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Path Planning of Quadruped Robot Walking through Discontinuous
River-stone Terrain Based on ANFIS

Student : Jyun - Rong Zeng Advisor : Dr. Pi-Ying Cheng

ABSTRACT

The study proposes an innovative method which combines Adaptive
Neuro-Fuzzy Inference Systems(ANFIS) with Zero-Moment-Point(ZMP)
algorithms and applies in path planning for quadruped robot walking through a
discontinuous River-stone terrain. Therefore,the robot can change its walking
figure for adapting to different terrain like humans.

Because the quadruped robot can be regarded as combinations of four
3-DOF manipulators and the ANFIS algorithm.can also be regarded as
combinations of Neural-Network-and Fuzzy inference system,this thesis study is
planned and proceeded from simple to difficult case.Firstly, we study the case of
3-DOF manipulator in a plane based on Fuzzy theorem .Second we compare the
case of 3-DOF spatial manipulator based-on.both-Neural-Network and ANFIS
theorems.Finally this thesis-proposes the ANFIS and ZMP methods to apply to
the gait planning of 12-DOF quadruped-robot.

This research deals with the stability control algorithms of quadruped robot
by ZMP method,when the robot walks through discontinuous terrain. If its
projection of ZMP on the ground is inside the triangle foot print area,the robot
will keep stable on walking.

There are many experimental instruments were adoptive in the study,such
as acrylic sheet,servo motors and SSC-32 servo controller. This gait planner
transfers the angle datas made by ANFIS programs to the SSC-32 board by
RS232 connected cable,and let the robot pass through the discontinuous
River-stone successfully and stably.

Keywords:Fuzzy control,Error Back-Propagation,ZMP,Quadruped robot
ANFIS.
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Dy =2p=1(Net.h * (1 — Net'h)*XL; W_hj = Dj) (2-19)
AW_hj= n*D;* Net_h (2-20)
Abj= -n*D; (2-21)
AW_ih= * Dy, * Xi (2-22)
Abh= -q*Dj (2-23)

B iseniEE B BER
W_hj" = W_hj +AW hj W_ih" = W_ih +AW._ih
bj" = bj + Abj bh" = bh + Abh (2-24)
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PRl A S
E=3",0.5x(Yj-Yjn)? (2-25)
EFIEA SEcE el o0 4 )I*w}& W EARIT P R 0 E o S T

g)’l:‘;ﬁ % 1:,\; o

2.1.4 #5392+ (fuzzy control)

Lotfi.A.Zadeh(4-4%) #1965 # % - Az g 4:E1 & » g 5> N

“

LEREAZP IR OO IAL > Y RERIZ AT FAE R PP L

e

BohF A end & o

T AT A Rt 3R RSB R 2 Y

Y
it
g\v
\_.
Y
W

B 4odd I B AR R Ao 4 % o B ORI e

B A GO L A2 2 TR 2 M R R et i

2 o 17 ae ad) I oRE | ET o

EAY R 1R b sy AR AT S 58 WOk B S PR
PR RN A ARG AR G kT S APt
B b 47 2 fof o A ABRE ST 5 e P A E ek 0 R
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Bl dl L & 5 w & 304 o & RGOS I s HOR AR ~ RRE - R

Bt o 4o 2.6 T o

1
1
Fuzzy controller i
1
1

H#ib Hﬁﬁ#?ﬁf]-)[ A1 ]—)[ ZIER %]——)

) 2.6 o ] > SR
+ - Wk it (fuzzifier)
%ﬂ%@»%@ﬂ%%%i%&ﬁﬁ%&&’@@ﬁﬁﬂ@&mnma
function)#-— p Eéi‘ﬁia?l » i 5 = 2 & E(linguistic value) -
H A= L ALRE (data base)
g & RS SR a e ]k SLendE i e LR o - SRR 5 Y
IF-THEN &2 ;8 k& 57 o
HF= RS (fuzzy inference)
I oA e RRPIESE T R FHGNE S EE o BE
AL 45 e % B85 & (union) -
ﬁ%m D fEHoR it (defuzzifier)
Rk 38 B 71 mﬁi#”ﬁ% N SR RO IEE o RO R

Bk chf EuiE o
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215 FRBEFN ERBEEPRE R

1993 # ¢ Jang #7341 > 2t FEHE 5 Sugeno i R ennt W g R OE
WAL 5 @ Rt Rl 336 & 5bo Sugeno ik 13 @ ANFIS 75 i s il
F oA A S e Rl B Y B 2 K3k = Sugeno ok -3 %% @ Sugeno
oAl L5 p RAEY a4 0 p EAEFERGOECRARR -

B 2.7 #P - &5 >ll§$%]>\x y’~llﬁ;%1:",fmANF|S 74

Bl 27  ANFIS % 5]

AL A2 % $BcX chfFf dlic» @ BL-B2 % Sy cfa pandic ¥ - & e
T Y

1ELEE By A U] Al v BishiE -

Op=up(X)=—— i=1-2 (2-26)
1+ Xa_.ci '

Op=up(Y)=—— i=3-4 (2-27)
1+ ya.C‘ 1
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f I
RS =B RIE RS R T L NSNS EEY

or = min(Uy, (x),Up (y))  1=1,2 (2-28)

O3 = W; = — i=1,2 (2-29)

041=Wi*fi=W (plx+q1y+r) 1=12 (2'30)

BT PEE - R A SRR el 175 i R R B 0 B
f=2iw;*f =wif; + Wyl &3y
%‘f Wi Ag4eT

ANFIS %88 ¥ 5 TIRERNF Y > B4 ERLT !
Lk Bl &30 enis oo i S8k b,c) - Bk w3t eh gt © seo
257G N T~ R o F 2 & Rl (Least-Square Estimator) fz i)

J e B g h 3% S 8e(pq,r) 0 @ BT g g -

4417 BB EE 0 3D W RN o

SROBUR O & K- DIl AFL L e

20



R =

3.1 MATLAB i& 4 %

MATLAB &_d Math Works = #1984 & f& I eniic 5 #icd8 > &5 %
BERAIRE- 224 2LaetEE > gF5 53 £ 404 MATLAB ¢

PR K SABCEE - AU i s EEEL AT ~ L5 P AR(Scientific

Visualization)she & 352 ; ® kx MATLAB ¢ %71 B 3.1 #rr 4% » 1 & 3%
i»% Workspace ~ # 4 £ #](Command History) - & 4 4% % (Command
Window) ~ & ~ 1 E 5], &% o T S - HH g 4o
Workspace : & 71 75 TR E IR EH e
AR BT T AT B4 e
AT DT dp 4 *‘,Sfiﬂi%]% AR AT Feenter 34 (7 o

B s EEn MATLAB vF v & 58 et 5 » S35 15 5 W

ETIRS
q
=~

Ri

223

A4
o

LA LA

1B - B e > Blde @ MHfile ~ Simulink ~ help... % % -
TP & gk MATLAB B 442

(3%

LBE 28 > 322 g 3 A/ LT -

2B F S I BIARSS C REA -

SH kI aELiEL 4 o

4447 AT B F 5 R A2 0 fL5 1 £ $4(Toolbox) -
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Eal
1. MATLAB 3 hfd 17 ¢ F 2 j % X MATLAB 03 %4 7 "5 {13

2:x BlEE R RV CEFS oo

=163
£ | E]

To get started, select MATLAR Help or Demos from the Help memm.

L {EZE[H] ”

Current Divectory Workspa.ce| EI %ﬂﬁ.@

Com.mamd History a
ST ay

|2 %

a *pinwia)
p inviai*a
seas[1 2;5 6]

ENEEE]

~H-- 200871143 B 9:25 --
- 2008411710 T 12:33 -
I b3

4\ Staxt

B 3.1 MATLAB 4 & 4L %
3.2 MATLAB -simulink
Simulink # & - B # A % i ’f?—’fﬁ—%ﬁ‘fr/}*}’?m& REL S

MATLAB 11 B %E],‘éfz Pa_‘LE_{‘? LB m P i S AR R

~

N

BY o nREEHE R H I FRE R ?'P'p")‘l@f#ﬂg;}*f;ﬁlj York
dest - KRR L - P70 R HETARSFHEDEE 0 G N LT £

f};:{‘% %E_;\ o ;\ °
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v % L% - EE N I — - =
Yo > > S 3
Bl 32 5 - HEFH > Bra=fodrszid * {057 ik F(scope)dgT o
=] Simulink Library Browser El ‘Elgl _
File Edit View Help
O dh | DeEEd& = = )
T ic Funetion: Togenometic and hypeshelis
Tuncticns. When the funetion hes o then cne axgurnent, the F}ﬁ%ﬁ
first argument conesponds to the op (o Jeft) input port ™ .
sin AR
- B Sk A I_IZ': Sigm »
- i Clok! Triganometric
2] Connonl FunctionZ Seoped
| Continmon HE %me ﬁ‘.’\;ave
2| Discontinn Y e C%SS
& D&?em Blider Gadn
P Logic and Trigenemetric
2| Lookup Te " Function3
23| Math Oper Subtroct
| Model Ver
5] Model- Wi Gy Sm
| Pors & Su
2] Signal At
3 Signal Ror
e
22 Sources
22| User-Detin S——
% B Additionsl ety M
. I Lerospace B]:D( Toctor
- g Communicatin Concatenate
B Control System Weighted
B Data Acguisitio Sample Time
Math

o B Feohaddad Tar 0
< >
Ready

®l 3.2
3.3 MATLAB- #3531 E $
& MATLAB ¢ £ % ’r@?]?‘

R =UE IER SRS

Simulink = ] /i % B

fuzzy 3 ¢ B¢+ Bl 3.3 B2, 1 1 & AR

RN K A IR (A R ) I

) FIS Editor: Dntitled

File Edit View

i A

Unitithec!
(matncani)

inpLt ﬁﬁ ﬁﬁﬁ output
FIS Matne: Urtitlec FIS Type: marmdani |
And rmethocd it 3 Current Yariahle
Or method a—
Implication it 3 Type input

. Range [01]
Aggregation - 3
Defuzzification —c - | Helg | Cloze | |

Ready

3.3

fuzzy GUI 4 &
23
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R~ BB A T S R~ (CUrie2) T F B~ oy
o il g 0 Sl ST ER O et 2 497 - 487 - F

LA AA

LEE S TR A Rl P R RE SR T

\\@-_
-
/4
—A=
ﬂ.\
L)
NV

Hrdisdeclose b T THPEE pE T TR S

File Edit View
FIS ‘ariables Membership function pict: ot [ 81
mfl ' ' mf2 ' ' mf3
v
oy
input!  outputt
05 B
D T kol 1 1
] 02 0.4 06 0.5 1
Current Variable Current Membership Function (click on MF to select)
Matme inpLtt Mame mf1
Type it Typs trimf v
P -04004
Range 0] arams L !
Display Range [ [01] | Help | Close | |
|Read\,-' |

x4 RPE agu 2> ghif Edit 227 Rules 2 424 ﬁiﬂ ~ (Ctrl+3) 7 4 31
SfERP]E DR ARG AT BT R B RS 2 b Rp]
IF-THEN =2 ;Y ig {7422 » )4 @ IFinputis... THEN output is... » fif 3|4p

BORT O RRIHAR S AR 1 KRR A ST & View-->Rules g &% -

} Rule Editor: Untitled

File Edit View Options
1. 1f (input] iz mf1) then (outputt is mfl) (1) A
v
If Then
input] iz output] iz
TN ~ nii P
mf2 mi2
mis mf3
none none
v v
[[] et [ ot
Connection Wieight:
(yar
(5) andl 1 Delete rule]  Addrule | Changs ruls| J J
| The rule is added | | Hep | Closs | |
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34 MATLAB - g @84 SR

B @i A e Bt A7) (feedforward) SE4Y ‘SRt » wid *
MATLAB % 57 3R i8] @ 4740 (5 e i ihdn £ & newff- ff < % & feedforward -

newff 35 £ P :
newff(PR » [S1 S2...SNi] » {TF1 TF2...TFNi} » BTF » BLF » PF)
PR:Rx2 %" » R —,\@?J/\ B#c HiEs ‘_ﬂxﬁﬂ/\mﬁx 5
Si: % ikod EABik
FOEAM A Sk GERES 'tansig)
BTF @ &)@ vE8g 4 5 i s Be(Fp k& 2 'trainlm’)
BLF : @) i@ vLap4d Sl g £ & Ih i o8 ¥ Sofic(FEX E 5 'learngdm’)
Frid Sde (FERE 5 ="mse)
A sl (TRI)3 3% % 2 BFEEE 0 bl4e ¢ tansig - logsig ~ purelin o
g ¥ 3 #(BTF) 3 3% % % Ff&%¢ > bl4e : trainlm ~ trainbfg ~ trainrp
traingd o
AR strainlm Bk SLIEM B 0 TG T 2EE R o (e (R4 kSRRl o T
2 3R out-of-memory error 5% FH i S
PTG H S RS i
Slow trainlm : %gz! 2k Z_ net.trainParam.mem reduc g 5 2 & { < > ¥ R
Lok ielhR r £ o
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trainbfg © & ¥ & & #afh o w3z * s R trainlm o
trainrp @ & ¥ i & #fh 0 & s R ¥ s g3 trainbfg o
g r e E Y iRE E iy learngd - learngdm o

oy A S fcfBaf G mse {v msereg -

d 0L £ P (F A kR MATLAB 1 42940 MHelp , 742 A)

@R R PRI A RERRE S 2 B M B R SR L T

\

FETEY R ALEEY BEIE foac FEEFIO LFL R

Caahiat R R N = S LR R R SRRy R
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- \gﬂ';i*lszj—%/;
A2 R hi % ANFIS B * 1w R4 F 4 B T3] ANFIS f
TR AR EA CRRES YN BV SRR I DB EAR
ARZET B e B3 A5 0 L AL B A4 { £ T E o
AFHR TR e KB FA[LL(RMA)%rs = Bpd RV ZF
2R P TEART N FE ARSI I T 2Bl 4.10) &

F R BP 2 ANFIS o * & 2 R = i Bl 4.1(b) » B s AR g & B

ANFIS A28 5 A e 503 A 3? T o T8 B A chid b 4|[11]0 K =
WA E A T AR e T R AL A 2 B ZMP 235 0 iR e

gg A f'r iﬂi‘bﬁfl—‘lu —E ivw ﬁ’)g‘l&;;‘\:{ l’ft%[’)%i ;}'?’ﬁ} F\ ’ E?P?}E‘ré’u f’gf@] o

41 P1EREFEHE

A ARRY ZFITH o A B AR IES  B RN SRR R
MR O 4R IRk S »%gé Eﬁ%% i 1A o R IRk EE ) BT Y

Bt d o~ R B ARACT
1 itk 2 T 6 = @+ 5
RV R-FUNCIE 3 =8 N el e B
3. ANFIS o * & 7 B = ig & £ kF
4. ANFIS & * % 12-DOF m &_#% % «

5. BpAxzba 2T e 7B 252 3 %
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J‘j"L‘ Y L

B 4.1 T g (a)frz BF(b) =@ = &7 & B

M42 = £ E 4 3D F(CIDM # % % % 3* W)

42 Fuzzy B* 2 L% =% £ AF

RSB ERHS ARE AT G AR LD 5B RS Sk R
B %J BEEF S HGEAL L] 0 B TGRSR B et Fuzzy FE HE Sodkci
FATact Lo 0 Rl m b Fuzzy 47 000 E o 8 HF Sdlc 0 #o3E
B FR G S~ edg G oe dv o TV RLGSRE 2 Fuzzy RS PR

MR BRIk A Sl o
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1. -‘ﬁiz;gg#ﬁﬁ%»r}fﬁ]ﬂz » A& F1* Fuzzy i g = i 4 £ AL w0 iF

BF B S BSEERO1-02203) H1E (xy ) S

._.

FH = & A5(trimf) > %% B 43¢

[

&1 (5) X

%(B)

02

=

(mamcani)
c2 (5)
X5 nules
25 rules y
I g
AR —
c3(5)
® 4.3 = @i =Rz Fuzzy 7F 15 B

2 }3_;&] {rﬁgﬂ]»mﬁﬁﬁg‘z& %Q%—Slﬁﬁﬂ)\(el ~ 02~ O3)m§?; 6 S Bk
AR 5Bz 450 AR FF O] 5-90 A F-60 &2 F 02463
# E40 5 -90 A& F+90 B 2 F 5 F] 5 4% £ (L1=L2=10 - L3=5)fr & & ¢ 1%
FRM G Y B RS BK G A AR d 2 FZ T g
XS5 F1420  y R S -25 P45 2 > 24 B 44 B 45 B

46~ B 4.7 -
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ycm

0.8

=
[a7]

=
.

Degree of memhbership

=
[N

rrfl

rmf2 rmf3 mifd

rmfa

-40 -20 o 20 40 B0

61-62-063
B~ & R(01~ 02~ 03)§F b dic
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T T T T
mfl mf2 m3 mid mh mib
1 — -]
0.8+ —
=
e
o 06+ -
)
=
(i
=
B
% 0.4 -
&
02k \ =
| | | | 1 | 1
-40 -30 =20 -10 0 10 20 30 40
XxXcm
W46 XA
T T T
rrif1 rmif2 rmifa rmfd i
“] — —
n.se —
=
®
E 0B -
=
=]
=
‘5
5 0.4 i
oy
s
0.z —
0
1 | 1 |
-30 =20 -10 a 10 30
ycm
W47y Rtk sk
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3. #0102~ 03 fFBodcisEd e b5 A2 3 F Xy B S0 R

(s R EoR LR R

.If (01 is mfl) and (02 is mfl) and (63 is mfl) then (x is mf2)(y is mf4)
.If (01 is mfl) and (02 is mfl) and (63 is mf2) then (x is mf2)(y is mf3)
.If (01 is mfl) and (02 is mfl) and (63 is mf3) then (x is mf3)(y is mf3)
.If (01 1s mfl) and (62 is mfl) and (63 is mf4) then (x is mf3)(y is mf2)
.If (01 1s mfl) and (62 1s mfl) and (63 is mf5) then (x is mf4)(y is mf2)
.If (01 is mf1) and (02 is mf2) and (03 is mf1) then (x is mf4)(y is mf3)
.If (01 1s mfl) and (62 1s mf2) and (63 is mf2) then (x is mf4)(y is mf2)
.If (01 1s mfl) and (62 1s mf2) and (63 is mf3) then (x is mf3)(y is mf2)
.If (01 1s mfl) and (62 1s mf2) and (63 is mf4) then (x is mf4)(y is mf2)
.If (01 1s mfl) and (02 1s mf2) and (03 is mf5) then (x is mf4)(y is mf3)
.If (01 is mfl) and (02 is mf3) and (03 is mf1) then (x is mf4)(y is mf2)
.If (01 1s mfl) and (02 is mf3):and (03 is mf2) then (x is mf4)(y is mf2)
.If (01 is mf1) and (62.is mf3) and (03is. mf3) then (x is mf5)(y is mf2)
.If (01 1s mfl) and (02 1s mf3) and (03 is mf4) then (x is mf5)(y is mf4)
.If (01 is mfl) and (02.is mf3) and (03 is mf5) then (x is mf5)(y is mf4)
.If (01 is mf1) and (62 is mf4) and (03 1s mfl) then (x is mfS)(y is mf4)
.If (01 1s mfl) and (82 is mf4) and (03 is mf2) then (x is mf6)(y is mf4)
.If (01 1s mfl) and (02 1s. mf4) and (03.1s mf3) then (x is mf6)(y is mf5)
.If (01 is mfl) and (02 is mf4)-and (83 is mf4) then (x is mf7)(y is mf?5)
.If (01 1s mfl) and (02 is mf4) and (03 is mf5) then (x is mf7)(y is mf?5)
.If (01 1s mfl) and (02 is mf5) and (03 is mfl) then (x is mf7)(y is mf5)
.If (01 is mfl) and (02 is mf5) and (03 is mf2) then (x is mf7)(y is mf4)
.If (01 is mfl) and (02 is mf5) and (03 is mf3) then (x is mf8)(y is mf6)
24.1f (01 1s mfl) and (02 is mf5) and (03 is mf4) then (x is mf8)(y is mf6)
25.If (01 1s mfl) and (02 is mf5) and (63 is mf5) then (x is mf8)(y is mf6)

4. ERETO1-02 03 BMBHG R F LG T o TSR AELHE

— o0 00N R W

W N = O 0 00 3O Ui & LI

CE SR IEE SR P R R 3 8 SRS SRS

A RSP R TR .
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T
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=
[T )
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20 f
21 |
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o o o D R

[y

)
[

)

T TEIFET T T IR AT T RIF
Y] | ) T 5] ] I I )

-

IrpoLat: Plct painit=s: Move:

[-81 53 -9 101 lett | right | down| up

Opened system 3DCF, 25 rules

Help | Cloze

B 4.8 Fuzzy ﬁ%l 5%
B
B 4.8 3P ¥ Fuzzy ﬁ%l > 5 01=-81-~02=h53~03=-9pF > Jash ¥ % x=15-y=

-175 B2 4 Xx=14.387 ~y=-17.58 tt i {7 Ao HoR i liT A B 2

—_\

PER B i F ORI IR Y B R L g R
B0 EV AR Fh B IR A o R B TR e Te
s B O] TR A ) R R AT AR 2 2R S e

wE b ho
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43 FBEN CRRAET I ZIFZGE I

5]

AERAH SRREY 2R3 F S R BRIHOPERAP R
HET R A KRS ST 0 R R e Bt
BORITH R S Sl T A SRR ALT P EAE S G
BRI A SRR A SN A AR AEY - ATER
o AT A g2 R EF S A AR A ETE Y AR TR 2T
BEA CREREY I ZF 2B LI EAT

0.9

5.7@

2.8

7
® 4.9 EREE LS iy ]

1 A7 Rz ER(R49) el dddpiiE A o D-HE
wit > D-H 4 4cD-HAEL » #-D-HaELipkis > w75 = 7|
LECE SR S

» 1k
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%41 ZE-d@fEE D-H 2

Joint e A d A
0 01 0 -2.8 -pi/2
1 02 5.7 0 0
2 pi/2 0 0.9 0
3 03 7 0 0

WE NG Pz e £ AR D-H 4B CALTA PA A

cosfl 0 —sin61 0
- sin6l 0 cos 01 0
I 0o -1 0 —2.8
0 0 0 1
cos92 —sin62 0 5.7 *cos02
- sin62 cos02 0 5.7x*sin02
[ o 0 1 0
0 0 0 1
0-—-1 0 0
s |1 000
Aslo 0 1 00
0 00 1
cos83. —sin63.- 0 7 *cos063
3= sin63/ cos03 0 7 xsin0O3
10 0 1 0
0 0 0 1

#ew B AR 3k CARAGAGA T B AR Xy Z B

x=-7*c0s(C1)*sin(C2)*cos(C3)-7*cos(C1)*cos(C2)*sin(C3)-9/10*sin(C1)
+57/10*cos(C1)*cos(C2)

y=-7*sin(C1)*sin(C2)*cos(C3)-7*sin(C1)*cos(C2)*sin(C3)+9/10*cos(C1)
+57/10*sin(C1)*cos(C2)

z=-7*c0s(C2)*cos(C3)+7*sin(C2)*sin(C3)-14/5-57/10*sin(C2) (4-1)

2. F1* (4D e B F N E @R E Y HRA 0 I N
A4 4000 = B A ESER > R e EH Q50 REH R 4000
EX~y~z A B 2000 B (FHEY A > #2000 2 E (TERE R
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& > MATLAB 84 42 ;8 40T

thedal=(-35:110) % 5 - 4 & [

theda2=(-45:45) % & = & B §=

theda3=(-90:45) % B &= & & # F

for  j=1:4000 % i [

cl(j)=thedal(round(rand*145)+1);  %%f#%:% P~-35~1102. FFeniz &, & &
c2(j)=theda2(round(rand*90)+1); % L %% B~-45~452 P eniz § & B
c3(j)=theda3(round(rand*135)+1); %% #%:% P~-90~452_ FF ez &, & &

C1=cl(j)*pi/180; C2=c2(j)*pi/180; C3=Cc3(j)*pi/180; % TR L& # ¥
X(j)= -7*cos(C1)*sin(C2+C3) -0.9*sin(C1)+5.7*cos(C1)*cos(C2);

y(j)= -7*sin(C1)*sin(C2+C3) +0.9*cos(C1)+5.7*sin(C1)*cos(C2);

z(j)= -7*cos(C2+C3) -2.8-5.7*sin(C2);

end

CRER Y E B RRENE S ERE > S B RE T - SRR
éﬁﬁsﬂﬁ%gpﬁiﬁ’ﬁ%}/\ L REREE X~y zﬁﬁ'—a@?} LB Et
B (01 ~ 02 ~ 03) > 4@ 4.10 #757 o

I SR AR VERE R ERAAN S AR VY
% SLARAF R RE R B oA A BB AR S > BT IR

L NER T ) - LR E ST &
N =sgrt(n+m)+a or N =m*(n+1) (4-2)

sqrt : T =343 N:#H g~ Bk

m -

_Eﬁ

SRR S S IR SR L Ry F S a: 1~10 shi i
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#42° NE4 74 5B > E1-E2~-E3 4~ %47 01 ~02 03 54

&igpgﬁfé'ﬁ;f] NPT NIEEL > P ROES Sl S fas B 5 logsig &
tanS|g ’ —Yﬁﬁrxé‘vﬁ‘/z‘ 7 TR £ F"J:Ql;,? ; “.E'—*E:%ELL ﬁi%% %% %1 I%g/é] & }é'l

% 12 @A 5 3 E 2 logsig(m®) 4.11) % 1T £ S0 ¥ o

b h1'_b h2)
w 17 g \20

3 93

® 4.10

12 12

3-DOF + k&*2_.BP

% 425 AR S

% 4]

i A S

Logsig Tansig

N El E2 E3 El E2 E3

1 16.0114 | 45.473| 33.4699 97.666 50.7485 67.219
2 36.9713 | 44527 | 33.9157 11.7125 16.8468 | 22.0226
3 11.6539 | 5.1924 7.0284 10.956 5.3643 5.4632
4 8.9392 | 5.7753 67.6195| 72.2367 43.519 67.219
S 5.3585| 4.3185| 67.3805 11.3072 43.8325 5.4694
6 3.4233 | 2.6725 3.4286 12.4811 5.153 5.347
7 3.8288 | 1.6013 1.7113 4.9562 2.3491 2.6928
8 3.2629 | 2.1801 1.9481 3.8831 2.1348 2.5519
9 3.5693 | 1.5855 1.8438 72.742 133.8967 67.219
10 3.7753| 1.5788 1.9434 4.6043 2.7514 | 56.8442
11 3.5238 | 1.6077 1.7975| 62.8318 36.9166 | 52.9101
12 3.3757 | 1.2955 0.9887 3.0896 1.2874 1.2617
13 3.1594 | 1.3214 1.7157 3.5768 1.4094 1.3309
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a=logsigin)
Bl 411  ## 53k logsig
5. Mg D VK TR £ B (weight) e ik 8 & (bias) » & =5 ¥ =k # 300 =

6. iy » foBg IR B A A FRERLEY 0 (@25 R 25

(x-min(x)) / (max(x)-min(x))

(y-min(y)) / (max(y)-min(y))
(z-min(2)) / (max(z)-min(z)) (4-3)

7. @?J Mz g o Tiplidef a7 5% i3 1 g & (Weight)fr % 48 (& (bias)

BE iR 25

Yiigdaa Yins SERECE Jn gy s
Dj = Yo * (1-Yjo) * (Y= Vi) "B EVR SR A S (4.4)
Dh = Neth * (1- Neth) * Zj Whj * Dj K%g% ‘:’ﬁ;ﬁ‘i ‘3'& (45)

AWy =n*D;* Net, Abj= -n*D; %g%égﬁgg%g&ﬁg«_a%gfr
1 B2 I (4.6)

AW =m*Dy*xi Ab,= -n*Dj “%%%Eﬁ%@ﬁ&%dﬁ;iﬁﬁ'fr%

AR (4.7)
8. E Iy chT sof L et > S BT £ A/ -

E:Zj ‘ (Yj—an) ‘ /2000 Yj: %:Qj-;%?]i” an: .E'?ﬁ;?]i” (48)
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2000 ‘e,

BB &R (01~ 02~ 03)sy T3 4 (EL - E2 - E3)A

Bl 5 34712 & ~1.6145 B4 17871 & » #> T~ ko &2 #2000 =

47; Mz k> £ A3 Wr N BRER A S T BN Sy 20 2 j
VL g o
% 43 %FE ﬁﬁ\*’BP@J At 20 fevt
ol BPéi%]:'i 01 02 BPﬁ;f‘]:H 02 03 BP%?]:". 03
29 27.5539 10. 9.4553 17 18.4993
24 23.6071 39 41.1387 34 35.9568
16 19.0681 28 243575 -89 -82.5413
53. 52.9903 -21 -21.1805 -63 -63.3282
100 102.6274 -3 -3.9693 -33 -32.1822
62 60.2894 30 28.1211 -87 -81.7025
38 38.2252 19 18.7706 -32 -32.2693
64 64.0132 -18 -18.3010 -17 -19.3471
90 90.6248 32 35.5384 -10 -11.2443
59 60.0246 29 29.0799 -1 -1.0361
42 41.4340 20 20.1251 -48 -46.6613
67 68.1003 4 3.4228 -30 -29.8762
104 91.4752 2 9.2159 29 29.6188
2 -0.7299 34 32.7259 10 9.9776
-6 -7.7882 -18 -17.9085 -1 -1.9236
108 107.9987 7 8.6719 -33 -31.1010
-2 1.1437 Il 7.0958 13 14.0967
20 17.4165 25 23.2298 2 2.6888
-26 -26.1298 9 9.7733 -83 -79.6302
53 53.0356 -21 -20.7982 -63 -63.0234
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44 ANFIS B&* 2 7 Bz g 4

ANFIS 12 @ Sbofs T3 2 STAL AR B 5 2 9% B e 2722 o
Fo i BB IR AP B 2 3t 0 ANFIS 38 # & Renis % > 1345 If...then.. 48
WAL - @j;']/\ _%E?%] Dz BB R R 0 oM A P - AL A A
Ao @ Tl ST I 2 R B S SRR 0 T - B S BN

CEER R BESIE Y XL

W

ANFISHE_d 25 § ch& gL 4 I BT A P g S S RE R
YRk GBS R Y 2 L E B SR E R R . £ R4
wAZFY ooy B £ 5 P k308 111 2 (Gradient Descent Method)

e g &= (Chain Rule) 3 3 B enikdp o P ep '8 MH P iR Siicz 397 384
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. Fhetzm S EL L DB A9 245 > #* D-HIZ% £ D-H £
fv D-H &% > B T b - & i BREA 5 frAHI LR o B
WA PIEGRY DR AR S RERES G DR R

2. fI* Lo @HE N g N A4 4000 2z BEEE R o R
L@ 8 o L EHHR4000 2 X~y ~z A HY 2000 &g 0T
FY Ao $17T 2000 o FRREH A 0 LB IS E - & L
LS ¥ PRI

3. 2= ANFIS %45 » &~ % 3 BHHE(F 413)F 1 F » 855 S 7
LHF BB ERD D RE T2 P Xy Az A
# anfisl m%]% R oA BOY) et - kgt anfisl 4R 0 < 2
S anfisl enfe N E Y PRFERF o @ 0203 X~y z4p ik o & anfis2 v

anfis3 _'rhﬁg?l/\js ZB(X~y~2)o

anfis1

anfis2 02

anfis3

Bl 413 ANFIS 2" 5078 H )
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i€ * MATLAB 5 "genfisl | - Tanfis ; & 45 4 > "genfisl | gt~

2] (grid partiton) > ;4 & # ANFIS # 3% 827 3035 3% ed~ 4 5o B B o T anfis |

geoet Tgenfisl | anffcd 2 i dp Sl R FEY > AFUEH S 2

4 4000 et & > H ¢ 2000 28 ¥ A& ~ 2000 ‘e mE@ k&~ ~ Y i

n=300 - #& #5 B = gbellmf~ gaussmf > H & fofl 2 50 2 ¢

1+ | X—C |
a
—(x=d)*
2 b d 2. [ 2 7 p 7
e Zo ' Bl4l14 5 A Fa~b-c~ds g BEFTRA; 0 T F T
3 33 A 32 A 1 % 33 5 4 % i -
Sl a FHE PR D FEH S pAS C RRH P X S 5 BB
- 3l = /2, 4 / 4 24 JEL 4, 2 4 2, %
A g At dcd FEPEX S BB E - o FEPES RIAF
2 2
1.8 N
a=2 b=4 c=6 el a=4 b=4 c=6
1.5F
1:2-
1 _— 1t -
o8
05 s
oz
. . -
c’l'l 5 10 15 20 “a = 10 - 15 20
2 2
1.8 18}
1.6 a:2 ]_):ﬁ C:b‘ 16
1.4 14 a=2 b=4 c=8
1.2 1.2
1 —_— ! R
0.8 o8
06 0E
0.4} 0.4
02r 0.2
B & & 1D 12 14 6 8 2o %5 > 4 3 a 10 12 14 6 18 0
o v v N 1 T 1
A I /
{' 4 T i '.‘ ] as /
| | 1 on |I|Il | 4 o= / l\
l.ll II'|I { o7 / \ { a7 ,rrr ‘\
I illl i |;'I | 4 08 f.” \'1l
,Ir | 0s ; llll { ns / \
Fo | o fo Lo/ \
|l.' |. 1 o3 Jn'l H 0z r.x \\\
HJ[ \ {1 o2 / Y 10 J;'r \\\
I \ a f’r \ ml / "\
v . ,/ \'-\\ g -
’-1‘0 -5' 6 h 5 n 15 -DIS -IIU y 1'0 15 -015 -1i3 10 15

-5 0 £ 5 o 5
gaussmf o=2 d=-5 gaussmf o=2 d=5 gaussmf o=4 d=-5

B 414 7k a~b-~c~d-~ g iEpFaigbellmf & gaussm
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MATLAB 2% 4 48 ;% 4o ¢

=300 % % ¥ = ¥k

% anfisl

a=genfis1([x1'yl' c1',[8 8],
char(‘gaussmf','gaussmf"));
a=anfis([x1'yl' cl',a,n);

% anfis2

b=genfis1([x1'y1l' z1' c2'],[6 6 6],
char(‘gbellmf','gbellmf','gbellmf"));
b=anfis([x1'yl' z1' c2'],b,n);

% anfis3

c=genfis1([x1'yl' z1' c3',[6 6 6],
char(‘gbellmf','gbellmf','gbellmf"));
c=anfis([x1'yl' z1' c3'],c,n);

X~ 2000 = E_’ﬁ: A~ vt i ANFIS ﬁé?] :.?\;4‘1\7 iz

% anfisl

resultl=evalfis([check x1'check y1'],anfisl);
comparel=[ check c1'resultl]

% anfis2

result2=evalfis([check x1'check-y1'check z1',anfis2);
compare2=[ check c2' result2];

% anfis3

result3=evalfis([check x1'check y1'check z1',anfis3);
compare3=[ check _c3' result3];

CEBNFA L T T3 AU E PR 7 BT R e (R
VHRAE B S BEE  FhI R FY 8. X) E T
ML iR I VAR SRR 2T %KD -

Ao F L 5N

Error =X | ANFISrﬁ%l d1-D-H2 4 & |/ 2000;
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Degree of membership

o
B

Degree of membership

% anfisl

El=abs([check c1'-[resultl]);
El=(sum(E1)/(d/2))

% anfis2
E2=abs([check_c2']-[result2]);
E2=(sum(E2)/(d/2))

% anfis3

E3=abs([check _c3']-[result3]);
E3=(sum(E3)/(d/2))

2000 ‘e tk ~ mﬁg?] I Tiom L (EL~E2~E3)~ % 5 2.85 & ~ 1.682

& ~09404 & > Bl 415~ B 4.16~ B 4.17 5 B % = = {2 anfisl ~ anfis2 -

anfis3 #; » R i o

Bl 415 £ i ANFIS1 ﬁ%l » el S e

45

! nimfl | inTmf2! infmf3 inTmfaT T intmE intmf in1{nf7
| | | | | | | | |
4 2 0 2 4 B E 10 12
X Ef cm
if3mit in2m2 T in2mi3 in2mil in2hfs in2mi | in2fnf7
| | | | | | | | | |
& -4 2 0 2 4 & E 10 12
Y BEEE cm



Degree of membership Degree of membership

Degree of membership

Degree of membership Degree of membership

Degree of membership

T T

inT#nf2 inTrnfd T inTrnfdT inTrafa T T inTinfo

iM3miZ T _in3mi3 in3rmfd T N3 rfs in3infa

Dz cm
B 4.16 =% ¥ 15 ANFIS2 fyr cnff o i

T

inTrnf T TinTrmf3 inTfnfd inTrafoT T inTinfs

-2 0 2 4

’ Zﬁzéf cm

B 417 £ 15 ANFIS3 #ij » enff ok
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FRTEt A 5 20005 0 2445 55 20 e %R R j\i;’i’ANFIS@?J d1t g

* 44 HFHRS & ANFIS%?J:", A 20 Jet R

w0l ANFIS 01 i 62 ANFIS 62 g 03 ANFIS 03
-7 -6.0289 -20 -19.8036 35 34.9989
57 56.9626 -29 -28.9231 -36 -37.2762
75 74.9925 -9 -8.7645 -64 -63.9375
-18 -17.9160 -42 -41.8775 27 27.0663
22 21.7804 29 29.2369 -44 -43.4977
49 50.1324 43 42.5853 -27 -26.9310
57 57.1793 -12 -12.2386 -32 -31.8188
39 39.3247 44 42.6811 -65 -64.4153
36 35.4740 42 44.7640 22 21.6420
15 14.9877 21 19.8582 -82 -81.6900
46 45.9444 27 -26.9043 26 25.8109
72 72.0721 0 0.5773 -83 -80.1369
67 66.9801 27 26.5440 -62 -62.3571
75 75.1106 36 36.0343 -33 -33.2756
25 24.8369 -14 -13.2536 0 0.2171

2 2.2728 =31 -31.2698 -15 -15.4296
-3 -2.5775 0 -3.6238 -89 -83.9106
23 22.9491 -9 -8.5006 -56 -55.7687
8 7.8842 -3 -3.1042 -84 -84.1068
-30 -26.8598 43 43.4997 -23 -22.7756
0T Y == NG
a0 - O ANFIS &4 61
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o
S °
¢ @
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o t+—TT—T—T—T—T—T—T
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degree

40 °
50 o ® ® P
80 o g 9 o

B 4.18 20 %tk & &2 ANFIS & & v Bl
i
43§ 2445 3 B B 45 0L g e 2 ANFISA B % 2 2 B = i
o F15 A HEGERT o ST EZ RS FEER TR EET IR
L 0 F A fdp e e920002 8 ¥ & A 2200025 A o ¥ 300k iR T
WRGEL  HRPF R IR - BIR % 0 BPAEHE EEF RSN FOEE
T ESO LBk i LANFISE #7 P AR S0 &

R IGEL T LB % O3 ANFISH $0BPLEAE LT -
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45 EEPFR R

AEILEANFIS 2 F o8& 8 Bt 5> 32 = @ L g ihal
MATLAB i& & P i 5 b i A2 4e T
1. #4:% 2000 e%z@th 22 P 102601 ~02~03>  r» @& F A 4 10
X~y ~zEERARGE TR A o
2. @ D-HREHZRf2F v F ol LTS5 EERFR AW 2 20
63 - ufE -
( "Ap) o As = TARIASTIA, (4-9)

W (4-9) L4 A B (7135 N BEE G AR o

y*cos(01)- x*sin(01)=0.9 (4-10)
7*cos(02+03)+5.7*sin(02)=-2.8-z1 (4-11)
-T*sin(02+03)+5.7*cos(02)=x1*cos(01)+yl*sin(01) (4-12)

3. 10 2 X~y 7 Bl W F 2 E @R F 038 {c ANFIS & * MATLAB
AN "tic, fv "toc > 9% 10 it dfk & MATLAB & & chpF

Fie L > 4ol 4.19 #7577 o

e |
| I

M E A A I ié’;f]% N (61b ~ 62b - 83b) |—
(61a ~ 62a ~ 63a) > E > (x ~y~2) : :
AL ! I

ANFIS (> (81c ~ 82c ~ 83c)
L ' }
——> wBRRE [§

B 419 ANFIS ok » @& 5 2 P &2 284 0 U AR
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(= I N

%45 10wk A EEL R

Time(second)

samples Inverse kinematics ANFIS
1 3.7289 0.9111
2 3.9458 0.5817
3 3.9171 0.5662
4 4.1316 0.5636
5 4.1467 0.5641
6 2.8720 0.5639
7 4.4723 0.5638
8 3.2113 0.5639
9 3.3154 0.5650
10 4.7061 0.5653
T 3o 3.8447 %, 0.6008 #;
% 4.6 v EBERA ~E R 3EH T o ANFIS @?]:u:s—gae R
R A o idd 5 ANFIS@?]ﬂz
01 | 62 | 03 01 02 03 01 02 03
-5 | 14 | -47 | -5.0000 | 14.0000 |-47.0000 | -4.8614 | 14.0809 | -45.6855
21 | 18 | -46 |21.0000 | 18.0000 |-46.0000 |20.6160 | 17.6328 | -46.1630
2 14 2 | 2.0000 | 14.0000 | 2.0000 | 2.3379 |14.1692 | 1.9676
-2 | -7 | -25 | -2.0000 | -7.0000 |-25.0000 | -1.9719 | -6.4805 | -25.2122
16 | 19 | -34 |16.0000 | 19.0000 |-34.0000 | 16.2744 | 18.4095 | -33.6657
35 | -1 | -70 |35.0000| -1.0000 |-70.0000 | 35.0584 | -0.3217 | -69.7816
28 | 43 | -1 |28.0000| 43.0000 | -1.0000 |64.7729 | 38.4214 | -1.1391
28 | -1 | -77 |28.0000 | -1.0000 |-77.0000 |28.0628 | 1.5179 |-79.0892
25 | -12 | -75 | 25.0000 | -12.0000 | -75.0000 | 24.9991 | -9.6569 | -78.7341
16 | 29 | -16 | 16.0000 | 29.0000 |-16.0000 | 16.1728 | 29.4933 | -15.9399
KF 457 g HANFIS W F 2 @& F &4 1 64 Ba@E R > 7 ¥ KA
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46 ANFIS B&* 3 12-DOF = Ei8 ® 4
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EPpEALFL2Bpd B E&F o pg FRfoh > { BHRAF v
E NG E PP E ) ANFISEZ G- F o @8 Sl F1L 27 % %

R ae AR XA S A HEo 410 DRI 22 2 Rk K
LT A gL

1. L %re? 2 s urkk adp e 3cF B P (B14.20) 5218 5574 RAPF

5328 B 38 RApl ~ BIEZBE B E0L RAPR o

2. LomErs L n Yk AR R BT B PF(B4.20) BE1w B E44 R E
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ot - RFHI2B A 0 B EREHE O N LB RO #
12-DOFw &% 4 4/ * ¥4 3-DOFZ A = it » F]pt v £ 445
3-DOF% = @ eH ¥ L A& w LPEEL - HFhoT
1. mzw EgHERE(Bl4.21) ) A= BE & L B> 2 (8 %> 2w %ro>+
tfegro P BBEYPER L WIIN G oA A g R A R
Py oo EP A fAr KBFEAFATY 0 EARFTORGEH LR
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2. RPIEH WAL LA FRD > L WBP T B 6 B FE ARTR = B
AL Nz A G 0 A p g RSB A (TAPFA MR o
3. BRlw BT - B AR N~ 4w Brananfisl ~ anfis2 ~ anfis3 e 4@1\

Hoe TWELAI2B 5 Eigd & B o
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3. & AT MY 1.7 AT Wy

2. &1y 4.7 1% Wy
Bl 421 HHERE

(xL,y1)

(x2,y25%-1)

anfisl p—>{ 01

(x3,y3)

(x4,y4%K-1)

Bl 4.22 anfisl & f% 5 £ & & 0104~ 67010

(x1,yl,z1)

(x2,y2%-1,22)

anfis2

(x3,y3,23)

(X49y4%' 1 924)

B 4.23 anfis2 £f25:£ & & 62~605-08- 011
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(x1,yl,z1)

(x2,y2%-1,22)

anfis3

(x3,y3,23)

(x4,y4%-1,z4)

B 4.24  anfis3 £f25:E & & 03 ~606 ~ 09 ~ 012

47 ZMP I g1 384 #4
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Mo RRFEIPETFS A TP F DL S S BhH R
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A EMEM > i=1~4 0 2 & BIMGeanfo =8 B4 2 XEYS 3 p > X3
% % Xe.m.c&E Xc.m.i v i=1~4 ; y= » z Ye.m.cE Yem.i v i=1~4 -
d TS N RNERPEEA DFC B E XY T g R

Z _ 1 MixgxXc.m.i+mcxgxXc.m.c

Xc.m = (4.13)
Z 1 Mixg+mexg
mixgxYc.m.i+mcxgxyYc.m.c
Yce.m = LizaMixg J (4.14)
Z 1 Mixg+mexg
BT B E XY E G PRI ZMP i o g R R

%’g:gg&;%&ii,ug_fﬁ, %E/,ﬁ%zgé,gﬁﬁ,{ZMPﬁﬁ&gk%P
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FoeD i @ P A SRS FAEGRI e
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5.1 AN inARRD)

AR ERAR ARG T A G A0 R
1. @& * PC %4& Visual sequencer #%.3% - i% i RS232 né;ﬁiﬁjﬁﬁ&ﬁ =
SSC-32 B aipH| BV w BB B € B F AL Ko Binieisas

AT p R A 2 RRET-BEELF 0 2 TH5L

Visual
sequencer

-

@ 5.1 FiE- T RE

2. #- Visual sequencer % i .csv R4 & > 2 B iEHF D-H EL
FEXIYILZI) AR £ SRR~ B Y %A ANFIS 24 Kigip ¢
Techd B BA VoSV R RARNE R ANFIS B & & - 53 F &

BFAd ] {7 HP ANFIS ¥ 1% &gt 2 - chig % 44 F152-
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3.

Visual
sequencer

A

iE@ Eu ]E
R [ Eo P € AK |[€
.CSV
ANFIS > A —-)F
.CSV

MATLAB

R 5.2 EZ TFRE
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