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ARTIFICIAL NEURAL NETWORK/ADAPTIVE CONTROL/

HUMAN-LEARNING

This research presents design and development of steering control system
prototype for both manual steering and automatic steering control. The control system
uses steering data collected from human drivers on the actual road drive. The system
then learns and recognizes human driver’s responses and behaviors in steering control
using artificial neural network. Moreover, the learned steering system can also accept
and classify new behavior on steering control which has never seen or recognized
before. This has been accomplished by using additional neural network called
adaptive resonance theory. The learning system utilizes two type of data which are
front wheel angle and vehicle speed. This automatic steering control has been applied
together with front camera mounted on the vehicle and achieved a visual servo for
driving and turning the vehicle automatically. The resulting automatic steering system
from this work can be deployed in real-world environment which can perform a self-
adaptation for steering the vehicle in a human-like fashion. The system can also adapt

patterns of steering control based on different human driver’s behaviors.
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A A A a ) o 9 o 19 YY1 s d Yy od
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9 2 £y 9 A a ' o
wazlumeasestiurnunudes ldmedunihnnuuiag Send uaaeesau
4 ] a e ] o o @ {
(negative caster) NHafe toxeliasdaszasaaeIny ladiie lalse Teyidmudend

Y ~ 2 1 9 < a 3 9 o ] o A
HUINNAINIUAY 1FU 0TV WAUAIN 1T uaAY uﬁmmamqmgﬂw 2.7

Negative — 4 Vertical

caster

A @ 1 4 .
g‘ﬂifl 2.7 MY NYUUATIADIAY (negative caster)

o A = v v 9 A A
2. MNLH"IML‘U@? (Camber angle) 1) 14ML@EN@WH‘]JUG@‘HHW%TNLU’J@Q [$VIPVIQN]
Y Y o =\ Y
AMNATUHUINITO U 3 LUV "1mm
J . W =< Y Y v 2 Y
LLANIUDIUIN (posmon Camber) i PVRLAN yuaawmmuuummeaﬂmuueﬂ
@ = A 1 9 [ o 9 v dy [ Y '
AII0 UHNAAD %Jﬂﬁﬂﬂ1iﬁ1ulliﬂﬁyuw’NlITdEI 1/]ﬂ,ﬂt’fﬁJﬁﬂ‘i’iﬂ!ﬁﬂ’JW’Nlﬂaﬂulﬂﬂﬂ LA BIY
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maiuumuﬂ"lﬂﬂmmuiszﬂuﬁsmauummmum UDLFY A ’Eﬂ‘ﬂﬂﬂ?‘i@]?iﬂ?\ilﬂﬂ\i’ﬂﬂﬂ
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Aq ¥ 3 o ' 5 S I Y @ ' s o o ~
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J = Y Y 9 = Y 9 o = A 1
LAWIUBDIAY KNI uuaﬂwmmu‘uumm!ﬁUMWiHMiﬂ UNQAD ‘B'JEJGLH
o YSsY Yy 1 D) @ - o o ] ] 3 '
N1TNIIANT ngﬂﬂiﬂﬂl’lﬂﬂ !Lﬁﬁ\‘]WﬁiWW?QNTQUWUﬂﬂIH leL‘Hll']%ﬁWWﬁUiﬂﬂﬁ@ﬂi%ﬂ?WNlﬁ?@g

[ [] I 9 @ 1 7 a3 [ ~
N 1Y SUUS 1HUAY uaaaloe AN ua ﬂﬂg‘]ﬁ’l 2.9

Negative camber,

ZERIDGESTON &

g‘ﬂﬁ 2.9 @Taaémgmmmm%au (negative camber)
(ﬁm : http://www.automobilesreview.com)
TIRIGH AR fo domanTarnuTuunua s uILIRg Heueand N
30 IMTUYNLAVILDT Lianiludnnuasidudandanaldiianms dnnseuveaniion
#lainane saoudialiazg 204 qﬁmmmmuaﬂmﬂu 0 wie 1h1nd 0 ritetleaumsan
nsouilaiuaveveaniiies G]Nizuuﬁuﬁzmeummmﬂungﬂaammuiwma%’ﬂm
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Y
3. YUMINU NIDYUDYIVDIUNUTIALLAY? (kingpin inclination angle) fo yu

Q
Y
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L’e‘)fNLGlnGu1ﬂuﬂlmtmumﬂmam LUBUBDNVINATUNUINIID UNAND !W@ﬂf?ﬂﬁlUﬂWﬁﬁQﬂWuN!LﬂN
¢ 1 v X A y . Yy o v ya & . v
5113p] G]fjﬂnlﬁﬁﬂ!ﬁﬂ"]ﬂ']ﬂ NIDNWNUIQYLUN G]f'JEJGh’i'ﬁ]5ﬂH1ﬁﬂ1Wllu’Jﬁu1ﬁﬁﬂqﬂﬂﬂlu L!ﬁg%jﬂﬁlﬁ
v 9 o ' [y A ' o o It Y <
a@ﬁU'lﬂa‘UiJ'lf]Qiullu'Wli\‘]hlﬂL'E'NUJ@1]af]EJW'N1]TﬂflﬂWﬂﬁaﬂﬂWﬂﬂWiWﬂlaﬂﬂllaﬂlﬁﬁ% TGN

U | =S v U Qy U dl
AIDYNYUDUIVDINUUIAVLIAYY ﬂﬂgﬂ‘l/l 2.10
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H Y
JU7 2.10 dr0d1ayuAIIY HIOYNIDBIVBINUTIAVIAYY (kingpin inclination angle)

A [ [ [ 1 1 Yy 9 k) Y
4. 41N (toe) AD AANUANINUYDITLHZUINTLHINADIBYNAUNT LAY
Y o Y 1y A Y @ = Y a Y ¢
munasvesdennih Wovesnndiuuuaasn 3 2 uuu laun Tnou uaz Tndd
a 9 v J Yy Y Y Y
Tnou neDe AeAUHTNHUI 115125282 H19TENINADI8U MUK
9 1 Y A 9 1 1 1 Yy 9 9 [ Y 1 Y A A ] I
YoIa0YHI VADINI 52821 19T2HINADIBVNAUNAIV0I0HT INa AD F285NHT
Y 9)4:3 1 = 1 A A 9 ' Y 1%
amuuInineg e 1dauu $esasensTn1IoveIgnrHuINa1Y Mertes wazseilony

Yy v Y Aa P o Y ~
®1ﬂ”li]’lﬂﬁﬂﬁ]ﬂﬂWLl"llN%Wﬂﬁﬂﬂlllgmlﬂﬂm’ﬂilﬂuﬂﬂﬂ LLﬁ'ﬂQ@’JﬂﬂNMNT%’OUﬂQgﬂ% 2.11
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4 1 1
Tnd1d ¥u1999 doa 1 UNIINI000 INTITILHETHINTLHINNA0F 1891

) v Y 19 A ' ] oY 9 ) > Y 19 A A g
ATUHUIVRIADNVUT HATUINNIT TTISHINITSUINADWIUIIATUNAIVDIADVUT UKW A9 D1

v o A g < ¢ . a 2 2
‘H’Tﬂﬂﬁhlﬂallﬂ\‘ligﬂ‘ﬂ‘ﬂﬂﬂ‘ﬂmEl?L‘]JuLL‘U‘ULLfJﬂLﬂf)i!,mu (ackermann steering) WINAYNUYULIAYD

% ' 1 ' @ ' o a X 1 [
FameliinerIaq ldedeauaa uaasdaedayn Inedninavusuz@en 1ae aagli 2.12

U

A o ' 14 o w A a g 4 .
517 2.12 MegnyuInwed veana lniisuined Tas 5udames1uY (ackermann steering)
4
(sonoan T

¢ X Ay g 9
5. MN-I‘VIL’E)'WI YULLAYI (toe-out on turn) AD ADATUUUINIODN INTIY
1 1 9 9 9 Y 9 1 Y A 1 1 1 9 9
ITYTHNITHINADLIYVNATUHTUIVIABN VU UATUINNIT TSYTHINISHINADL1IVI
v o Y 19 a X £ A P { < ¢
ATUNANVDNADR VU Tﬂmﬂﬂmu"lmmzmm L‘L!@\‘l%?ﬂﬂﬁulﬂ*lli’)ﬂi%‘ﬂ‘ﬂ‘ﬂﬂﬂ‘ﬂlﬁfJ'JLL‘U‘]JLL’E)ﬂLﬂ’EJi
N T T | A v ) vy & Yy
11343 (ackermann steering) UHa A9 tioaansau laavesrthens uazseliso@erIne laedis

o 1 A A é’ dﬂl Y [ ~
auaa GI’JE]EJNIJIIIVILE)'IGW]LﬂW’Uu"Um&’LﬁEI’JI?N !lﬁﬂdﬂﬂg‘ﬂ‘ﬂ 2.12

223 szsanvesszuuiianuae)
4
izuumﬂmﬁmmmsmﬂumﬂizgmnmuaﬂymzmﬂﬁfﬁmmuqmmmj’ U
= PR [ 9 1 v o c%’ v W dy
Vil 3 ﬂizmvmaﬂq Tdun szuvaffu@emuuTITHAN (manual) SEUVUVIAVLAYILUD
Y ) 9
PIYLII (power) wazszvuifanu@enuy Tuih (by wire) #9114 3 UszAnaIIonlgosan
adll1don
9
1. STUVLIAVRYMVUTITUA (manual)
9
2. S2UVUUIAVREWIVULIBLUTI (power)

Y
3. szputladuaeuy 1ih by wire)
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a o dy 1 = v @ dy 1 9 14 Y
1“@1”3%81&%3ﬂﬁ136\1lﬂ1"|1$ iZ‘U‘U‘U\?ﬂTJLafJ'JLL‘lJ‘U‘]f'JfJLLiQﬂ'JfJiJ’t’JL@]’t’JillV‘IV‘h
Y
(electric power steering, EPS) (MUY
9
v o l J
sru1feaRUaeIsIBuIIaeNeaes 1Wih (electric power steering, EPS)
Y v
SEUVLIAVIDEITIONT (power steering system) ﬁmzuuﬁﬁmwaﬂmﬁmq
o a 1 Yy YR A 2 = 19 9y
msryuenanas Tl ludianeasg Wianudannmwnau 9 lideddduswnn Taomme
o 1 A A ) D = 3 v o ¢
mswm;maﬂﬂuwummuq L“lf‘l!ﬂ'lﬁﬂ@flﬂl'l-ﬂ@ﬂiu‘ﬂﬁ]ﬂﬂiﬂ WUAY FLUUNINVIUNIBST
ya =\ o g’; 9 ] v o dy
Gl“]f’)‘ﬁ'l/]ﬂ!ﬁ\? IﬂEﬁ]8NLL?Q%Wﬂ%@Qﬂﬂimiu%’&’UUuuﬂ Lﬂl?u?%?ﬂiuﬂ?iﬂﬂﬂﬂmﬂﬁ
A & 1 @ v o g 1 4 1
gunssliduaiundn vesszumisau@esiousarsuomes luih 1aun
WWNUAY (steering wheel)

Ggmmumamé’ & (steering column assembly)
“]g’ﬂleJ}EJGllE]E]'E]u (steering U-joint)
gauoiy taziloadzwu (rack & pinion)

[ 1

AU (tie rod)
vomas Wi (EPS-motor)
Jo Y a
’qﬂﬂsmiugmmﬂ (torque sensor)
GIjﬂﬂ’JiJﬂJJZJ@L@]E]?M%W (power steering ECU)

o v o dy 1 kU 4 9 .
m’i‘lflNTLJ‘53°1J°1J°1NﬂuLafnmJ’UGb'%fJLL‘JQﬂ?ﬂh@tﬁ@i‘lﬂﬂi (electric

] v
&

. = 9 | [ a a =1 L4
power steering, EPS) tloftuaoanusanyuanieniae 1 luiieamala fanienil gilnsal

v '
o = '

o a { a v o . <
Su3usedie NgnAnategNyaununauae nezdedyana linganiuay yanrugunaz

L1l

g}/ o Y Yo

& v P IRE, A a Yo A )
ﬁQQTH1ﬁM@L@]@iU1WWTMUWTQWM LW’E)GH’JEJLﬁiiJLLNGlWQ UﬂlﬂﬂﬂllﬁﬂiuﬂﬁﬁﬁuW’NiﬂﬁfJuf’JEJﬁQ

Y ) H
lumsaiuquiisaui@en eanulasassuazanuidanalumsdui szuudelinisiuam

~ Y o

o < D) A = < 2 < v
AyUANUEITNINNYAAILAUAIE THUALNIDBUANANINGIGIVY S2UVNITAIVAN I
v & o 2 A4 < S A qQYYe A N Y
WIIHETUNINTUE 087 AIWANFTIVBITDIUA 10 IRRTDITIAITINITOAIVANTDOUA |9
' v e A Ay o v v o 2 9
PENAVAAD NTIZDIMINTDEUAATDUNAIBANWITIFI HAINIABSUDWazIHe 1ad1e 919
3 A a wa S A o | ¥
AumsmnTomalumsinagidmasosudanana i la
v W dy ] 9 4 Y '
Uszianszuvifiau@enuusIensialonsmos 1N asounslsznn
] o 1 AAa 3’; 4 [ ,39}
gooadll1don eudumianaaauames i aall
v W dy 1 9 J 9 ] @ d‘ [
52UVIA VAWMV DFIUTIA0uetA0 s 1T sr0duNgaLnunIIuIde

(column electric power steering, column type-EPS) L& mﬁ’ﬁg U 2.13
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gﬂﬁ 2.13 column electric power steering, column type-EPS

(M : https://www.jtekt.co.jp)

v dy ] 9 14 Yy ] v Ao A LY
F2UVIIA LRIV IoLTIa8uota0 S Mg revuna Bl 0w

(pinion electric power steering, pinion type-EPS) L& ﬂiﬁﬂgﬂﬁ 2.14

3‘]]‘17] 2.14 pinion electric power steering, pinion type-EPS

(M : https://www.jtekt.co.jp)
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t%

v W dy ] 9 4 9 ] d'w ="
ﬁ'2°]J°]J°]J\‘]ﬂ‘Ul,afJ’JLL‘U‘]J‘]f’JfJLLﬁ\?ﬂ’JfJiJ@MEJﬁVLWWFB’JEJSU‘U‘I/WI’JW\I?NZ’fz“l/‘ﬂu

(rack electric power steering, rack type-EPS) ti&f ﬂﬂﬁig 1 2.15

S

] 1/ 2.15 rack electric power steering, rack type-EPS

(M ; https://www.jtekt.co.jp)

YY) dy 1 Y 14 Y 1 @ "o o A Y
53UU°UQﬂ'ﬂLaEJ'JLUUUﬂfﬂﬂ!li\?ﬂ')Elll'f)l,iﬂﬂillv\lwWQf?ﬂellUﬂﬂU@'J!w@\‘]mU

(dual pinion type electric power steering, dual pinion type-EPS) tb&f ﬂﬂﬁﬂg N 2.16

\y-

gﬂ‘ﬁ 2.16 dual pinion type electric power steering, dual pinion type-EPS

UNE https://www.jtekt.co.jp)



17

¢ d ¢
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231 saneallih

51/ 2.17 sonedu I Ju GOLFER 28

U
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sonead TihilFluauideiluve a5 ea dudiag uouddu (sw & sons

thailand. co. Itd.) ¥951 GOLFER 28 114 2 Mis uaaeaagdi 2.17 Taseade seanndieso

U

o

o { wa I {
Tagensna U lFnuuutesouu naznuamia laesw iludsi
o o & v Y 2 & v
- VWIAVBIAITH ANWB1IIANINTZELNINAIUNAIF0HINDININAIUNA1E0
v Y Y o & 9 Y o R ] )
waala 1.80 was anundndaszezninninatsniensdnensnainatsnihesyn’la 1 mas
v A dy o 4
- SAtvarIAUgadala 3.5 was
v o dy 9 =2 dy 4
- 5UNNINATIANNDIIT AT UDEIUNGA 1A 2.83 SOU
9
o v o . . T W 1 ) @ 4
- BA3IMAVDINIILIAVIAY (steering ratio) 11111 10.6 619 1 (A1MTVIDHUA
mlian)szunm 10 8920 Ao 1)
4 2 4 @ 4
-wowo$ lWihidunaou vuauseau 48 Trad
- HUAIABIVUIA 8V-150Ah T1UIU 6 gN
Y
- WNWEAIUAUIIADIAGIDGN ALY
[ 1 [
- yannihilnun wieuTsnonaosafsa

[ 1 o Y [
- PWNANNALHUY Wif]iJI"]fﬂE]Wﬂf]ﬂﬁlEQ
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_szuudndesn LUUAAIUIA 4 d (Gxuanini)

- 19 DURO 18 x 8.50 — 8 91121 4 &Y

seuiisu@sonealliihdadninTsanu unusisua (manual) i
¥nalnuvuyailodu naziflosaznu (rack & pinion) warasdagud 2.18 Taseard1ana'lnis

v o

2 < ¢ o d'
JAULQYIILDALABD ILLNU Llﬁﬂﬂﬂﬂgﬂ‘ﬂ 2.12

51 2.18 nalnuuuyailesdy wagifesazwiu (rack & pinion) vessaneaw T

YY) 3 d d
232 gatsnu@suuuslsnssdgxaines ivih (EPS) wisnganiuguuenas

Q

(EPS-ECU) nazginsai¥ujusaiia (torque sensor)

[

o 4, X ! v S (Y v
1159190 IYATIA VALV DT IBUS IR 5 I mFeuganIugy
. o Y a =S 9 1Y dy
(power steering ECU) uazqﬂﬂimiugmmﬂ (torque Sensor) UUBDYAAIU
g [ 4 @ [ L4
ganruanil lgussauliih 11-14 Tradnszuaass sudyanuninglnsal

@ a o 4 @ 4
Sudusedia udrdsnuniuaunemeinszudass vuausaau i 11-14 Taad nszualulih

]
ISl

4 o a o o
10-55 wownals gulnsaisuiuseda Iduseaulufl 8 Tradnszuanss H91eeonu19ngs

1 o

' <3| @ ' 1A J A a 4
Ay udraesmdyanasduussau Tvih Harldnu s Thed nszue 500 Taauouns
4 v W 1 1A 11 o 1 o 1 o v <3
WeszulAEeIege lundumisesniwdsszegludumilanaiy
' o {1 J o ) ' ' v J
mdyanamsau iihndsesnnonginsaisuiusdaaziiaieglugg 2.3-2.7 Trad udim

@ o o

9 N dy @ 9 ' o @ Y A v
WIndIUInyuwRgInage llnedie mdygraussau Ilihhaeesnuinnginsai sy

CaNve

'
= [

Aa = a [ 1 J o [ dy
usatinazinianas Tagaziniogluege 0.3-23  Trad (luvasimasryuniunaeas)

1 g’/ A Yo A [ 1T v o Y A 4
ML) tazieRI VgAY UNIIIaY mdgarausan ldihidieenuiainglnsaisy

dy 1 C%

a a A @ a Aa ] 1 4 U A 9 N
UINUVAICUAUNUNAVUVUUUNUAY “VIiJﬂWfJQJ.GI,L!‘]S’N 23-27 Tiad TIUNDNVVUTTY UL

SaNve

D
o

]

[ 9 v @ [ 9 A o Y a =
wrwae 1 lumeduen mdyarauseauldihadeeenuininginsaisuiusedaaziin
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A da! a 1 ] o Ao w o dy 1 g}z A 9
WUV Iﬂt’l‘ﬂ%uﬂ'l@galu%ﬂﬂ 2.7-4.7 Thae (1umm3‘1/1mawuuwammmammmu) Hagluon

o A @ 1 W @ Y A s Y a a
VUUNYAYUNINNIQY ﬂWﬁﬂJuﬂJu1ﬂ!Ll,'§Qﬂuul‘ll‘lwWI?N’E]fJﬂiJ1mﬂq‘ﬂﬂﬁﬂ!ﬁﬂgllﬁﬂﬂﬂﬂzuﬂ1aﬂa\1

I T A d'd 1 ] ] 4
nauNUNIAY NUAeY U9 2.3-2.7 Taad

d
233 lulasmeulnsatans
J . A ' A
luTasaeuInsa@ss (microcontroller : MCU) Ao ¥11781szulananald nie
A s A ~ o Y A v a Y]
luTnsneuianes vionogaledarugu mihndszurana Taesuduna Uszurawa uda
1 s o [ Aa o dy Ea=t o @ = o 9
duprinaesnin dmsuanuitell lulasneuInsameilunuimdryuin Fagnihunldau
I S o A ] 1 < 9 Jo Y a °
Auginsalvan Fuadua M3NUToyadINgUnsaisuFIIlia (torque sensor) NITAIUIN
1] =1 [ dy < 1 ; =\ @ 1 1
Fufeuayui@er msnuayuae) msdszuiananisnuguuuuile n135u-dea191n
a d I 9
AONNUADT 1luaY

9

A A o ~ =2
Lﬁ'ﬂﬂﬁl“ﬁ o ll@ﬂa ET-EASY MEGA 1280 Llﬁﬂ\jﬂ\igﬂﬂ 2.19 ("INHJ‘L!EUfN

=D.

¥oaa

A v o AaAaA ya 4 = 9 o 1 = v v .
UIEN 9NN Gl‘;lf‘;]ﬁ/\l AVR 1195 ATMEGA 1280 Tﬂﬂuiﬂﬁx‘l’dﬁNﬂWﬁ“l/]N1uLG]5uLﬂfJ?ﬂuﬂ‘U arduino

=

wad o o Y 1
mega LAasAMANUANTINY ulﬂl!,ﬂ

- Fdyanauitn 16 MHz

- 5995UM A T5unTUAIBA T C++ VD3 arduino MUY arduino mega

-4 USB bridge 404 FTDI (a3 FT232RL Heannsalisunsuainweda USB
G

- 54 pin digital /O Tagansalysunsuilu PwM 14 14 pin

- 5995 UM 3 1H9UNY external supply W1 AC 1az DC via 7-20 Trad Tunsdl
Tdnszualimy 500mA  awsaldunassieninnesa usB 18 Taslineasidenunassie

(3

v Y 1
o0 1uiA G?inﬁ@uh/‘hﬁﬂdinﬂ USB Tagon Tuiin Lﬁ'é)llﬂﬁﬁflll’l’iﬁ\?ﬂ?ﬂ%Wﬂﬂ1ﬂuflﬂ
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EGA1288/2560
size Duino MEGA
ETT.CO.TH

51 2.19 woqa luTasneu Insames ET-EASY MEGA 1280

234 wegandasdyanad@anaidumeusdeon
I
Tumsneausssuiasslnivganiuquuemes 1uih Fadhud doya audiiou

Y
ﬁiUiUTminﬂ’ﬂ‘]Jﬂimi‘UilliﬁUﬂ (torque sensor) Lﬁ’ﬂﬂi%’ﬂﬁuﬂﬁﬂﬁﬂmﬂmﬂ’ﬂﬂ il ud aYYIU

g

QJ

Y
UaUY ﬁﬂﬂ Tﬂﬂuﬂﬂa “]f@ ET-MINI MCP4922 DAC Llﬁ'ﬂﬁﬂﬂi‘ﬂ‘ﬂ 2.20 uﬂmfmu PNU

- mummmazmﬂw 12 1
9

v Y A [ Y =
- 159009505V VR hlﬂ@]\i!,m 0 94 Vcee

] [ A= 4
- UA9919 2.7 T1aa 04 5.5 17ae

1 QJ a

- gatoyafINAdUNG A28 SPI 3095 udaauniwnm 1doe 20 MHz

Y Q ]

= 4 1 A d v 4 A
- UIDIAWA 2 YOI LLazfmlﬁmaamﬂmmmmaﬁmmm‘lﬂ Ix Y199 2x

g 9
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4 {CPag22 :*

&' DAC 12BIT + 2CH
- 3V TO +5V SUPPLY
10% LA -1 ¢

ol i

aa o

4 o ] 3
319 2.20 veganasdygrandviailuueusdon (digital to analog)

g

ET-MINI MCP4922 DAC

I XY .&'
2.3.5 1Y HIBDIINNNLAL

< Jd o 2 A S o Y A g o 9 1Y
FEUIHDIIAYNIQYT AD Qﬂﬂim‘1/1‘1/111/71!WﬂLﬂuﬁﬂlﬂnmﬂauﬂaUﬂlaﬁzuu

g9

Y H Y T
auauiisru@esonead il Flunuisell Feeenuuulaslddmdunuyialsuald

(%

NHaNHULMIMULDUNYY 10 50 (variable resistor : VR) UUIAAMNAUMIUNINY 1K
4 1 @ S Y A o a @ [ k4 4
Toviu udrme Idnszuaasauseauvuia 5 Taaa 1w lnardunurialsuar e toada

' [ é! A Yo 9 o W 9 [ A
NATUUNLINAUVUU La@ﬂiﬂf@n@]’lu‘ﬂTLlLL'U‘U’lIilJWJllﬂ !L’ﬁﬂﬂﬂﬁg‘ﬂ‘ﬂ 2.21

[

= < @ X .
5UN 2.21 1Fuw03 AYULAY (steering angle sensor)

Y
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2.4 ITVUNIVAN

N15AUAY (control)  AD NITUIUNITAINY w‘%aﬁqﬁ’uiﬁ’ﬁwuﬁﬁ’mmﬁmm:J
Suiunuamiidens Saszuuiignaiugniy sznaae1dn Wien1snUaLBA (response)
awaulszasd maduiiunuliussgamiaglszasavesmsniugu awnsaduiivan1d
wanvaregUuuy nishnfuientserfomstleundy (feedback) Famutedamsthasae Sa
afansluszuuiifuerdna wienmsaoudues uaziheyanoasudausiiu 119
Usz TomilumsdSuszaumsauauszuuli ldamanudoans

AAINTIVTZUVAILAN (control engineering) H3INFIUNIINNQBHMsTounay ay
m3dmngdszuunuuBady venainiudismengui Tnseis msdeas syuvaia
waz I Tns T sisaie$ wnldisy Tenidae Taseatwesszuuiisalifnsauny Siaszuy
AuULULINe HazszuUAIANILDNTA

a Yo o 9
MIAIUANLULINTA (open-loop  control) 1¥AIULITT (actuator)  TUNITAIVAY

N3EVIUMSI (Process) IABAT HAAILHUANAMIAIUANLDUINTAAIZLN 2.22

Reference input Output

— Actuator =~ fee—- Process fr——-

3N 2.22 uwuAMszUVAUANIDLINAA
a P=| o Y v

M3AIUANLULINTA (close-loop control) ~ In1siiwanisaeuauesdlounan il

nSeufeunudunns199 e lSuuaINITHNUYeINTZUIUMNT LEAILKNUNTNNITAIUAN

uuuaaagli 2.23

Reference input/, Output
e Controller —frm—]- Process e
_|_

Sensor < f——

31U 2.23 uwummszvuAIDANIUDINTA
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241 fMmuguiiled
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v v = 1

< v v o o 1 [
AL Al ArA8nNT P Fuiludonysaausnuead1dn proportional Hanede midludadau

= v o 2

o I v @ o 1 a a (%
doyanu lo Ao A20nY35 13U UsnYIAMTNVDIAII integral UBDY MIDUTININT YD

o

A (S 2

I o @ o 1 v o
uaz @ Ao A0NBT D FuTusnbIATNUeIA1I1 derivative WIBDINITOYNUT Ty

2

o ¥ Yy 9 o A o Y A (o o 1 Y
ﬁiUfU']mﬁnﬂﬂavlﬂmQﬂ1ll NIINVINIYNU L‘W’E]‘m‘ﬂu11/]‘1]5‘]J1J§Qﬁigig1m®mﬂmm$ﬁu ‘l'ﬂ

g9

a 1 v

v 9y G n 9y g 9 v o AaA

Lﬂ@]Wﬁﬂﬁﬂ’J‘UﬂﬂJ@Eﬂ\‘lE}ﬁIHNQ Gl,umﬂmmmmmﬂu E]1i]vl,3JUlﬂﬂﬁUlﬂ1/I\°Iﬁ'13JWi’ﬂllﬂu‘]fllﬂﬂ’)

A X A o o Y Y a = < @

’L’HL‘H({]‘VIﬂﬁUlﬂl‘l’iﬁTLlLllE]‘l/]'l\‘HuNﬁiJNﬁWHﬂu LLﬁ’JSl,WLﬂﬂWﬂﬂﬁﬁ]ﬂ1iﬂ’3ﬂﬂui&’ﬂﬂ NINTIZA
~ = A 9 I @ 3,' Y 1 (Y] @

ﬂ’J‘UﬂiJ‘Wul@ﬂ Lﬁll’f)uﬂ‘UL‘ﬂuﬁﬁ%ﬂl%ﬂlmﬂlwﬁaWﬁUWWfJNﬁiJLL‘]J‘]J’E)‘LgﬂiiJ@Qﬂ‘U@]’J‘b’ﬂL‘b’ﬂlL‘U‘]J

9 v X o (B [ S Y A 2 9 A [ 4 ~

W Ea1Mae FIAIBAFUUADSLVUANNNUVOAVDDIAINULDY LLﬁ%i‘HLWﬂ’J@QﬂizﬁﬂﬂmWRﬂ

UANANU IUNMTFABENAIAVDITL LD

= Y v AqQ Yo = a2 g A A Y v ]
Feszuvaruguilounauilddrnruguuuuiiled iuntienldiuedi
T¥dniunuuuy

uwsvaelugaansTuMsnIUgY naasnuAIszuUAIDgNileundun

i loAmugnini 2.24

PID Controller
K

R(Y), E® Y(t)

System >

Up(t)

—b»J.dt —> Ki

[ (J

= 9| Hq 9 ~ =
3‘1.]1/] 2.24 Llﬁﬂﬂlmuﬂ1W5$1J°]Jﬂ’J°]Jﬂ3J‘]_]’E)uﬂﬁ‘]JV](15H 'Jf"ITJ‘]JﬂllLL’]J‘UWUl’Oﬂ
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= a o 1 A Y o A
ﬁﬁJTﬁﬂL‘UfJ'L!?ﬁJﬂ13‘1/]Nﬂﬂ!ﬂﬁ?ﬁﬂiil&gﬂl’)ﬁ?@]@mﬂﬂqﬂﬂ\iﬁllfﬂi“l/l €))

UM =U, () +U; (1) +U, 1)

dE(t)

= K, E@) + K, [E(®)dt +K, @.1)

Tagt U(t) fo  doynsvuesdiniuguil lod

A (Y ~

K, fa  1nuvesiiniuquil
A (3

K., f@o  wuvesdiniugule
A (J =

K, @0  nUU9IAInIuANaA
A 1 A

E(t) Ao  sianuaaiamaow

Y| (% ~ = Y o ~ . %
szvumuguilounaunuuii ledsznoudieaaniugui (proportional : P) #2

A

auAN 1o (integral : T) AIAIUANA (derivative : D) 1nolionT19810 HI0INU K, Kjuaz K,

E4
Yo A

I @ o @ 1
Wudulsvesiiniugy waveunursooaswereaes aunsodgllaasi
= [ J o =~ J (3 ~

K, Ao 8as1vesludiuvesdiniuguil Tagiodnavesdniugui (U )
wulsiuasstumanuaaanaen (E@t)) win K, lidwn sehld U Sawindae d
[l o [l <3 3 1 1 a ) a [ =Y
dawari ldszuuangidhmune 185290 uamndiaunniuldenazildifaniswanu (over
shoot) Hvzdenaliszuuaatosninld uamniianioanulisgsilvszvudhgdhmune
ladnase hihgdhwueae

A Y] @ I @ [} 9 1% A 1

K, Aodasiversuesainiugu o illudrsieldszuuadanioanniniig
amanaou vin K, Iaunnuldvzvildszuumnansyanu (over shoot) Feamaliszuy
Y 19 yy Y S v 9 a o Y 9 1 9 vy 1 a
rngihuinelddasae uazvin K, Iameanu Il ldszuudhgidhnine lddumunu

K, floonsvensvesainiuand K, mlsduasenumatlasuuilasvesnim
AAAAADUILINWTNINAANTHANUIAZAATZOLIIAIVOITZUVNNNAINTHUN (delay time)

1 =~ ] a o 9 a 1 a Y 7

uantivwia lvgvuwnuaziInszuumnamsnanu ldmunu

[ a 1Y 9Y o tiy

druilsznevvesszuuansnetueneduvl laaail

1) dQya1a181994 (reference signal: R(t) 130 set-point ) A0 TRy 1UBUNAUD

A o Y|

szuuwemuuaiimang

o o Y A g @ Y = v d Y
2) AINIVAY (controller) MHUUIN ﬂuﬁﬂﬂﬂﬂﬂmiﬂigﬂﬂﬂWaﬁW‘ﬁﬁ’lN@]@ﬁﬂ’]i
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3) dyIMAIVAN (control command: U(t) ) Ao Lm@‘fwmm@‘i’ammu Faa
mﬂmimuﬁ’ummmﬁLmﬁwmlméi’ammguﬁ U, (1) Lméfwmmﬁ’ammu%(ui(t))
nag mﬁwmmﬁammu?ﬂ(ud )

4) NTTVIUMITHIOTLUY (system, process, plant) ﬁﬁ@ﬁﬂﬁﬂ?ﬂﬂu

5) WaMIAIUAN (output: Y(t))

6) ﬂ'mamﬂmﬂméauﬁawaﬁiwwmmﬁmmu E(t) =R{)-Y ()

diesnaums (1) agﬂugﬂmmﬁmﬁ@imﬁm ANINaNMITABL 9
a$raduaunislni Gl,u;sﬂuummnm”lajdmﬁm (discrete time) tfiodmiunsih llidou
Tﬂ5uﬂmﬁ’aﬂ"lﬂﬂiﬂauTmama%w%annm‘fmuwéu q §remsuasainaumsaotiiod
N19a7 Eﬂufmmi”lajcsimﬁawNnaﬂﬂaﬂmgﬂaﬂﬁ’agﬂugﬂmmT@mumﬁ (s) wdualaal

] 1 1 a J 4
aglugivosTamuua (2) nazgamentasliodlugdaumswanis awisauenaauaaz wil

e

[

=\
JU

an . % 9 U [
MIudaansadie35 backward  difference ¥a19n1515zuaA1Man 19
Y

(differential approximation) (111 backward difference method AR

TRRELIRIERNET U, () =K, E(t)
uiasani U,(s) =K, E(s)
wlauaa U,(2)=K,E(s)
uiassanay U, (@) = K E() 2.2)
fsannai le U,(t) = KiIE(t)dt
K.
utlasanhey U,(s)=—E(s)
s
uilaguma (1 __T )

s (1-z7%)
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T

Ui (D) =K, (—

T)E@)

@- Z_l)Ui (z) = K{TE(2)

U,(2) =K TE(2)+27'U,(2)

uasuwanay U, (i) = KTE@)+U, (i-1) (2.3)
ANTania U, @t =K, dlilt(t)
wlasaney U, (s) = K, SE(S)
1-z7
uasusa() (s = )
1-z7
Ug(2) = Ky ( = )E(2)

U, @) = S E@) -2 BN

wagusana U, (@)= 51_9[E(i) —E(@i-1)] (2.4)

[

A o L= =) [= 3’; 9 [ A 1 dy

mamwww”lamnimﬂuaﬂmq%'lﬂanmi'lmmuaﬂugﬂwama JU
U =U,t)+U, ) +U,(t)

1D U, @) =K_,E(@)

U. (i) = K, TE() +U, (i —1)

Uy () =S EG) - EG-D]
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U(t) = KpE(i) +(K,TE([1)+U,(i-1))+
S EM-EG-1) 25)
T Ao sampling time

A | =

2.5 &ﬂi@mwﬂizmm‘nﬂu
Y v

ANUBIYRAIAVDIAUOINYH umﬂmmuuma%mﬂwmiwﬂuumﬂﬂﬁwawm
=< Y Y a o A as A o ~A o a A dy Y
ﬁﬂH1ﬂuﬂ’JTJi]EJLWE]WTJ‘ﬁLafJuLL‘lJ‘]Jﬂi%‘]J’Juﬂﬁﬂﬁ“VlNWuﬂcﬁﬂclf@uua$3Jﬂ§$ﬁ1/l‘ﬁﬂ1‘1/\|q<lu1‘ﬂ

o g ) 9 Yo o 7 = g A 9 o
asaiinszuIumsvu lydsy Tevi Ivnudiuyydes sutlugasuaulunisiaun
Y] a R A [] ~ = 4 = 9 a o
paneinuAIevelszaI ey mgﬂumﬁmumuwuwNmuﬂmaunﬂimyg

[ <3 [
n3Uelszamion Ao Msmumnasaeaa’ nianyuziulasenaaiou

o 4
NINNMNNUVDITNUDINYBY

‘1J‘17I 2.25 Iﬂiﬂﬁiﬁlﬂi@ﬂﬂﬂ‘ﬂi Z‘TWIWIEJMLL‘]J‘]JGD'HMEJ’J

G U =
2.5.1 ﬂ’J"IN‘PiNHJ!ﬂﬁi’)Glnﬂ‘iJS%T"I‘ﬂ!‘VIEJN
Lﬂif]"lﬂilﬂi ﬁWImEJlI ﬂf] ﬂ1iﬂ1u’)mﬂ1\1ﬂmﬁﬁ1’dﬁ I E uJumew
A o 4 A ] =} = [ Y o T o
TNDUNMTNINIUUDITUDINY DY Lﬂif]"lﬂflﬂizﬁﬂ/lﬁ/]EJiJiJﬂmﬁﬂ]elm$ﬂﬁ1flﬂﬂﬂ1iﬁ’dﬁi‘gmu1m

o 1
Uszamluauewwesuywd nandae ianuaunsalunszuiunsizous (leamingprocess) 11az

Y

] ] 1 %’ ] . . @ { 1 4
sanveglulasaineluzuuuanimin (weight) Feanusndsunldoun Idiiolinsizous

U

= 3 o o Y A A P Y ' a X
ﬁ\iﬁlﬁll i ﬂ1u1ﬁuﬂﬂ1ﬁuTV]llﬁﬂﬂlﬁuauﬂ’)1u§ﬂi’]u5’]uul’) ﬂ'ﬁﬂigujawaﬁnq i lﬂﬂﬂluﬁlu
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] Il ~ J = < o o o
ni2elszuranagos [Ton11 1nua (node) &9 IvuAUNITTIADIANYUENITNINIUNINN
4 [ @ 1 LA 1 @ ) 4 1
aaMIaIda Il (signal) 524919 THuANIFOUADNAY (connection) T190IWININMTIFONAD
4 I 4 = Jdo o [
youau lasnuazudarouluszuulszamueaypd meluTnuarzlifinduimuadygio
U { 1 Jd v d v %
d90nNiTon21 WanTuUnIzdU (activationfunction) H3oWanFuN13u1lag (transfer function) &4
o Y A A o S A = Y
mrinnFeuavounszurunismaulumaa wsevielscamnouilscnouaie 5

. v 2
09A152n0U A9l

9 ' 9 . I 9 A g o I 9 a 9y
1. Yeyadudn (input) Wudeyamiludnay mindludeyadguan deq

uaaldeglugiimaSuanlassodssanniiousensola
Y 1 = v A A 43! a
2. Upyadioon (output) AD WAAWTNNAVYUITY (actual output) 1N
= 9
NITVIUMTITOUT
3 o J A ' = 9
3. MmN szan (weights) A9 ANTEUIUMTITOU
v . . I 9 v 9 .
4. WANFUHNATIN (summation function: S) Lﬂuwaﬂmawagamm (input)
' g % .
gazammindseam (weights)
7 o 1 . I o ° o
5. Wansun15018 10U (transfer function) 1UNITAIUINNITINAOINITHINY
1 ] a o d o d v 4 a
vounTov1elsza1nien 1Y FnyosalanT Y (sigmoid function) Wanaulales Tuanunu

& g
AUA (hyperbolic tangent function) WanFudunsa (purelin function) Fludu

d
252 siamansmseviedszannine
=y 1 =} ) a a 14 <
1l w.et. 2486 1a39v18) 5z mRend o na luaITINemans Taeuin
@ = 4 o 4 <3
faa0% (McCulloch) taziing (Pitts) ldauouuusiasdvousadlsyain uaz lduaaaliifiu
Y
1 Y ] o J o 1 [
Nlumanguru Tassigvesuuusiasugaatlszamainisoinausiunu Tdsunsy
a I'4 1 v 4 Aaov 1 =]
ApNN A0S lanon1il w.e. 2492 Taaa 1811] (DonaldHebb) IRl uoMaIUITEI MIiTous
a P 4 Yy 9 [ a3 [
YoIAueIEIIT00s U Idareglunuvesmsdszneuaadlszamidrenuiulnseite
o { o ' s i
uaz IdguengmsiSouivouautl (hebb's rule) Ni1d Inssisveuaadlszarniioniiudn
@ a 4 Y = Y ' Yo < = 9 4
Aanesuazindiaues 13 munsaiFouddymide 9 ldduie msGeudlugduunveusurivu
7 ~ 2w A 8 & ~ P Ay =
wadlszamifouvosnianaaesuazindiu dunmsSeuiuuy <lifidaon” ¥alums
UPiauda Tasenelszamifiouiizoud sxneewianguioyahn Insaiisuesnndienanu
T 13 lunguifernu e limunzauiulymilszmnidesdimsaiugunszuiumsizoud
1 a S o 4
Tuaa9d) w.et. 2490 pouiwe s NHIIMAINUDUANOUATRILTNYBITangn

Y [ )
ad1anaznaaoulasiiuan (Minsk) ¥ ldtauonadiudanaidludl w.a. 2511 11l e
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a d o 1 Yo Y 1] ] o ] =) Y 9 <3 o o
aounamesaena lasunmstlonudiededmsumsGeoudidn’ly fezawnsnlsusasing
[ A A < A 1 4 =
veredyaalumsdonToanse “anundasswesmsdonToe” ssunuvadailszaniion
@ wn 2 & @ ] §
1awaTagon Twia Fadumsuaaimsiseuiarearaignilowdnlyl
4 <3 o
117 W.A. 2501 (Garson. 1998) W56 1515 ULUANY (Frank Rosenblatt) 18
o [ A [l ~ 49! 9 o <3 ] a <
Wannanvaznievelszamisuiulaslduuusiaswwewiadanesuazindiluuuini
3/ Aad = T o 3 o A ] = 9 = 1
swnaaueIsnsizouguuuInidmSuanvuzinievislssamiioudds nsevielszan
~ ) T A ' P 2 A ~ Y} Ay .
HeNAINEIToNI1 INOSITW ATOU (perceptron) HINMITFoUiIUY “Nfaou” (supervised
. Y g < A = a Y =1
learning) 1agl¥nsUSuanuudanssvesmaienlos FeaziarsanldvinmsulFouiion
Y A 1 ~ o 9 Y 4 =
ANudveuasovrelsza nionnun11ui e “Gaonu” (teacher) 1IN0 IFHATOUTI A
[ a x J = S 4 '
g aunDOulszen “mMsszyria” Faluszninumsizouiiu meSisnasouszgnaoun
Y @ v A 9 1 Y Jl g a Y 9 % 1 ~
doyadegranaowin udazunuivdadiuaiialahanndywnaz deyadiedialina
4 A Ay < '
ZAUND S INATOUIL ANTD Ty Havestoyan lumemiuuneu ldgndes

14 4

Tue99%) w.a. 2500 1WBSUISA 31A37 (Bernard Widrow) Hazuis ey aov

A

[ 4 4 { 1
(MarcianHof) Ié¥imu1gUnsalinseiioNiiond1 8181 (ADALINE; adaptive linear combiner)
=} 9 A A a A ~ 1 =} Y a I
pazngmisiGeuiunnlvunidszaniomgs  GondngmisGeuivesiulasi-gonlil
{2 : , v 4

(windrow-hofflearning rule) MiumsFeuduny “Gdaou” ¥lunairewt ginsslinTelio

o 1 [ a I o
aanan lasumsverenuiialihiluana1du (MADALINE, many adalines) tag ldgniinll
o ° . o {
Uszgnad 191un135313110Y (pattern recognition) N1 WEINTBDINIA UAZTZUUAIUANY

[J

suiludeaimslSunlasussuy lauammiadouaig

o
253 msdszgnaldainsevigdszamiies
1 o 1L % v
wsevtelszemifisuansmimnlizgnaldauldanateaiu dregraludiu
1 % dsj
A 9 A9l
o .. A o A a
1. 71331 unF1u (pattern recognition) A0 N1IAIMUANTBLAIBUNA
] < o A a d A
1B MIVOIHUIAG HI0MIUATIZHITEIWANDUaANUTNIY
2. ﬂﬁ{fﬂﬂﬁjll (clustering) Llas’,ﬂﬁ%ﬂ?ilj (categorization) Ao MIAUMITAIIL
Yy A ~ Y 9y @ 1 @ a Y dy
adeRnoliios uduen 1Idaem wu mssauengduuuwganssumsniuausAU@e)
1 Jd o . . . a oA =
3. msdszunamwengu (function approximation) “lumnﬂgmmwmm
[ a 4 d o o 1 L A
ge1nlumsinsizim Insead wvesiendu Besuiudesldmsdszanaailendu unsai

gousuld)
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o . . o . ' o

4. N1INIUTY (prediction) NTONITNEINT DI (forecasting) (¥4 NITNIUIYTIAN
Y [ o J d o 90‘ L4 a Y 9
HUVDIAANANNINY ﬂ?ﬁWﬂWﬂﬁm@@]i?ﬂWiqﬁamﬂQUW NITWYINTUI AT U L‘llu@]u

L. ' A Hdq ¥ oa ¥4
5. MINIANUNRVITTY (optlmlzatlon) LYY ﬂ?ﬁlﬁ@ﬂigﬂgﬂWQﬂiﬂa Wi@ﬁuﬂq@
[ Y
TumM3IAUN (shortest path) MIMIAYUNIHNIZ TV IMTUMITIAL)
' o Y a 9 24} = o
6. ¥UIYAITUINDNDIAIYUDY (content-addressable memory) Halsz Toad
v Y] A

mﬂmmmugmmauﬁmmuaame

7. MIAIVAN (control) IFU NIIAIVANTLVVUDUATOMTVINA MIAIVAY

A o ' S 3 Y

ISUULATIIIURA Llﬁgﬂﬁiﬂﬂﬂﬂﬂﬂ‘l‘lﬂuﬁ Lﬂuﬁu

= b4

254 Uszianvesmsidauiveslassinalszanifien
=] 9y a9 . .
1. MITIUIUVVUHADU (supervised learning)
9 Y o ' 9 Ay o JAY Y
doyarzsznoualealog1toyandoInsdeu uazHad s a5 14
A 1 9 49! A = o Y [ = 1% < 9 U 9 A v [ J
nsev1ead Y iwelinmsihdeyaluanvazmernunuiudoyadudt wsevisaziimuan
v A & Y Yo 9 Y 9 ] @ A ] o 1 Aa ] 9
paaws il udhwuneldnudeyallowdaazdnasevisrzihmranainszrieanivue
Y] 1 9 P @ 1 %} @ 4 1 % S =1 Y]
fuawaansnld i lglumsdsuaniminlszam eliawaaninlndidesnudhvane
A o ' Y T o . I 3 I Y
unnnga GI’JE]EJNll@]LLﬂ MIUNINAY (backpropagation) LUAZINDILFUATOU (perceptron) Hudau
2. msisouinu Tilidaou (unsupervised learning)
~ 9 g A 1 o 9 1 9 v 3 d' ~ v
mMsBeuinuDizaewasovislagnmsihdoyadudiossaoiio uiieaod1s
] Y

- = U J v d Y Y o Y Y 1 J @ ° LY y I A
1oL} Vl,iJllﬂTi’(?NfﬂNﬁﬁW‘ﬁﬂJ'WillWﬂﬁlﬁﬂﬂﬂlﬂﬂﬁﬂaumnmagﬁﬁ ﬂ'liﬂ uumumﬂwamw

U U

=

o I @ o 1 iy 3 o o VoA Y Y Aa Y
naeuiudilsuar  Tasanhminizlsumungundeyailowinigluuvadienas

[ @ 1 v o 4 v o .
NU m@ma"ls?ﬂm memamwqyf]!,ﬂvmuuwuuﬂmm (adaptive resonance theory neural

networks: ART) !f]dJ U

255 MSBEUIUILVININAY
d‘ d' =) o w a R 1 w . L
Wotaeneissuin 80 IM516aneaN NUNIAEY (backpropagation) MIWAIL
L v 1 o o @ A 1 [
Uszgnd Idpgnaunsviate uazll a.a. 1986 MItiuauoUe Rumelhart vhlddanaanuunsndu
(backpropagation) 185Un1uteNeg1au1n Felunarden ingevelideanii (feedforward)
?1}/ A =< Y o aR U o ) Y 1 ' =2 LY
suuvaeyuntmsHndou lavlddaneanuunsnaugmimnldedraumsvate sunsiagiiv
o a R 1 o A ] 9 9
ganesnuunsnay aodaenssuaseuis lUd1aniin (feed forward) LuUTaTY

9
%

Aa = Y v a R 1 o . ~ 9 a
yuninmsanaou laglgoaneINuuUULNINAY (back-propagation) Gluﬂ”liljflug UINWITTUN
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@

A 1 g}J o g}J g}J I a 9}%’1 [ [ J o ~
1A30U18 N FU to1anavesruiuazitludunaldyunall uaasanudunusasaunsi 2.6
wazlasuae Tounldaaansluaunis 2.3,2.4, 2.5

y|+1 — f |+1(Vvl+1y| +b|+1) (26)

d' A zgzl.l = g’; 1
Tagd | Ao BU (layer) UA1ALLA 0,1,2,...,N-1
d Y
(o | =0udry°=p)
p A0 DUNAVDIUATOV Y
|d 4 A ] g’/ d'
y' Ao 1l 1dnaveunIo TN |
P ] 1 g’; 4
f'ae Wansunie Touvounsov e uUnN |
Y 1 g‘l d’
W' e ihminlszamveuaisvieruin |
Y ]
b' Ao lusauouaievesun |

N & 4 A ]
y A9 RI1ANAUDIUATDUIY

v 1 a a
1/1\1ﬂ"]f‘llﬂ?ﬁli@l!clfﬂuﬁ]ﬂl!,ﬂﬁﬁ@ﬂﬁﬁﬂJ

1
y= f 2.7
1+e™
WansuoieTeugnuesuuinduduna lenled Tuais
g —e™"
Y =Sy (2.8)
e"+e
Wansumelouduasa
y=n 2.9)

Taoh  y Ao dnaveslerunioTou

A a & 1
n Ao duNAURINITUN I8 Tou

J [
256  msBeuimenuedaangusIsuuudsuuul3ua (self-learning by
adaptive resonance theory: ART)
A ] dy = J v @ Y .

1A50918 ART NugIU Naus Tsuuuguuuliudaa 1A (adaptive resonance
theory :ART) Hnduelag Gail Carpenter 11Q1% Stephen Grossberg [Carpenter and Grossberg,
I [ ] % ] @ 2 4 a
19871 WumsiSeuiuuundaiusdianii (lideslididnaouw) gniimnyunuivenddaming
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Human-Learning Steering Control Based-on
Artificial Neural Network and Visual Servo

Arthit Srikaew', Prayoth Kumsawat’, Kitti Attakitmongcol' and Bannakit Khitthuk'

Abstract—This article presented the design and built the
prototype system of steering control for real use in vehicles in
order to figure out the suitable value for steering control with
steering devices and automatic function by using human
steering control data as a prototype. The mentioned data are
obtained by determining men to drive vehicles using genuine
steering wheels and had the system learned, remembered the
behavior patterns of steering control from artificial neural
network (ANN) technique. And it could sort out their groups
with the abrupt awareness, the remembrance of behavior
patterns of new steering control which the system had not
either learned or remembered before by using adaptive
resonance theory technique (ART). The essential information
in training included front wheel angle values, vehicle veloeity,
and concurrent illustration data for automatic steering control.
The results of research were the acquisition of steering control
prototype which was suitable for turning in accordance with
situations resembling human steering control with genuine
steering wheel, and the proficiency in selecting behavior
patterns of steering control.

Keywords—Artificial Neural Network, Adaptive
Human-Learning.

Control,

[. INTRODUCTION

OR working on authentic routes, the vehicle steering

control with the steering device is rather difficult to control
vehicles turning to suitable directions. Likewise, the
determination to acquire suitable turn angle for vehicles in
various situations is not easy for the automatic steering control.
Despite the availability of controlling PI device of steering
control helping such system achieve the referred goals which
stem from steering devices, PI device cannot determine
appropriate turn angle value for steering control system. Thus,
this research used human steering control to determine suitable
turn angle and had artificial neural network learned, and
remembered the function of steering control. Many researches
have presented steering control system by using artificial
neural network (ANN). For example, the use of back-

Arthit Srikaew, Kitti Attakitmongcol and Bannakit Khitthuk, are with
School of Electrical Engineering, Institute of Engineering, Suranaree
University of Technology, 111 University Ave, Muang District, Nakhon
Ratchasima, 30000 Thailand

Prayoth Kumsawat, School of Telecommunication Engineering, Institute
of Engineering, Suranaree University of Technology, 111 University Ave,
Muang District, Nakhon Ratchasima, 30000 Thailand

propagation algorithm in automatic steering control system
with ANN instead of following flow chart, [1] the search for
the model of steering control with Neural-fuzzy technique, [2]
the steering control system with artificial neural network
(ANN) of modular by coaching the system with the calculation
for the lateral position of vehicles in advance, [3] the steering
control system of PID-Fuzzy-Neural network (PID-Fuzzy-NN)
[4] the search for steering control model with artificial neural
network radial basis function for automatic steering control
system [5]. The human-learning steering control by using
artificial neural network emphasizing the adaptive control for
steering control with steering control devices and automatic
steering control is to imitate the similar or close to human
steering control behavior with steering wheels. In addition, it
can be practically used in real circumstances by determining
vehicles used on authentic roads. Hardware which was used in
this research included an electric golf cart, Electric Power
Steering, EPS with a driving motor set, a notebook computer,
a micro- controller, and a module converting signals from
digital to analog.
/ Human drive ™,

[ electric golf cart

Velocity “ollecting datal

Training
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Fig. 1: (a) Overview diagram of system training, (b) Overview
diagram of actual

1I. HUMAN-LEARNING STEERING CONTROL USING ARTIFICIAL
NEURAL NETWORK

Artificial neural network (ANN) is efficient and intelligent
science which is popularly applied due to outstanding
properties including learning and remembrance.

Auto Drive

lC,? = P1 |~ EPS Drive | v—=

" Learning Data
Steering Angle
ﬂ = -=
'

Fig. 2: Diagram of Learning and Actual operation of human-learning
steering control with artificial neural network

This research comprised steering control both with
automatic function and with steering devices. Both of them
used multi-feed forward network architectural structure which
was coached by using back-propagation algorithm in learning.
The diagram of learning is shown in Figure 2. When
considering N layers of network, output of that layer will be
input of next layer.

The learning process of using steering control was to
determine human to drive vehicles using steering wheel and
using control devices on authentic routes according to
stipulation including stable vehicle velocity while coaching,
the required bends and the junctions to be trained. The data of
two turn angle types were collected at those bends and
junctions according to the stipulation. Then the data of turn

-
Pl

Manual Drive

angles were taken to send to ANN system for learning and
remembering by choosing required patterns of steering control
behaviors with steering wheel as prototypes, while the
automatic operation particularly used some parts of steering
control behavior with steering wheel and let the network
establish potential steering control for directions and velocity.

The actual work operation of using steering device was
when the controller controlled steering with steering devices,
the value of referred angles would be sent to ANN which has
already learned. The ANN would functionally adjust and
reimburse that turn angle value to that of previously learned.
The work operation is shown in Figure 3. In terms of
automatic work operation, it was to choose required steering
control behavior patterns and the network would functionally
send learned turn angle value and concurrently control steering
by ilself.

-

Fig. 3: The operation of human-learning steering control by using
artificial neural network (ANN) with steering devices.

A. Segregation of Steering Control Behavior Patterns

For training steering control network with new information,
it was crucial to divide the groups of steering control for the
perception that the new information had not identical patterns
as existing behavior patterns. As individual manual steering
control was different owing to his or her aptitude and habit, the
identification of behavior patterns and the segregation of
steering control behavior were grouped by using adaptive
resonance theory: (ART). ART is artificial neural network
which possesses a competitive learning type with outstanding
property of data segregation. Another exceptional property of
ART is plastic status or the ability of response to new data
when sending new data group to ART network which has not
learned, remembered and grouped at all. ART network is able
to learn new data group and additionally identify those data
group immediately. The perception of ART network or the
adjustment of weight can be operated according to the relation
of equation as follows: Equation of Weight Adjustment

nw= (%) +((1=1)*"w) )
Where nw = new Weight value, w = original Weight
value, [ » = Input value ,/ , = Constant learning

Hypothesis during steering control was when swiftly
turning steering wheel with the turn max of turn angle data set
having less value than the turn max of front wheels which were
in the data set of the start turn with the slower turning, the
algorithm was established by using Matlab program, extracting
the time of turn start and the most value of turn angle of each
turning data set in order to identify steering control behavior
patterns.

The scrupulousness of group segregation was
determined by vigilance which was in 0-1 range. If the
vigilance value is small, the scrupulousness of group
segregation will be small. This acquires small data sets but
wide range of data. On the other hand, if the vigilance value is
high, the scrupulousness of group segregation is high. This
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provides more groups of data sets but narrower range of data
sets.

III. HUMAN-LEARNING STEERING CONTROL USING
ARTIFICIAL NEURAL NETWORK AND VISUAL SERVO

Steering control using visual servo which was corporately
used with ANN in this research was to carry the data obtained
from the illustration processing to find out the steering models
while the CCD camera which was installed in front of the
vehicles without any steering controller [5] to use as the value
determining referred turn angle for control system and its input
value by determining learning system and remembrance of
human to be able to automatically control steering no-driver
vehicles correctly and safely in accordance with human-
learning steering control. Learning diagram and actual
operation shown in Figure 4.

Steering Modeling, —————
> By [ ANN =0 | pr | EPS Drive |~
RBF P t

Learning Datx

VOO tnput |

| Steering Angle

~o—~{arom =
(e

Fig. 4: Diagram of learning ziiagmm and actual operation of Human-
learning steering control with artificial neural and visual servo system
This research has taken directing point of movement values
and turn angle values from the model of Radius basis function
(RBF) to be used as Input for coaching Human-learning
steering control network system with Artificial neural network
system and Visual servo and referred target value for coaching
network obtained by determining human to be steering
controller with steering control at turn junction. The results
showed the search for directing point of movement values and
turn angle values from the model of RBF as shown in Figure 5.

(b)
Fig. 5: Example of directing point of movement values from
illustration data: (a) For turnleft, (b) For turnright.

IV. RESULTS OF EXPERIMENT AND ANALYSIS

A. Segregation of steering control behavior patterns

The segregation of steering control behavior patterns from
coaching ART network was tested by using two example data
sets of steering angle turnleft at velocity 3 Km/h as shown in
Figure 6 (a),(b). The network was tested by using the two new
additional example data sets in Figure 6 (c), (d).

Steering Angle Turnleft @Velocity 3 Km/h Start tum 5 sec

Start turn
1 + -
(5 sec)
2 + * g
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o4 + + g
B
e g + + J
T
H
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Bl
UD 40 50 60
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2 i\ - 1
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+ +
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a - +
® 8 +* + 1
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+ +
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Fig. 6: (a) The 1st coaching data set started turning a steering wheel
at the fifth second, (b) The pe coaching data set started turning a
steering wheel at the tenth second, (c) The 3rd testing data set started
turning a steering wheel at the eleventh second, (d) The 4t testing
data set started turning a steering wheel at the fifteenth second

According to the results of steering control behavior pattern
segregation with steering control from coaching Adaptive
resonance theory with two coaching data sets, the network was
unable to segregate data sets to be two groups with Vigilance
0.75. Similarly, the network testing the two data sets acquired
the same results. In other words, both data sets were put in the
first group since Vigilance value in this case was too small.
Weight value from network learning was acquired from the
relation and presented in Table I (Data test 1).

TABLE
WEIGHT VALUE DATA SETS

Data test | Data test2 Data test 3
‘Weight at vigilance 0. 75  Weight at vigilance 0.96 Waight at vigilance 0.96
00500 T.0500 T.T000 U300 | U.I000 | 01300
05600 05500 | 05000 | 08500 | 09000 | 0.8500
03300 0.4000 0.3200 04000 | 03200 | 02800
0.6000 0.6000 0.6800 0.6000 0.6800 0.7200

At vigilance 0.96, network was able to divide data sets into
two groups because the value of vigilance in this study was
sufficient to separate steering control behavior patterns with
the example coaching data sets. The value of weight from

learning network showed weight value from learning network
as Table I (Data test 2).

According to the results of steering control behavior
pattern segregation with steering control network with
Adaptive resonance theory by using new data which network
had never learned before. The network could identify as
follows;

The 3™ data set started turning steering wheel at the

eleventh second. This group was segregated as the 2™ group
which was the same group of the second data set.
The2nd group which was the same group as the 2 data set
started turning steering wheel at 10™ second. As steering
control behavior pattern was close enough, the weight value
was still as it was, and the tested data had been already set in
the coached group, the new learning did not emerge as shown
in Table I (Data test 2).

The 4™ data set started turning a steering wheel at the
fifteenth second. This group was segregated as the 3rd group
which was newly established because the steering control
behavior pattern segregation was not sufficiently close to the
coached group. This acquired learning (weight adjusting) and
concurrently built new data group and weight value from
learning new information of network as shown in Table I (Data
test 3).

TABLE Il

THE TABLE CONCLUDING THE RESULTS OF STEERING CONTROL BEHAVIOR
SEGREGATION USING ART

behaviors i steering contol

(vigilance) The sample waming &2t set The sample festing data se
The data setno T The data setnod The data setno.3 The data setnod

073 1 1 1

096 1 2 2 3

B. Human-Learning Steering Control by Using Artificial
Neural Network

» Steering control with steering devices
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Fig. 8: Graph presenting steering control turnright at Velocity 3
Km/h: (a) Non-use artificial neural network system type,
(b) Use artificial neural system type (Green line graph is actual turn
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Fig. 9: Graph presenting steering control turnleft at Velocity 7 Km/h:
(a) Non-use artificial neural network system type,
(b) Use artificial neural system type (Green line graph is actual turn

steering devices) (Red line graph is turn angle with steering devices
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Fig. 10: Graph presenting steering control turnright at Velocity 7
Km/h: (a) Non-use artificial neural network system type,
(b) Use artificial neural system type (Green line graph is actual turn
angle) (Blue line graph is turn angle with
steering devices) (Red line graph is turn angle with steering devices
obtained from artificial neural system)

The results of driving vehicles with steering devices before
coaching artificial neural network showed that steering control
was quite hard and it made the vehicles sway as shown by
graph (a) in Figure 7, 8, 9 and 10.

But after coaching steering control with artificial neutral
network, it was found that steering control was easily made
and obtained the responsive sense close to the use of genuine
steering wheel as shown by graph (b) in Figure 7, 8, 9 and 10.

* Automatic steering control
The example patterns of steering control used for coaching
were shown in Figure 11 (a).
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Fig. 11: (a) The example patterns of coaching steering control
turnleft at velocity 3 km/h (the blue data set started turning a steering
wheel at 5™ second) (the green data set started turning a steering
wheel at 10" second) (the red data set started turning a steering wheel
at 15" second) (the blue data set started turning a steering wheel at
20™ second), (b) Built by using Artificial neural network, (c) The
pattern of actual steering control.

Despite the availability of only four network coaching types,
the network was able to newly establish the other patterns left.
When taking the example patterns of steering control behavior
established by Artificial neural network to compare with the
actual pattern of steering control behavior by a steering wheel,
it was found that the turn angles had the most equal values at -
20 degree and the patterns were similar as shown in Figure 11
(b). ().

C. Human-Learning Steering Control Using Artificial
Neural Network and Visual Servo

The results of steering control with turn angle value referred

from Radial basis function test (Particularly at velocity only 7
Km/h)
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Fig. 12: Turnleft: (a) The results of steering control with steering
angle referred from RBF (Pink line graph is the value of steering
angle referred from RBF) (Blue line graph is the actual value of turn
angle in closed control type),

(b) The results of comparison between turn angle value after network
coaching and turn angle referred from RBF)

(Pink line graph is referred turn angle from RBF) (Blue line graph is
actual turn angle value in closed control)

(Red line graph is turn angle value after being coached by artificial
neural network),

(c) The results of actual steering control compared turn angle value
comparing referred turn angle value from RBF
(Red line graph is turn angle value after being coached from artificial
neural network)

(Blue line graph is actual turn angle with PI control)
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Fig. 13: Turnright: (a) The results of steering control with steering
angle referred from RBF (Pink line graph is the value of steering
angle referred from RBF) (Blue line graph is the actual value of turn
angle in closed control type),

(b) The results of comparison between turn angle value after network
coaching and turn angle referred from RBF)

(Pink line graph is referred turn angle from RBF) (Blue line graph is
actual turn angle value in closed control)

(Red line graph is turn angle value after being coached by artificial
neural network),

(c) The results of actual steering control compared turn angle value
comparing referred turn angle value from RBF
(Red line graph is turn angle value after being coached from artificial
neural network)

(Blue line graph is actual turn angle with PI control)

From the results of test, it was found that the turn angle
value from RBF was quite different at the start turn affecting
abruptly turns. Especially, when using closed control type
without any controller, it affected more sway.

When coaching artificial neural network to adjust the turn
angle value from PBF and concurrently using PI controller, the
turn angle value of such turns was close to human steering

control with genuine steering wheels.

V.CONCLUSION

This research article presented the application of artificial
neural network and visual servo in learning and remembering
human’s vehicle steering prototype to control the steering
devices and automatic operation. From usability testing by
using steering devices to drive vehicles in real conditions on
authentic routes, it was found that the system actually imitating
human-learning steering control with steering wheel facilitated
steering control with steering devices and concurrently got the
responses as if it controlled steering with the genuine steering
wheels. Furthermore, it was still coached with newly required
steering control behavior patterns. If this steering control
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system is developed to extend the advantages, it will
encourage used-to-drive chauffeurs with a disabled arm or
hand can easily drive mentioned vehicles with a single hand. If
the mentioned steering control is developed to install in the
low speed tour cars which particularly run around the places
such as zoo tour cars, the aforementioned handicapped people
can do the mentioned career and further develop work
operation for vehicle steering control for remote distances.
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