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.�&   'ng to   ent Imag   l
co  u  Eated by ch, stoph von der Malgb B    '  mulQ'ple oq s b auSe  ' ge feahreS are not groUped aCCO  g tO

. (  w ch object they belong, Without  e capab   to fom SUch  Up-'   gs
, ;t would be n n sav  to und o a massive search through a  sub

Le ing to Seg ent I ages Using DYna iC    b of  age tea   FOr thiS R'On, ?"t ?aC e  iOn mO ?'On
 ea ,e g . d J g ii syshmS  clude a component that per Fo  feahlre  OUPing Of im 8e.se  t t;on (e.g., G man 1968;  we 19 ; M an 1982). Psychophysical

and ne psychological evidence su nh that Ue h n visual syst 
 Chael C  MO"er t, pe o  a si 'lar operaQ'on (Duncan 1984; Parah 1990;   eman and
D  mt ofC p ter SCímCe  nd InStit fe OfC08 2ti e SCíe Ce, t He  1gg1,. T,  n 1g82)
Unimsi ofColorndo, Bo ldn, CO 803D9 O USm �  age seg,en   on p gis a    r pNblem; Obj ts camot be;denMed  6l Ue image has been segmented

, but unambi ous seg-
RiChard S   eMel   meniaQ on of the i ge r  n  owledge ot what obp' b an present.D rtment ofComp tn Science, Univ Si OfTONntD,

 r Fo, naieiy, ob;e  re     on systems do noi nq    p e se enta-ToNnto, Ont jom5S IAq 6 on . S;mple h  6 cs can be used to  up featurn, and although these
  heun s6'cs an not  a ble, Mey suMce for most m o 6'on tas , Fw-M lene Be  n !i Uer, the se  ta6 on-nco i6'on  cle can iterate, allo g the m og-

D rt t ofNYcholo     fRculfY ofMed2Cine 0nd f n;Q on system io pNpose reM  enis oE ue ; 6 al se enta6 on, w hich
RDtmRn Resenrch l0t2t teof YnestCYtre, UniV' i OfTONnfD, l,      reM es the  mut oE the r o  r;onsystem (H ton 1981; HaMon
ToNntO, Ont01iO  S IAl 1 and  eman 1978; Walt  1975).

( A mWti de of heu ?'cs have been propo d for  gm M' g  -C stoPher K  I   illíamS , agn. Ges Ir psy ologsb have explo  how people  oup elemenh of
De r ent ofCom tn hienCe, Uni0'Si  DfTDrO tO, ' I , d;sp y and haye su nt  a range oE  ouping p cipln that gov-

Toronto,  tQjD  S lA4 i e  hu n percep6 on. Por example, there    dence for the  ou mi gof eiemen  that an close together in space or 6'me, that appear SiM t r,
. Desp;ie the EaEt Uat complex visual scenes con in mUl?'ple, OVerlaP- l thai move iogether, or that fo  a cios    re (Ro  and Pa er, 199O).
p;ng objects, people pe o  object nco ?'On with ea$e and aCc aCY  ,  compuier v ;on nsearchers have s d;ed i  pNbl   m a mon com-One operaQ'on that tacilitates reco8nitiOn is an e lY Se8me?tatiOn PN- (   ta  onai pers Q ve.  ey  ve  ves6 gated methods of  uping el-
cess   wh;ch fea es oE objects are  uped and labeled acCOrdin8 i  ements oE an ;mage based on Ro  cc;d rRi ngul  r; fea  combm' a-
io which object they belong. Cunent comQUta 'Onal sY9tems that Per- ,

 
, 6 oM that a  uni; eiy io   r by  nce when several obj  are jux -to    opera?'on  e based on prede ned  ouPin8 heUDs?'Cs  W e ' po d and an thw  ;nd;ca6 ve oE a sm  gie ob;e . Kanade (1981) dn besdn be a system called M AGIC that le  s hOW tO  OUP fea res  

o súch re iajQ n, para e sm and s wed s me , and shows how
based on a set oE pre8egmented ex pln  I? ManY Ca s,  GIC di? i

,  ,d g ;nshncn oE rhese re iaj6 es can coM main the possible interp 
Eovers group g he stiEg gimi  to those p Kviow ly proposed, bUt it ,,

!  tah ons of im  e dra  .  we and B;nfo  (1gg2) M d nonac den l
al  has the Capability of  nd ' g no  j hítive S Chral re l tíes in '.

,
 s;g,;6cant  oup;ngs UNugh a s M  6 cai analys;s of ;magn. They evalm'

;mages. GN uping is pe o ed by a relaKa 'on ne Ork that attemPb  i uaie poien6 ai Eeahre  up;ngs w;u rnp i to a sei oE heu 6'cs such as
io dy  cally bind nlated Eeahns   ea es  aM m it a COmPleX- ' colim  ean   prox;m; , and parailei  m.  e eval 6 on :s ba  on a sta-
valued s; al ( plihde and phase) to one anoM i bindin$ Can th  !, 6 s6 c,i meásure of the i; ei;ho  that the  up g might have gulied
be  pnsented by phase lo Eking rela d Eea eS  M AGIC's  ainin$ ENm rhe random ai;gnmeni oE ;,age Eeah0 . Boidi erRl. (1989) des be
pN ced e :s a $eneral'ua 'on of ncum nt baEkProPaga?'On   COmPleX-

 , an aigojthm Eor cons   ng i;nn  m shori Im  e se en . The alg 
v ued units      jihm evaluates the goodness of  t of p  ai of line s enb in a SMa 

ne;ghborh  based on nla6'onal measu  (co  eajty,    ty, and
1 I, du,t, o,   . conm st sim aj ). Well matched pai  aR nplaced bY longR Segm b,

and the pNcedun is repeated.
. . . ia,d ob .eci m. a, , mage ,  a de nd   g co, i,6 onel ' In these earlier ap achn, the  Rhen have hYpoUnj  a Set Of

eC
 
O 
ih
l?g
d
a
;m
n M O

i . ii ,o,pounded whe, ihe , mage conta;ns , group g h    6   and Men tnted rhej psycholo cal validi  or com- ' ' 'U ''  'a Y
 ,

 puiaQ onai u ; . inourwor , wehave ta en an d pr: approa  io Ue
Nm,,7 com tRtj o    6s 6s (1gg2)   l992 Massachu M EnSR'tUte of TeChnOl Y
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� Lea g to   ent Images 653Ma3sb  and S eid'n' 1986), Gray et  l. (1989), EcMo  et Rl. (1988),
and Skong and Whitehead (1989),  ong oUers, have sug sted a bib

    � . �  'fi logically pla ible mechan m of labeling  ough temporal coRela 'onsti  ' r: :. among newal s:  s,  ther  e n   ve      g of ne nai sp   or ' ;   t  j Ue sync  a 'onofos ato  ac 'vi6'es   the nervow system. ?e.?\,.-l  x ,. key idea here is that each pr es mi g unit convys not just an ac 'va6'on\i   ! valu average  g h uenv   newal te but  o a second,  -
t de ndent value thatnpresenb the rela6've phase of g. ? ed amic
t  uping or b:Rdj g of a sd of fea s   accomplished by ali ng Me

�  � phases of the features.A n  of recent work on popWa 'ons of coupled os ton (e.g.,F: n 1 . Exampl  of r do Y generated   imeMiO'l  Omem'C N"- Baj  and M  199o; GNssberg  d Somers 1991; EcMo  et Ql. 199o, t
oun, � Kammen et l. 1990) has sho  that    e of bmding can be achieved  using mi ple d 'c  n. HoMever, most of   Mork assumn aproblem of  age se mta6'on in M ch a SYSt  leamS hOW tO  OUP nla 'vely homogeneous pa ern ofconn '   among theos llators and
iea ns based on a set of e mples. We ca  Ue SySteM MAGIC, an j has nor a empt  ro tac e probl    compurer v ion such as  ageacronym for ul 'pleobject a

_ daptive  ouping of -iMage -COmPOnenb  In se en   on, Mhere each   llator npg enb an image fea re, and

many casn  . IAGIC di overs  oup-ing h j5 'CS  i r tO thOSe P - t more sela 've connec 'ons be een the os ators aren ed to simulatep ed in earlier work, but ita ohas the capabi  OfM  ngnOnin i6'Ve ( Me selec 've b d g of appNpjah sub K of image fea rn. A feM
s c ral n laj 'es in imagn,   excep 'ons e st (Goebel 199la,b; Hummel and Biederman 1992; Lumer
MACIC is m    ed on a set of pn gMented imagn COnt ? g mUl- i  and Hu an 1991; Spo  et Ql. 1991);   these syste , the patt 6 pje ob;ecK. By ''prne ented'' Me mean that ea   ge f  e is of connec     among os  ton   spec;Ned by simple p etem  ned

iabded as to M ch object it belongs. MAGIC lea  tO detat CO?N - !i  ouping he 's 'cs.'
ra  ons of  e  age fea s that have a cons tent labeM g   nla6'On ) In M AGIC

, Ue a  v:  of a fea e  :i :s a complex value   
to one another a ss the maining examples, Iden  g the5e CO g- Qmpljt de and p e componenrs. ? e p se repn nts a labeling oI  e
uraR ons rhen alloMs MAGIC to label fea res   noVel,  " ented !i fea re, and the amp  de  rnenK the con dence   that labeling.
 gn   a  nner cons tent Mith the mai ng eX' Pln   i The amp  de ranges kom O to l,  'th O indica 'ng a complete lack

t'  of coM dence and 1 indicaM' g absolute c  mai  . TheR is no explicit
. i repn nta 'on of whether a f a n   p ent or ab nt   an  age.

' DO"a'̂'     ther, absent fea s are c mp  om-rhej  pj: des are foRed io
h d . f d. . j ii Rmain at  Mhich eliminates the  abW  to  nuence other units, as  iní ' l Mork  S been COndU   in t e O M O  O- menSlO  MM become cjear when ihe aci;va  on d am;  an prneni  iater.

geomeM'c contoun,  cluding rec ngles, diamOndS, CrOS , m'andes,hexagoM , and octagons. ? e conto  aR Cons Ct ' M fOW  Pjmi- !
 
,

  ve feahre m  jented M e se ents at OO, 45',  O, and 135O ?d ,
it

are la;d out on a M x   grid. At ea  l ation on the  d an " 'tS,   4 The ArEhitectwe
called t re R:ts, thatnpresent eachofthe fow p ' 've  a   n  '
In ow  prg nt expejmenb, images cont M   o ContoUrS  ?e eXClUde

 w hen ,n ,.ma  ,.s p,esenied io MAcic u,,.h ,p m M. g fea,n
a,
s a
,
b
es

_
 agn  in which Me two contours shan a COMMOn edge  ?  Pe 't5 a ,  i ,.n ihe ,,m,ge an cjamped om ,,d u,;, represen.  que la lm  g of each featw e. Examples oEseveral randoMlY generated ,

i
 an ,ss,. ed random  . ,.,.ai phag  and smaii ampi,.,

 
d
n
ng P eiSÀctif ,;mages conr    ing rec gln  and diamonds an sho    Fi n 1 

 , ,.s io ass,. ,ppNp,.,ie ph, v,iues io ihe  ,.h. ?w, ihe' ,e or   põ,_
fo s a m e of pa m completi'on.

t RepnsenM' g  eatw i Label ' gs �  ,'

. U t l
 �

IIn the Spo  et Rl. model, the  upting s ngth be   two connm ed u ts
Be re dncjb'Mg M AGIC, Me MuSt  t dis S a f nSe?ta On a  ng  dynamically on a fast time snle, but   adapbtion is Rlated to achieving
a om  for rhe Iabe ng of  a s. von dn Malsburg (1981: VOn der ,

  t poral com la 'o , notleamin8  upin8  ples 

 m : 
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�  'i 5 Ne ork D  ics' ' ; The d mics of MAGIC are based on a mean-field approWma 'on to ast s 'c ne ork of d ' R'onal  h, dn bed    mel et ,l. (1992).' A va nt oE   model was independently developed by Gislm' et ,l.(1991). ?ese pap s provide a  sVcati'on oE Me ac 'va 'on rule andenor  c 'on   te  of an m y minimja 'on fo aWm.I ?e response of each featun unit j, x;, is a complex value in polar � foM, (Q, ,p, ), where ,,  í[ the amplitude and p,  is the phase. S ' ilarly, thensponæ of each hidden wu't j, y, , has com nents (b;,q;).  e weightconnm 'ng unit j to unit),  ;;,   also complex valued, ha g components ,  � (p, , , 0j , ). The ac 'va 'on  e we pNpoæ is a gener ation of the dotproduct to ?e complex domain. The net input to hidden unit j at  'me
step t + l  

t

i,. net,(t + 1) = x(t)   w;
, =  , x;(t)w,',, 

F,  ,e  . The aM tm e o( MACIC. The lower (input) laYer contai  the it'
  ,,. theupp, j,yR conta;ns  e h;dden   .  ch iayer :5 amanged i = ((( :,:(t)P):COs :(t) - B;:!

 ,
e
n
a
a
 
s
r

p
e
,
 
  otop;c a y w;  a numbn of diffpgnt featUR m   at eaCh pOSi 'On

 ]!

,),/    the an,y  ch pia,e ;, the (ea re  yer co ponds to a di erent fea e ( + ( , ,;(t)p), sin ;(t) - 0;;])
 3 ),me.  e  ray   dden un:ts aR   p ca Y co  t  to a? fea ' in j, ( ,.(,)p..,     (,) _ a.,.

t
R

he
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om
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 pond;ng grayed rg on of the feahn la r   e IM' es be 0  laYerS i taD'  ' '(,j !'  !(,j B!t p ;  ons ;n both d;rec  ons. i,i PfiCOS i ' )i
)

( wheR?easte kdenotes?ecomplexconiugate. Thenet put pass
.
, t ugh a squashing nonlm' eajty that ma  the ampli?de of the r

 
e

The ne ork R hitm? R consists of  o laye  of UnitS, aS ShO    ii
, sponæ  kom the range O     to O   l but leaves the phase una ected:

F; re 2.  e low  (input) layer cont  ai the fea?m Unih, ama?g  !,
;n spa  otp;c anays  th one amay per fea     ? e UPPer l'Yer í

 �nei,.(,) l, Cm, (
(

t

,

)
)
3,on  s h;dden  :h t r help to ali  the ph es of the fea re U tSi , Y, (t) = ,

i
c
h
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ne

R
c

sponsep pem n an deteMinedby b  ng, ?ere are inter yer   i(t) lO  ,i
 
m
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e
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 b,t no  maiayer connec  ons. Each  dden u t    'pN- I 
'i  io ihe un;is   a jocaj spai   i Rdon oE.aji (ea n amays. i,, wheR m,(!)   the Magni de Of the ?et inPUt, l?eti!t)l, and I    ?e

.s  ,.on as, p,,çh.    o,,  neni s;m ,ia  oM  ihe pei  ' mOdi ed B sel h3nC On OF the  rSt Mnd and Order k. The Sq Sh g
e
?Y
f
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C
f
 O
er tO

.
thl g g   h 'i,h ih e ,. a ,o spond ,nõ Med_s,  e '  nc 'on I,(m)/ (m)   shown in Fig  3. 

i i h
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n
dS O? X.i ' iOr ea  Pa  o .  oi rnpo?e ac,o~ ihe ;m_ ,' ?e   ' 'on underlying  e ac 'va 'on  e   as follows.  e ampli-h O O l en Unl S  O aC eVe Un

. . . h.  . hb . g  de (,on dence) of a h;dden un;t b). shoujd be monoton;,,jly nia
,g
ie
h
d
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p

ge, the pools aR ananged in a Spa O plC a Y In w l nelg OM  i h eij ih   , onse p;ii mp m,iih ihe  dde, u,,.i we.
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s
  rnpond io ne; bo ng patchn and the patch-tO-pOOl Meighß are O  ? w. i e. 5h ,eiresdP d i j    .es.
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 is aci;vaie ihe  dden u,;h wh;,h   ?  fg  back to Can na Y s  t t t e ea?re an Nelg t P asn are  Ua P: + :: ,
.h
UMih ugh a ,eja  .o, pm  s ihe sysiem ni es on ,n   the Mle for b; redUceS to the nal-valUed  Se. EVen   the feature ande?!

ea  U?
¬   i ih i h n o,e m,,ghi ,o,s, de, an aliema  ve weight phag differ by a co?tant (p,  = B;,  + c), b,  is una ected.    isa~

,
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.i '  ,., ,iyco,,e,iedioo,ea,oihe, a cj  cai pro  oi ihe a  va  on  le . Because ,b i re phan vaju 
a
(H
M tm ?

ire i?BW.  C a jr g?jj Hw eve, ih,. a, ,,i ,e ,   m pn nc;pie ' have no in ' ic meaning, the res nse of a unit should depend only onU e an le efman   OW I
b .i d i ii ¬o, l ihe ,i,,;,e phasn  i ;s ;is g ponn shoujd be ro  ton ;nva;ani

,e

 T
n
h
c

eenoi as powem l as the one we p FopOSe maUse l On  nO a OW a .va,.on  ieacC,.evn ih;s by e en . ijy ., o,.ng ihe a,er,ge d,.iip
higher o n conM' gm  es among E  S   
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M . c. M ozer et aj. �'y?,' Lea g to   ent  ma  657  -   6 Le g Algoj ,�" '  g kai n  we woWd like the hidden units to leam to detmt con-  a 'ons of fea es that nlmbly  dicate p se Nla 'ons ps among
,., . 

� Ue Eeaturn. For instance, if the contoun in Me  age contain extendedho ntal lines, one hidden  't   t leam to nspond to a collm' ear ar-o., . r gement oE ho ontal se enb. B use the u  s ns nse de ndson the phase pa  as well as Me ac 'vi  p8tt , it  l be shongest if
, the se enh all h8ve the same phase value.

''

 I

�' We have exp ented  'th a vaje  of algoj  hr kai gMAGIC, in uding an extension of so  compe ' 've leam g (Nowlan ' 199O) to complex-valued units, N ntbackpropaga 'on (Almeida 1987;P eda 198M, ba propaga 'on  ou   ' e (Rumelhart et Ql. 1986), a, 1 i i 8 '0 m ba p paga 'on autoencoder paradi    which pakhn of Me image, an pmessed  dependently, and an autoencoder in whi  Me patchn  an procmed simWtaneously and their rnults are combined. ?e alg 
I ( )( ()   1.,d f ,he net jt   M whi  we have had  atnt suRess, however, is a rela 'vely

Fi  3i  e  U  g ?nC 'On " =  M. ? ;. 't;?P !m t' O j.,de ,  i ple s;nglesrep eRor p paga 'on algojthm. Ir  volvn  ning theinput tO a  't   Pa  th U h   C On tO O taln e OU U a?P l ' i) ne o,  for a M ed number of ;teraR ons and, for each ;tera  on, u mi g
d u . h Th h.dd h !, backp paga 'on to adjust the weighb so Mat the feature phase pa 

  phaSe be  n the f    i  an e M g    e l en P aSe, .it bem i mat n a ta et phase pa em .  ch h m   g m al pr g g  
q, , r   th:s avRage  ennce,2

 i fo ows.. e now oE ac  va  on kom the  dden layer to the featUN layer f Ol-
Iom   e same d a cs as the now hom the fea re layer to the hidden ?i 1

. A ma;n;ng e mple   generar  at  ndom. ? is involves sel  'ng

 y  . it  o contoun and  stan 'a 'ng Mem in an image. The featurn
, of one contour have target pha    and the feahrn of the othn

'̂t:(t+1) =Y(r+l) 'w'  ,
,  nrow have  rget pha  1  .

and t
,
. 2.  e m, ,;ng e mple ;s pr ented to M, AcIc by se  ng ue ;n;  al

net:(r) Ii im, (t)I 'i ampI; de oi a fea re un;t to o.1 ;f ;rs connpond g  age fea n
K'(t) = �m

,,(jj �io im, (rjj !, ;spn i,oicjamp;ng;taio.ooth  e. ? ephasn ofthe(ea n
;f r  R ; ;s p eni   Ue ;mage, o, x, (t) -- o othe e. Note that , unitS are  t to random ValUn in the range O' tO  O 
update    uen ' l by layer . the feature u ts aC 'Vate Ue hidden UnitS, ' 3 A,  ,,   ;s ,ljow  to now hom the f hn un;  to the h;dde,
w   then acti'vah Ue feahlre unib  '  ' un;h  d bac  to the fea re un;b.
Tn MAcIc, Ue we; i ma '   conshained to be He i 'an, i e ,  

w.. - w ..  ;s   a genera a  on of weight sy e  to the coMpleX   Q. The new phase pattern over the fea N unib   compar  to Me
d
p
 m,;n!l'w, ght s ,e  e ures Mat hIAGIC w l conve e to a rixed '  rger phase  ttem (s  step 1), and an eRor measure ís comput

/

e

,

d .
o   t.  e p oi of g    a general    'on of Hop6eld's (19 ) NsUlt tO

c

 
o

q
m
u
p
 

jex  ; , d  tp   e update, and a hyo-layer aRhiteC re with , ( r 12   r   2
  al  ye, up ies and no ;nma yer com   ons. ' E    

,. ln [ (m;)]'- ( t ,. m;cos(p; - p;)  + l, m:sin(p,  - p:) 
1To eb ,te,  e ,c  va  on  e produm , q,  that  eld5 the MiniMUm Of the '

h ow;

d

ng  p ion: when m,  is the magnitude of the net input to feature unit j, p,   
 ; (, + ,j1+;, ,,.,p p s,.,(, +q.)]1  ' the ac l phase of unit j, and p,  is the target Phase, ?  is a logi t ,i  SPi ' PY COS ii 4i ' '' ̂ l''' l''' l jj elM  eRor h nc 'on d ved  m the fo aI ' m des   in

.

,

.

 m

 '
 ( , d. , M     ,, ,,d ,e.,g,i v ,, g,,,e,, Ine

 '
  mel  Rl. (199 ). In Uis fo alism, the ac 'vi 'n ofunib Npg ent

 
e
'
 m ,.',5 ,'i',Ope!i,.in?,bĝi  i p,," n i or ue we;$,i veiior. , a p babili  d mibu 'on over pha  valun. ?e emr  c 'on  

t
 .





�

 �  �   
  

,  

 �

 n e d
 e

6  M . C. m ozer et al. '  arnmg to Se ent Images 661

'

'

 of the nctangles and their ini 'al random phases. The succeed g panels
'

 �  . shoM the ne ork's re5poMe dujng the relaxaQ'on process. The lowRjght panel shows the ne ork response at  uilibjum. Fea?ns of eachobject have   assi ed a uni'form phase, and Me  o objmh aR 18     � f ?t .' outoEphase. The taskheremayappear uni ple, butitisquítechallen g, it   ii ! due to the illusoy nctangle generated by the overlapping nctangles.  e I    l I    , i j  f f . 8 Alte ative Representa 'on of Fea?re Labelingi_ .. t ----      j
. o

 �, .m, � o,i � To  rfo  the imagese enta 'on task, each Eea?re unitn s to main-ta   o Md endent pimes of inFo a 'on . a label assi ed to the fea- re and a measun of con dence associated  th the label. m MAGIC,,   t these  o quanQ'Q'es an encoded by the pha  and ampli?de of a unit',ìi j q respec 'vely. This pol,r npgenta 'on is )ust one of many pKsible en-!, ( t, , i codings, and r u   some jus 6caQ'on due to the compleKity of the, resulM' g net Mork d amics. An altema ve we have considered-whichí 1 seems promising at 6rst glance but has sejous drawbacks-is the rect-
 
'! ! t  - i!  ' ' ) nng lnr coo inate analog of the polar representaR'on. In this scheme, a
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   S ' WaQ'oM  an under way to examine M AGIC's pe o nce on
.

 "  '
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i d. . h. h t .
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