”ILL‘L!ﬂ‘]Jﬁ%&ﬂﬂﬂl@ﬂlﬂﬂUﬂLﬂéﬂﬂlfJﬂL@ﬂﬁLﬁi’)'ﬂig‘lu

FhhkrkArhkkhkkrhkhkkhkirhkhkikrhkhkhkirhkkiikhkhkhkihkhkhihhkhkiihkikkiihhkiiikikx

%
%
%
%
%
%
%
%
%

linear' -

‘poly’ - p1 is degree of polynomial
'rbf' - p1 is width of rbfs (sigma)
'sigmoid' - plis scale, p2 is offset
'spline’ -

‘bspline’ - plis degree of bspline
‘fourier' - plis degree

‘erfb’ - p1 is width of rbfs (sigma)
‘anova' - plis max order of terms

% Author: Steve Gunn (srg@ecs.soton.ac.uk)

if (nargin < 1) % check correct number of arguments
help svkernel

else

global p1 p2;

end

end

switch lower(ker)

case 'linear'
k =u*v"
case 'poly’'
k= (u*v' + 1)"pl;
case 'rbf’
k = exp(-(u-v)*(u-v)/(2*p1"2));
case 'erbf’
k = exp(-sqrt((u-v)*(u-v))/(2*p1"2));
case 'sigmoid’
k = tanh(p1*u*v'/length(u) + p2);
case fourier'
z =sin(pl + 1/2)*2*ones(length(u),1);
i =find(u-v);
z(i) = sin(pl + 1/2)*(u(i)-v(i))./sin((u(i)-v(i))/2);
k = prod(z);
case 'spline’
z=1+u*v+ (1/2)*u.*v.*min(u,v) - (1/6)*(min(u,v))."3;
k = prod(z);
case 'bspline’
z=0;
forr =0: 2*(p1+1)

z =z + (-D)r*binomial (2*(p1+1),r)*(max(0,u-v + p1+1 - r)).N2*pl + 1);

end
k = prod(z);
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an
Q cc mcc
Sk” Sk~ Ku”® Ku~ Sk” Sk~ Ku® Ku~
1 -0.06537 | 0.19232 | -0.40142 | 0.11862 | 0.71369 | -2.0558 | -0.28458 | 9.2311 | 0.13161 | 0.016999 | 0.002237
2 -0.03529 0.26738 -0.29044 | 0.055926 0.70895 -1.7958 -0.16131 8.5151 0.13157 | 0.055172 | 0.007259
3 -0.04254 | 0.31436 | -0.25378 | -0.20479 | 0.70808 | -1.8056 | -0.12952 | 9.7643 | 0.13153 | 0.12301 | 0.01618
4 0.044907 | 0.35587 | -0.28561 | -0.00952 | 0.86081 | -1.5532 | 0.36159 | 7.9941 | 0.13261 | 0.096259 | 0.012765
5 -0.05329 0.37465 -0.30041 0.02262 0.91022 -1.5484 0.53732 7.4012 0.13267 | 0.089182 | 0.011832
6 -0.06925 0.42578 -0.36151 0.059113 0.96895 -2.0601 0.77128 10.269 0.13305 | 0.082587 | 0.010989
7 -0.08407 | 0.50896 | -0.36307 | 0.2795 1.023 -1.976 1.0083 9.6567 | 0.1335 | 0.052968 | 0.007071
8 -0.07926 | 0.50291 | -0.41693 | 0.3575 | 096451 | -1.7911 | 0.95247 | 89121 | 0.13372 | 0.058026 | 0.007759
9 -0.04115 0.43203 -0.46999 0.32266 0.98611 -1.4881 1.0328 6.7933 0.13441 | 0.075863 | 0.010197
10 -0.0711 | 043327 | -0.59746 | 0.43833 | 1.0276 | -1.6431 1.406 7.4695 | 0.13509 | 0.037729 | 0.005097
11 -0.16125 | 0.27684 | -0.76391 | 0.059907 | 0.98122 | -1.8486 | 1.2311 8.6936 | 0.1351 | 0.046353 | 0.006262
12 -0.18191 0.34482 -0.79036 | 0.098189 1.0166 -1.6986 1.1657 7.2493 0.13435 | 0.041276 | 0.005545
13 -0.11153 0.36047 -0.83092 0.15328 1.0271 -1.7379 1.218 7.9502 0.13464 | 0.054473 | 0.007334
14 -0.11692 | 0.34763 | -0.82111 | 0.11466 1.023 -1.8606 | 1.0161 8.0039 | 0.13444 | 0.055818 | 0.007504
15 -0.10193 0.31798 -0.83816 0.10371 0.97832 -1.1522 0.77013 1.9843 0.13446 | 0.069872 | 0.009395

9¢1



~ 1 [ = 4 1
M3 4.1 gadnyuzyedln lsuadns 1ueIne (4v)

157

an
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~

16 -0.10146 | 033759 | -0.7738 | 0.094236 | 0.98503 | -1.0229 | 0.83996 | 2.0507 | 0.13395 | 0.053672 | 0.007189
17 -0.10095 | 0.35838 | -0.78271 | 0.058795 | 1.0631 | -1.0483 | 0.96034 | 2.1023 | 0.13374 | 0.047796 | 0.006393
18 -0.19735 | 041774 | -0.73632 | 0.032452 | 1.0599 | -1.3076 | 0.80106 | 3.1046 | 0.13228 | 0.024432 | 0.003232
19 -0.0318 | 0.30455 | -0.94209 | 0.17327 | 1.1357 | -0.59354 | 1.1998 | -0.0416 | 0.1355 |0.057205 | 0.007751
20 -0.06141 | 034276 | -0.82814 | 0.054676 | 1.1113 | -0.76647 | 1.0661 | 0.15715 | 0.13457 | 0.080734 | 0.010864
21 -0.19812 | 043914 | -0.78235 | 0.041045 | 1.1399 | -1.1099 | 0.82766 | 0.83361 | 0.13215 | 0.052135 | 0.00689
22 -0.24095 | 0.41897 | -0.79212 | -0.06473 | 0.98807 | -1.5301 | 0.41824 | 3.8863 | 0.13245 | 0.055405 | 0.007338
23 -0.19839 | 0.36693 | -0.73128 | -0.19261 | 0.8533 | -1.9248 | 0.11632 | 6.3755 | 0.13319 | 0.075707 | 0.010084
24 -0.11681 | 0.32958 | -0.73425 | 0.049244 | 0.99428 | -1.4503 | 0.61801 | 3.8587 | 0.13176 | 0.026483 | 0.003489
25 -0.16987 | 039112 | -0.76846 | 0.11999 | 1.0593 | -1.3088 | 0.74994 2908 | 0.13161 | 0.02589 | 0.003407
26 -0.12852 | 041919 | -0.74142 | 0.14637 | 1.0289 | -1.3255 | 0.72636 | 3.1735 | 0.13195 | 0.036281 | 0.004787
27 -0.09401 | 0.49981 | -0.64581 | 0.007186 | 1.0822 | -1.0288 | 0.76451 | 0.53188 | 0.13341 | 0.09744 0.013
28 -0.19645 | 045442 | -0.74898 | -0.08062 | 0.9327 | -1.6088 | 035799 | 4.5457 | 0.13315 |0.077074 | 0.010262
29 -0.14339 | 0.40695 | -0.82105 | 0.45283 | 0.98925 | -1.7194 | 1.0507 7.6307 | 0.13498 | 0.015441 | 0.002084
30 -0.02333 | 042103 | -0.22916 | -0.13024 | 0.7416 | -1.7889 | -0.24298 | 9.2674 | 0.13169 | 0.095365 | 0.012559

LS



~ 1 [ = 4 1
M3 4.1 gadnyuzyedln lsuadns 1ueIne (4v)

158

H o
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
31 0.061609 | 029111 | -0.20213 | -0.27736 | 0.89047 | -0.76064 | 032517 | 22736 | 0.13188 | 0.079985 | 0.010548
32 0.050495 | 0.21429 | -0.17241 | -0.38933 | 0.81226 | -0.59616 | -0.17575 | 1.0815 | 0.13065 | 0.11254 | 0.014703
33 0.11897 | 0.51734 | -0.3404 | 0.47234 | 0.99398 | -0.97014 | 1.1493 3.1922 | 0.13496 | 0.034125 | 0.004606
34 -0.14933 | 0.35424 | -0.82755 | 0.087257 | 0.99082 | -1.8326 | 0.95849 | 7.7685 | 0.13424 | 0.068298 | 0.009168
35 -0.118 0.351 -0.81417 | 0.19001 1.0523 | -1.8395 1.2523 8.6193 | 0.13458 | 0.072667 | 0.00978
36 -0.11873 | 0.32426 | -0.87422 | 0.31986 | 1.0432 | -1.9983 1.3995 9.9793 | 0.13505 | 0.05611 | 0.007578
37 -0.11873 | 0.32426 | -0.87422 | 0.31986 | 1.0432 | -1.9983 1.3995 9.9793 | 0.13181 | 0.000375 | 4.94E-05
38 -0.152 | 0.45167 | -0.6908 | 0.042702 | 1.0248 | -1.3285 | 0.78619 | 3.4491 | 0.13281 | 0.036535 | 0.004852
39 -0.07044 | 031311 | -0.76724 | 0.132 1.0212 | -1.0194 | 0.84231 1.9072 | 0.13333 | 0.045207 | 0.006027
40 -0.20593 | 04361 | -0.72822 | -0.08762 | 0.92585 | -1.4808 | 038474 | 42278 | 0.13305 | 0.044012 | 0.005856
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d' 1 [ =3 4 g’ v 9
M3NN 4.2 AgadnyuzyedIalsunaamss luhiundoula

159

H o
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~

1 0.063718 | 3.0215 | -0.80297 | 12.349 3.5704 | 0.92453 12.44 0.03981 | 0.027269 | -0.07981 | -0.00218
2 0.18919 | 2.4189 | -0.75664 | 7.7536 2.9776 1.1761 8.2067 1.0786 | 0.033154 | -0.06847 | -0.00227
3 0.040061 | 3.6275 | -0.89086 | 18.917 3.013 0.80899 | 8.3342 | 0.026554 | 0.029242 | -0.15702 | -0.00459
4 0.16249 | 2.7102 | -0.80697 | 8.9425 2.5472 1.1758 5.4606 1.548 | 0.035726 | -0.08671 | -0.0031

5 0.19258 2.678 | -0.83208 | 8.9508 2.4797 1.2673 5.1308 1.6027 | 0.036491 | -0.08979 | -0.00328
6 0.23854 | 2.3682 | -0.80644 | 7.0249 23115 1.1957 4.2293 1.3247 | 0.038894 | -0.11153 | -0.00434
7 028157 | 23031 | -0.70562 | 7.0782 2.4797 1.1231 5.1308 | 0.99009 | 0.038634 | -0.12856 | -0.00497
8 0.2621 2.1361 | -0.74669 | 6.0031 23115 1.0375 42293 | 0.70675 | 0.039158 | -0.14099 | -0.00552
9 027681 | 2.1229 | -0.85125 | 5.9713 2.1807 | 0.95166 | 3.5291 | 0.36436 | 0.040561 | -0.12004 | -0.00487
10 0.35746 | 1.9349 | -0.83058 | 4.9027 2.0137 | 0.88822 | 2.7087 | 0.11658 | 0.045408 | -0.09671 | -0.00439
11 0.4518 1.758 | -0.45371 | 4.0837 22563 | 0.68629 | 4.0993 | -0.42199 | 0.04419 | 0.029272 | 0.001294
12 0.055567 | 3.3066 | -0.79336 | 14.577 34711 | 093863 | 11.676 | 0.059391 | 0.026432 | -0.102 -0.0027

13 0.048746 | 3.737 | -0.92637 | 19.054 3.5974 1.0302 12.415 | 0.42043 | 0.027196 | -0.14187 | -0.00386
14 -0.03833 | 4.168 | -0.94938 | 25.742 3.5048 | 0.93367 | 11.808 | 0.23804 | 0.026363 | -0.12944 | -0.00341
15 0.049273 | 3.6147 | -0.78318 | 20.47 3.467 1.1537 11.422 13266 | 0.027217 | -0.11145 | -0.00303

6651



~ 1 Y] = 4 g’ % 9 1
M3 4.2 Agadnyuzyed Ialsnaamss luhiuvdoulas (ae)

160

H o
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
16 0.12733 | 2.8317 | -0.90684 | 10.264 2.7927 1.3766 6.9116 2.194 | 0.033481 | -0.10194 | -0.00341
17 0.14135 | 2.7958 | -0.89077 | 9.8979 2.6922 1.3429 6.3167 2.035 | 0.034931 | -0.08786 | -0.00307
18 023372 | 2.6619 | -0.82161 | 8.8075 2.4797 1.2906 5.1308 1.7993 | 0.037059 | -0.08742 | -0.00324
19 020731 | 2.5788 | -0.82346 | 8.2273 2.4313 1.2383 4.8395 1.649 | 0.037513 | -0.10091 | -0.00379
20 023999 | 2.6334 | -0.74862 | 9.1328 2.6262 1.1956 5.973 1.2405 | 0.036527 | -0.10546 | -0.00385
21 028157 | 23031 | -0.70562 | 7.0782 2.4797 1.1231 5.1308 | 0.99009 | 0.038634 | -0.12856 | -0.00497
22 023131 | 22064 | -0.74493 | 6.4614 2.4313 1.0939 4.8395 | 0.87196 | 0.039158 | -0.14099 | -0.00552
23 031268 | 2.0736 | -0.78208 | 5.6063 2.1857 | 097471 | 3.6217 | 0.49793 | 0.040616 | -0.13484 | -0.00548
24 027681 | 2.1229 | -0.85125 | 5.9713 2.1807 | 0.95166 | 3.5291 | 0.36436 | 0.040561 | -0.12004 | -0.00487
25 024255 | 2.0177 | -0.73671 | 5.3509 23666 | 0.88824 | 4.5403 | 0.17371 |0.039209 | -0.1234 | -0.00484
26 0.28953 | 1.9609 | -0.77001 | 5.0164 22483 | 0.82381 | 3.9521 | 0.004612 | 0.040518 | -0.11688 | -0.00474
27 025577 | 1.9983 | -0.83047 | 5.3046 22499 | 0.79139 | 3.8929 | -0.11894 | 0.040439 | -0.10263 | -0.00415
28 0.26756 1.972 | -0.81342 | 5.3331 2.1676 | 0.77382 | 3.5072 | -0.10519 | 0.040908 | -0.08325 | -0.00341
29 025118 | 1.9863 | -0.73118 | 5.3323 22807 | 0.86296 | 4.1066 | 0.15884 | 0.039699 | -0.10522 | -0.00418
30 029739 | 1.9363 | -0.75761 | 5.0399 2.1715 | 0.80319 | 3.5833 | 0.005817 | 0.040955 | -0.09789 | -0.00401

091



~ 1 Y] = 4 g’ % 9 1
M3 4.2 Agadnyuzyedlalsnaamss luhiuvdoulas (ae)

161

an
Q cc mcc
Sk* Sk~ Ku* Ku~ Sk” Sk~ Ku® Ku~
31 0.26756 1.972 | -0.81342 | 5.3331 2.1676 | 0.77382 | 3.5072 | -0.10519 | 0.041923 | -0.07341 | -0.00308
32 0.31063 1.912 -0.7383 | 5.0379 2.1605 | 0.72498 | 3.4107 | -0.19361 | 0.043127 | -0.06727 | -0.0029
33 033112 | 1.8278 | -0.79267 | 4.5731 2.028 0.70364 | 2.8197 | -0.29395 | 0.044826 | -0.05613 | -0.00252
34 0.343 19131 | -0.8525 | 5.0779 1.9895 1.1232 2.7436 1.8948 | 0.044398 | -0.04286 | -0.0019
35 046696 | 1.8224 | -0.6545 | 4.6551 1.8606 1.1184 2.2126 1.9124 | 0.048279 | 0.005883 | 0.000284
36 045143 | 1.8635 | -0.5696 4.664 2.1613 1.1162 3.7473 1.7373 | 0.043773 | 0.039239 | 0.001718
37 0.50175 | 1.9132 | -0.50088 | 4.7988 2.0842 1.1199 3.36 1.7099 | 0.045642 | 0.053611 | 0.002447
38 0.62324 | 2.0541 | -0.55563 | 5.6284 2.3787 1.1212 5.4915 1.5167 | 0.046882 | 0.078929 |  0.0037
39 0.62728 | 2.0529 | -0.56125 | 5.5401 2.2998 1.1171 5.07 1.5107 | 0.047072 | 0.058086 | 0.002734
40 0.61062 | 2.0116 | -0.57538 | 4.9792 2.2525 1.1458 4.6556 1.6179 | 0.046879 | 0.049673 | 0.002329

191



4 1 [ 4 a
MINN 0.3 AYUANHULVOIAAHITIAWAY

162

an
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
1 1.8803 | 0.53677 | 6.6346 0.3566 | 0.16818 | 0.093229 | 0.30721 | -0.14351 | 0.37233 | 0.10312 | 0.038394
2 1.9969 | 0.44879 | 7.3167 | 021578 | 023069 | 0.17619 | 0.54982 | -0.16789 | 0.36812 | 0.008484 | 0.003123
3 1.7428 | 0.58605 | 5.8333 | 0.57214 | 026844 | 021326 | 037851 | -0.16079 | 0.36434 | 0.027912 | 0.010169
4 14912 | 057122 | 43186 | 0.60832 | 0.33685 | 0.20192 | 038471 | -0.2401 | 0.36227 | 0.072443 | 0.026244
5 1.4048 0.5531 3.9985 | 0.61779 | 04221 | 020179 | 0.4167 | -0.24066 | 0.36167 | 0.052094 | 0.018841
6 14092 | 0.57336 | 3.7005 | 0.58631 | 0.35843 | 0.19795 | 0.3034 | -0.25509 | 0.36037 | 0.085421 | 0.030783
7 13532 | 0.54245 | 3.6928 0.5956 | 0.26226 | 0.14474 | -0.11296 | -0.35962 | 0.35759 | 0.11083 | 0.039631
8 14214 | 0.54983 | 3.8818 | 0.55128 | 0.18433 | 0.1515 | -0.20883 | -0.25593 | 0.3552 | 0.10622 | 0.037731
9 1.2829 | 0.52312 | 3.1246 | 0.35043 | 0.22925 | 0.20781 | -0.13068 | -0.1971 | 035168 | 0.1146 | 0.040301
10 1.328 0.56051 | 3.0895 | 0.52322 | 02757 | 0.22849 | -0.26893 | -0.13894 | 0.34987 | 0.11101 | 0.03884
11 13178 | 0.53342 | 2.8989 | 0.55875 | 0.25189 | 0.17738 | -0.38382 | -0.20436 | 0.34888 | 0.11412 | 0.039814
12 13664 | 0.51206 | 2.9228 | 0.47814 | 0.2884 | 0.20713 | -0.23654 | -0.25174 | 0.34285 | 0.16011 | 0.054894
13 13778 | 0.55184 | 2.7677 | 0.48181 | 032018 | 0.21985 | -0.35052 | -0.15263 | 0.33971 | 0.14629 | 0.049695
14 14036 | 0.79778 | 2.7611 1.3224 0.359 0.16938 | -0.17012 | -0.02962 | 0.33772 | 0.187 | 0.063153
15 13717 | 0.80862 | 2.5566 1.3495 | 042852 | 0.18894 | -0.04282 | 0.021362 | 0.33305 | 0.18389 | 0.061243

1



{ 1 [ 4 a 1
MINN 9.3 AYUTNHULVOIATHITINNAD (710)

163

H o
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
16 12322 | 0.75549 | 1.9465 | 0.90683 | 0.40664 | 0.17528 | 0.006253 | 0.069026 | 0.33577 | 0.14084 | 0.047291
17 12353 | 077127 | 1.8232 0.8748 | 0.48693 | 0.24656 | 0.33813 | 0.020879 | 0.33382 | 0.11598 | 0.038715
18 1.6784 | 0.83906 | 4.5791 1.1447 | 046002 | 02666 | 0.51799 | 0.013195 | 0.33067 | 0.14415 | 0.047667
19 1.6847 | 0.82001 | 4.5072 1.0443 | 033751 | 027508 | 0.68875 | 0.01499 | 0.32788 | 0.1308 | 0.042886
20 1.6798 1.0182 43051 1.7996 | 0.38224 | 0.26606 | 0.49113 | 0.037055 | 0.34422 | 0.098836 | 0.034022
21 1.7259 1.0071 4.4586 1.6556 | 0.34807 | 0.19659 | 0.40862 | 0.08401 | 0.35115 | 0.04499 | 0.015798
22 1.7256 1.0207 4.4365 1.6096 | 0.29403 | 0.18794 | 0.16386 | 0.10413 | 0.36612 | 0.095318 | 0.034897
23 1.7206 | 0.97688 | 4.4116 14929 | 0.28589 | 0.17323 | 0.054225 | 0.062412 | 0.37676 | 0.091386 | 0.03443
24 1.8226 1.1267 4.8396 2.1757 | 0.22885 | 0.15857 | -0.02427 | 0.010655 | 0.38982 | 0.083628 | 0.032599
25 1.862 1.0868 4.6922 1.9256 | 0.24904 | 0.14536 | -0.11401 | -0.05027 | 0.40216 | 0.10217 | 0.04109
26 1.7932 1.0354 4.5366 1.7924 | 0.28385 | 0.18356 | 0.024191 | -0.10773 | 0.41028 | 0.12451 | 0.051085
27 1.9166 | 0.98056 5.219 1.6117 | 0.19498 | 0.15335 | -0.13693 | -0.18592 | 0.43728 | 0.17032 | 0.074478
28 1.8683 1.4575 5.3051 47616 | 025531 | 0.16623 | 0.040192 | -0.14966 | 0.44605 | 0.13398 | 0.05976
29 1.7577 1.5 4.8775 49881 | 025458 | 0.12695 | 0.10977 | -0.27576 | 0.45469 | 0.13963 | 0.063488
30 1.8162 1.3148 5.0793 3.7383 | 0.30404 | 0.13589 | 0.098546 | -0.33014 | 0.45791 | 0.10663 | 0.048826
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{ 1 [ 4 a 1
MINN 9.3 AYUTNHULVOIATHITINNAD (710)

164

H o
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
31 1.8321 1.2944 5.2537 3.641 0.35548 | 020712 | 0.24225 | -0.24439 | 0.46384 | 0.067568 | 0.03134
32 1.7709 1.2873 5.4409 3.6608 | 0.32324 | 0.19995 | 0.15803 | -0.30448 | 0.46724 | 0.074382 | 0.034755
33 1.5248 1.3662 4.7094 40918 | 038522 | 02363 | 0.30888 | -0.24774 | 0.47209 | 0.072421 | 0.034189
34 1.3424 1.4709 3.829 46787 | 032475 | 0.29886 | 0.14789 | 0.12529 | 0.47177 | 0.06692 | 0.031571
35 1.4529 1.5229 4.2897 4.782 0.31529 | 022361 | 0.042162 | 0.070008 | 0.47614 | 0.037677 | 0.01794
36 1.5813 1.3137 4.3798 3.5 0.37425 | 0.20898 | 0.094215 | 0.015143 | 0.46801 | 0.067768 | 0.031716
37 1.5729 1.1137 43217 2.6865 | 0.35316 | 027509 | -0.06429 | 0.12092 | 0.4648 | 0.0669 | 0.031095
38 1.8504 1.1915 6.304 3.0907 | 0.39237 | 0.29409 | 0.074598 | 0.056746 | 0.46871 | 0.075627 | 0.035447
39 1.8112 1.2715 6.5241 3.4064 0.3595 | 031032 | 0.049769 | 0.21149 | 0.46737 | 0.10288 | 0.048081
40 1.7105 1.353 6.0168 34641 | 031438 | 0.35599 | -0.08925 | 0.20576 | 0.47584 | 0.10839 | 0.051579
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{ 4 @ 4
M3 199N 1.4 MRAENYULVBIAARITINI8 Y
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an
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
1 0.78319 | -0.41592 | 0.59933 | 0.59849 | 0.47683 | 3.8795 | -0.1187 15.183 1.7771 | 0.013403 | 0.023819
2 0.4653 | -0.36385 | 0.19292 | 0.16113 | 0.69501 | 3.8257 | -0.02326 | 15.147 | 1.7583 | 0.085382 | 0.15013
3 046241 | -0.25089 | 0.14141 | 0.083032 | 0.83103 3.593 0.11492 | 13.106 | 1.7565 | 0.10972 | 0.19272
4 03962 | -0.1609 | -0.02395 | -0.02578 | 1.0348 3.3958 0.5593 11422 | 1.7388 | 0.12291 | 0.21372
5 0.24761 | -0.20039 | -0.29655 | 0.15275 1.084 33059 | 0.71398 | 10.582 | 1.7136 | 0.092225 | 0.15804
6 0.29878 | -0.18897 | -0.25598 | 0.18357 | 1.0543 3.3801 | 0.65337 11.02 1.7385 | 0.10431 | 0.18134
7 0.36123 | -0.27082 | -0.08887 | 038161 | 0.92419 | 3.5218 | 0.36369 12.02 1.761 | 0.094376 |  0.1662
8 0.37772 | -0.31707 | -0.03282 | 0.39683 | 0.95932 3.397 0.48541 10.931 1.7602 | 0.09979 | 0.17565
9 031116 | -0.31179 | -0.17579 | 0.41594 | 1.0543 3.3908 | 0.65745 | 10.986 1.743 | 0.10117 | 0.17634
10 029991 | -0.32437 | -0.18509 | 0.34433 | 1.1087 3.3801 | 0.82287 11.02 1.764 | 0.12992 | 0.22919
11 0.30083 | -0.35546 | -0.15702 | 0.16892 | 1.1454 3.1576 | 0.89534 | 9.2474 | 1.7418 | 0.15613 | 0.27195
12 0.36077 | -0.38464 | -0.05287 | 037803 | 1.0643 29415 | 071401 | 6.6524 | 1.7464 | 0.1405 | 0.24537
13 0.34254 | -0.50838 | -0.09387 | 0.51067 | 0.97659 | 3.0033 | 0.55547 | 7.0201 1.7488 | 0.12558 | 0.21962
14 0.54988 | -0.52401 | 0.40619 | 038942 | 0.90709 | 3.0399 | 040191 | 7.2412 | 1.7783 | 0.17691 | 0.31461
15 0.35823 | -0.43554 | 0.18051 | -0.16597 | 0.95473 | 2.8769 | 040236 | 7.1117 | 1.6607 | 0.12356 | 0.2052
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H o
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
16 0.37702 | -0.28569 | 0.29658 | -0.37384 | 0.9399 2.5482 | 041877 | 53995 | 1.5659 | 0.098637 | 0.15446
17 0.35109 | -0.26145 | 0.401 -0.51774 | 0.94467 | 2.3939 0.4197 4.6311 1.5145 | 0.091555 | 0.13866
18 026672 | -0.21186 | 0.22735 | -0.52325 | 1.0647 23349 | 0.88337 | 4.5708 1.495 | 0.089327 | 0.13354
19 0.14846 | -0.07683 | 0.1306 | -0.70979 | 1.2614 2.1154 1.4886 3.526 14228 | 0.11523 | 0.16394
20 0.039966 | 0.072569 | 0.11521 | -0.77829 | 1.2772 1.9643 1.555 2.9045 13421 | 0.12545 | 0.16836
21 0.012918 | 0.094177 | -0.00462 | -0.71997 | 1.2457 1.9619 1.4296 2.8034 | 13235 | 0.11069 | 0.14651
22 -0.04359 | 0.054499 | -0.05338 | -0.68692 | 1.3516 1.8554 1.8667 22567 | 13402 | 0.11722 | 0.15711
23 0.008613 | 0.11406 | -0.05131 | -0.68792 | 1.3079 1.7498 1.5646 1.9234 | 13482 | 0.10486 | 0.14137
24 0.22158 | -0.28211 | -0.01766 | -0.20233 1.066 27159 | 0.77466 | 6.6379 | 1.5608 | 0.087446 | 0.13648
25 0.24125 | -0.35757 | -0.00208 | -0.10042 | 1.0661 2.7497 | 0.69553 | 6.5184 | 1.5923 | 0.067642 | 0.1077
26 0.19489 | -0.20051 | -0.06033 | -0.29287 | 1.1219 2.4933 1.0086 52417 | 1.5277 |0.076769 | 0.11728
27 029177 | -0.43328 | -0.09503 | 0.24338 | 1.0496 29794 | 0.71422 6.877 1.694 | 0.12689 | 0.21495
28 0.35651 | -0.45513 | 0.004058 | 0.08141 | 0.93295 | 2.7862 0.402 5.7631 1.6893 | 0.13563 | 0.22913
29 0.54936 | -0.52194 | 0.57942 | -0.04989 | 0.91141 | 2.8701 0.5065 6.2375 | 1.7101 | 0.14285 | 0.24428
30 0.44458 | -0.36751 | 0.53202 | -0.41854 | 0.95831 | 2.5825 | 0.50816 | 5.7005 | 1.5672 | 0.053465 | 0.083789
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H o
Q cc mcc
Sk* Sk~ Ku® Ku~ Sk” Sk~ Ku® Ku~
31 0.25933 | -0.27609 | 0.34064 | -0.62517 1.116 23574 | 0.82335 | 4.5483 1.5015 | 0.060421 | 0.090721
32 0.23567 | -0.19147 | 0.2431 -0.6216 1.1028 2.368 090318 | 4.8339 | 14729 | 0.098383 | 0.14492
33 020212 | -0.15277 | 0.16281 | -0.60584 | 1.1722 2.2538 1.1941 41822 | 1.4699 |0.095375 | 0.14019
34 0.19486 | -0.09046 | 0.13249 | -0.62672 | 1.1813 2.163 1.2367 3.6794 | 1.4405 | 0.08519 | 0.12271
35 0.1991 | -0.21756 | -0.06008 | -0.34678 | 1.0819 24265 | 091138 | 4.8965 1.5248 | 0.068095 | 0.10383
36 0.35385 | -0.43231 | -0.06374 | 0.8381 | 0.91865 | 2.9934 0.4214 6.9604 | 1.7855 |0.065235 | 0.11648
37 0.28945 | -0.49465 | -0.12389 | 0.20095 | 0.98534 | 2.8883 | 0.57455 | 63425 | 1.7029 | 0.11737 | 0.19988
38 0.24252 | -0.39288 | 0.000735 | -0.16725 | 1.0124 26669 | 0.57373 | 6.0547 | 1.5927 | 0.054188 | 0.086304
39 0.37216 | -0.36447 | 032365 | -0.32774 | 0.96613 2.626 044949 | 59049 | 1.5857 | 0.072137 | 0.11439
40 0.33527 | -0.27675 | 0.22812 | -0.39449 | 0.98106 | 2.5979 | 0.57663 | 6.0273 1.549 | 0.097623 | 0.15122
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Noise Reduction Technique for Partial
Discharge Measurement Signal using
ANFIS

Suphachai Boonpoke, Boonruang Marungsri and Anant Qonsivilai
Alternative and Sustainable Energy Research Unit, Power and Control Research Group
School of Electrical Engineering, Institute of Engineering, Suranaree University of Technology
111 University Ave., Muang District, Nakhon Ratchasima, 30000
THAILAND
E-mail: suphachai_eesut/@hotmail.com , bmshvee(dsut.ac.th , anant@sut.ac.th

Abstract

Partial discharge (PD) measurements taken on-site are frequently affected by noise due to external
disturbances. This paper presents an approach to reduction noise of PD signal using a technique based
on the artificial neuro-fuzzy inference system (ANFIS). The measurable output noisy PD with -1dB
and 10dB SNR level is obtained as the contaminated signal of the interference to compare with the
output data of the filter. The white noise source is acquired as the mput. Finally, after training, the
ANFIS output is demonstrated. Then the estimated information signal is calculated as the difference
between the measured signal and the estimated interference. The ANFIS could do a practically

superior situation in adaptive de-noising of PD signal.

Keywords: Partial Discharges (PD) signal, ANFIS, noise reduction

1. Introduction

Partial Discharge is electric discharges that
do not completely bridge the clectrodes under
high voltage stress. Partial Discharge is small
clectrical sparks that occur within the electric
msulation of electrical equipment. Although the
magnitude of such discharges is small but they
cause degradation of insulation system and may
lead to ultimate failure [1].

Partial discharge is one of the factors that
could lead to failure of electrical equipment or
could destroy insulation and cause ageing of
insulation. Such as partial discharge occur in
transformer cause ageing of transformer oil and
could lead to failure of transformers. leading to
power outage and expensive repairs.

Occurrence of PD in clectrical insulation is
always associated with emission of several
signal electrical signal, acoustic signal and
chemical reactions, i.e. heat, sound, light and
gas. The method to detection PD signal can be
group into three categories, based on the PD

STISWB 2009

manifestation that they measure:
electrical and acoustic detection [2].

Chemical detection: One of the consequences
of PDs is chemical change of material. (i.e. oil,
solid and gas)[3].

Acoustic detection of PDs is based on the
detection of the mechanical waves propagated
from the discharge site to the surrounding
medium. Acoustic detection has been widely
used in diagnostics of transformers. The primary
advantage of using acoustic detection is position
information is readily available from acoustic
systems using sensors at multiple locations
[21.[41.I5]

It is well known that Partial discharges
generate locally confined impulse currents in
nano- to microsecond range (wide band), usually
of low magnitude. Depending on the local
electromagnetic environment, they are also often
hidden in a noise. Electrical detection technique
use to detect PD impulse current.

In this paper, clectrical detection technique
was adopted to measure PD with noisy signal.

chemical.
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Furthermore, Artificial Neuro-Fuzzy System
(ANFIS) was used as adaptive de-noising tool.

2, Artificial Neuro-Fuzzy Inference

System

ANFIS is a necuro-fuzzy system that
combines the learning capabilities of neural
networks, with the functionality of fuzzy
inference systems[6]. ANFIS uses a hybrid
learning algorithm to identify parameters of
Sugeno-type fuzzy inference systems. It applies
a combination of the least-squares method and
the backpropagation gradient descent method for
training FIS membership function parameters to
emulate a given ftraining data set. ANFIS can
also be invoked using an optional argument for
model validation. The type of model validation
that takes place with this option is a checking for
model overfitting, and the argument is a data set
called the checking data set[8].

2.1. ANFIS Architecture

ANFIS structure 1s a gencralized neural
network using a Sugeno fuzzy model, as
illustrated in Fig.1.

Fig.1: ANFIS structure (type-3 ANFIS)[7]

According to Sugeno fuzzy model, rule sets are
as follow:

1.Ifxis A and yis B, then f{ = px+q,y+5
2. IfxisA,and y is B, then f, = p,x+ ¢,y + 1,
Layer 1: Layer 1 is input and fuzzification layer
as step 1 in last section. Every node i in this
laver is an adaptive node with a node function:

O, = p(x) . fori=12 (1)
01_; = Mg 3(}") Jfori =3,4 (2)
STJSWB 2009

Layer 2: Laver 2 is the rule layer. Each node in
this laver calculates the firing strength of each
rule via multiplication.

02,1 =iy = ,u,-u(x) ‘#BI(},)’ i= l: 2 (3)
Layer 3: Laver 3 is normalization layer. Each

neuron in this laver calculates the normalized
firing strength of a given rule.

O, =w=—0t—, i=12 @

>
w, + w,

Layer 4: Parameters in this layer are referred to
as consequent parameters.

O, =W, f =w(px+qy+r), i=12 (5

Layer 5: This laver is designed to calculate the
summation of output of all incoming signal.

2w,

Oy =Y wf =~ ©)

3. Adaptive Noise Cancellation

Adaptive noise cancellation which is used to
remove noise from useful signals is widely used.
This is a useful technique where a signal is
submerged in noisy environment. Adaptive
noise cancellation adaptively filters a noise
reference input to maximally match and subtract
out noise from the primary input. The process of
using the ANFIS for solving the adaptive noise
cancellation problem is given in Fig 2.

signal M [ k) =50 +v(h W' Recoversd
source + signal

Nonlinear
Channel

ANFIS

Adaptive
Filter

| Adaptive noise canceller

Noise _ n(k)
source

Fig.2: The adaptive noise cancellation system

The information signal s(k) was recorded
with corrupting noise y(k) that was gencrated
from another noise source through an unknown

nonlinear process. The noise n is Gaussian with
zero mean and unit variance.
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@cﬁo

The measured signal x(k) is the sum of the
original information signal s(%k) and the
interference y(k)

Noise n(k)
filter to produce an output

passes through the adaptive
$(k) as close a
replica as possible of y(k). The filter reads just
itself continuously to minimize the error
between y(k) and (k) during this process.
Then the output (k) is subtracted from the
primary input to produce system output$(k),
which is the denoised signal.

Adaptive noise canceling makes use of an
auxiliary or reference input in addition to the
noisy signal from the primary sensor. This
scheme operates on the basis of two main
assumptions|9].

(1.) The signal and noise at the input to the

primary sensor are uncorrelated.

(2.) The noise input to the reference sensor is
correlated with the noise component at
the primary input.

The reference signal is filtered to obtain of
the noise, which is than subtracted from the
primary signal. As a result, the noise in the noisy
signal is attenuated by cancellation. The filtering
of the reference signal is done adaptively
allowing the filter parameters to be adjusted
automatically according the dynamics of the
noise.

4. Experimental

The experimental set-up for measurement
PD signal is show in Fig.3. Rogowski coil was
used as current transducer in this experiment.
Due to PD signal was measured in open
environment, noisy signal can not avoidable.
Adaptive noise cancellation tool was used to de-
noise PD signal.

In order to confirm the effectiveness of
ANFIS as an adaptive filter, the following
procedure was conduct.

(1) Generate white Gaussian noise n(k) .
(1dB, -1dB,5dB, -3dB, 10dB)

(2) Generate noise y(k) from n(k) by
nonlinear channel.

(3.) The measured signal x(k) is the sum of

the original PD signal s(k) and noise y(k).
(4.) Noise n(k)passes through the ANFIS
adaptive filter to produce an output (k)

S STJSWB 2009

(5.) $(k)=s(k)+ y(k)- p(k)

AC
220V 50 Hz
200V /100 kV oscillostupe
SkVA

Fig.3: PD experimental circuit

The original PD signal iss(k). A 2-input
ANFIS was wused for training with the
generalized bell-shaped built-in  membership
function. The total number of fuzzy rules for
learning is 4. After training, the ANFIS output
P(k) was calculated.(the estimated 7 (k) ) Then
the estimated PD signal §(k) is calculated from
the §(k) = s(k) + y(k)—- p(k)

The corrupting noise (k) produced from
noise #(k) by unknown nonlinear function.

sin(n(k))n(k —1)

W) = fnl).nk =) ===

5. Results and Discussion.

The measurable output noisy PD signal with
5dB,1dB,-5dB,-1dB and 10dB SNR level is
taken as the contaminated version level of the
interference, since the noise is not directly
available. The white noise source is taken as the
input of adaptive filter. The ANFIS output
(k) produced from the adaptive filter is a close
replica of y(k). The simulation results are
illustrated in Fig.4 and Fig.5

As illustrated in Figd4, Obviously the
effectiveness of ANFIS technique for adaptive
noise cancellation was confirmed. Near original
PD signal was obtained after noise cancellation.
As illustrated in Fig.5, near original PD signal
was also obtained.

From these simulation results, ANFIS
technique has enough capability to use as
adaptive noise filter for PD noisy signal.
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6. Conclusion

An adaptive noise cancellation technique was
studied and used to de-noise PD signal. In spite
of different noise level. near original PD signal
was obtained. The simulation results confirmed
the effectiveness of ANFIS adaptive noise
cancellation technique.
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Pattern Recognition of Partial Discharge by
Using Simplified Fuzzy ARTMAP

S. Boonpoke and B. Marungsri*

Abstract— This paper presents the effectiveness of artificial
intelligent technique to apply for pattern recognition and
classification of Partial Discharge (PD). Characteristics of PD signal
for pattern recognition and classification are computed from the
relation of the voltage phase angle, the discharge magnitude and the
repeated existing of partial discharges by using statistical and fractal
methods. The simplified fuzzy ARTMAP (SFAM) is used for pattern
recognition and classification as artificial intelligent technique. PDs
quantities, 13 parameters from statistical method and fractal method
results, are inputted to Simplified Fuzzy ARTMAP to train system
for pattern recognition and classification. The results confirm the
effectiveness of purpose technique.

Keywords—Partial discharges, PD Pattern recognition, PD
Classification, Artificial intelligent, Simplified Fuzzy ARTMAP, .

I.  INTRODUCTION

ARTIAL discharge (PD) is electrical discharges that do

not completely bridge the distance between two electrodes

under high voltage stress. Partial discharges are small

electrical sparks that occur within the electric insulation of

electrical equipment. Although the magnitude of such

discharges is usually small, it cause progressive deterioration
and may lead to ultimate failure [1],[2].

Partial discharge is one of the factors that could lead to
failure of electrical equipment. Also, partial discharges could
destroy insulation and cause ageing of insulation. Occurrence
of partial discharge in electrical insulation is always associated
with emission of several signals (i.e. electrical signal, acoustic
pulses and chemical reactions).

Up to now, artificial intelligent techniques have been
adopted to many applications in electrical engineering
field[3]-[8]. The objective of this work is applying an artificial
intelligent technique, simplified fuzzy ARTMAP (SFAM), to
recognize the pattern of partial discharge. In this paper,
classification of partial discharge is given in Section II,
characteristics of partial discharge quantities are given in
Section 111, partial discharge measurement techniques are
detailed in Section IV and following with detail of SFAM is
given in Section IV. In addition, experimental results and PDs
pattern recognition are illustrated in Section V and Section VI,
respectively. Finally, discussion and conclusion are given.

S. Boonpoke is with Suranaree University of Technology, Nakhon
Ratchasima, 30000, THAILAND {e-mail: suphachai_eesut@ hotmail.com).

* B. Marungsri is with Suranaree University of Technology, Nakhon
Ratchasima, 30000, THAILAND (corresponding author, phone: +66 4422
4366; fax: +66 4422 4601; e-mail: bmshvee@ sut.ac.th).

212

II. CLASSIFICATION OF PARTIAL DISCHARGES

Partial discharges are divided into four types: (i) internal
discharges, (ii) corona discharges, (iii) surface discharges and
(iv) discharges in electrical trees [1],[9].

A Internal discharges

Internal discharges occur in inclusions of low dielectric
strength. These discharges usually occur in gas—filled cavities,
but oil - filled cavities can also break down and cause gaseous
discharges afterwards. Internal discharges are capable of
degrading the insulation depends on the field strength, the kind
of material and the discharges magnitude. (Fig. 1.a)

B. Corona discharges

Corona discharges occur at sharp points in the electrical
field. These discharges may occur in gases and in liquids.
They occur usually at the high-voltage side, but at sharp edges
at earth potential, or even at half- way the electrodes also may
cause corona discharges. (Fig. 1.b)

C. Surface discharges

Surface discharges may occur in gases or in oil if there is a
strong stress component parallel to the dielectric surface.
These discharges are known to cause deterioration of
dielectrics by heating the dielectric boundary, through charges
trapped in the surface and through the formation of chemicals
such as nitric acid and ozone. (Fig. 1.c)

D, Discharges by electrical treeing

Electrical trees can start from defects in the solid insulation.
After treeing has started a hollow stem and several branches
are generated. (Fig. 1.d)

1 "IJ‘L
% e
ZZ

() (dy

Fig. 1. Types of Partial Discharges.
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[II. PARTIAL DISCHARGES DETECTION TECHNIQUES

Occurrence of PDs in electrical insulation is always
associated with emission of several signal electrical signal,
acoustic signal and chemical reactions, i.e. heat, sound, light
and gas. The method to detection PD signal can be grouped
into three categories, based on the PD manifestation that they
measure; chemical, acoustic and electrical detections [9].

Chemical detection: One of the consequences of PDs is
chemical change of material. (i.e. oil, solid and gas)[10].

Acoustic detection of PD is based on the detection of the
mechanical waves propagated from the discharge site to the
surrounding medium. Acoustic detection has been widely used
in diagnostics of transformers. The primary advantage of using
acoustic detection is position information is readily available
from acoustic systems using sensors at multiple locations [11]-
[13].

Electrical partial discharges detection methods are based on
the appearance of a partial discharges pulse at the terminals of
a test object. Electrical detection includes two methods: Pulse
Current Method and Ultra High Frequency Method (UHF).

Pulse Current Method: This method gets the apparent charge
by detecting the PD current in detecting impedance [9],[14].
Pulse Current Method is easy for quantitative measurement
and it has high sensitivity.

Ultra High Frequency Method (UHF): UHF detection which
is based on the detection of electrical resonance at ultrahigh
frequencies can be applied to realize not only the phenomena
but also the location of a PD source [15] - [17].

In this paper, electrical detection technique was adopted to
measure partial discharges signal. Most partial discharges
detection systems are integrated into the test circuit in
accordance with schemes show in Iig, 2.

Z

11
1

Zyi

Fig. 2. Basic partial discharge test circuit

U high-voltage supply

input impedance of measuring system
connecting cable

test object

coupling capacitor

coupling device

measuring instrument

filter

The coupling capacitor, Cj, shall be of low inductance
design and should exhibit a sufficiently low level of partial
discharges at the specified test voltage to allow the
measurement of the specified partial discharge magnitude.

The high voltage supply shall have sufficiently low level of
background noise to allow the specified partial discharge
magnitude to be measured at the specified test voltage.

[V. CHARACTERISTICS OF PARTIAL DISCHARGES

Characteristics of partial discharges for pattern recognition
and classification are computed from the relation of the
voltage phase angle, the discharge magnitude and the repeated
existing of partial discharges by using statistical and fractal

methods [1],[9],[14].
A Basic quantities

Quantities of the first group will be termed basic quantities
and for their registration the momentary values of the test
voltage and the discharge signal are registered. The electrical
activity of partial discharges can be represented by two
independent quantities:

(a) Discharge magnitude
(b) Discharge timing

B Deduced quantities

Quantities of the second group will be termed deduced
quantities. For their registration the basic quantities have to be
observed during a time span that is much longer than the
duration of one voltage cycle. These quantities can be
analyzed as a function of time and as a function of the phase
angle.

The quantities as function of time describe the changes of
the hasic quantities in the course of time.

The quantities as function of the phase angle represent the
recurrence of partial discharges related to their phase angle.
The voltage cycle is divided into phase window representing
the angle axis (0-360°). The four quantities can be determines
in each phase window.

1. The sum of the discharge magnitudes observed in one
phase window (discharge amount).

2. The number of discharges observed in one phase
window (pulse count).

3. The average value of discharges observed in one phase
{mean pulse height).

4. The maximum value of discharge observed in one
phase window {maximum pulse height).

C.  Statistical operators

Quantities of the third group will be termed as statistical
operatars. They provide the analysis of some the deduced
quantities from the second group.

The pulse count distribution H, (@) represents the number
of the observed discharges in each phase window as a function
of the phase angle.

The mean pulse height distribution H,,(p) represents the

average amplitude in each phase window as a function of the
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phase angle. H, (g} is derived from the total discharge

amount in each phase window divided by the number of
discharges in the same phase window.

In the case of a single defect, discharge quantities can be
fairly well described by a normal distribution process.
Therefore to get a better evaluation of Hy (@ and H,lp)
quantities, several statistical parameters can be used. They are
here termed as statistical operators. For a discrete distribution
function, f(x, let’'s

1

where P is the probability: X;is the discrete value: p;is the
probability value for ;. The following moments ; of a
distribution can be defined:

u=-a"p (@)

First moment: u - mean value of a distribution; k=1, a=0

=YX p

Second moment: & - variance value of a distribution;
k=2,a=u
2 2
o =S p, @
Third moment: skewness S¢ - indicator of the asymmetry of a
distribution as compared to a normal distribution; k=3, a = «

3

(-u)’-p

5 =gy B )

c

Fourth moment: kurtosis K, - indicator of the sharpness of a
distribution as compared to a normal distribution; k=4, a = «

Ku:zm,g (6)

p

The third moment and the fourth moment about the mean
are significant with respect to the shape of the distribution.

The skewness, Sk, indicates the asymmetry of the
distribution. Sk will be zero for asymmetric distribution,
positive when the distribution is asymmetric to the left and
negative when the distribution is asymmetric to the right.

The kurtosis, Ku, indicates the degree of sharpness of the
distribution. Kurtosis Ky will be zero for a normal distribution.
For a sharper then normal distribution Kuis positive, and if
the distribution is flatter than a normal distribution the Kuis
negative.

The discharges during a voltage cycle occur in two
sequences. For each half of the voltage cycle separate discharge
patterns can be found. Thus, the H,,(g) and H,(g) quantities
are characterized by two distributions. For the positive half of
the voltage cycle Hy, (g , H,{g) and for the negative half of

Hig)
Both the H,,(¢) and H,(p) quantites can be described by

two skewness, Sk*, Sk~ and two kurtosis Ku", Ku . The
distributions /() and H,(g) are also characterized by their

mean value, their inception phase and the number of peaks.

the voltage cycle (@) ,

Therefore more statistical parameters can be defined, enabling
us to compare the mean value, the inception phase and the
number of peaks in the both positive and the negative half of
the voltage cycle. The distributions an(¢) and H,(@ both

positive and negative half of the voltage cycle the following
statistical operators have been introduced by discharge
asymmetry, (0, as the quotient of the mean discharge level in
the positive and in the negative half of the voltage cycle.

Q. /N,

= 7
Q 0/ M

The cross-correlation factor c¢, the formula is used to
calculate the cross-correlation factor cc:

oo PR IEDN Al ®
- Exf oSy @

The modified cross-correlation factor, mee, to evaluate the
difference between discharge patterns in the positive and the
negative half of the voltage cycle is given in (9).

mec=Q-cc C)}

V. SIMPLIFIED FUZZY ARTMAP

Adaptive Resonance Theory (ART) was invented by
Grossberg, in 1976, as a theory of human cognitive
information processing [18]. Carpenter and Grossberg
introduced the ART family in the form of a wide variety of
supervised and unsupervised NNs [19]-[22]. The most
advanced model of the ART family, fuzzy ARTMAP (FAM),
could handle both binary and analogue data in a supervised
manner [23]. The main drawback to the ART family networks,
which prevented others from using them, was their intricacy:
the inventors had introduced complicated architectures for
their networks instead of presenting them as simple algorithms.
This problem later was recognized by the inventors and they
presented modified model or simplified model of ART family
networks [24],[25].

Originally, ART networks were defined in terms of
differential equations, but in practice they are implemented
using approximations or analytical solutions to these
equations, in the limit. ART networks have their own special
terminology. The main idea of unsupervised ART networks is
as follows:

(1) Find the nearest cluster prototype that ‘resonates’ with
the input pattern.

(2) Update this cluster prototype to be closer to the input.

The simplified fuzzy ARTMAP (SFAM) was developed by
removing redundancies. Details are illustrated in [25]. So, the
SFAM is much faster than the FAM and easier to understand
and simulate. However, it should be made clear that the SFAM
can be used only for classification. The SFAM is essentially a
two layer net containing an input and an output layer. Fig. 3
illustrates the architecture of simplified fuzzy ARTMAP.
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Category layer Catepory input

Category
output laver

Input layer

Raw input layer | Complement coder

Raw input pattern of size d
Fig. 3. Architecture of SFAM Network

The main idea of SFAM is as follows[25]:

(1) Find the nearest subclass prototype that ‘resonates’ with
the input pattern (winner).

(2) If the labels of the subclass and the input pattern match,
update the prototype to be closer to the input pattern.

(3) Otherwise, reset the winner, temporarily increase the
resonance threshold (r), and try the next winner.

(4) If the winner is uncommitted, create a new subclass
(assign the input vector to be the prototype pattern of the
winner, and label it as the class label of the input).

The input to the network flows through the complement
coder where the input string is stretched to double the size by
adding its complement also. The complement coded input then
flows into the input layer and remains there. Weights () from
each of the output category nodes flow down to the input layer.
The category layer merely holds the names of the M number of
categories that the network has to learn. Vigilance parameter
and match tracking are mechanisms of the network architecture
which are primarily employed for network training.

p is the vigilance parameter which can range from 0 to 1. It
controls the granularity of the output node encoding. Thus,
while high vigilance values makes the output node much
fussier during pattern encoding, low vigilance renders the
output node to be liberal during the encoding of patterns.

The match tracking mechanism of the network is responsible
for the adjustment of vigilance values. Thus, an error occurs in
the training phase during the classification of patterns.

The SFAM algorithm is as follows [25]:

(1) Set the vigilance factor equal to its baseline value :

pP=p (10)
(2) Insert input, and calculate second layer activities:

';'}{n:PA“.-'l for j=1,..., N-19 (11)
a+|u'|,l

and for the uncommitted neuron: Ty= T,
(3) Find the winner

J= arg{ MaxT, )] (12)

If the winner neuron is uncommitted, go to step 7.
{4) Check the resonance condition, i.e. if the input is similar
enough to the winner’s prototype:

215

|I/\ u{,| (13)

|[/\ w,
1 1> o

[T

If this condition is fulfilled, go to step 5.
If this condition is not fulfilled, reset the winner (1; = -1), go to
the step 3, and check the next winner.

(5) If the class label of the winner matches with the class
label of input, update the prototype pattern to be closer to the
input pattern:

W= BUAW) + (- w™ (14)

and go to step 9, otherwise reset the winner (7} = -1},
temporarily increase the vigilance factor so as to violate the
condition of Equation (9), i.e. set pequal to :

p|’7| (15)

(where & is a small positive number, i.e. € ~ 0.001).

(6) If p > 1, terminate the training for this input pattern in
the current epoch (data mismatch), and go to step 9, otherwise
go to step 3, and try the next winner.

(7) Create a new subclass, i.e. assign the input vector as the
prototype pattern of the winner neuron:

wy =1 (16)

and set the class label of the winner neuron to be as the class
label of input pattern.

(8) Create a new uncommitted neuron, and: NN+ 1.

(9) Go to the step 1, and repeat the Algorithm for the next
input.

The flow chart of the SFAM Algorithm is presented in Fig.
4,

VI EXPERIMENTALS

In this study, test arrangement is shown in Fig. 4. as
illustrated in Fig 5., there types of partial discharge generation
source, corona discharge, surface discharge and internal
discharge, were used. Partial discharge signal was measured by
using partial discharge detector (OMICRON, model
MPD600). Typical measurement results of each partial
discharge generation source are illustrated in Fig. 6, Fig. 7 and
Fig. 8, respectively.

Coupling Capacitor

Fig. 5. Test Arrangement.
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Reset vigilance factor
p=p
Apply input pattern

Find winner neuron
gl M (7))

Create a new
subclass
W= {

Create a new
Uncommitted
neuron

Resonance ?
77w, .

Reset winner

» I-

Increase vigilance
[rrw
2,

Reset winner

B =

7

Yes
Update winner prototype

Fig. 4. Flow Chart of the SFAM Training Algorithm for One Juput Pattern in One Epoch of Training.

Data mismatch

{a) “Corona Discharge (b} Surface Discharge {c) Internal Discharge
Fig. 6. Electrode Configuration for Partial Discharge Generation Seource.

oo

S

(a) Display on Sinusoidal (b) Display on Elliptical

Fig. 7. Partial Discharge Measurement Result from Corona Discharge

216




180

Waorld Academy of Science, Engineering and Technology 65 2010

ietseaty | MEn | Dume

POl S 600 1.1:
L Qe 1
pots 105 nc
03
02 b
AT
i ATSRTM Fn
" PEH
s M0 GO0 1.1
irva
o 1427k n
LT Vo
(1] 1380k
am fy
0 | 50,02 H
{a) Display on Sinusoidal (b) Display on Elliptical

Fig, 8. Pantial Discharge Measurement Result from Surface Discharge

e T R

{a) Display on Sinusoidal (b} Display on Elliptical

Fig. 9. Pantial Discharge Measurement Result from Internal Discharge

Obviously, differences in pattern of partial discharge TABLE Il CHARACTERISTICS OF SURFACE DISCHARGES
measurement results were obtained. Each partial discharge Hagn Hn
generation source generated individual partial discharge No. i i K Ke Sk i e Ko
pattern. Then, these measurement data are used to test the
purpose technique. Characteristics of partial discharge data
were calculated by using statistical tools to apply for pattern
recognition and classification. These characteristic of partial
discharges include skewness, kurtosis, discharge asymmetry,
the cross-correlation factor and modified cross-correlation

1 1525 1473 -0.380 -0.840 1976 -0.120 1.597 =200
2 1511 1302 0.570 0560 1811 0650 1523 2.380
3 1453 1302 0400 -1000 1845 0630 18T -2.360

TABLE Il CHARACTERISTICS OF INTERNAL DISCHARGES

factor. Characteristics of corona discharge, characteristics of No. Hagn Hn

surface discharge and characteristics of internal discharge are S Sk Kis Ko Sk St Fue Ko
showed in Table 1, Table 1l and Table 1lI, respectively. These I 1206 1200 1470 1430 1307 0220 0050 238
results were used for pattern recognition and classification. 2 L0 1154 1570 1610 1188 0680 1560 238

3 1.142 1.100 -1.630 -1.750 1.125 0.500 -1.640 -2.370

TABLEI CHARACTERISTICS OF CORONA DISCHARGES
The existing characteristics of partial discharge signal,

No Hgn Hn illustrated in [4], were used as reference database to train the
S Sk Ker K Skx Sk Kur K simplified fuzzy ARTMAP system. Characteristics of
11150 1010 1680 1946 1156 1126 1710 -Lsid reference partial discharge measurement signal (corona
2 lom 1022 1514 1953 1120 108 1455 1781 discharges, surface discharges and internal discharges) are
5 1ol L0l2 1850 -le70 1105 00B8 L6321 illustrated in Table IV, Table V and Table VI, respectively.
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TABLEIV CHARACTERISTICS OF CORONA DISCHARGES

Hgn Hn
No. 7
Sk+ Sk- Kus K- Sk+ Sk- Ko+ K-
1 1.031 1.018 -192 -1.95 1077 0.947 -18 2.08
2 1.031 10.15 -192 -1.96 1089 1012 -177 -19

3 1.028 1.006 -193 -1.98 1062 0951 -1.84 -0.72

TABLEV CHARACTERISTICS OF SURFACE DISCHARGES

No. Hgn Hn
Sk+ Sk- Kur K- Sk Sk- K+ K-
1 1.493 1471 -0.26 -0.28 1918 -0.46 1.451 23
2 1,496 1.45 -0.27 -0.39 1954 -0.59 1702 -2.35
3 1,486 1.454 -0.34 -0.41 1918 -0.54 1.408 -2.35

TABLE VI CHARACTERISTICS OF INTERNAL DISCHARGES

No. Hgn Hn
Sk Sk- K+ Ku- Sk Sk- ity Ku-
1 1.115 1.153 -1n -16 111 -0.37 -1.7% -39
2 1.141 1.152 -183 -16 1113 -0.43 -1m -39
3 1,133 1153 -166 -1.58 1124 -0.63 -1.68 -2.34

VII.  RESULTS AND DISCISSION

After well training the simplified fuzzy ARTMAP system by
our reference PD characteristics, then PD characteristics from
the experimental results were inputted to the SFAM system for
classify partial discharge generation source. The obtaining
results confirmed the effectiveness of purpose technique. The
SFAM could correctly recognize and classify partial discharge
generation source from PD measurement signal characteristics.
The results are showed in table VII.

TABLE VII CLASIFICATION RESULTS BY THE SFAM SYSTEM

No.
Results of classification
test data
1 corona correct
2 corona correct
3 corona correct
4 surface correct
5 surface correct
6 surface correct
7 internal correct
8 internal correct
9 internal correct

VIII.  CONCLUSIONS
The experimental for partial discharge measurement was
conducted. Differences in partial discharge generation source
were used in order to characterize partial discharge
measurement signal. Characteristics of partial discharge signal
were analyzed by using statistical tool and were used to
classify partial discharge generation source using the SFAM
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system. Correctly classification results were obtained. The
obtaining results confirmed the effectiveness of the purpose
technique, the simplified fuzzy ARTMAP system, to apply for
pattern recognition and classification of partial discharge
generation source from measurement signal.
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