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Abstrac t 

A model of motor planning is proposed that relies on eneiigy 
regulation .  Th e syste m t o b e controlle d i s treate d a s a  poin t 
mass,  an d it s motio n i s governe d i n par t  b y a n artificia l  (o r  in -
ternal )  potential .  I n thi s case ,  th e energ y t o b e regulate d i s als o 
artificial ,  sinc e i t  i s  th e su m o f  rea l  kineti c energ y an d artificia l 
potentia l  energy .  Energ y regulatio n i s achieve d b y enforcin g 
Hamilton' s principl e o f  leas t  actio n t o driv e th e motion .  B y 
regulatin g th e energ y o f  th e poin t  mass ,  straight-Hn e reaches 
or  circula r  orbit s ca n b e planned .  A n extensio n o f  a  previou s 
model  fo r  th e striatu m i s summarize d i n temi s o f  energ y base d 
control .  Finally ,  thi s extensio n i s discusse d i n th e contex t  o f 
hypokineti c symptom s see n i n Parkinson' s disease . 

I n t r o d u c t i o n 

A centra l  issu e i n th e contro l  o f  articulate d limb s i s th e spec -
ificatio n o f  trajectorie s fro m on e postur e t o anothe r  withi n 
constraint s impose d b y th e task .  Th e variet y o f  objective s 
ofte n motivate s technique s tha t  us e model s o f  th e tas k t o 
searc h fo r  trajectorie s tha t  mee t  tas k specification s (Row e an d 
Richbourg ,  1990 ;  Gupt a an d Q u o ,  1995 ;  Chen ,  Huang ,  an d 
W e n,  1993) .  However ,  thes e approache s ar e typicall y expen -
siv e an d rel y o n th e existenc e o f  comple x model s tha t  ar e 
bot h complet e an d correct .  Often ,  th e underlyin g represen -
tatio n i s sensitiv e t o seemingl y mino r  change s i n geometri -
cal  constraint s (Barraquan d an d Latombe ,  1991) .  I n general , 
thi s ma y lea d t o significan t  computationa l  overhea d (Canny , 
1987) .  A s a  result ,  trajector y searc h m a y lea d t o brittl e strate -
gie s tha t  fai l  i n way s tha t  canno t  b e full y anticipate d before -
hand .  Th e proble m i s furthe r  complicate d i n dynamica l  sys -
tems ,  wher e motio n strategie s mus t  b e feasibl e i n ligh t  o f  th e 
force s an d inertia s o f  th e limb .  Thi s complicatio n i s espe -
ciall y relevan t  i n periodi c o r  orbita l  motio n control ,  a  ver y 
importan t  clas s o f  motio n contro l  application s i n bot h natura l 
and robo t  systems .  Smoothnes s o f  th e Uajector y i s als o de -
sirable ,  sinc e dynami c effect s (overshoot ,  ringing)  ar e promi -
nent  nea r  discontinuitie s i n th e derivative s o f  th e motio n (e.g. , 
shar p comer s i n th e trajectory) .  A  theor y i s require d fo r  m o -
tio n contro l  tha t  incorporate s generi c constraints ,  i s  dynami -
call y consisten t  wit h th e articulate d structure ,  an d constitute s 
a feedbac k contro l  polic y fo r  executin g th e motion . 

Potentia l  function s ca n b e use d t o formulat e a  constan t  tota l 
energ y motion-plannin g schem e tha t  addresse s th e aforemen -
tione d issues .  Th e us e o f  a  constan t  tota l  energ y constrain t  fo r 

contro l  ha s bee n successfull y exploite d fo r  hoppin g an d jug -
glin g robot s (Raibert ,  1986 ;  Koditsche k an d Buhler ,  1991 ; 
Ostrowsk i  an d Burdick ,  1993) .  I n thes e cases ,  th e tota l  en -
erg y i s th e s u m o f  kineti c energ y an d th e potentia l  energ y tha t 
arise s fro m gravity .  Tota l  energ y i s kep t  constant .  Th e sys -
tem' s movemen t  i s drive n b y it s inerti a an d th e gradien t  o f  th e 
potentia l  (i n thi s case ,  gravitationa l  force) .  Thi s result s i n a 
continua l  tradeof f  betwee n kineti c an d potentia l  energy ,  an d 
suc h system s ar e sai d t o obe y Hamilton' s principl e o f  leas t 
actio n (Amol'd ,  1978) .  T h e syste m maintain s it s tota l  en -
erg y a t  a n approximatel y constan t  value .  Th e treatmen t  here , 
however ,  relie s o n a n artificia l  potentia l  functio n (i n th e sam e 
sens e a s i n Koditsche k (1991)) .  Thi s i s a  potentia l  functio n 
tha t  i s  generate d internall y fro m th e sense d position s o f  obsta -
cle s an d goa l  points ,  rathe r  tha n b y s o m e externa l  field  suc h 
as gravity . 

A harmoni c potentia l  functio n i s employe d a s th e artificia l 
potential .  Harmoni c potential s ca n b e compute d wit h resis -
tiv e networks ,  an d ar e programmable ,  i n th e sens e tha t  min -
i m u m an d m a x i m u m value s o f  th e functio n ca n onl y occu r 
at  pre-specifie d locations .  Thi s mean s tha t  goa l  point s an d 
orbi t  center s ca n b e programme d int o th e potentia l  wit h th e 
guarante e tha t  the y wil l  b e th e onl y suc h point s i n th e poten -
tial .  Obstacle s o r  bound s o n th e motio n ar e als o programme d 
as maxima .  Thi s ca n b e use d t o pla n bot h goal-directe d an d 
repetitiv e motio n fo r  a  manipulator .  O n e importan t  motiva -
tio n fo r  th e us e o f  harmoni c function s i s th e utilit y  o f  suc h 
function s a s model s o f  natura l  phenomena ,  suc h a s resistiv e 
networks ,  stochasti c processe s an d fluid flow. 

Usin g constant-energ y contro l  wit h harmoni c potential s  re -
sult s i n bounde d torque s t o th e joints ,  an d produce s com -
pliant ,  collision-fre e dynami c behavior .  Harmoni c potential s 
hav e previousl y bee n propose d t o accoun t  fo r  th e rol e o f  th e 
striatu m i n moto r  contro l  (Connoll y an d B u m s ,  1993) .  Thi s 
prio r  model ,  however ,  doe s no t  tak e int o accoun t  th e dynam -
ic s o f  lim b movement ,  an d wa s no t  abl e t o explai n certai n 
feature s o f  basa l  gangli a diseases ,  e.g .  Parkinson' s disease . 

Th e primar y pathologica l  featur e o f  Parkinson' s diseas e i s 
th e deat h o f  cell s i n th e substanti a nigra .  Thes e cell s sup -
pl y th e striatu m an d prefronta l  corte x wit h dopamine .  Thi s 
los s o f  dopamin e i s s o m e h o w connecte d wit h th e moto r  dys -
function s foun d i n Parkinson' s disease .  Th e potential-base d 
striata l  mode l  ca n b e extende d b y postulatin g tha t  a n "in -
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lemal "  potentia l  generate d b y th e striatum ,  an d regulate d b y 
dopamine ,  coul d b e par t  o f  a  constant-energ y contro l  mecha -

nis m fo r  generatin g movement .  A s a  result ,  th e extensio n o f 
th e mode l  ca n als o explai n certai n symptom s o f  Parkinson' s 
disease ,  suc h a s micrographi a an d rigidity. 

Energy-Based Control of Motion 

The technica l  detail s o f  energy-referenc e contro l  hav e bee n 
describe d elsewher e (Connolly ,  Grupen ,  an d Souccar ,  1995 ; 
Rosenbau m an d Collyer ,  1997) ,  an d wil l  b e reviewe d here . 
Ther e ar e tw o basi c component s t o thi s kin d o f  control : 

1.  An internally-generated harmonic potential: Obstacles and 
goal s ar e chose n (sensed) ,  an d mappe d int o a  configuratio n 
spac e fo r  th e system .  Th e harmoni c potentia l  functio n i s 
compute d b y holdin g obstacle s a t  on e valu e (usuall y 1 )  an d 
goal s a t  anothe r  (usuall y  0) .  A  relaxatio n ste p cause s th e 
remainin g point s t o obe y th e mean-valu e property :  Eac h 
point' s  valu e i s th e averag e o f  it s  neighbors '  value s (excep t 
at  obstacle s an d goals) . 

2. An energy-regulating servo loop: In contrast to traditional 
serv o loops ,  positio n an d velocit y ar e no t  directl y regu -
lated .  Th e serv o loo p sense s th e system' s curren t  config -
uratio n an d velocity ,  an d use s thes e quantitie s t o comput e 
th e tota l  (kineti c +  potential )  energ y fo r  th e system .  Th e 
system' s energ y i s the n adjuste d t o matc h a  pre-determine d 
desire d energy ,  b y acceleratin g o r  deceleratin g th e system . 
For  th e purpose s o f  thi s paper ,  th e desire d energ y i s as -
sumed t o b e constant .  Norma l  motio n an d th e symptom s 
of  Parkinson' s diseas e ar e treate d solel y b y manipulatin g 
th e potentia l  energ y function . 

A mechanical system can be described in terms of its con-
figuration  (ofte n denote d b y q )  an d it s m o m e n t u m (p ,  mas s 
time s velocity) .  B y configuration ,  w e mea n it s positio n i n 
some paramete r  space .  Fo r  example ,  a  mobil e robot' s config -
uratio n migh t  includ e x ,  y  i n som e cartesia n coordinat e sys -
tem ,  alon g wit h orientatio n 6 .  Th e configuratio n o f  a n ar m 
ca n b e represente d b y it s join t  angles .  Th e spac e consistin g 
of  th e configuratio n q  an d m o m e n t u m p  i s th e phas e spac e fo r 
a system .  Th e syste m ca n b e though t  o f  a s a  poin t  movin g 
throug h phas e space . 

The behavio r  o f  physica l  system s i s ofte n characterize d 
by considerin g th e system' s trajectorie s i n phas e space .  Fo r 
example ,  th e swingin g o f  a n idealize d pendulu m ca n b e de -
scribe d a s a  close d orbi t  i n it s  phas e spac e (th e pendulu m an -
gl e 0  plotte d agains t  it s  angula r  velocit y 0 ,  se e Figur e 1) .  I n 
th e cas e o f  a  pendulum ,  gravit y serve s a s th e potential .  Eac h 
phase-spac e orbi t  correspond s t o a  differen t  constan t  energ y 
leve l  fo r  th e system .  Suc h a  syste m i s sai d t o b e "conser -
vative "  o r  Hamiltonian, ^  an d obey s Hamilton' s principl e o f 
leas t  action . 

I n roboti c motio n planning ,  a n artificia l  potentia l  ca n b e 
used .  Harmoni c potential s (Connoll y an d Grupen ,  1993 ) 

'  Th e tota l  energ y functio n i s sometime s referred  t o a s th e Hamil -
tonia n functio n fo r  th e system . 

e 

Figur e 1 :  Swingin g pendulu m (top )  traverse s constant-energ y 
surface s i n phas e spac e (bottom) . 

ar e eas y t o comput e (b y repeate d averaging ,  o r  resistiv e net -
works )  an d produc e n o loca l  minima .  Th e min imu m an d 
m a x i m u m point s fo r  harmoni c potential s occu r  onl y wher e 
specified .  B y usin g suc h potentials ,  w e ca n guarante e tha t 
th e syste m wil l  neve r  ge t  stuc k orbitin g (o r  reachin g for )  th e 
wron g point .  I n orde r  t o trea t  a  roboti c ar m a s a  poin t  i n a 
potential ,  i t  i s  reduce d usin g a  configuratio n spac e mappin g 
(Udupa ,  1977 ;  Lozano-Perez ,  1981 ;  Connoll y an d Grupen , 
1993) . 

I n energy-referenc e control ,  a  serv o loo p i s use d t o hol d 
th e tota l  energ y a t  a  constan t  valu e fo r  th e system .  Th e serv o 
loo p examine s an d regulate s th e tota l  energ y o f  th e system : 

2m (1 ) 

wher e th e first  ter m i s th e kineti c energ y o f  th e syste m (a s 
measure d b y th e serv o loop )  an d th e secon d ter m i s th e poten -
tia l  a t  th e curren t  configuration .  I f  th e tota l  energ y i s greate r 
tha n th e desire d energy ,  th e serv o loo p applie s th e necessar y 
torque s o r  force s t o "brake "  th e system ,  reducin g it s kineti c 
energy .  Otherwise ,  torque s ar e obtaine d fro m th e gradien t  o f 
th e potential ,  a s i n a  natura l  system .  I f  th e potentia l  i s  well -
behaved ,  the n it s gradien t  i s  alway s bounded . 

Althoug h th e tota l  energ y i s artificial ,  on e component ,  ki -
neti c energy ,  i s  real .  Th e kineti c energ y o f  th e resultin g m o -
tio n neve r  exceed s th e desire d constan t  energy .  Becaus e o f 
this ,  position s an d contac t  force s ar e bounded ,  an d ca n b e 
regulate d b y alterin g th e desire d energy ,  o r  b y shapin g th e 
potentia l  function .  Th e resultin g motio n i s compliant ,  an d i s 
constraine d i n bot h positio n an d velocity . 

Severa l  usefu l  feature s aris e fro m suc h a  contro l  scheme : 
W h en th e potentia l  energ y i s hel d belo w th e desire d energy , 
th e syste m orbit s th e m in imu m point s o f  th e potential ,  avoid -
in g obstacles .  Straight-lin e motio n ca n b e achieve d b y ini -
tiall y  expressin g goa l  points ,  the n allowin g thes e t o deca y 
towar d th e obstacl e potentia l  a t  a n appropriat e rate .  Th e 
resultin g time-varyin g potentia l  functio n drive s th e syste m 
smoothl y towar d a  goa l  state .  Sinc e torqu e i s bounded ,  al l 
motio n i s compliant ,  i.e. ,  a  sufficientl y larg e externa l  forc e 
ca n overcom e th e system .  I n summary ,  energy-referenc e con -
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tro l  usin g harmoni c potentia l  function s ca n b e use d t o pla n 
motion s tha t  are : 

• obstacle-avoiding (up to reaction times) 

• goal-directed 

• repetitive (orbiting) 

• compliant 

The performance of such motions in the environment is 
achieve d b y th e huma n moto r  syste m i n th e presenc e o r  abs -
cenc e o f  obstacles .  Asid e fro m area s o f  th e brai n tha t  ar e di -
rectl y responsibl e fo r  th e executio n o f  thi s motio n (eg :  moto r 
cortex ,  spina l  cor d moto r  neurons )  deepe r  subcortica l  struc -
ture s als o influenc e thes e moto r  plans .  Abnormalitie s i n thes e 
deepe r  structure s ar e see n i n numerou s diseas e state s result -
in g i n abnorma l  moto r  performance .  Th e basa l  gangli a com -
pris e a  collectio n o f  brai n nucle i  tha t  fit  thi s role .  Althoug h 
thei r  rol e i n moto r  contro l  i s  unclear ,  w e postulat e tha t  i t  i s 
thes e structure s tha t  ma y utiliz e energ y contro l  mechanisms . 
A brie f  descriptio n o f  thes e structures ,  an d thei r  interconnec -
tion s wit h a  revie w o f  on e prototypi c disease ,  Parkinson' s dis -
ease (PD) ,  follows . 

The Basal Ganglia 

The neuroanatomica l  an d neurochemica l  connection s o f  th e 
basa l  gangli a ar e beginnin g t o b e worke d ou t  (Gerfen ,  1992) . 
Comparatively ,  th e neurophysiologica l  basi s o f  ho w thes e re -
gion s affec t  movemen t  i s unknown .  Model s t o dat e hav e 
prove n t o b e significantl y incomplete ,  a s the y neithe r  tak e int o 
accoun t  feature s o f  norma l  functio n no r  accoun t  fo r  man y o f 
th e symptom s o f  diseas e tha t  affec t  th e basa l  ganglia . 

Anatomy and Histology of the Basal Ganglia 

The basa l  gangli a compris e a  grou p o f  interconnecte d deep -
brai n nuclei .  Thes e includ e (i n primates )  th e striatum ,  th e 
pallidu m wit h externa l  (GPe )  an d interna l  segment s (GPi) , 
th e subthalami c nucleu s (STN) ,  an d substanti a nigr a (SN )  . 
Posteriorly ,  th e interna l  capsul e divide s th e striatu m int o th e 
caudat e nucleu s (medially )  an d th e putame n (laterally )  whil e 
th e tw o division s joi n anteriorl y t o for m th e nucleu s accum -
bens .  O n th e basi s o f  acetylcholinesteras e staining ,  area s o f 
lo w stainin g ar e terme d slriosome s whil e th e remainin g tis -
sue wit h hig h stainin g i s terme d matrix .  Th e slriosome s an d 
matri x for m th e tw o basi c compartment s o f  th e striatum . 

Ther e ar e thre e type s o f  striata l  neurons ,  namel y th e gi -
ant  aspin y (cholinergic) ,  mediu m aspin y (GABAergi c /  so -
matostati n /  neuropeptid e Y )  an d mediu m spiny .  Th e mediu m 
spin y neuron s ar e th e outpu t  neuron s o f  th e striatu m an d con -
tai n G A B A .  Th e striatu m receive s afferen t  inpu t  fro m almos t 
th e entir e neocorte x (excitatory ;  glutamatergic )  wit h th e ex -
ceptio n o f  th e primar y visua l  corte x an d perhap s th e olfactor y 
cortex ,  i n additio n t o th e centromedia n ( C M )  an d parafascic -
ular(p O nucle i  o f  th e thalamu s an d th e amygdala . 

Physiologica l  studie s hav e show n tha t  a  striata l  projectio n 
neuro n need s coheren t  activatio n o f  man y o f  th e approxi -
matel y 2(X)0 0 input s tha t  i t  receive s t o reac h spikin g thresh -
old .  Henc e thes e neuron s fire  rarely .  Despit e significan t  ax -
onal  an d dendriti c  arborization ,  med iu m spin y neuron s hav e 
not  bee n show n t o hav e an y inhibitio n o f  thei r  neighbours . 
Loca l  inhibitio n i s possibl y accomplishe d b y th e intemeu -
ron s (Kita ,  Kosaka ,  an d Heizmann ,  1990) .  I n sensorimoto r 
behaviora l  learnin g settings ,  striata l  intemeurons ^  hav e bee n 
show n t o develo p synchronize d pause s acros s severa l  neu -
ron s (Aosaki ,  Kimura ,  an d Graybiel ,  1995) .  I n addition ,  th e 
dopaminergi c inpu t  int o th e striatu m ha s bee n linke d t o re -
war d learnin g suc h tha t  dopamin e releas e increase s i n antici -
patio n o f  rewar d (Schultz ,  e t  al. ,  1995) . 

The primar y outpu t  o f  th e striatu m (inhibitory ;  G A B A -
ergic )  i s  t o th e globu s pallidu s (GP e an d GPi )  an d th e sub -
stanti a nigr a (SNPr) .  Pallida l  neuron s hav e a  significan t  den -
driti c  arborizatio n an d clos e t o 10 0 striata l  neuron s synaps e 
ont o a  singl e pallida l  cell .  Outpu t  fro m th e pallidu m i s als o 
inhibitor y an d GABAergic .  Th e externa l  segmen t  project s t o 
th e subthalami c nucleu s (STN )  whic h i n tur n send s excita -
tory ,  glutametergi c outpu t  t o th e SNP r  an d th e GPi .  Th e S T N 
als o receive s direc t  excitator y glutamatergi c inpu t  fro m th e 
moto r  cortex .  Th e GP i  thu s receive s inhibitor y outpu t  fro m 
th e striatu m an d excitator y inpu t  fro m S T N .  Th e pallida l  neu -
ron s hav e a  hig h toni c rat e o f  firing. 

GPi  an d SNP r  the n sen d inhibitory ,  GABAergi c outpu t  t o 
th e ventra l  anterio r  (VA )  ventrolatera l  (VL )  an d dorsomedia l 
( D M)  nucle i  o f  th e thalamus .  Th e SNP r  als o send s outpu t  t o 
th e superio r  colliculus .  Excitatory ,  glutametergi c outpu t  fro m 
th e thalamu s goe s t o motor ,  premoto r  an d supplementar y m o -
to r  area s o f  th e cortex .  Thes e complicate d connection s ar e 
summarize d i n Figur e 2 . 

Aspects of Parkinson's Disease 

Althoug h neurona l  deat h i s natura l  proces s i n aging ,  i n de -
generativ e disease s lik e Parkinson' s disease ,  thi s cel l  los s be -
comes critica l  a t  a n earl y stag e (Brodal ,  1981) .  Whethe r  thi s 
i s du e t o a  smalle r  numbe r  o f  neuron s fro m birt h o r  fro m ex -
cessiv e cel l  deat h du e t o geneti c o r  environmenta l  causes ,  i s 
unknown . 

Nevertheless ,  th e majo r  sit e o f  cel l  los s i n Parkinson' s dis -
eas e i s th e substanti a nigra .  Th e melanin-containin g pig -
mente d neuron s i n th e S N P c underg o cel l  deat h thereb y crit -
icall y decreasin g thi s inpu t  int o th e striatum .  Autops y spec -
imen s confir m thi s significan t  los s an d i t  i s  estimate d tha t  a 
min imu m o f  7 0 percen t  o f  nigra l  neuron s hav e t o b e destroye d 
prio r  t o sympto m manifestation .  Th e striatum ,  pallidu m an d 
othe r  structure s ar e histologicall y normal ,  a t  leas t  i n th e earl y 
stages .  A n importan t  featur e t o not e i s tha t  th e diseas e i s ofte n 
pathologicall y an d clinicall y asymmetric . 

Symptoms and Signs 

The cardina l  symptom s ar e (Weine r  an d Lang ,  1989) : 

^Th e TANs ,  o r  Tonicall y Activ e Neurons . 
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Figur e 2 :  Basa l  gangli a anatomy ,  includin g cortica l  an d thalami c projections ;  S=striosome ,  M=matrix .  Neurotransmitters : 
GLU^glutamate ;  DA=dopaminc ;  Enk=cnkephalin ;  Dyn=dynorphin . 

1.  generalize d slownes s o r  decreas e i n movement s (akinesia) , 

2. decrease in the speed with which a movement is performed 
(bradykinesia ) 

3. stiffness in the body brought out best with clinical exami-
natio n (rigidity ) 

4. Rest tremor 

5. Postural instability 

Akinesia is seen and noticed as a generalized decrease in 
bod y movements .  Automati c movement s tha t  w e perfor m 
normally ,  suc h a s minut e change s i n postur e whil e sittin g i n a 
chair ,  intermitten t  crossin g o r  uncrossin g o f  legs ,  o r  numbe r 
of  ey e blinks ,  ar e decreased .  Thi s give s ris e t o th e characteris -
ti c  "maske d facies "  o f  P D .  I n earl y stages ,  unilatera l  decreas e 
i n ar m swin g i s perhap s th e first  sig n o f  akinesia . 

Bradykinesi a i s essentiall y a  decreas e i n th e amplitude, 
rhyth m an d rang e o f  th e movements .  Include d i s a  sens e o f 
fatigu e i n th e limb s wit h a n additiona l  difficult y i n shiftin g 
fro m on e moto r  ac t  t o another .  Th e duratio n o f  th e movemen t 
itsel f  i s  therefor e significantl y prolonge d a s ther e i s inabil -
it y  t o alte r  th e velocit y o f  th e task .  Ther e i s als o a  gradua l 
diminutio n i n amplitud e an d rhyth m i n th e task .  Thi s i s  clas -
sicall y manifeste d a s micrographi a durin g a  writin g task . 

Rigidit y i s  a n abnormalit y i n th e ton e tha t  i s  elicite d i n th e 
entir e body ,  particularl y i n th e limb s an d neck .  Thi s i s appre -
ciate d wel l  i f  th e patient' s lim b i s slowl y flexed  an d extended . 
Th e rigidit y i s velocit y independen t  an d bidirectional .  Th e 
phenomeno n o f  cogwheelin g ha s bee n considere d t o b e th e 
underlyin g tremor ,  althoug h th e frequenc y o f  th e cogwheel -
in g i s no t  th e sam e an d i t  ca n b e elicite d eve n whe n tremo r  i s 
not  otherwis e clinicall y detectable . 

T r e m o r  i s a  prominen t  sympto m i n a  majorit y o f  case s o f 
P D.  Thi s involve s th e hand s mos t  ofte n bu t  fee t  ca n als o b e 

involved .  I n mor e sever e case s th e tremo r  ca n sprea d prox -
imally .  Althoug h res t  tremo r  wit h a  frequenc y o f  4- 7 Hz ,  i s 
most  c o m m o n ,  actio n tremo r  m a y als o b e see n i n late r  stage s 
of  th e disease .  Stres s an d anxiet y ca n worse n th e tremo r  whil e 
action ,  concentratio n /  attentio n o n th e tremo r  an d slee p ca n 
eliminat e it .  Pathophysiologically ,  th e tremo r  ca n b e com -
pletel y alleviate d wit h a  ventr o latera l  thalamotomy . 

Postura l  stabilit y  i s  impaired ,  wit h a n inabilit y  t o perfor m 
rapi d adjustment s o f  postur e whe n ther e i s interferenc e wit h 
bod y equilibrium .  Th e patien t  thu s continue s t o mov e alon g 
th e trajector y impose d b y shiftin g o f  th e centr e o f  gravity . 

A Potential-Based Model for the Striatum 

A prio r  mode l  o f  th e striatu m (Connoll y an d B u m s ,  1993 ) 
propose d tha t  th e med iu m spin y neuron s o f  th e striatu m 
"compute "  a  potentia l  tha t  ca n b e use d t o contro l  motion . 
Sinc e th e striatu m receive s widesprea d cortica l  afferents ,  i t 
i s  i n a  positio n t o integrat e th e necessar y sensorimoto r  infor -
matio n fo r  moto r  tasks .  I n thi s model ,  th e corte x "programs " 
th e striatu m fo r  moto r  task s b y a  for m o f  efferen t  cop y o f 
constrain t  informatio n throug h th e corticostriata l  projection . 
Resistiv e couplin g amon g mediu m spin y neuron s (fo r  whic h 
ther e i s som e evidence ,  se e O n n an d Grac e (1994) )  woul d b e 
responsibl e fo r  th e formatio n o f  a  potential ,  expresse d b y th e 
membrane potential s o f  med iu m spin y neurons .  Sinc e man y 
leakag e current s ar e presen t  acros s a  neuron' s membrane ,  th e 
potentia l  tha t  result s fro m resistiv e couplin g wil l  ten d t o sa g 
towar d th e equilibriu m potentia l  fo r  th e cell .  Thi s ha s th e ef -
fec t  o f  reducin g th e magnitud e o f  th e gradien t  nea r  th e goa l 
point(s) .  Transmissio n o f  gradien t  informatio n i s achieve d b y 
striato-pallida l  activit y (Connoll y an d B u m s ,  1995) . 

M e d i u m spin y neuron s exhibi t  u p an d dow n state s (Wil -
so n an d Kawaguchi ,  1996 )  tha t  ar e a t  leas t  partiall y  th e resul t 
of  cortico-striata l  activity .  W e propos e tha t  th e u p an d dow n 
state s o f  med iu m spin y neuron s correspon d directl y t o th e ob -
stacl e an d goa l  boundar y condition s fo r  a  potential .  Withou t 
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los s o f  generality ,  w e assum e tha t  th e u p stat e correspond s t o 
an obstacle ,  whil e th e d o w n stat e represent s goals/ '  Unde r 
thi s assumption ,  th e corte x i s abl e t o constrai n a  potentia l  i n 
th e striatu m fo r  us e i n th e plannin g an d executio n o f  moto r 
tasks .  Th e u p stat e i s achieve d b y direc t  cortica l  excitation . 
We postulat e tha t  th e d o w n stat e i s induce d b y cortica l  regu -
latio n o f  leakag e current s tha t  driv e th e cel l  t o it s equilibriu m 
potential .  I n th e contex t  o f  thi s model ,  regulatio n o f  leakag e 
current s mus t  involv e dopamine . 

The contro l  schem e discusse d abov e provide s a  wa y o f  ex -
tendin g th e potential-base d striatu m mode l  describe d i n Con -
nolly ,  Grupe n an d Soucca r  (1995 )  t o accoun t  fo r  repetitiv e 
motion .  I n th e revise d model ,  th e potentia l  i s use d i n conjunc -
tio n wit h kineti c energ y t o regulat e motion .  Th e "desire d en -
ergy "  i s assume d t o b e fixed.  Th e resultin g balanc e betwee n 
kineti c an d potentia l  energ y i s maintaine d b y eithe r  thalami c 
or  cortica l  system s tha t  ar e th e target s o f  pallida l  outpu t  fro m 
th e striatum . 

Energy-Reference Control 

Energy-referenc e contro l  ca n b e use d t o describ e som e o f  th e 
symptom s o f  P D .  A  Genera l  Electri c P-5 0 robo t  ar m wa s use d 
t o implemen t  th e contro l  schem e describe d above .  Th e imple -
mentatio n i s describe d i n mor e detai l  i n (Connolly ,  Grupen , 
and Souccar ,  1995) .  A  potentia l  i s  use d wit h m i n i m u m an d 
m a x i m u m value s o f  0  an d 1 ,  respectively .  On e goa l  (mini -
m u m)  poin t  wa s used ,  an d th e desire d energ y leve l  wa s se t 
at  0.5 .  A t  thi s energy ,  th e robo t  exhibite d a  circulator y m o -
tio n i n th e sagitta l  plan e abou t  th e goa l  point .  B y varyin g th e 
shap e o f  th e potentia l  function ,  certai n aspect s o f  th e afore -
mentione d symptom s coul d b e replicated ,  a s follows : 

• Bradykinesia: By progressively raising the minimum po-
tentia l  valu e fro m 0 ,  th e syste m execute s orbit s o f  pro -
gressivel y smalle r  radius .  A n effec t  analogou s t o micro -
graphi a ca n b e obtaine d b y allowin g th e potentia l  t o slowl y 
deca y upward ,  resultin g i n progressivel y tighter ,  bu t  les s 
energeti c orbit s (sinc e th e desire d energ y i s no t  allowe d t o 
change ,  henc e th e kineti c energ y mus t  b e reduced) . 

• Akinesia, rigidity: Akinesia can be modeled as a weak po-
tentia l  tha t  doe s no t  permi t  th e initiatio n o f  action .  Rigidit y 
can b e describe d a s a  mor e acut e versio n o f  thi s sam e con -
dition .  I n th e contex t  o f  energy-base d control ,  akinesi a ca n 
be viewe d a s a  flattening  o f  th e potential .  Th e valu e o f 
th e potentia l  functio n mus t  b e abov e th e desire d energ y fo r 
th e system ,  bu t  beyon d that ,  n o othe r  constrain t  i s required . 
The degre e o f  rigidity,  however ,  i s  determine d b y h o w fa r 
th e potentia l  functio n ha s risen  abov e th e desire d energy . 

Note that akinesia and bradykinesia rely on a "weakening" 
of  th e goa l  potential .  B y raisin g o r  eliminatin g thi s potentia l 
(energy )  relativ e t o th e desire d energy ,  th e kineti c energ y i s 

'Th e polarit y ca n b e reversed ;  th e resul t  i s stil l  a  harmoni c po -
tential ,  an d th e energy-referenc e contro l  schem e ca n b e derive d b y 
makin g a n appropriat e chang e i n Equatio n 1 . 

reduce d o r  entirel y suppresse d ove r  th e entir e configuratio n 
space . 

As allude d t o earlier ,  th e mode l  describe d her e make s spe -
cifi c  assumption s abou t  th e rol e o f  dopamin e i n maintainin g 
a potentia l  functio n Th e concentratio n o f  Dopamin e ( D A ) 
i n th e striatu m appear s t o hav e multipl e effect s o n io n con -
ductanc e an d henc e polarizatio n o f  striata l  cel l  membranes . 
Thi s i s du e i n par t  t o th e presenc e o f  a t  leas t  tw o distinc t  re -
ceptor s (D l  an d D 2 ) .  However ,  i n Mercuri ,  Calabres i  an d 
Bernard !  (1989) ,  severa l  investigation s wer e reviewe d an d i t 
was conclude d tha t  th e activatio n o f  th e D 2 typ e recepto r  i n 
th e striatu m i s perhap s th e ke y facto r  i n th e pharmacologica l 
reversa l  o f  P D manifestations .  Ther e i s stron g evidenc e tha t 
activatio n o f  D 2 receptor s ca n increas e K + conductanc e an d 
hyperpolarizatio n (Williams ,  MacVicar ,  an d Pittman ,  1989) ; 
an increas e i n K + conductanc e ha s als o bee n observe d i n stri -
ata l  cell s (Fredma n an d Weight ,  1988) .  I f  th e artificia l  goa l 
potentia l  i s  take n t o b e a  hyperpolarize d state ,  the n a  large , 
permanen t  reductio n i n D A coul d mea n a  permanen t  raisin g 
and flattening  o f  th e artificia l  potential ,  i.e. ,  a n inabilit y t o 
maintai n th e goa l  potential .  Thus ,  t o th e exten t  tha t  th e abov e 
observation s o n th e D 2 recepto r  rol e ar e correct ,  a  reductio n 
of  D A woul d produc e th e effect s o f  Bradykinesi a an d Akine -
si a accordin g t o ou r  model . 

Conclusion 

A contro l  schem e ha s bee n presente d fo r  plannin g repetitiv e 
and goal-directe d motion .  Th e schem e ha s als o bee n applie d 
t o a  potential-base d theor y o f  moto r  plannin g i n th e striatum , 
and discusse d i n th e contex t  o f  Parkinson' s disease .  Althoug h 
preliminary ,  th e contro l  schem e describe d her e raise s th e pos -
sibilit y  tha t  som e symptom s o f  Parkinson' s diseas e ca n b e 
explaine d b y considerin g th e neura l  substrat e o f  moto r  con -
tro l  a s a  "Hamiltonian "  system ,  i.e. ,  a  dynamica l  syste m tha t 
relie s o n energ y conservatio n (leas t  action )  t o contro l  move -
ment . 

I t  i s stil l  unclea r  whethe r  th e striata l  networ k woul d b e ca -
pabl e o f  maintainin g a  potentia l  o f  sufficien t  gradatio n t o b e 
usefu l  i n generatin g movements .  However ,  eve n take n a s a n 
abstraction ,  i t  m a y b e usefu l  t o conside r  motio n plannin g i n 
term s o f  a  potentia l  function .  Futur e wor k wil l  attemp t  t o 
explai n a  wide r  rang e o f  Parkinsonia n symptoms ,  especiall y 
hyperkineti c symptom s suc h a s chorea ,  ballis m an d tremor . 
Usin g th e contro l  schem e describe d here ,  simulation s an d ex -
periment s o n roboti c system s wil l  b e use d t o achiev e thi s goal . 
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