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Abstract

‘1’Iiis Ixtl)(!r pr(’st’nts  ii Illetho(l for \)liLIltliIlg th(! Inotion
o f  a Iol)ot. ” ill a (Iynwllic (>It\’irotlIll(:Ilt I)y coIll~)llt.iIlg
ii t.rajvctory tllilt  avoi(ls  all ol)stacles all(] t hat sat.  is-
ti(w ttl(’ IOl)ot  ,iJ’IliiIlliCS  illl(i  i t s  actllat[)r (: OIIStriliIltS.

l’his Illctllo(i (-onsists of two  stcl)s: t.hc (:onlplltatioll
of tll(, t.rilj(, ctr)ry .all(l its refill(~lllcllt. w i t h  a  (Iynanlic
ol)ti Inizat.iotl.

TII(’ t ra jectory coI1sists  of a Swlllrn(:(’ of :LVOi(liillC(!

IIl:kll(,llvers tlliit wc (:oll)l)llf(:(l  at discrotc  tiInr ilit(,r-

va l s  IIsing  the con(:cl)t.  of Veloci ty  Ol)stacle. i.e. s(!-

Ivctillg  tllos(!  vclocit i(is that avoi(l  fllturc collisions an(i
satisfy tile (iyllalllic  (_ Onst,riiillts.  This trajectory is (ic-

tf,rIlliI](vi  I>y a  ~lol):Li  search ovm ii tree o f  avni(iallcr
llIarIt,llv(,rs.  {:ollli)llt(’(i at (iiscrctc tilllc int. (,rva]s  to sat-
isfy t 110 (:onstrailit,s rr l)resc)it(~(i  I)y tile vciocity  ol)st  a-
riIw aII(l t.11(: rol)ot (iyn:unir-s. This  t.raj(v:tory is tll(:n
sll)oothmi aml fllrtll(,r r(>fint, (i Ilsillg  .a (iyn,amir ol)ti -
IIlizat  ion t lI:Lt ac(’OIIIIIs for thr rol)ot (iynalnics. actll-
alor (wrist ralnts ,aII(l t II(, st  (at Ic ,an(l In OVIIIg oi)st; iclcs.

“1’lIt’ {Iyllnll)ic  ol)till]iz:ition  IIS(W til(: slnoothr (i” tra-
jt,{tory :LS its irlitiai ~lltss, ~,lilllinat(,s  t.llt, rlfc(.  ts of tll(,

1  Ix~tro(luctioll

m ill D;~I]aI]li(’  ~. IlvirOIlm6?IltSb .
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w h i c h  rol)ot Xllilllil)ll l:ltors track aIl(i retrieve l)iirt  S

fronl  InoviIlg  crrr)vcy(.rs. alI(l a i r .  sea. m(i lalI(i  traflic,

whvrc  aircr,aft, vcsseis an(l  vchicics avoi(i  t!ach ot h(’r
whi](! tlloving  t.owar(ls  tltvir (icstination.

Motion plarillirl~ ill (Iyllarllic  cnvironm(’llts  is cOll -
si(ivral)ly lnorc (iii ficllit  tllarl the  wi(iely  stu(ii(!(i  static
I)rol)l(’n).  sil)(:r  it. r(i(lllires  ttl(! simllltan(mm soiution of
th(: i)atfl  i)hnning  :iII(i of the vclrrcity  [)lanning p r o i ) -

1(’111s. 1’iitil j)liiIIIliIlg  ir~volves t.llr coInplltatioll O f  a
coliisiol)  frm l)at h fI 0111 St ilrt t o goal withollt consi(i  -
(trin~  rot)ot dyt):inlics. Veiocity pianriing,  on t.il(, ot. h(’r
ililIl(i.  illvrrivcs  thr coll)l)lltation of  th(! vciocity profiic
along a giv(:rl ])ath. s a t i s f y i n g  systcnl (iynalliics  WI(I
act Ilratoi constraints.

Prcviolls mctho(is consistr(i of a gra})h  searril ir) a

])ositioll-t  iInc (:or~figllr;ltic)ll space of the ml)ot [7], :111(1
cllcckinl: for irlt(, rsr(’tion of tile swept. volumes of t.hc
rol)ot :il I(i ol)stacics ill a Cart(wian-time space [4]. VI’-
l()(-ity cotlstraints art, (orlsi(i(>r(vi ill [25] for thr soilltioll
of thr :i-stcroi(i  i)rr)l)lel l). aIl(i acrclcration cnnst rains
,ar(, s:~tislitvi  in [5] aII(i ill [2,3] for  l)icannit)g for a I)oillt
Ills.ss.

..\j)l)loxill)atc  fiylla[~li(  colts trail)ts :irc  satisii(,{l  in
~1~] I)y lit’(-c)llll)osill}: tilt l)iallllillg l)rol)ielll  into i)ath
aII Ii vrlocity l)iallnilt}:. aII(i I)y iill)itinx sl~)~)r. (iiroc  -
ti[)ll ,aIIIl (-llrv:ltlirt,  II!’ tltt,  tr:ij(~(.tt>r~ ill a  sl)a{(,-til])(,
I)lallv. i)yl,alni{ ((,,,str:,illts arr IIS(, I in [12] to {irfillr

fiIo (-oil]sion”  frt)tlr. ;ilI~i it] \l 1] t{) illtr(}{illcr  tllo  Ix)lI-
‘1cel)l  {)f ‘ rail.s)t,nl {)l)~t.u  (*.s. ,also al)l)lic:il)lr to (Iyriall)ic

I)lanliill:.
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Figure  1 :  Thr rol)rrt. ;i[){i a Inovillg  ol)stacl(,.

of (.()()  j)(:r:tting rol)ots”  tl]oving  aloIIg sl)wifi(,(l ])aths lI; L.S
I)tu.n stll(ii(vl  in [17], [29] .

1]] t h i s  ])i~})t>~. wc {Ievclol) aIi cfli(’i(~]lt IIl(>t.f)o[l  to
<.ollll)llt,c t.11(: (Iynalllic,dly  fr;~sil~lc t,rajm-tr)rirs of a
rnl)ot In,oving i n  :L Iil)lt’-varying t:llvirollll)t>lit.  I t  uti-
lims t 11(! Coll(’cl)t.  of Velocity (jl)staclr (V()), wtlich  rel)-
rrsents the  rol)ot.’s  volocitics  th; ]t wolllti  callst:  a colli-
siol) wit,ll ,al] ol)st,aclc  ,at SOI1)I, fut.llrr t,illlc. TIIIIS. all
:L\’Oi(liill C(: ln;mvllvcr is colnl)ut.ml  I)y st,lcctirlg vcloci  -
tirs that. arc olltsitlr o f  tilt: vclncity ol)staclc. To elI-
sllr(! that. the Illarlrllvrr is (ly IlilIl)iC,dly  fr;i.sil)le.  rol)ot,
(Iynamirs anti act. rl.at. nr const.  r.aillts  arc ll]:tl)l)ml  it; to
tllr rol)ot.  vrlocity Sl)ii(’(~. A trajvctnry consists of a
si.{lll{>llcn o f  sllcli  ,3voiti;*11ct: [Ilallf>lll,crs.  TIII:SP  t,r(ajec.

torios arr thvn refillo{l I)y Ilsing  a (Iynalnic optinlim-
t ion.  Tll{: ll)t.tlloti t h;lt, wc IISC is a stv(:l)(~st ,i,,sccllt,  [2],
[6]. II)o(iilit:,l  t,) i*l,lll,lr  tl,t! st:,tt.(l,l),,*l,l{l]t i*]c,lll;ility
ron. str:ullt.s {lilt, to tht~ tllovIIIg  ol)st(w-l(~.s, ml(. itlit ial
gll,,ss  o f  1110 ol)lillli?.atil)n is  ttlr al)l)roxill):itc tr:ij{,c-
tory ,<(,;l(,r;it(~(l I)y tlI(, glol);ti  sc:ircl]  ov(, r tll(, t));tll(,llv(,r
t rel~,

‘1’his I);il)rr  is {)r~;illi~.t,,i ;L.s foll{)}vs,  S,{tioll o ,I(.-
iillt,s  thf, \’rlority OIMI; UIO. tl){~ :tv{)itl;~llcr volf~t.itit,s.
:il)~i !i(wril)os  t III. rel)rf,s(,ll!:it io]l  IIS(>{I 10 t. OIII])IIt IO t II(.

t rrmjwtori(, s. St,[.tiol] 3 ~1{.s(.ril)f,s t] II. (Iyll:il])ic  f)l)ti -

li)l~.:~tloll  Ilsc(l  to IV! IIIC IIIP  I r:ij(,(.t(]rirs.  :\ II CX,311)}IIVS

,)f :~ frajwtory a]](l  i t s  tilt],, [)l)tilllxl  r(fillrll]rl]t  is l)rf-

SI,II!(.(1  il) Sf.cti{)ll .1.
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2.3  The A v o i d a n c e  Trajectoric!s

TILr t.r:ijvct.ory  is mlllpllteti as ;L (liscr(~t c sr(lllencc o f
:ivoitl:ulc(:  nlallt’llw’rs. svlcct. Id by a glol):d  search over
tlllh t r e e  of  illl ft>;Lsil)lt: llliiIl{hll  V(>M  at sl)vciiic(l  Ii]nc  it)-
t(:rViLIS.

\Vl! rc])r(wnt. tll(? St.:itr, S])i~(’(> of tllc robot I)y ;L t rcc
of :kvoi(lanco Il):ul(,llv[~rs  at (Iiscmt.c t,iin(: iIltcrvals. Th
f)(dt.s  on  th is  trrw  corrmpon(i  to the  posit io~ls of the
rol)ot.  :~t. {Iiscrotc  tilllm t,. Th{> opfmtm rxl)an(iin~ a
no{ic :Lt tinlv t, into its sllcressors at time t,+l = /, +T
arc I.hc vclocit ics in t ht. rc;d,  aljle avoitiancc v e l o c i t y
set  IblV. ‘1’IIc tidqc.s crrrrcsl)ond to t h e  ;ivoitlancc  m,a-

tlt,llvvrs  :lt t.hosr I)osit. ions [24. 22]. T]](, search t.rec is
tht~ll (t(’fillwl  iL% f o l l ows :

l]].] = {Xt,, = (.r,(f, )..v, (t, )). v,,, = (l,,r(/,).l’,,v( l,))}
‘)1, ),/ = {v, Iv, E R.Av,  (f,)}

t,l,~ = {(~l,.).~l,.l,k) I ~li.l,k = ~J,,) -t ((h.),l~f)}

3 The Dynamic Optimization

‘1’11(’ r(’!iltt,lllt’ut  i)f tll(’ ~ill})roXillliill”  tr:ij(w”tory  f o r  l)tf-
Iinv al)l)licaliolis is (.:11 ri(,(l ollt l)y f(]rlllllliitirl~  tli(,

l)liillllirl~: ~)rot)l(,l)~ il.\  :; {iyll;ltllic  ol)ti!llixati(]ll. Ilsillg
\layer ll,,t;ttioll  ft, t !II, l)(,rf,)rlll;ir~t.{, il)(i(>x J:

I’(xl(.  ),to)  = () (s)

f)(x((f),  tf) =: () (9)

Q: (j[.$,dx,o, f) = o] (lo)
,, 1

x= Y(X. U) = f(x) +-g(x)ll (11)

wtlerc (8) is thr i n i t i a l  IIlatlifol(l.  (9) is t,hc tcrlninal
rllilrlifol(l.  ( 10) rc!)rcsr!lts !}1(, tilne-v,aryillg Olwt;lcles.
( 11) is tilt> rol),)t (Iyn:itllics. ;m(l ( 12) rrl)rescnts 11](.
:Ltllllissiljlc  controls.

St:ltc c o n s t r a i n t s  ,ill(> to tllc j)rcscl~cv  of Ol)Stil(’l(”S
(  10)  :~rc <Iitf(,r(’rlti:it(,tl witl~ resl)ect to ti~l)r Ilntil tll,,y
I)rcolllc ,,x])licit  in tllr ~olitrols u. all{{ t h e n  ;il)l)(,n(iwi
;LS st.atc (irp(m(l(,  nt cor]trol cor)str<ai]Lt,  to the ll;il nilto  -

niar[ [3]. [ 6 ] .  T h e  rillllll)t,r  of tlifr(trt,!lti:itior~s  of e;ich
corlst. r,lillt. r(,l~r(,sf,llts ttl(, ordrr p of tllzt collstrai[lt.
T h i s  al)l)rnach rwlllir(,s  arl :ul(iitioltd tmgency rwn-
straint :tt t.11~~ clltry ~~t~irlt of the ol)st;~clc  [ 3 0 ] .  T h i s
tn;iy ~)v(,r-collslf;~i]l tl](, l)r[)l~lrrn for constraints of rrr-
,it.r  lli~llf~r than two [13],

l>f)r f,xxr)ll)lr. irl tll(. f’;LsI’  of ;~ singlt,  fol)st:irl(,.  tllf’
stat(~ (.()[]str:\i]it  [ l(l)  is IIoI)I:lC(JII  I)y  tl)(, t;ir]g(,rl(.y (-oll(li  -

Iiot), ,I(,llotr(l  V:. :111(1 III(I  (orltrt)l  !.(Illhlirv  corlslr:tir l!.
‘I,,l],  ,r,. (1 q12:
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3.1  Tl~e Necessary  Optimality C o n d i -
tions

T]](’ ol)tilllill c o n t r o l ”  U-(t) in thr iIlt{’rval  (O < t < ff.

( h a t  gon(~rat(,s  III(1 ol)til]):il sollltion. x - ( f ) .  ]])i]litni7,w

J .  an(l satistivs  th(’ tix(’(i  t(”r]llilliil  In; inifoi(is ~ an(i !/.

is (.()!lll)llt.t,(i  I)y  s;itisfying  111(, ll~>C!,SSiLr~ (-on(litions o f

Pontryagin \lilli5t)u]ll  Prin(’ipi(’ [3].

‘I’ll{’ liall)iltolliilIl  fll]l(tio]l  H for this !Jr(,l)lelll  is ,if,-
tintvi  il.$ [3] [1 S]:

7t(A. x.u)=A~(f(x) +g(x)u)+/~~p(x.  u) ( 1 6 )

wil[,rc  ~f ;m[i It art> w’ctors  of Lagra]lgr  Inllitil)iiers.
all(i  p(x. u) is till,  sl, t of active  control constraints iit

tin)(’  t, to < t < tf.

‘I’tIf”  wljrrint  r{]ll:~tious  for t}lc  14il~riL11~(!  mlllt.i[,licrs
arc givcll  I)y:

()~=_ yiT (–+,,~g(24
OX

AT(f~)= ~z ) ‘J
(17)

whicil  cxllil)it tilt: (iiscolltillllit.y  at Iilc  rntry point,  o f
til(~((~llstr:~  illt.givt,ll I,y [6]:

(1s)

When t}lt~c(>llstr:lillt  (14)  i s  i~(’tiV(’. t h e  mininliza-

tion of tlic lIalnilt. onialt for an alltononlolls  systr]n  is
t,(llli  ViL14>llt.  to satisfy  ill~:

w:, (t!(t)  .x”(t)  .u-(t.  )) =() t,) < t < tf ( 1 9 )

;T = _,\T

[

(2f(x) (2g(x)ll
—-t––

i)x Ox

g(x

I I I  slllllll]hry.  Illt,

(“’’K’’’)-’ %=’ 1

rajfw,  t~)ry  n]iniIl]iY,iIl:: ?III. ])vrfor  -

3 . 2  hiumerica] C’onlputation

‘1’h(> ol)lilnal trajrct~)ry  i s  ,t)llll)lltlwi  rllltl]ericaiiy iy
al)})elltiillg  tht’ (wllstraillts t<) tllc ~JvrforlllaItcc  itlfirx
.1 via :~i)i)r[>l)riilt (>;irr:iys,)f  I,itgr:illg~’ ll)~litil)li{rs.  all(i
I)y collll]lltirlg  t}]{. rot rmtirrlls to thv  mntrois that tirivf’
to 7,t,ro tllc (iiffert>]lti;d  [Jf tilt> :illg,rll(,ntt,(i  l)t, rfOrllliL1l(’(,. .
il)tivx  (i./  usillg il St{,{,i)t’st {i[’set’]lt. 111( ’tll Oti [S]. ‘1’llis
tii!ff,r(,lltiiil  i s  tllt,l~ {it,livl,fi :Ls fll[l{’t loll of tlie varia-(
tiolh ill tllr mlltrol sv.’ltcl~tw, iLSSlllllil)g  ii l)a[)~-!);~[l~

soilltiotl  [ 3 1 ] .  Sillglli:ir  :ircs 011 tll(. solilt ion :ir(. tilt.!l
;ll)i)r  OXitlliitt’(i 1)-y ii tillitv Illl]lli)cr  of switchm gf?lll’ritt -
illg,  :L{ill:LSi-oi)ti  lllZLi  sollltioll  [21].

m, tiilft’r{!]ltiiti  o f  tilt’  auglnvntvci  ])erfrrrtlla]lcr i]l-
tirx i s  forlllv(i  I)y collll)lltillg  the (iilfcrentiais  of J. fl
;Hlti VI i1~(ic]Jt711(it’tlti-y,  tilell inciu(iillg  t.ltv  effwt~of  VI
{)]1 dJ atl(i  df). ar)fi  !ill;iliy  comi)ining ail i n t o  d J .  ‘1’hc
final  frrrlll of the augnlcnt{xi ~)t’rfOrIlliillcrill(it’X  is:

J (I J [I
+ ‘H,,,) tliir +- ~+ fi,,(~tL,i7

t,, I

where tile IIal]liitonia]~ is ~iven  I)y ‘H = J\T.F + /1$9 a-s

in cqllat ion ( 16) :  tii~’ l,agr;trl~c  tnuit.il)li(,r  ~1 is ticline(i
:Ls ,\T = A: + V7’Afi  + 7/TA~.  si]lcc  tile Collstriiints  WI
are llOt  ;dfPCt(’(i  I)y t.11~ S ta t  (’ ilft(:r t.1 : all(i  !). ~tl(i V :11(?

t w o  con~tant Lagr;~llgc  nluitil)iiers.
hll~ l)arl~  COlltI’Ok  Call Otl!y  iLWlllllC 0110 Of tWO v;d-

lit~s {z,~, or fl,,,  .all(i III(, v;ui;~t.  ion in u  i s  rf!writ. ton  ;L+

Aul = ((raf  —  n,,,  ) .sfln({l  t,), wht’rc  sgn i s  t  he  signlllt)

fllnctioll.

If .Y,, infiir-ates tllr ]Illllli)cr  o f  s w i t c h e s  in the .s
seglll(,llt  of t h e  traj(,tt[)ry f o r  tilt,  rtil inl)llt. all(i  ~n
irl(iicat~,s  tilt’ nllllll~t.r  {If t,lf’lll(,llts  in u .  thrll (f.] f o r
lNLIIL:-l)aIIK mlltrols I)t( (),nf,s:

,?, <I ,

!,, .1 ,

,. :,.:

l ?{,,,!:,,
,ff,  ; :. - - -– --

!l,,  ,,~?l,

●

—
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I\vlfll 11),,  ;Ul(i b I)(vltg  .Slll[;ii)l(,  l) OSIIIVO  Va [11, s,

‘1’111’  wdllt’s  of fft ,, aII<i tff.f (Ieljent{  (>II multi ])iirrs  r)
:Lll(l  u. Tll{’ir v:il III>s :ir{’ colnplltt’(1  I)y retlllirin~ t h a t
{Iiifrrrntiah dW(tI  )  :LII(I (f fl(tf) I)(! rducwi  I]y give~l

. .
(]llmtltl{w ~- ;LII{i  0. T]l(. V;LI,l,.S for the mlllti])li~,rs  v
iilltl T) ilrt’:

i . .

I ,,
*, ,

1
\ .>;’,i,e>  ,

1’ :,; .-..
\

., >,
L-

t i c  traj{,(’tory.  (Jl)t;ii]l(’{1  I)y ill~l)rovirlg  ttlt’ })ositioll  of
tlIc swit{hcs {I{,t{,rmirl(ti I)y tllo tllrrsh(~lti.

d &@.-w 2

L. .—

cm

Fi~llre 7: I)litllllillg rxall]l)le,

3 . 3  Generating the I n i t i a l  Gums

l’hr t r a j e c t o r y  collll)lltml  I)y tllc  hellristic  search  colI-

4 E x a m p l e
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~olil,fll]ls.  sillcc  ii sillll]lt.;illr{~llsly  r[)]ll}>l]l.es  ill{’  ~):1111

tlll(l vcl{lrily  ])1’ofil$  111;11 av(~i{l :111 Siilii(’  illl(l lllovitl~

011  SiilCl{,  S illl{l Si(lisl:;  t 11(’ lfJl)Ol”s {lyll~[lllic twllslraitlt.s.
!f’l Ic lnctl Io(l Consists of Co]n})lllillg.  for cv(’ry olmh-

cl(’. its collcslj(lll(lillp,  v(’lo(ily ol)siac]c. wllicll  i s  111(’
S(, i, of c{]llidilt~ vclociti(,  s l)l~i\Vt’C’11  111P  {ll)SlilCIC  :1.11(1 111P

rol)oi.  ‘[ ’11(’ 11. I)y stll)il:lctil]~ ill fl’0111  IIIC l’(’[lCllil})l(’  V(’-

]ocitics of 111(’  1’01)(11. i 11P Sri  of l’cacllalllc  :lVOi(lilll(’(’
vclociti(’s  is fortnd. Ivllicll cunsisls of  all tllc v(’loci  -

Iics 111:11 ilVOi(l  1}1(’  O1)sl:l.  (’1(% <1.11(1  salisfy 111(’  1’01)01”S
(Iyllmtlic  consirailll,s. A  SP;I.ICII s}mcc is IIICII fo]l])c(l

I)y rc])l  tvwl]tinp,  tlIc st ai. (’ s]):I.cc  of llIc 1(11)01  l)y a Ir(’c

of avoi(lallcc lnalI(’lw(’ts. A  ~,] o~)Al SC;l.7’(’]1 OVC’1’ ifI(’ tr(’e

yicl(ls  1 rajcctories t 11:11 Il]illimin’ ]Iloi.iotl Iiltl(’.  l’11(’
solul,i(]ll is  i,ll(~ll  ]’cfill(,(l  })J’ a (Iyll;utlic  OJJtil]liZi]ti{)tl 10
Coln])ulc  111P littlr (~])lilll  ill sollllioll ill 111(’ Vicillilios  of
ilI(’ :I])]ll{]xilllzllc lr:IjfYlory. I’l]c IIlcllltod  is  (lcllloll-
sl,]ll,t,c(l for ])la]lllillp, 1,1 Ir l,rajccl,  ory of a sitl]])lc  ]l]:llli]J-
Illil,iol’.

~’}Ic ]t)aill  a(lvdlIt.aK:cs  o f ifI(’  velocity olwtaclc  tlj)-
l)r(mclI itlc]udo  tlIc cllicirlll ~co]tlciric  ](])lrsclli;[lio]l
of  ]1):111(’UV(’1’S  ;tvoi(li]!~; illl~ IIllltl}) cl’ of ]llovill~  :111(1
si,al,ic olwl. ac]cs.  alI(l III(!  silnj~lc cc]llsi(l(’l:ltif]ll  of rol)o{
(Iyllw[lics  [111(1  il.(’{llillol” (.(~]lsll:lillts. This  a])]JIoaclI,
l,fl(~]~for~.  ]1]~.k(’s  i{ ])(mil)lr h) CO II)l)(It.(~  si(f(~ illl(l f[~i(-

sil)lc  I,l;  tjccl,  orim for Yol)ots  ill (l~llilll)i  C C]lvil’(l]  l]]le]lt,  s.

6 Acknowledgment,

.7 m)
Wii, fl vc]ocil.y (l~r = – .007 7)//S. I)V -—  - .03 ‘771/S]. TIIC’

1’01)01  Sttll’h will] l!l IC IIalld  loca.h’(1 :11 (X = .3 7/1. .2 ‘m)
and mm vclocii..y.  and is  required 1.0  rc:Lcl I i.l Ic goal

markc(l  I)y i,f Ic l)lack (Iol.

TIIc s])lillc  illl(’]l)c)lzi<i{)ll of Ilic lrajrclory Complll.d
l)y ilIC scardI i s  slIowll  ii) IPiguw  8. [LII(I ifIc rcsuliinp,
Irajcclory lI:Is  [I ]notlion Iilt)c of is 4.81 s. This is 1.11(’

]Ioloind l.rajccl.ory uswl  lry l.l Ic (Iy]laltlic  c)])iillliza.ti{)ll.
TIIr soluiioll colllpui.wl I)y ilIc  (lynal[lic  c)})t.irtliz:ltioll

i s  S] IOWII Figure  f). a.11(1 it, IIM a, I])ot,ion  l,ilnc of  2 . 6  s .

5 Conclusion

A  IIOVC1  IIJC{fIOd  f o r  ]Jla.llllill~  lIIC lnoiion  of a  rot)ot,
movill~  ill a  I.ilnc-va.ryillg  Clwilolllncni.
Ol)sta.clc aJ)~)l’oaCll. IIm I)ccll lJI’CSCII1.U1.
cxmi.ly d i f ferent  froln currclll]y mvailnl)lc

Iflc  Vclocily
11. is sigllifi-
l~la.llllillp,  a-
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