




























































































































































































































































I* Ang_ c alc{int, flogt) 

* This fun c tion road s tho oncodor count and c o nvorts to tho an g los\ 
a lphal and alph a l whoro alpha1 = thotal and alpha2 = thota1 + thota2 

Input: link #, fon c l or fen c 2 
* Ho turns : a l pha! or alpha2 

•I 
fl oa t Ang_colc (int a c t _ id, float fonc ) 
{ 

fl oat ang, alpha; 
/• b o ttom di s k i s connectod t o motor 2, link 1 */ 
I* top di s k is connected to motor 1, link 2 •/ 

ang = fenc ; 
a l pha • ( (ang/ENC_CNT) •2•PI)/GEAR_I\ATIO; 
if ( ac t _ id ,.. . 1) I* cal culation of alpha2 ,.. thot a l+thota2 *I 
alpha"" alpha+ Ph(120/180.0); I* a ng le of link2 = 90 init ially *I 
ol s o if(ac t _ id ... 2) I* c alc ula tion of alphal *I 
a lpha "" -1. O• (a l pha-PI• (30/ 180 .O)); 
r o turn (alpha ); 

I• 
Dithl( s volt , dt) 

Add dithor 
Argument: volt, dt 
Roturn s : 
float: voltage value which is voltage + dynamic fri c tion vo ltage 

•I 
fl oat Dithl(floa t dt) 
{ 

fl oat dvolt; 
sta t ic f !oa t dtd; 

<ltd ... dtd + dt; 

if (<ltd < Dithor_t) 
dvolt • nvolt1 + 0.75; 
ol so i f (dtd >=- Dithor_t &.&: dtd < Dith2_t) 
dv olt "' nvoltl - 0.75; 
ol s o 

dtd "" 0.; 

dvolt "' nvoltl + 0.75; 
} 

dv olt "" -1.0*dvolt; /• motor 2 i s c onnected back..,ard s •I 
dac 2(dvol t) ; /• motor 2 is c onnoctod to link! •/ 
re turn (dvolt); 
) 

I• 
Dith2( s volt, dt) 

Add di thor 
Ar gument: volt, dt 
lloturns : 
float: voltago value which i s voltage + dynamic friction voltag e 

•I 
fl oat Dith2(floa t dt) 
{ 

fl oat dvolt; 
s tatic f l o at dtd; 

dtd "' <ltd + dt ; 

if (dtd < Dithor_t) 
dvolt = nvolt2 + O. 7 5; 
ol s o if (dtd >• Dithor_t &.&. dtd < Dith2_t) 
dvolt = nvolt2 - O. 75; 
ol s o 

<ltd .. o. 
dvolt ::o nv olt2 + 0. 75; 
) 

dacl (dvolt); I* motor 1 i s c onnoc tod to link2 *I 
roturn(dvolt); 
) 

/• dac l (voltag o) 

* DAC o utput from channol 1: 
"' This function !Jill tnko tho vol tago valuo and output ana l oguo 

signal a t tho s p oc if i od voltago. 
* Dipolar outpu t s ot t o + and - 10V range 

Input: Voltago 
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• !lo t u r ns: Void 

•I 
void d a c l( f l oa t vol t ago ) 
{ 

byto h i g h_byto, lot.: _byto ; 
fl oat num , lot.:num , highnum ; 
long t omp; 
l o wnum • hig lmu m .. 0. 

I*** v oltago limit • ••/ 
i f ( vo l tago > 6 . 8 ) 
volt a g o "" 6 . 8 ; 
o l s o if (vol tag o < - 6, 8 ) 
vol t ago ., -6 . 8 ; 

/• convort voltag o in two bytos in d oc imal •/ 
num =- v o l t ago• ( 20'18 .0/10.0)+2048.0; 
if ( num>• 2 56 .0) 
{ 

t o mp • Clong)num; 
l o 1,1num • tomp II: Oxff; 
low_by to = ( uns i g nod c h ar ) l o 1,1num; 
t ornp "" (long )num; 
h ighnum "" tomp>>8 ; 
h igh _byt o • (un sign e d c ha r) hi ghnum ; 
) 

o l so 
{ 

l o w_byto "" num; 
hig h _byt o "" 0. O; 
} 

/• comma nd v oltage out •/ 
o utpor tb ( OCll l_LOW , lot.:_byto) ; 
outportb (DCHl _ HIGH, h igh _byto); 
} 

/• d ac2 ( vo ltag o) 

* DAC out put fr om c hannol 2 : 
Thi s func t ion 1,1ill t a ko tho vol t a go v a luo an d out put analog uo 

s i g nal at tho s poc ifiod voltago. 
• Bi p olar o utput s ot to + and - 10V r ango 

Input : Vol tago 
• Rot urn s : Vo id 

•I 
void dac2 (floa t v oltago) 
{ 

by t o hig h _byt o , l ow_byto ; 
fl oat num, lown um, highnum; 
long tamp ; 
lownu m • hig hnum • O, ; 

/••• vo ltago limit •••/ 
if (vo ltage > 6 .8) 
vol t ago • 6 . 8 ; 
al s o if (voltaga < -6 8) 
vo l tage .., -6 . 8 ; 

/• convort voltag o in t uo byto s in doc ima l •/ 
num ,., vo ltago•(2048.0/10.0)+2048 . 0 ; 
if (num>•2 56. 0 ) 
( 

tamp ,.. ( long ) num; 
l o \.lnum "" t omp &: Oxf f; 
l o u_ byto = (un s i g nod t: h a r) l ounum; 
t a mp "" ( long ) num; 
h ighnum 02 tomp >>8 ; 
high _byt o • (un s i gnod c ha r) hig hnum; 
} 

al s o 
{ 

l o w_ byto = num ; 
hig h _byto ,. O .O; 
} 

/• command vol t ago ou t •/ 
outportb (DC112 _LOW , l ou _byta); 
ou t portb (DC11 2_ HIGH, h igh _byto ) ; 
} 

/• d acShutdown(void) 

Th is f unction tJill d i sab l o DA C out put. 
* Input : Vo id 
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* !lo turns : Void 

•I 
void dacShutdown (void) 

outportb(DOUT_CTL , OxOO) ; 
} 

/ • sot highest bit to O to inhibit output •/ 

I• 
volt:_c md (int, float) 

conunand voltago out for the specified torque value 

Arg ument: actuator id # , s pocifed torque v a lue 

Ro turns : volt ago valuo 
•I 
float volt_cmd(int act_id, f loat tau) 
{ 

float volt; 

volt "' tau/(KT>1<GE.All _RATIO); 
if (volt "> 5.0) 
volt "' 5.0; 
olso if (volt < -5.0) 
vo l t = -5.0; 

roturn(volt); 
} 

I* - --- -- -- - - ---- - - -- ----- -- --- -- - ----- - ---- -- - -- - -- -- - -- - - - - - - -- - - - -- - - - - - - -- -• I 
I* Di s play_loarn () 

• Th i s function di s plays tho target location and tip location 
information on tho monitor. 

MORE CHANGES NEEDED: TIMI NG and STAR PATTEllH 
* Input : void 
* Rot urn s: void 

•I 
void Display _learn ( void) 
( 

st:atic int n = O; 

s tatic int m • O; 
static int oldx, oldy, n o ; 

i n t dir , j; 
float t, tomp; 
float that a; 

GrBoY.(tx (0]-10, ty(0] - 10, tx (O] +lO, ty(O] +l O, GrAllocColodO, 0, 0) ) ; 
GrFillodCirc l o(oldx, oldy, 3 , GrAl l ocColor(O, 0, 0)) ; 

t "' tt; 

tomp = t/Rch_time; 
n "' (int)(temp); 
if (m ::n,, 60) /• calcul ate next target pos. <- current act. pas . •/ 
( 

dir = ran dO 'l.8 ; 
thota "" dir•PI /4 0; 
xnoxt "" data_x + 0 29528•cos(thota) ; 
ynoxt "" data_y + O. 2952B*sin(th o t a ); 

if (xnoxt<XMAX && xn oxt>XMIN &&: ynoxt<YM AX && ynoxt>Y MIN) 
( 

tdl] • (int)((4BO•(O.O-xnoxt)/0.6) + 320); 
ty[l ] • (int)(480•(ynoxt - 1.66)/0.6)+240 ; 
} 

ol s o 
{ 
if ( (data_x <O .0162) &t (data._x>-0 .0162) &:&: (data_y <l .6762) &&: ( da ta_y>l. 6438)) 

( 
j : rand()'l,4; 

dir "" drcasoO[j]; 

olso 
if(data_x > 0.0) 
if (data_y > 1 . 66) 
if ( (data_x<•O. 0703) && (data_y< 1.1 l. 7303) ) 
d i r = 5 ; 
also if ( (da ta_x>O. 0703) &&: (data_y<"' 1. 7303)) 
{ 

j "' rand()'l.2 ; 
dir "" drcas o 11 (j ] ; 
} 

ol s o if ((data_x < ... 0.0703 ) && (dat a _y> l . 7303)) 
{ 
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j • randO'l.2; 
d i r "" drc aso12 [j]; 
} 

olso 

j =- rand01/.3; 
dir ,... drc a s ol (j]; 
) 

ol s o 

if ((datn_x<=0.0703) &.&. (data_y>::.1. 5897)) 
dir .. 3; 

olso if ( (data_x>0.0703) &:& (data_y >=1.5897)) 
( 

j • randO'l.2; 
dir = drcas o4 1 [j]; 
} 

olso if ((data_x <=- 0.0703) &&: (data_y<l. 5897)) 
( 

j = randO'l.2; 
dir "" d.rcaso42 (j] ; 

olso 

j • rand()'l,3; 
dir ""' drc aso'1 [j]; 
) 

olso 

if ((data_y > 1. 66 )) 

if ( (data_x>~-o . 0703) && (data_y<• !. 7303)) 
dir .. 7; 

ol s o if ( (data_x<-0. 0703) && (data_y< .. l. 7303) 
( 

j • rand()'l,2; 
dir • drcaso21 (j]; 
) 

olso if ((data_x >• -0.0703) && (data_y>l.7303)) 
( 

j • randO'l.2; 
<lir "' drcaso22 (j] ; 
} 

olso 
( 

j a rand()'l.3; 
dir • drca s o2 [j]; 
} 

olso 

if ( (data_x>• -0 .0703) &:&. (data_y>::r.1. 5897)) 
dir ""' 1; 

ol s o if ( (data_x<-0 .0703) t&: (data_y> =- 1. 5897)) 
( 

j.., ran<lO'l.2; 
dir = drcaso31 (j]; 
} 

ol s o if ( (data_x>•-o 0703) A:& (data_y<l. 5897)) 
( 

j • rand()'l,2; 
dir = drc a s o32(j]; 

ol s o 

j • randO'l.3; 
<lir ,. drcaso3(j] ; 
} 

thota • dir•PI/4. 0; 

xnoxt • data_x + 0. 29528•cos(thota); 
ynoxt • data_y + 0. 29528•Bin(thota); 

tx(l) • (int)((4BO•(O.O-xnoxt)/0.6) + 320) ; 
ty[l) • (int)(480•(ynoxt - 1.66)/0.6)+240; 
} 

I* - - - - - - ------- - - - - -- - - ------- --------------- __ ,.I 
} 

if (n > no) 
( 

tx[O] • tx[l]; 
ty [OJ • ty[l); 
m"" O; 

di s p_x: ,.. xnoxt; 
disp_y = ynoxt; 

GrBoY.(tx[0]-10, ty [0)-10 , tx[O]+ l O , ty[O]+lO, GrAllocColor(255, 255, 255) ) ; 
GrFillodCirc lo (disx, disy, 3, GrAllocColor(255, 255 , 255)); 
oldx • di s x; 
oldy • disy; 
m++; 
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no = n; 
cnt_d = O; 

Warning • OFF; 
} 

I* Display_ s tar() 

Th is function display s tho targot location and tip location 
information on tho monitor. 

MORE CHANGES NEEDED: TIMING and STAR PATTEHN 
I n put: void 

• Ro turns: void 

•I 

void Dis play_star(void) 

static int n = O; 
static int m • O; 
static int oldx , oldy , no; 
static int fstat ; 
int dir, j, fdir ; 
float t , tomp ; 
float thota; 
s t atic int kk "' O ; 

t "" timo(); 
GrBox(tx[0]-10, ty[0] -10, tx[O]+ ! O, ty[O]+!O, GrAllocColor(O, 0, 0) ); 
GrFillodCirclo(oldx, oldy , 3, GrAllocColor(O, 0, 0)); 

tomp = t/llch_timo; 
n "" (int) (tomp); 
if (m •• 60) /• calculato noxt target pos. <- curront act. pos. •/ 
{ 

dir ,.. dirtost [ eye lo] /,8; 
fstat = {int) (dirtost (cyclo] / 8 0); 
thota = dir*PI/'1.0; 
xnoxt ,.. data_x + 0. 29528•cos(thota) ; 
ynoxt .. data_y + 0. 29528•sin(thota); 
if (xno,:t<XMAX &:& xno,:t>XMIN &:&: yno,:t<YMAX &:&: ynoxt>YMIN) 
{ 

tx[l] (int) ((480•(0.0-xnoxt)/O.G) + 320); 
ty[l] • (int)(4BO•(ynoxt - J.GG)/0.6)+240; 
} 

elso 

if ( (data_,:<O. 0162) && (data_x>-0 .0162) &:&: (data_y<l. 6762 ) &&: (data_y>l. 6438)) 
( 

j "" randO'l.4; 
dir = drcas oO(j ); 
} 

ol s o 
i f (data_x > 0.0) 
if (data_y > 1 . 66) 
if ( (data_x<=O. 0703) && (data_y<• l. 7303) ) 
dir = 5 ; 
olso if ( (data_x>O 0703) kt (data_y<"" l. 7303)) 
( 

j = rand()'l.2; 
dir "" <lr c asoll [j]; 
} 

olso if ((data_x <= O 0703) &:&: (data_y>l.7303)) 
{ 

j "' randO'l.2; 
dir "" drcaso12[j]; 

o l so 
( 

j = randO'l.3; 
dir • drcasol [j); 
} 

also 
if ( (data_x<""O. 0703) && (data_y>"' l . 5897)) 
dir .., 3; 
olse if ( (data_x>0 . 0703) IL& (data_y >at .5897)) 
{ 

j a rilnd()'l,2; 
dir .. drca :Jo41 (j ) ; 
} 

olso if ( (data_,: <• 0. 0703) &&. (data_y<l. 5897)) 
( 

j ,. rand()'l, 2 ; 
dir • drcaso42 [j]; 

ol s o 
{ 

j ,. randO'l.3; 
dir = drc a s o4 [j]; 
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ol SO 

il((dat a_ y > 1.66)) 

ii «ctata_x>• -0. 0703) k& (data_y<• !. 7303)) 
di r • 7; 

ol s o if ( (data_x<-0.0703 ) &.&: (data_y<=l .7303) 
( 

j "' randO'l.2; 
d i r "" <lrc a s o21 [jJ; 
} 

o l s o if ((data_x >• - 0. 0703) k&. (data_y>l. 7303)) 
( 

j .. r a ndO'l.2; 
<lir = drc a s o22 [j] ; 

o l so 

j .. randO'l,3; 

dir "' drcas o2[j]; 
} 

ol s o 

if ( (data_ x >::.-o. 0703) l &. (data_y>a l. 5897)) 
d i r • l; 

a l so if ( (data_ :r. <-0. 0703) &:k (data_y>~ l. 5897)) 
( 

j -a:; rand()'l,2; 

dir ,.. drca s o31 [j]; 
} 

also if ((data_x> .. -0.0703) &:k (<lata_y<l.5897)) 
( 

j • r a nd()'l,2; 

dir .,. drc a s o32 [j] ; 
} 

ol s o 
( 

j • rand()'l.J: 
di r = drcaso3 [j] ; 
} 

} 

theta .. dir•PI/4 .O; 
f s tat = ON; 

::r.noxt • data_x + 0.29528•cos (thota); 
ynoxt "' d a t a_ y + 0 . 29528•sin(thota); 
tx [1] • ( int) ((480• (0 .O-xnoxt) /0. 6) + 320); 
ty[l) "" (i nt)(480•(ynoxt - 1.66)/0.6)+240; 
<liroct = dh·; 

fdir • dir + 8; 
kk • O; 
whilo (kk<16) 
{ 

if (dirtos t [kk) dir) 
{ 

dirtos t (kk] .. -1; 
f s tat "" OFF ; 
kk • 16; 
} 

ol s o if((dirtoat[kk) "'"' fdir) &:&: (kk< l6) ) 
{ 

dirto s t [kk) = -1; 
fstat .. ON; 
kk • 16; 
} 

kk++; 
) 

whilo ( dirtost(cyclo] .,., -1) 
c yclo++; 

if (eye lo >:a 16) 

modoFlag "" COMPLETE; 

if (n > no) 
( 

tx[OJ • tx[l]; 
ty[OJ • ty[l]; 
m ,., O; 
} 

d isp_:r. = xnoxt; 
<li s p_y • ynoxt; 
Forc o • f s tat; 

GrBox(tx[0)-10, ty[0)-10, t:r.[0)+10, ty(O]+lO, GrAllocColor(255, 255, 255) ) ; 
CrFillodCirclo(disx, d i sy, 3, GrAllocColor(255, 255, 255)); 
oldx "' disx; 
oldy = di s y; 
m++; 

no "" n; 

c nt_d = 0; 
Warning • OFF; 
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I* TakoDATA(); 

* This function rocords tho tost data onto a filo. 
* Input: void 
* llot:urns : void 

•I 
void TakoDATA(void) 

s tatic int j • O ; 
var_t ( j] • tt ; 
var_l ( j ] • data_x; 
var_2 ( j ] • data_y; 
var_3(j ] a v l ; 
var_'1[j ] = v 2 ; 
var _5 [ j] ,.. di s p_x ; 
var_6[j ] "' di s p_y; 
va r _ 7 (j] • Forco; 
if (j <= 4500) 
j++; 

cnt_t = O; 
Warning .. OFF; 
} 

I * llu nTSUNAMI () ; 

Th i s fu nction r u ns TSUANMI. 
I nput: void 

* llo'turns : void 

•I 
void RunTS UNAMI(void) 

float foncl, fonc2 ; 
floa't disk l _anglo , link2_nn glo , disk2_anglo; 
f l oat tau l _out, taul_cmd, tau2_out, tau2_cmd ; 
float 't, x, y ; 
s tatic float xo = 0.0; 
static float yo ,. 0.0 ; 
s tatic float t _old • O O; 
static float sl_adot • 0.0; 
sta'tic f l oat o2_adot .. 0.0 ; 
s tatic float fo nco l = O. O; 
static float fonco2 • O .O; 
static float dthl[7] • {0.0, 0.0 , O. O, 0 .0 , 0.0 , 0.0, 0 .0} ; 
static float dt h'.l(7 ] .., {0.0, o.o, o .o, 0 . 0 , 0.0, 0.0 , 0.0}; 
s tatic float f_dth 1 [7] • {0.0, 0.0, O.O , 0.0, 0.0, 0 . 0, 0.0}; 
static float f_dth2[7 ] • {0.0, O.O, O.O , 0.0, 0.0 , 0.0 , 0.0}; 
static float vx(7 ] • {0.0, 0.0, 0.0 , 0 .0, 0.0, 0.0, 0.0} ; 
s tatic float vy('l) • {0.0, O.O, O.O, O.O, 0.0 , 0.0 , 0.0); 
s tatic float f_vx[ 7] • {0 . 0, O.O, o.o, 0 .0, 0.0 , 0.0, 0.0}; 
s tat:ic float f_vy[7 ) • {0.0, 0.0, O.O, 0 . 0 , 0.0, 0.0, 0.0}; 

float al dot , a2dot, s haft l _anglo , shaft2_anglo ; 
float fric_Y., fric_y ; 
i n t i • 0; 
s tatic int j • O; 
int l "'" 0 ; 
float cl , c 12, s l , ~12, c 2 , s2, dt ; 
float do n um; 
f l oat fx "" 0.0 ; 
f l oat f y ,. 0.0; 

t "' timoO ; 
fonc l .. Rot_calc( 1, fo ncol); 
fonc2 "' Rot_ca l c(2 , fonco2); 
tt "" t; 

/• Cal c ul ato oncodor count *I 

dt .. t - t_old; 
if (dt ••O .0) 
d t • 0.00001: 
di s kl_anglo • Ang_calc(2, 
disk2_anglo • Ang_calc(l, 
link2_anglo ,.. disk2_anglo 
cl • cos (diskl_unglo); 
c2 :::c cos(link2_anglo); 
c12 = cos(disk2_anglo); 
sl ,.. sin (diskl_anglo) ; 
s 2 =- sin(lin k2_angl o) ; 
s 12 "' sin(disk2_anglo) ; 

fonc2) ; 
foncl); 

/• Calculate anglo •/ 

- diskl_anglo; 

x = L l •cl + L2*c12; 
y "' Ll*s1 + L2•u12; 
data_x • x; 

/• Cal c ulato tip location from a ngles •/ 

data_y ,.. y; 

disx "' (int:)((180*(0.0- x)/0.6) + 320); 
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d isy • (in t )(480•(y - 1.66 )/0.6)+240; 

I• - - - ------------------------------------------•I 
slrnftt_ a nglo ,.. <liskl _anglo•GEAR_RATIO ; 
s haft2_anglo • di s k2_anglo•GEA1l_RATI0; 
a ldo t "" ( s haftl _angl o - s l_adot)/dt; 
a2do t "' ( s haft2_anglo - s2_adot)/dt; 
d o num • 1/(Ll•L2*s12); 

/• Filt.or voloc ity data •/ 
vx[j] "" vx[j+1]; 
vy(j] • vy(j+I]; 

dthl(j] • dthl [ j+ l]; 
dth2 (j] • dth2 (j+ 1] ; 

if (j """" 2) I* Cal culato tip volocity: raw voloc ity data •/ 
( 

vx[4] = (x - xo )/dt; 
vy(4] • (y - yo)/dt; 
d t h1(4] • aldot ; 
dth2 (1] "' a2dot; 
} 

if (j • • 3) 
( 

/• Cal culato filtorod volocity •/ 

f _vx[4 ) • (float)(B_3•(doublo)vx[3] + B_2•(doublo )vx[2] + B_l*(doublo)vx[l] + B_O•(doubl o )vx[O] - A_2•(doublo)f _vx[2] 
A_ 1• (doublo) f _vx [ 1] - A_O• (doublo)f _vx (O]); 

f _ vy(1] ,. (float)(B_3•(doublo)vy[3) + B_2•(doublo)vy[2] + B_ h(doublo)vy [ l] + B_O•(doublo)vy[OJ - A_2•(doublo ) f_ vy(2] 
A_ t • (doubl o) f _vy [1] -A_O• (doublo)f _vy [0]); 

f_dth1['1] • (float)(B_3*(doublo)dth1[3) + 13_2•(doublo)dth1[2] + B_h(doublo)dth1[1] + B_O•(doublo)dthl(O] _ 
A_ 2•(doublo)f_d 'th l[2] - A_l•(doublo)f_dthl[l] - A_O•(doublo)f _dthl[O]) ; 

f _dth2(4] .. (float) (B _3•(doublo)dth2(3] + D_2•(doublo)dth2 (2] + B_ l •(doublo)dth2[1) + B_O• (doublo )dth2 [0] _ 
A_2•(doublo)f _dth2(2] - A_t•(doublo )f_dth2(1] - A_O•(doublo )f_dth2[0]); 
) 

f_ vx[j] • .f _vx[j+l); 
f_vy[j] • f _ vy[j+l ]; 

f _dthl[j] - f_dthl[j+l] ; 
f_dth2 ( j ] • f_dth2 (j+1]; 
j++ ; 

if(j -· 4) 
( 

j - 0; 
vl ... f_vx [3]; 
v 2 • f_vy[3]; 
l++;} 

/•--------------------------------------------------------------------------•/ 
I* Fric tion Compensat i on calculation: linoar Friction Modol filtorod *I 
if ( f _dth l ( 3] >O. 0) 
{ 

i f(f_dth1(3 ] > 100.0) 
f _dthl[3] • 100. 0 ; 

fric _x "' -0. 074952+0 . 0000979*oxp(O. 14962•fabs (f _dth l [3]) )+0 . 841276• 
( 1-oxp( - O. 77746•fabo (f _dt hl (3 ]))); 
fric_x a O. BO•fric_x; 
} 

ol s o if(f _dth l [ 3 ] < 0.0) 
{ 

if ( f _dthl (3] <-100 .0) 
f_dthl ( 3] • -100.0; 

fric_x • -1* (3. 757823-3 79467•oxp(-O. 0016•fabs (f_dthl [3]) )+0. 68"!93*( 1-oxp(-1.10855•f a bs (f _dth l (3)))) ) ; 
fric_x • 0 .9 3•fric_x ; 

ol s o 
fric_x • 0 . 0; 
if (fric _x > 2. 0) 
fric_x "" 2.0; 
o l s o if(fric_x < -2.0) 
f r ic_ x • -2.0; 
if ( f_dth2 ( 3] > o.o ) 
( 

i f(f_dth2[3] > 100.0) 
f _dth2(3 ] • 100.0; 

fric_y = -IJ. 637+4. 4585•oxp(O 00323•f abs(f _dth2 ( 3 ) ) )+1 . 0691•(1 - oxp(-1. 3546*fahs( f _dth2 (3 ]))); 
fric_y "" 0. 67•fric_y; 
} 

ol so if (f _dth2(3] < 0.0) 
{ 

if(f _dth2(3] < - 100 .0) 
f _dth2(3] • - 100.0; 

fric_y "" - 1* (-0. 1405+0. 12703*oxp(O .0585•fabB (f _dth2 (3])) +1 .0331• (l-oxp(-1 .0507•fabs (f _d t h2 [3])) ) ) ; 
f ric _y • 0.67•fric_y; 
) 

also 
fric _y = O .0; 
if (fri c _y > 2 O) 
f ri c _y ,.. 2.0; 
o l s o if(fric_y < -2 O) 
fri c_y • - 2 .0; 
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1 f (Fo r c o ,.. .. OFF) 
( 

b: "' 0 O; 
fy = 0 . Q ; 

l 
Ol!,O if ( Forc o .... ON) 

f:r. = - 0 69205 •vl-O. l67'12•v2; 
fy -0 . 767'12•vl + 0.76057•v2 ; 
} 

tau l _out ... Ll•ct•fy - Ll• s l•f:r.; /• Calculate motor torquo to croat o tho disturbanco •/ 
if (taul_out a =- 0.0) 
taul_c md • 0 .01; 
ol s o if (( tau l _out>O. 0) kl£ (taut_out<O. 75)) 
t au l _c md '"' 1.2335•taul_out + 0.0803 + fric _x ; 
o l s o if ((taul _out> '"'0.75) &.&: (taul _out < 1.86)) 
taul_c md '"' l. 294iJ*taul_out + 0.024 + fric _x; 
ol s e if ((tau l _out> • t.86) &:&: (taul_out < 2.89)) 
taul _cmd • 1.2601•taul_out + 0.0864 + fric_x; 
olso if (( taut _out> ,. 2. 89)) 
taul _c md "" l.2223•taul _out + 0.1615 + fric_x; 
o l s o i f (( t:aul_out<O. 0) 1£& (taut_out> - 0. 33)) 
tau l _c md .,. 1.0921htaul_out -0 .0317 + fric _x ; 
ol s o if ((taul_out<• -0.33) &.&. (taul_out>-1.8)) 
tau 1 _cmd '"' 1 . 1982•taul _out -0. 0206 + fric_x ; 
ol s o if (('taul_out<• -1 . 8) &.&: (taul_out>-2.9)) 
tau l _cmd • 1 .1743•taul_out -0.065 + fric_x ; 
a l s o if ((tau t _out<a -2.9)) 
t,aul _c md ,. 1 .1375•taul_out -0 . 1603 + fric _x; 
tilu2 _out ,.. L2• c l 2•fy - L2• s 12•fx ; 
if(tau2_out • .., 0.0) 
tau2_cmd '"' -0. 165 ; 
e l s o if ((tau2_out>O 0) lt (tau2_out<1 . 13)) 
tau2_cmd • 1. 1579•tau2_out - 0 .11556 + fric_y; 
ol s o if ((tau2_out>zl. 13) &:&: (tau2_out < 1.84)) 
tau2_c md "" 1. 16248•tau2_out - 0. 12025 + fric_y: 
ol s o if ((tau2_out>,..1.84) &:&. (tau2_out < 2.93)) 
tau2_cmd "" 1. M 169•tn.u2_out - 0 . 08959 + fric_y; 
ol s o if ((tau2_out> • 2.93)) 
tau2_cmd = 1. 12814•tau2_o ut - 0. 0"7322 + fric_y; 
oh:o i f (( tau2_out<O. 0) &&: (tau2_out> - O. 05)) 
tau2_cmd "' 1. 85546•tau2_out -0 . 2 + fric_y ; 
o lso if (( tau2_out <• -O. 05) &&. (tau2_out> - 1. 6)) 

tau2_crnd '"' 1. 2 1237•tau2 _out -0 .17357 + fric_y; 
also if ((tau2_out< =o- l. 6) &:&. (tau2_out>-2.4)) 
tau2 _cmd "' 1. 35332•ta u2_out + 0. 06027 + fri c_y ; 
al s o if ((tau2_out<.,. -2.4)) 
tau2_c md • 1 .00724•tau2_out -0. 74568 + fric_y; 
I* - - - - - - - - ---- - --- -- - -- - -- --- -- - - -- - - --- -------• I 

nvoltl • volt_c md(l, taul _cmd); 
nvolt2 "" volt_cmd(2, tau2 _c md); 
fonc o1 • foncl; 
f ouco2 • f onc2 ; 
t_old "' t; 

Y.O = Y.; 

yo = y; 
sl_adot "" s haftl_anglo; 
s 2_adot • s h aft2_anglo; 
if (i <5000) 
i++; 

<::fft_r "' OFF; 
Warning • OFF; 
} 

/• Sot tho old valuos •/ 

/• Rosot tho old valuos *I 
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Appendix C 

Simulation Code 

The simulation of the adaptive motor control model during reaching motion. 

I• 

Latost vorsion 3/12/95 
Star Trajoctory : Working Copy: March 12, 1995 

•I 
#includo <stdio. h> 
#include "mathfun s h" 
#dof ino NllANSI 
#includo " nru t il. h" 
#dof ino NUMNOOE 102 
#dof ino Ql MIN -5 
#dofino QlMAX 8 
#<lof ino Q2MIH -3 
#dof ino Q2MAX 9 
#dof ino ETIME 26 
#do fino LT IME 412.5 
#dofino DT 0.0001 
#dofin o FIELD 1 
#dofino EVAL 2 
Udof ino LEAllN 4 

#dof ino Q10 0. 26 18 
#dof ino Q20 1 . 4835 
#dof ino SYSDIM 4 
#dofino NETOUT 16 
#dofino ADAPTIVE 
#dof ino NSTATES SYSDIM+NETOU1'•NUMNODE 

float qld . q2d . qldd, q2dd , qlddd, q2ddd, tau (2). sl , s2; 
float tor!, tor2, kal, ka2, ka3, ka4, is l, is2; 
float actlov [NUMNODE] , •actrof "' actlo v, •act ; 
float •oldx, •nowx ; 
float kal, kb , bota ; 
float lambda [2] [2] , kd [2] [ 2] , kp (2 ) (2) , ohat (2) (2) ; 
float ll inv [2] (2) , C [2 ) [2] , hllat (2 ) (2 ) , c hat [ 2] (1) , II ( 2) (2) : 
s hort modoFlag; 
doublo nrand(doublo); 
/• Maki' s global variablos •/ 
short log; 
s hort star; 
static f l oat dptx (260) ; 
static float dpty [260); 

void odoin"t(float ystart[], int nvar, f l oat xl, float x2, 
float op!.1, f l oat hl, float hmin , int •nok, int •nbad, 
vo id (•dorivs)(float, float [], f l oat [] ), 
void (•rkqs)(float [], float [], i nt, float•, float, float, 
float [], float •, float *, void (•)(float , float (] , float [] )) , 
float, void (•savvars)(float,float[J )); 
void rkck(float y[], f l oat dydx[), int n, float x, float h, 
f !oat yout [] , f loat yorr [] , void (•dorivs ) (f l oat, float [J , float [] )); 
void rkqs(f l oat y [], float dydx [], int n , float •x , 
float htry , float ops , f loat yscal[], float •hdid, float •hnox t , 
void (*doriv s) (float, float [), float [)) ); 
void r hs(f loat , float[), float[]); 
void mySavo ( f lont , float[]) ; 
void dosTraj (int, float , float•, float•, float•); 
float drand48(void); 
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float ffloor(float); 

fl oat xO[NSTATES); 

FILE *OFilo, *oF'ilol, • oFilo2 , • oFilo3, •oFilo4; 
FILE •nFilo, •nFilo 1, >1<nf'ilo2 , •nFilo3, •nFilol\; 

main() 
( 

~hort ii,quo; 
float ops "' 1.0o-05, dt .. 0.0001; 
float piglot , tho ta , xx, xxx, yy, yyy; 
int nok, cow1t , nba d; 
doublo pooh; 
l nt tigor, kk; 
int i • O; 
int dirwalk; 
oldx • (float•) malloc( NSTATES * sizoof( float)) ; 
n o wx • (float•) malloc( NSTATES * sizoof ( float)); 

dptx [OJ • 0. 259725; 
dpty[OJ • 0.4202H; 
dptx [ 1) • 0. 33043568 ; 
dpty( lJ • 0.490958; 
xx = dptx[OJ - 0.12 ; 
XXX ::r dptx[O] + 0. 12; 
yy • dpty(OJ - 0.12; 
yyy • dpty[OJ + 0.12; 

printf(" 'l.f\t 'l.f\n 1/.f\t 1/,f\n\n " , xx, yy, xxx, yyy); 
quo "' 0 ; 

whilo (qu o< 255) /•u # of counts •••/ 

piglet • 8.•drand18(); 
dirwalk "' (int) ffloor(piglot) ; 
thota ,. PI•dinmlk/1; 
dptx [quo+!] • dptx [quoJ + O. l• cos (thota) ; 
dpty [quo+ l] • dpty [quo) + 0. l •sin(thota); 

if ((dptx [quo+t)<xxx) &:&; (dptx[quo+l]>xx) &&: (dpty [quo+l ] <yyy) ,U (dpty[quo+ l] >yy)) 
quo++; 
} 

for (quo=O ; quo <255; quo++) 
{ 

printf ( "'l.f\t 1/.f \ n" ,dptx [quo] , dpty [quo]); 
} 

printf("ok ! \n" ) ;fflus h (stdout) ; 

for (ii "' O; ii < NSTATES; ii++) xO[ii ] ., O. ; 

lambda [OJ (OJ • 6. 4968: 
l a mbd a [O] (1) "'0 . 0637; 
l ambda[l ][OJ • 0.0637; 
l ambda[1](1J • 6.6667; 
kd[O J [OJ • 2.J; 
kd[OJ [lJ • 0.9; 
kd[l J [OJ • 0.9; 
kd[1](1J • 2.1; 
kp[O J [OJ • 15.0; 
kp[OJ [lJ • 6.0 ; 
kp[lJ [OJ • 6 . 0 ; 
kp [!J [lJ • 16. 0 ; 
kal • 0.01; 
ka2 • 0.01; 
kaJ • 0.04: 
ka1 = 0 . 01\ ; 

printf("ok!\n") ;f f lush(s:tdout); 
nFilo "" fopon( "nullO. da t ", "w " ); 
nFil o l = fopo n( 11 nulll .dat", "w" ) 
nFilo2 = fopon("null2.dat" ,"w") 
nFilo3"" fopou( •• null3.dat","w") 
nFil o'l .. fopo n("null'l .dat", "w") 
oFilo "' fopon("robotO.dat" ,"w" ); 
oF ilol • fopon( "robotl.dat","w"); 
oFilo2 ,. fopon( " robot2 dat", "w"); 
oFilo3 ,. fopon( "robot3.dat 11 ,"w"); 
oFilol\ "' fopon( "robot4 .dat", "w"); 

I• 
xO [OJ 
xO[! J 
x0[2] 
xO[JJ 

Show 
• Q!O ; 
• 020; 
= 0. 

- 0.: 
s tar • O; 

initial porformanco in Fiold 

modoFlag .. EVAL+FIELD; 

•I 
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odoint(xO, NSTATES, O., ETIME, ops , dt , 1.0o-05 , &: nok, &:nbad, rhs, rkqs , . OS, mySavo); 

xO[O] • Q!O; 
xO[ t ] • Q20 ; 
xO [2] • 0.; 

x0[3] • 0. ; 
s tar :c 1; 

modoFlag • EVAL; 

odoint (xO, NSTATES, O. , ETIME, ops , dt, 1. Oo-05, &nok, &nbad, rhs, rkqs , . 05, mySavo); 

xO(O ] • QlO ; 
xO[l] • Q20; 
x0 [ 2] • O.; 
xO [ J ) • O.; 

for (kk "' O; kk < 4; kk++) 

rnodoFlag "" LEARN+FIELD; 

odoint(xO, HSTATES, 0., LTIME , o ps , dt , 1.0o-05 , !mok , &:nbad, rhs , rkqs , .OS , mySavc ); 

xO[O) • QIO ; 
xO[ l) • Q20 ; 

xO (2 ] • 0. ; 
xO [3] • O. ; 

Hta.r++ ; 

mo doFlag :a EVAL+FIELD; 

odoint (xO, NSTATES, O, , ET I ME, ops , dt, 1 .Oo-05, &:nok , lmbad, rhs , rkqs , . 05, mySavo); 

xO[OJ • QI O; 
xO[ l] • Q20; 
x0[2] • 0.; 

x0[3] • 0.; 
star++; 
modoFlag • F.VAL; 

odoint (xO , NSTATES, O. , ETIME, ops, dt, 1 .Oo- 05 , &n ok, &nbad, rhs , rkqs , . 0 5 , mySavo); 

xO[O] • Q!O; 
xO[l ] • Q20; 

x0[2] • 0.; 
x0[3] • O.; 

} 

void mySavo(float t, float x [] ) 

s tatic float qa,qad,qadd,qb , qbd , qbdd; 
int i, quo; 
float tt ; 

if ( ! (modoFl ag&EVAL)) rot urn; 
tt = fmod(t, 3.3); 
if (tt>l.65) roturn ; 
if ( s tar •• 0) 
( 

fprintf(oFilo, "'l.lf\t" ,t); 
for (i • O;i <4;i++) fprintf(0Filo,"'l.lf\t 11 ,x[i]); 
dosTraj ( 1 , t ,&:qa ,&qad, &qadd); 
dosTraj(2 , t , &qb,&qbd,&:qbdd) ; 
fprintf (oFilo , "'l.lf\t " ,qa); 
fprintf (oFilo , "'l.lf\t" ,qb); 
fprintf (oFi lo, "'l.lf\t" ,qad); 
fprintf(oFilo, "'l.lf\t" ,qbd) ; 
fprintf(oFi lo, "i',d\t " ,log); 
fprintf(oFilo, " \n"); 
fflu s h( oFilo) ; 
} 

also if ( s tar • • 2) 
( 

fprintf(oFilol, "'l.lf\t ", t); 
for (i • O; i<4;i++) fprintf(oFilo l, "'l.lf\t",x(iJ); 
dosTraj ( 1, ·t , &:qa ,&:qad ,&:qadd); 
dos'l'raj (2 , t , &qb ,&:qbd ,&:qbdd); 
fprintf(oFilol, "'l.lf \t" ,qa) ; 
fprintf (oFilol, "'l.lf \t '' , qb); 
fprintf(oFilol, "'l.lf \t " ,qad) ; 
f print f (oFilo 1, "'l.lf\ t ", qbd); 
fprintf(oFilol, "'l.d\t" ,log); 
f print f(oFilol, "\n"); 
ffl u s h(oFilol); 
} 

o l s o if (star •• 4) 
( 

fpr intf(oFilo2, "'l.lf\t" ,t); 
f or (i • O; i <4;i++) fpri ntf(oFilo2,"'l.lf\t",x[ i J); 
dosTraj ( 1 , t , &qa, &: qad, &:qadd) ; 
do s Traj (2, t , &:qb ,&:qbd ,&:qbdd); 
f printf(oFilo2, "'l.lf \t " ,qa); 
fprintf(oFilo2, "'l.lf \t" ,qb); 
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fpr i ntf(oFilo2, "'l.lf\t." ,qad); 
fprintf(oFilo2, "'l.lf\t" ,qbd); 
fprintf (oFilo2 , "'l.d\t", log); 
fprintf(oFilo2, " \ n"); 
fflu s h(oF'ilo2); 

J 
ol s o i f ( s tar •• 6) 
{ 

fprintf (oFilo3, "'l.lf\t", t); 

for (i -=O ; i<'1;i++) fprintf(oFilo3,"'l.lf\t",x[i]); 
do s 'l'raj ( 1, t, &:.qa, &:qad, &qadd) ; 
d osTraj (2, t ,&qb ,&:qbd ,&:qbdd); 
fprintf (oFilo3, "'l.lf\t ", qa); 
fprintf(oFilo3, "'l.lf\t" ,qb); 
fprint f (oFilo3, "'l.H\t" ,qad); 
fpr i ntf (of'i l o3, "'l.lf\t" ,qbd); 
fprintf(oFilo3, "'l.d\t" ,log) ; 
fprintf(oFi lo3, "\n"); 
fflush(oFilo3); 
J 
a l s o if (star • • 8) 
( 

fprintf (oFilo4, "'l.lf \t", t) ; 

for (i • O;i <4 ;i++) fprintf(oFilo4,"'l,lf\t ", x[i]); 
do s Traj (1, t ,&:.qa ,&qad ,&qadd); 
do sTraj (2, t ,&qb ,&qbd , &qbdd) , 
fprintf (oF'ilo4, "1/.lf\t", q a ); 
fprintf(oFilo'1, "'l.lf\t" , qb); 
fprintf(oFile4, " 'l.lf\t", qad); 
fprintf (oFile4, "'l.lf\t", qbd); 
fprintf (oF'ilo4, "'l.d\tu ,log ); 
f printf (oFilo4, "\n"); 
r flu s h (oFilo4) ; 
) 

o l s o if ( s tar .,.. 1) 

fprintf (nFilo, "'l.lf\t", t); 
f or (i • O; i <4 ; i++) fprintf(nF'ilo,"'l.lf\t",x[i]); 
d osTraj ( 1 , t, &.qa, &.qad, &:qadd) ; 
do sTraJ (2, t ,&qb ,&qbd ,&qbdd) ; 
fpri n tf(nF'ilo, "1/.lf\t" ,qa); 
fprintf(nFilo, "'l,l f \t " ,qb); 
fprintf (nFilo, "'l.lf\t" ,qad); 
fpi:-intf (nFilo , "'l.lf\t" ,qbd); 
fprint:f (nFilo, "1/.d\t", l og) ; 
fprintf(nF'ilo, " \ n" ) ; 
f f lush(nFilo) ; 
} 

ol s o if (star .. ... 3) 

fprint f (nFilo 1, "'l.lf\t", t) ; 
f o r (i • O; i<4; i++) fprintf(nFilol , "'l.lf\t" ,x[i]); 
do s Traj ( 1, t , &:qa ,&.qad , &:qadd) ; 
do s Traj (2 , t ,&qb ,&:qbd ,&.qbdd); 
fprintf(nFilol, "'l.lf\t" ,qa); 
fprintf(nFilol, "'l.lf\t" ,qb); 
fprintf(nFi l ol, 11 1/.lf\t" ,qad); 
fprintf (nFilol, " 'l.lf \t" ,qbd); 
fprintf(nFilol, "'l.d\t" ,log ); 
fprintf(nFilol ," \ n"); 
fflu s h(nFilol); 
} 

ol s o if ( s tar a ... 5) 

fprintf (nFile2, "'l.lf \t ", t) ; 
f or ( i a Q; i<4; i++) fprintf(nFilo2,"'l.lf\t" ,x[i] ); 
dosTraj ( 1 , t , &.qa ,&qad,&:qadd); 
dos Tra j (2 , t ,&.qb ,&:qbd,kqbdd); 
fprintf(nFilo2 , "'l.lf\t" ,qa ); 
fprintf (nFilo2, "'l.lf \ t", qb); 
fprintf (nFilo2 , "'l.lf \t" , qad); 
fprintf(nFilo2 , "'l.lf\t" ,qbd); 
f printf (nFilo2, "'l.d\t", log); 
fprintf (nFilo2, >t \n"); 
fflu s h(nFilo2); 
} 

o l s o if ( s tar ... . 7) 

fprintf (nFilo3, "'l.lf \ t " , t) ; 
f or (i • O ; i <4;i++) fprint:f(nFilo3,"'l.lf\t",x[i ] ); 
<lo s Tra j ( 1 , t ,&.qa ,&qad ,&.qadd) ; 
d osTra j (2, t ,&:qb ,&.qbd ,&qbdd); 
fprintf (nFilo3, "'l,l f\t ", qa); 
fprintf(nFilo 3 , "'l. l f\t" , qb); 
f printf (nFilo3 , "'l.lf\t", qad) ; 
f printf (nF'ilo3 , "'l.lf \ t", qbd); 

··-. 
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fprintf (nFilo3, " 'l.d\t", log) ; 
fprintf(nFilo3 , "\n"); 
fflu s h(nFilo3): 
} 

olso if (star ..... 9) 

fprintf (nFilo4, "'l.lf\t" , t) ; 

for (i "" O; i <'1. ; i++) fprintf(nFilo'1, "1/,lf\t " ,x[i ] ); 
dosTraj (1 , t. ,&: q a ,&:qad,lqadd); 
dosTraj (2, t ,&:qb ,&qbd ,lqbdd); 
fprintf (nFile4, "'l.lf\t " , qa) ; 
fprintf (nFilo4, '''l.lf\t", qb); 
fprintf (nFilo4 , 11 'l,lf\t ", qad); 
fprintf(nFilo4 , "'l.lf\t" ,qbd); 
fprintf(nFilo4, "'l.d\t " , log); 
fprintf(nFilo4, " \n " ) ; 
ff l u s h(nFilo4); 
} 

void dosTraj(int joint, float t, floilt *q, float *qd, float •qdd) 

double tt, tb; 

float mxf, myf, dummy; 
float nunx, mmy, dx, dy, ddx, ddy ; 

float qt, q2 , a2, dql, dq2, ddql, ddq2; 
float picor, rang , rsq, donum ; 
float olo l , olo2, o l o3, olo4; 
float djl, dj2 , dj3, dj4 ; 
float torml, torm2; 
float mr.O • 0 . 259725; 
float myO • 0.120247 ; 
s hort count, <liroct ; 
int quoo • 0; 

if (modoFlagl:EVAL) /• if modoFlag .. ,.. EVAL, random s tar trajectory •/ 

I* dummy ,.. t; 

\Jhile (dummy > 26. 4) dummy • du1tUUy - 26. 4; 
quo "" ffloor(dummy / 3 .3) ;•/ 

/• diroct a dpt [count]; •I /•activato this to produco random star s hapo•/ 
c ount = ffloor(t/3.3) ; 

diroct,.. count'l.8 ; 
l og ., diroct+ 1. ; 
tt • fmod(t , 3.3); 

/•----------- x and y coordinates ---- - - ----•/ 
if (direct < 1) { 

rnxf ._. 0. 359725; 
rnyf "" 0.120217; 
} 

ol s o if (diroct < 2) 

mxf • 0.33013568; 
myf • 0.49095768 ; 
} 

ol s o if (diroct < 3) 
mxf = 0. 259725; 

myf "" 0.520217; 
} 

olso if (direct < 1) 

mxf • O. 18901432; 
rnyf • 0.49095768; 
} 

olso if (diroct < 5 ){ 
mxf ""' O. 159725; 
myf • O 120247; 
} 

ol s o if (diroct < 6) { 

mxf == 0. 18901132 ; 
rnyf = 0 34953632; 
} 

olso if (diroct < 7) { 

rnxf • O 259725; 
myf ""' 0.320247 ; 
} 

olso { 
mxf • 0. 33043568 ; 
myf • O. 34953632; 
} 

/•-------- Calculation of Trajectory -------•/ 
if (tt<3.3 I:&: tt>2.3) { 

mmx • mxO; 
dx = 0.0; 
ddx = 0 . 0; 
rnrny ,. myO; 
dy • 0.0; 
ddy • 0 . 0; 

rang • atau2(mrny ,mmx); 
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r s q "" mmx*mmx + rnmy•mmy; 
q2 • acos ( (rs q - 0.2245)/0.2244); 
ql "' rru1g - SGN(q2)•acos( (rsq + 0.1089 - 0.1156)/(0.66'•sqrt(rsq)) ); 

dgl • 0.0; 
dq2 = 0.0; 
ddql • 0.0; 
ddq2 111 0.0; 
} 

olso if (tt>l.65) { 
tb • (tt-1.65)/0.65; 
mrnx = mxf - (mxf-mxO)•( G•pow(tb, 5) - 15•pov(tb, '1) + tO•pow(tb , 3) ) ; 
nuny = myf - (myf-myO)•( 6*pow(tb , 5) - 15•pow(tb , '1) + lO•pou(tb, 3) ) ; 
d,: • -(mxf-mxO)•( JO•pow(tb, 4) - GO•pov(tb, 3) + 3 0•pov(tb, 2) )/0.65; 
<ldx "" -(mxf-mxO)•( 120•pow(tb, 3) - 180•pow(tb, 2) + GO•tb )/(0.65•0.65); 
dy u -(myf-myO)•( 30•pow(tb, 4) - GO•po1o1(tb, 3) + 30•pow(tb , 2) )/0. 6 5; 
ddy ~ - (myf-myO)•( 120•pow(tb, 3) - 180•pow(tb, 2) + 60•tb )/(0.65•0.65); 
rang • atan2(mmy , mmx); 

r s q "' mmx•mmx + mmy•mrny; 
q2 "' acos( (rsq-0.2245)/0.22'1'1); 
ql • rang-SGN(q2)•acos( (rs q + 0.1089 - 0.1156)/(0.6G• s qrt(rs q)) ) ; 
a2 = q1+q2; 

o l o l "" 0.34•cos(a2); 
olo2 "" 0.34*sin(a2) ; 
olo3 • - 0.33*c os(ql) - 0.34• c o s (a2); 
olo4 = -0.33* s i n(q1) - 0.34• s in(a2); 
donum ,. 1/(0.1122•s in(q2)); 
dql "" donum • (olol•dx + olo2•dy); 
dq2 = donum • (ele3•dx + olo4•dy); 

/• a c colorations •/ 

torml • denum * (olol•ddx + olo2•ddy); 
torm2 • donwn • (olo3•ddx + olo4•ddy); 
djl ... -0 . 33•cos(ql)•dq1 - 0.34•cos (a2)•(dq1 + dq2); 
dj2 = - 0 . 34•cos(a2)•(dq1 + dq2); 
dj3 = -0 . 33• s in(q1)•dql - 0.34•sin(a2)•(dql + dq2); 
dj1 = -0.34• s in(a2)•(dq1 + dq2); 

ddql • torm l -donum*((olohdj1 + olo2•dj3)•dql + (olol•dj2 + olo2*dj4)•dq2) ; 
ddq2 = torm2-donum•((olo3•djl + olo4•dj3)•dql + (olo3•dj2 + olo4•dj4)•dq2); 

ol s o if (tt>O 65) { 
mmx "" mxf; 
rnmy = myf; 
dx E 0.0; 
ddx '"' 0.0; 
dy = 0.0; 
ddy = 0.0; 

rang "" atan2(mmy ,mmx); 
r s q "" mmx•mmx + mmy•mmy; 
q2 ,. ncos( (ruq-0.2245)/0 2244); 
q l = rang- SGN(q2)•acos( (rsq + 0.1089 - 0.1156)/(0.GG•sqrt(rsq)) ) ; 

a2 ... ql + q2; 
dql = 0.0 ; 
ddgl = 0.0 ; 
dq2 • 0.0 ; 
ddq2 = 0 .o ; 

al s o { 
tb • tt/0 66; 
mmx "" mxO + (mxf-mxO)•( G•pm,(tb, 5) - 15•pow(tb, 4) + 10•pow(tb, 3) ) ; 
mmy "' myO + (myf-myO)•( G•pow(tb, 5) - 15•pow(tb , 4) + lO•pow(tb, 3) ) ; 
dx = (mxt'-mxO)•( 30•pow(tb , 4) - GO•powCtb, 3) + 30•pow(tb, 2) )/0.65; 
ddx = (mxf-mxO)•( 120•pow(tb, 3) - 180•pow(tb, 2) + 6D•tb )/(0.65•0.65 ); 
dy = (myf-myO)•( 30•pow(tb, 4) - GO•pow(tb , 3) + 30*pow(tb, 2) )/0.65; 
<ldy • (myf-myO)•( 120•pow(tb, 3) - 180•pow(tb, 2) + 60*tb )/(0.65•0. 65); 

ril.llg "' atan2(mmy ,mmx); 
r s q "' mmx•mmx + mmy•mmy; 
q2 • acos( (rsq-0.2245)/0.2244); 
ql :aa: rang-SGN(q2)•acos( (rsq + 0.1089 - 0.1156)/(0.66• s qrt(rsq)) ); 

a2 .. q2 + ql; 
olol ::a 0.34*cos(a2); 
olo2 ,,. 0.34•s in(a2); 
o l o3 ,. -0.33•cos(q1) - 0.34•cos(a2) ; 
olo4 "" -0.33• s in(q1) - 0.34•sin(a2); 
donum ,.. 1/(0. ll22•sin(q2)); 
<lql "" donum • (olol•dx + olo2•dy); 
dq2 "' d onum • (olo3•dx + olo4.•dy); 

/• accolorations •/ 
torml "" danum • (olo1•ddx + olo2•ddy); 
torm2 • donum • (olo3*ddx + olo4*ddy); 
djl = -0.33•cos(q1)•dq l - 0.34.•cos(a2)•(dql + dq2); 
dj2 ""' -0.34•cos (a2)•(dq1 + dq2); 
dj3 =- - 0.33• s in(ql)•dql - 0 . 34•sin(a2)•(dql + dq2); 
<lj 1l "" -0.34* s in(a2)•(dq1 + dq2); 

ddql ,.. t orml -dooum•((olol•djl + olo2•dj3)•dq1 + (o l o t•dj2 + o l o2•dj4)•dq2); 
ddq2 ,,. torni2-donum•{(olo3•djl + olo4•dj3)•dql + ( olo3•dj2 + olo4•dj4)•dq2); 
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if (modoFlag&.LEAllN) 

quoo • (int) ffloor(t/ 1 .65); 
tt = fmod(t,1.65); 

/~ - ------- Calculation of Trajectory -------•/ 
if (tt<l.65 && tt>0.65) ( 
nunx • dptx (quoo+ l] ; 

mmy = dpty [quoo+l ] ; 
dx ,.. 0.0 ; 
ddx • 0.0 ; 
dy • 0.0; 
ddy :. 0.0 ; 

rang • atan2(mmy ,w.mx) ; 
rsq "' mmx•mmx + mmy•mmy; 
q2 = acos ( (rsq-0 . 2245) /0. 2244); 

q i • rang-SGN(q2)•acos( (rsq + 0.1089 - 0 . 1!56)/(0.66•sqrt(rsq)) ) ; 
a2 • ql + q 2 ; 
dql • 0.0; 
ddq l • 0.0 ; 
dq2 • 0 . 0; 
ddq2 = 0 .o; 
} 

ol s o { 

tb • tt/0.65; 

nunx "' dptx[quoo] + (dptx[quoo+l J -dptx[quooJ)•( 6•pov(tb , 5) - 15•pow(tb , 4) + lO•pow(tb, 3) ); 
rnmy • dpty[quoo] + (dpty[quoo+l]-dpty[quoo])•{ 6•pov(tb, 5 ) - 15•pov(tb,4) + JO•pov(tb, 3) ) ; 
dx • (dptx[quoo+l] - dptx[quoo])•( 30•pov(tb, 4) - GO•pow(tb, 3) + 30~pow(tb, 2) )/0.65 ; 
ddx • (dp tx[quoo+ l ] - d p tx[quoo])•( 120•pow(tb, 3) - 180•pow(tb, 2) + GO•tb )/(0.65•0.65); 
dy • (dpty [queo+l ] - dpty [quoo])•( 30•pow(tb, 4) - 60•pow(tb, 3) + JO•pow(tb, 2) )/0.65; 
ddy • ( dpty[quoe+ l] - dpty [q uoo))•( 120•pow(tb, 3) - 180•pow(tb, 2) + 60•tb )/(0 .65•0 . 65); 

rang w atan2(mmy , mmx); 
rsq .. mmx•mmx + mmy•mmy; 
q2 = acos( (rsq-0 . 2245) /O. 2244); 

ql "' rang-SGN(q2)•acos( (rsq + 0.1089 - 0.1156)/(0.66• s qrt(rsq)) ); 
a2 '"' q2+ql; 
olol = 0.34•cos (a2); 
olo2 "" 0.31•sin (a2) ; 
olo3 "' -0.33•cos(q1) - 0.34•cos(a2); 
olo1 = -0.33•sin(q l ) - 0 . 31•sin (a2); 
donum = 1/(0.1122•sin (q2)); 
dq l "' donum • (olo l •dx + ol o2•dy); 
dq2 • donum • (ole3•dx + elo4•dy); 

/• accolorations •/ 

torml ""' donum • (elo l • ddx + olo2•ddy); 
torm2 .. denum • (olo3•ddx + elo4•ddy); 

dj l 111 - 0 . 33•cos(q l )•dql - 0.34•cos(a2)•(dq l + dq2); 
dj2 • - 0.34•cos (a2)•(dql + dq2); 
dj3 • -0.33•sin(q l )•dq1 - 0.34•sin (a2)•(dq1 + dq2) : 
dj1 "' -0.34•sin(a2)•( dq 1 + dq2); 
ddq l = torml-donum•( (olohdj l + olo2•dj3)•dql + (olol•d j 2 + olo2•dj4)•dq2); 
ddq2 • torm2- denum•( (olo3•djl + olo4•d j 3)•dql + (olo3•dj2 + olo4•dj4)•dq2); 

if (join t :n , 1) { 

*q = q l j 

•qd "" dq l ; 
•qdd "" ddql; 

} ol s o if (joint ,.. .. 2) { 
•q "" q2 ; 
*qd ,.. dq2 ; 
•qdd ,.. ddq2 ; 

} elso if (joint • • 3) { 
•q "" mmx; 
•qd = dx; 
•qdd • ddx; 

} el s o if (joint ""'"' 4) { 
•q "' nuny; 
•qd • dy; 
•qdd • ddy; 

) 

void rhs(float t , float •stato, float •doriv) 

/• Paramotors for controller •/ 
s tatic float trunc• 2.0,sigma,.2.0, doltu• . 5 ; 
s tatic float r2, drl, dr 12, dr2, dr22 , dr3 , dr32, dr4 , dr42; 
:;tutic float a l • 0.306, a2 .. 0.074, a3 ,. 0.095, a4 • 0.0, dot; 
s tatic float qtl, qt2, qt l d, qt2d, qrd l , qrd2, qrddl, qrdd2; 
s tatic; float rog, k, gl, g2, g3; 
I~ Paramotors for plant dynamics •/ 
s tatic float ql, q2, qdl, qd2 , sn2 , c n2 , h; 
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s tatic float q3, s nl, e n!, s nl 2 , c n1 2 ; 
s t ati c fl o at v [2); 
s tatic fl oat • cptr[1 6]; 
I* Bookooping , otc •/ 
rogi s tor ii, jj , kk; 
floa t *Y. • s tato, •dx ,. doriv; 
/• Initializo variablos •/ 
for (ii = O; i i < 2; ii++) { 
hh a t[ii) [O) • h11at[ii) (1 ] • 0.; 
c hat[ii ) [O) • c h a t[ii) [1) • 0.; 
chat[ii ) [2] •chat[ii) [ 3) • 0 . ; 
ohat [ii) [O] • oha t [ii] [l] • 0 . ; 

l 
ql ::r •x++ ; 
q2 "" *x++; 
qd l = •x++ ; 
qd2 =- •x++; 

I• 
it ( (ADS (q!)>PI) 11 (ABS(q2 )>PI) 11 (ADS(qdl)>S.•PI) 11 (ABS(qd2)>5.•PI)) 

prin'tf ( "Gonoral failure: 'l.lf\t'l. l f\t'l.lf\t¼lf\n", 
t,ql,q2 , qdl , qd2); 
OY.it(l); 
} 

•I 
/•--- - --- - - - - Computo Do s irod Trajectory ---- ---- --- - •/ 

dosTraj ( 1 , t ,kqld ,kqldd ,kqlddd) ; 
d o s Traj (2, t ,&q2d ,&q2dd ,&q2ddd); 

/•-- -------- -Computo tracking orror ----------------•/ 
qt ! • qi - q!d; 
qt2 • q2 - q2d; 
qtld • qd! - qldd; 
qt2d • qd2 - q2dd; 

/• - ---- Compute adaptive fun c t i on ostimatos - - -------•/ 
l;lifdo f ADAPTIVE 
ac t = ac trof; 
for (ii • O; ii < 16; ii++) cptr[ii] • x+ ii•NUMNOOE; 
for (ii "" QlMIN; ii <• QlMAX; ii++) { 

<lr l = (ql - ii•dolta); 
for (jj • Q2MIN ; jj <• !J2MAX; jj++, a ct++) 
dr2 • (q2 - jj•dolta); 
if ( (ADS (drl ) >trunc ) 11 (ADS(dr2) >trunc)) 
•ac t • 0, : 
f or (kk • O; kk < 16 ; kk++) c ptr[kk]++; 
cont inuo; 

dr12 ,. drl•drl; 
r2 "" dr1 2 + dr2•dr2; 
•ac t . oxp(-r 2•sigma); 
hhat [0] [OJ +• (•cptr [O]++)•(•act); 
hhat [OJ ( 1) +. (•cptr[l]++)•(•act); 
hhat[I) [OJ +• (•cptr[2]++)•(•act); 
hhat [1](1) +• (•cptr[3] ++)•(•ac t); 
c hat [OJ [OJ +• (•cptr [4] ++)•(•act); 
c hat [OJ (1) +• ( •cptr [ 5] ++)•(•act); 
c hat [0) [2) +• ( •cptr [ 6] ++)•(•act) ; 
chat [OJ (3 ) +• (•cptr [7]++)•(•act); 
chat [I) [OJ +• (•cptr [O]++)•(•act) ; 
chat[!l(lJ +• (•cptr [9]++)•(•ac t); 
chat [Jl(2J +• (• cptr[!O]++)•(•act); 
c hat [I) [3J +• (•cptr[ll]++)•(•act); 
ohat [OJ [OJ +• (•c ptr[12]++)•(• act); 
ohat [OJ [ I) +- (•cptr[13]++)•(•act); 
ohat (1) [OJ +• (• c ptr[14]++)11(•act); 
ohat (!] [l ] += ( • cptr[15]++)•(•act); 
} 
} 

#ondif 

/• Adaptivo •/ 
qrd l • q l dd-lambda[OJ [O)•qtl - lambda[O] [ l) •qt2; 
qrd2 • q2dd- l ambda[l] [O]•qtl - lambda[ ! ] [1 ) •qt2; 
qrdd l • qlddd-lambda[O) [O)•qtld - lambda[O) [1)•qt2d; 
qrdd2 • q2ddd - lambda [l) [O]•qtld - lambda[!] [l)•qt2d; 
s l ~ l ambda[O] [O]•qtl + larnbda[O] [l]•qt2 + qtld; 
s 2 • lambda[!) [OJ•qtl + lambda[!) [1J•qt2 + qt2d ; 
t o ri • t au(O) • -kd[O) (O]• s l - kd[O) [1J• s 2 + 

hhat [OJ [OJ •qrdd l+hhat (OJ(!] •qrdd2 + 
c ha.t[O] [O]•qdl•qrdl + c hat[O] [1]•qdl•qrd2 + 
chat [OJ (2) •qd2•qrd1 + chat [OJ [3] •qd2•qrd2 + 
ohat [OJ [OJ •qdl + ohat [OJ (1 ) •qd2; 

tor2 • tau(!) • -kd[!J [O]•s l - kd(l] [1)• s 2 + 

hh at Lt] [O] •qrddl+hhat [1] [1]•qrdd2 + 
chat(l] [O]•qdl•qrdl + c hat[l] [1]•qd1•qrd2 + 
chat[l] [2]•qd2•qrd1 + c hat[l] [ 3]•qd2•qrd2 + 

127 



chat[ !] [ O]•qd! + ohat( l] [l]•qd2; 

/• PD *I 
llifdof PD 

torl • tau[OJ • -kd [OJ [OJ•qtld - kd[OJ [l ]•qt2d - kp[O] [O)•qt l - kp[O] [l)•qt2; 
tor2 • tau[l] • -kd [l][O]•qtld - kd[l) [!J•qt2d - kp[l](O)•qtl - kp[l)[l)•qt2; 
llond if 

I* Computo robot dynamics •/ 
q3 • qi + q2; 
:ml • s in(q l ); cnl • c o s (q l); 
s n2 ~ sin(q2); c n2 = cos( q2); 

s n12 = sin(q3); cn12 =- cos(q3) ; 

h=a3•sn2-a4*cn2; 
II (0) (O] "" a 1 + 2, • a3• cn2 + 2 . •o4•sn2; 
l![O] (l] = 11 [1.l [OJ = a2 + a3•cn2 + a4•sn2; 
11(1) (1] = a2; 
Mat!nv _2(H, Hinv, &dot ); 
if (ABS(dot)<0 . 005) printf( 11 Warning : ii is ill-conditionodl\n 11

); 

C [OJ [OJ 
C[O] (l] 
C[I) [OJ 
C[l ] [I] 

• -h •qd2; 
- h•(qdl+qd2); 

"" h•qdl; 
• 0. 

v[O] "" s l ; 
V (1) "" s2 ; 

Mat2Voc ( C , v, v) ; 
VocSub(tau, v, 2 , tau); 

if (modoFlag&FIELD) { 
tau [ OJ += 2 . 3•qd l + 0. 64•qd2; 
tau[l) + a -0.9•qd1 - 1.54•qd2; 
} 

Mat2Voc(Hinv, tau, tau); 
/• Cornputo dt , dx, dv •/ 
•dx++ • qdl; /• dql •/ 
*dx++ • qd2; /• tlq2 •/ 
*<lx++ ""' qrddl+tau (0); I* ddql •/ 
•<lx++ • qrdd2+tau (1) ; /• ddq1 •/ 

/• Computo df hat , dghat •/ 
IH fdof ADAPTIVE 
act • actrof; 
fo r (ii ,.. O; ii < 16; ii++) cptr[iiJ • dx+ii•NUMNODE ; 

if (AUS(sl)<.01) s l • O. ; 
if (ABS(s2)<.0l) s2• 0.; 
if (modoFlag&:LEARN) {g1• ka1 ;g2ako.2 ;g3:ko.3;} 
o l so ( g l • O.; g2• 0. ; g3• 0. ;} 

for (ii • O; ii < (NUMNODE); ii++) { 
rog ,... (•act++); 
if (rog=•O) { 

for (jj "" O; jj < 16 ; jj++) •cptr[jj ]++ • O.; 
c ontinuo; 

•cptr (0) ++ • -ghs1•qrdd1•rog; 
•cptr (1) ++ • - g h s 1•qrdd2•rog; 
..,cptr (2) ++ =- -g2•s2•qrddl•rog; 
•cptr [3) ++ • -g2•s2•qrdd2•rog; 
• c ptr [IJ.] ++ "" -g2•s l •qdl•qrdl•rog; 
•cptr (5] ++ .. -g2•s l•qdl•qrd2•reg ; 
•cptr [6] ++ ::: -g2•!3 l•qd2•qrdl•rog ; 
•cptr [7] ++ -g2•s l•qd2•qrd2•rog; 
•cptr(8]++ "" -g2•s2•qdl•qrdl•rog: 
•cptr (9] ++ "" -g2• s2•q<ll•qrd2•rog ; 
• cptr[lO]++ =- -g2•s2•qd2•qrdl•rog; 
•cptr (11)++ -g2• s2•qd2•qrd2•rog; 
• cptr ( 12]++ ,.. -g3•sl•qd l•reg; 
•cptr ( 13] ++ g -g3•sl•qd2•rog; 
•cptr[14]++ a -g3•s2•qdl•rog; 
•cptr(15) ++ • -g3 • s2•qd2•reg; 
} 

#ondif 
} 

doublo nrand(double scnlo) 
doublo tamp "" 0; 
tomp "" (double) random() - (1<<30); 
roturn( (tomp/{1 <<30))• s cal o ) ; 
} 
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