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'l'hc ~ 1 p p 1 i l ~ ; i t i o i i  o f  coi?iputcr-h.iscd vision s)stcriis and :Iicir intcgrution into c ~ i i i j > l c ~  systctns has bccn 

litnircd b y  < I  nambcr of f;ictors inhcrcnt i n  current systcms: 

0 w . I ~ >  hlost iinp1cinci;tations rcyuirc iiispcction spccds of abour 1 - 10 second.; for inanufxturing 
tasks and Icss ii ian 1 sccond fo r  robot control tasks. 

o LSI..K IS I I:RA(.-I~IOS. 'I'lic system :ihoiild  pro^ idc uscr intcrric1i:c modcs of opcrarion io bc uscfiil as 
1io:h :i;i cxpcrimcntnl tool for tlic dcvc!opiiicnt of applications as wcll as an on-linc mcnitor of 
insprctioti results. 
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2. Hardware 
'l'ficrc arc a ! i u m l ~ c r  of nlre!.nnrivcs to considcr in dic dcsign of a vision sybtcm. Sornc of thc CilI ly  work 

was gcarcd to the LISC uf gcncral purposc cvniputcrs coupled to a framc-buffcr display systcni. Although this 

typc of sgstcm offcrr Advantages such as niass storagc capabilitics. cxtcnsivc softwarc libraries and good 

operating systcms that hidc tlic harclwarc from the mer, it tends to bc too slow for on-linc applications such as 
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Figurc 2- !: Hard:vat.c Coil figuration of CMU's PoP13YE vision systcm 
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Figurc 2-2: Photograph of Lhc POI'iW:. vision systcm 

2.1. Main Processing Unit (MPU) 

A n  in-housc dcsign bawd on Motorola's MCGSOOO 16/32 bit microproccssor. thc MPI.1 functions as thc 

flow controllcr of Il~c cniirc systcm. Lt fcaturcs a 1OMHx CPU, 8 KII of EPi?OM for thc inonitor (SCC the 

Sof twm scction) and 4 KII of RAM for thc stack. It also fcaturcs two scrial lincs and fivc countcr/timcrs. 

'Ihc scrial lincs arc typicslly uscd to communicatc with thc user's tcnninal and thc host computcr, a IXC 
VAX 11/750 running UNIX. 'Ihrcc of thc timcrs arc uscd by the systcm as a rcal timc clock and rhc othcr two 

Pre availablc to the uscr. 

l 'hc MI'U's functions includc downloading codc from thc host coinputcr to thc othcr proccssors. intcr- 

action with thc uscr. rcnl-timc cvcnts and orchcstratin,e thc flow of information within tlic systcm. 

2.2. Main Memory (MM) 

'I'wo rncmory boards.'providing a total of 640 Kll ,  comprisc thc system's main mcmory. 'Thc mcmory is 
divided into 128 KII (Ccntral Data Corporation's CDC-128K) uscd for programs and systcni utilitics, and 0.5 

MI3 (Chrislin lndustrics' CI-512) uscd for data. Spacc on thc Iattcr board is obtaincd from systcm calls to a 
dynamic allocation packagc. 
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2.4. Input/Output Control (tOC) 

'l'lic rcst o f  rhe lnptit/C~~itpiit (or!icr than ccimt~iui~icntin~ with the iiscfs tcriiiincil o r  the host conipiitcr) 

is Iiandlcd 11:\ ; I  bo;iId n i d c  b) hloiiolithic Shstcms C'orp. 'I'his 7.80-bascd 110 coiitrollcr (tZI.\'('-S007) has 32 

K 13 of Jual-po:-tccl i( ,\h4 *+\-Iiicli it i ixs  io conitiiuiiicaic with die M P U .  'l'hc i x i i  ci.5 collcctioii of I/O devices 

incltidcs thrcc serial lines (not inally conncctcd to it printer, a bit-pad and ;I gcticriil piirixsc mia l  l i n k )  and 

two  pmllc l  poi ts which arc tj.pically used to coiiimiinicntc with tlic Image I'ositioning siibs)srcm dcscribcd 

bclow. 

' h c  last b o d  of thc 1A11 is a one-bit ovcrlay planc (MS/;C'-Sl2) used to nondcstruclivcly display 

cursors, \.icwport boundaricc and othcr tcinyorary objccts. WIicn an ovcrlay pixcl is set to 1 Ihc corrcspond- 

ing arca of the ~:crceii is i1t full brightness, rcgnrdlcss of the pixcl's frarnc-biiffcr va11.1~. 
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2.7. A r r a y  Processor (AP) 

A n  a m y  proccssor was added to 1 ~ 0 1 ~ 1 3 1 :  for number crunching applicarions. 'I'hc tho-boiird sct 

mnnuhcitii.rd b y  Sky Compiircrs. Inc (.YKl'A/A'K-;\i) is capable of up to 1 Mflops ;ind it is ii!ili;lccI b y  tlic 

systc:ii to pcrfoi-m vector c:ilculatiops and Fouricr analysis on raw data. 

'I'hc ;rn-board !? $ I l l /  hlCO8000 has 3 1  KI3 of R A M  from which it exccutcs inhtnictions. 'l'his mcinory 

and. the ii:i<igc pagc arc in3ppcd into thc MCJI,'fIUUS iiicmory space so they may I x  loaded or rc,id b y  the 

M P U .  I n  a normal application. the MPU first downloads code from tlic host complrtcr into this program 

mcinor) so the I I W  can cxccutc it. 
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2.9. Prograrnivablc Transform Processor (PlP)  

A ~ ~ i i i n b ~ r  of I isicii; iilgoi~ith~~ls rcquir'c ~h, i t  ar? image bc tr;iiisft;rrncd cithcr loyicaliy 01' inatliciii,ilically. 

Most of thcsc transl'oriiis arc rclativcly straightforward, applying a numbcr of siinplc opcrl:tions to a ncigh- 

borhwd arounll !lit pixci hcinS analyzed. 

l'hc YI'P i s  'I tnicroprograminablc processor specifically dcsigncd to implcmcnt c i h r  logical or math- 

c!natic',il transforrnr ovcr a progmmmat-tlc neighborhood. A block diagram of thc Pl'P is shown in Figure 2-4. 

I t  is capable of convolving a 3 x 3 niaFk with tlic full imagc in lcss than 240 tnsccs or I-iinning a ccllitlar-logic 
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Soft% iitc cnginccr-ing pr;:cticcs ;Ire strongly aJhcrcc! to  throi~gliout the \ision system software, including 

niaixial cntric:, for cach program and subroutine, a Iici~dcr page for cach module uf soiiri'c codc and icrbosc 

and j'lcntlf'L11 colnlTl~llts. 

3.1.  Host Level Support 

3.  1 :l. Editing and Compiling 

All ttic programs that  rim 011 POWYF'S main prticcssing irnit ;ire writtcn. cditccl iincl compiled on the Iiost 

I I ~ : ! ? ~ J ~ ( , .  ,Zlmo:;t all 11ic codc is writtcr? i r i  C. with only s n i d  utilities whcre cfficicncy is <I major corisitlcration 

bcing u rixcn in  M6SD(!O msmbly  language. 

I !IC C c r ( w  cortipt!ci package Cor thc 68000 is vcry similar to the native C coi:ipilcr for thc V,\X in I l la t  it 

con4sts o f  a t:';mlntor. post opiiinircr, nncmbler, linking loadcr, and syinbol t h l c  maintnincr. l 'hc loadcr 
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uses 1hc s::ln: subix)uiinc library forriiat ;is t t i c  LSIX Icsdcr, which ii1l:~:s lis lo L I X  L I K  sililic nrchivcr.  ‘ l ’ h ~  

CI’OSS coinpilcr loiidcr also allows cxtcrnal sq iribol rcfcrcnccs to bc rcsolvcd by scarching thc sytnbol t;ible files 

from othcr programs. something which is ve ry  useful in gcncmring programs for a single proccss, single iiscr 

ciivironinciit. Olicn, :i prugrani which tcsts the a1p)rithiii of thc day rnab be ch;\ngcd. rccompilcd, 

downloaded mid cxccutcd cvery fcw miniitc:;, so it hclps to di1;idc tlic program into iwo scgnicnts. A small 

piccc which contains o n l y  thc nlgorithin implcmcntation can bc quickly rccoinpilcd and dovmlo;ldcd, while a 

sccond, largcr piccc containing support utilities such as imagc display subroutines can sit in  niain mcmory 
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3 .1 .2 .  Debugging 

i2ric)tlier itnportaiit piccc o f  host Ic\.cl support is thc symbolic dcl>iiggcr. Ihiilding ii dcl>uggcr for our 

cti~;irorimciit pro\rctl to bc 3 much tnori: coriiplicatcd task thirn building 3 st;tnd;irti debugger, since [hc host 

niachinc t i lust  comrnittiicatc with ttic ? A P U  in thc vision system, polling mctnory 1oc:iticms. stopping and 

rest:!rting cxccutiori, single stepping ciihcr throtigli ,isscmbl!~ Iriiiguagc instructions 01' t!itoiigli liiics of  S ~ L I I - C C  

codc ;at:d sctring ;itid dclctinp, break points. ' l l i i t s ,  thc dcbuggcr is acrually :I distributed so!'t\r.;irc system. or a 

"cr.o.;s-dcl) irggcr" ( w e  !.'igiirc 3-2). 

Figure 3-2: I:q~icscrita!ioii of  ti;c Cross-I kbuggcr System 

A t  prcsc'nt. MIwi a progratii Jics t;iicxpcctcdlv. thc moniror prints a cr) ptic diagnostic o t i  thc uwr 

;crniiria! w h k h  s h o w  tlic c ( i t l tC l l t : i  of thc program countcr, zla:t:s register ;Ind pwibI> ~ O I I I C  ollicr itifor- 

niaticn. Gi\cn tltc address M.Iicrc the prograin dlcd, thc dcbuggcr will scarch thc symbol tnblc filc for that 

program, figiirc olit which subroutine contains thc addrcss and dis;lsscniblc thc subroutinc. I.ikc its t:%X 

cot i~~ tc rpn i~ ,  thc dcbuggcr can tn,inipu!a!c scvcral programs with lhcir associated s>itibol tablcs ,?rid cx- 

ccutablc scgmcnts. 

'l'hc cornpilcr also supports thc dcbugzing effort l)! placing ldxls in the asscittbly 1niig~t:ig~ uutput that 

c.orrcyiot!d to the heginning of each line of sniirce codc. 'Ihis allows thc dcbuggcr to cxccutc thc p r o g r m  on 
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i\lthoiigh inconil)lctcl! iniplcnicntcd a t  present. fiitiirc plans includc cxtcn<ion of [lie &bugger to i t s  l i i l l  

intcrncti\c c,ipahility. 

3.1.3. Downloading and Uploading 

A t  tiic end of the coinpihtion proccu. kin extra phnsc of thc C cross-compiler produces ; i n  ;\SUI I \crsion 

of thc cxccut;il)lc progrmi in h,lotorola Vl;l<S,\ I3C!C; forinat. A t  thc trqucst o f  tlic bl Pl!. :lie host ni;i~hiiic 

clutnps this filc over the scrial line connecting the two pi-occssors. ' lkc MI'U cxcciitcs ' 1  w1)iwtinc which 

reads tlic f i lc. dccodc5 tlic \'I-~I<SAI3UG records and loads the cxccutablc code in!o tmin tricniory. 'l'liis again 

is a distt-it)uii.d software systcm, tliough not ricai'ly as coinplicatcd as the dcbuggcr. 

3.1 .ti. Hardcopy 

Oftcii, !i:lrdcopy c f  some ciitity sircli as 'in image, a line scan or ;I histogram plot is tlcsircd. 'l'hc high 

rcsolulion I.iscr printer conncc:cd to ChZL's Illlicrnct k used for this pit rposc. 'lh.> i n  formatioil i \  \iploadcd 

r o  tlic host ia otic of scvcrai dar;i formats. corivcrtcd by s o i w  program or scqiicricc c;f progwiis into a 

prinriiblc file and finally shipped w c r  Uic I'tlicrnct to the printcr. ' I l c  printablc files cat1 also bc includcd as 

illusirations i n  clocunicnts. I3cc;iusc of  pi inter limitiitions, iniagcs niust bc binctrizcd before being printed. 



3.2. Dev ice  Level Support 

3.2.-I. The Monitor 

At  rhc hciirt of thc dcvicc Ic\cl softwarc lics tlic tnonilor. 'l'his prc-~grnm is storcd in l.Yl<OM in thc M P U  
atid is cxccritcd o i i  power-up and on rcccipt of f'ital c:iccptions such as bus crrors. 'l'lic tiionitor providcs 

cnotigli c;ip;ibility to download and cxcciitc progr;itiis through thc implct?icntation of ~ h c  follow in^ fcnturcs. 

I',II K -  1.1 I R t ;  J l o l ~ l ~ ' .  'l'hc inonitor can triiikc 3 softwarc conncc!ic!n hctwccll the t \ r o  scrid lincs on 
the X l l ' l j  hoard to allow thc iiscr iicccss to tlic host ;is if thcrc wcrc no \.ision systcni bctwcccn the 
two.  'I'his is the niodc of opcriition during lugins, cditing ~rnd cotnpiliii~. Aftcr cdiling and 
rxompiling i: progrim, tlic iiscr can cxit talk-thru niodc and return IO I W P ! : ~ ' I : .  

0 I)OW\I o/\I)I\c;. Wicn thc iiscr wishes to dowtiio;id :itid cxccutc ;I progi.ain. tic givcs tllc IlilfTlC c;f 
111c progcim to thc monitor. '1  hc inonitor rcqiicsts tl;c program frotii tl;c host atid critcrs 
download inodc. Ihr ing thc downloading proccss, thc monitor takcs apart the VIi.I<SA13~JG 
format filc produccd by thc cross-compilcr and scts thc cxcciitablc code into Innin mcinory. If 
dc5iictl. tlic nioiiitor will autoriiarically cxccitrc die program at tlic cnii of ~I ic  Elc tixnsfcr. If tlic 
cxcciitioi; 01' thc program i >  siic~:cssfiil. thc iwnit!)r rcgains cuii1roi i n  noi-!n:il inotic after tcl11iii1a- 
tion. I t '  i i o t .  :1:c :nonitor rcgains coxro!  rI i r !q . l i  an cxccption !iandlcr, urp>. ;I incsszgc tt.) thc iiscr 
tcriiiiiial ; IRJ ::gain rcti-iril:, IO I?(iinIal nlode. 

'1.0 ni;iiritnin iiidcpcndcncc of hardwrc configuration, thc  non nit or k n t w s  nothing iibolit  a n y  1i;irdwarc 

oiitsidc of thc MPU. 



IS  

0 'l'hc w i l l  i/o p,rckagc coiiimunicntcb k v i t l i  rlic tcnninal, host, printer. bitpnd and gcncriil purpose 
scri;il line. Serial i/o is interrupt drivcn. 

0 'l'hc disk i/o package handlcs thc lowcst Icvcl of data tr'insfcrs to and froin thc disks and consists 
o f  :I primitive spacc managcr and tlic intcrfacc to thc IIMA controllcr. A copy command is 
;I\ ailablc t,) n?;ikc c!iA backups simplc. 

3.3.  Objec t  1-eve1 Sapport 

'I'hc object Icvcl support lnycr consists of thc vcctor manip:il:ition packagc, thc filc Iinndling systcm and 

the i:iiiigc i ~ i ~ t i ~ i i ~ i i l ~ ~ t i ~ ) i i  p:tcknge. ' i 'ogc~hcr, thcsc three piccss providc iiscr program:; with a i i  clcgiint intcr- 

I k c .  to the l i ~ r d \ i  ,ire c,ipii))ilitics of Cbl Cj's i)op1:y1: vision systcin. 



3.3.3.  The Image Manipulation Package 

'llic last and lnrgcst piccc of thc objcct lcvcl supporr laycr is thc ini3gc manipulation pack;ijic, <I sub- 

routiiic Iibr'ir) M hich pro\ ides i3rirnitivi.s for thc iii'ii~i~)~!l~itioii of irnagc:; (>ii disk. in main nicniory md oii lhc 

4crcc11. '!.he following con\ entions havc Ixcn cstab!ishcd. (licfcr to I-lgurc 3-3.) 

A collection of  pixcls on disk is called nil itiiagc. '1.0 thc 5lc handling systcin. i i n  iniagc is just anolhcr lilc, 

save t l i i i t  it  i s  storcd c~oritig~ioiisly. 'I'hc coiitcnt:, of thc file can bc crcatcd b y  any nie;iiis: pxbbing fraincs 

from [!IC cmicia. proccssing nnothcr iniagc and random nirrnbcr gcncr;!tion :IIT all  \ ; i l i d  n:c;ins of illiiigc 

crciition. t'rcmitly, images arc constraiticd to bc n multiplc of l6k bytes in Iciigh. 'l'liis iiic;i~is thiit a 256 x 

256 pixcl iinagc typical of I>ot>wi: is oflcngth 4, whilc a 512 x 512 pixcl imngc typical of thc Grintiell systctn 

~lttachctl to thc !'ax is of length 16. 

To process an image, the pixels must be rnovcd from disk to majn mcinory. wlicrc tlicy rcsidc in a 
\\indon.. W i n d o w  c;in bc of  arbitrary s i x  and s h q c .  'I'hc pixcls arc again storcd contiguoiisly. '1'0 aid in 
processing a window, thcrc cxists anothcr objcct, a rccmgular subsct c,f thc pixcls in a wiiidow callcd a pane. 
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viewport 
I 

/ TV Monitor 

Aboi c this ratlicr standard l i lmrg  k n collccuon of nioIc advanccd image processing algorithms which 



0 'I'wo ail tomtic ftmsitig algorithms lime becn implcmciitcd. 'lhcsc will bc dcscribcd in scction 
5.3. 
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3.5. Future Plans 

'l'hc following picccs o f  softwarc arc cxpcctcd to bi: intcgratcd into Chl U's 1)cWI31: vision systcrn cn- 

\ironmcnt in tlic near futurc. 

e Siricc the ls!l '  ii ;I ~~ii~:rococi;iI~lc niachinc. it i-cqiiircs n iniciv~asrcrnl~lcr. 'l'his is ;I mediuin sized 
dcvcloptncnt projcct. 'l'hc rnicroasscniblcr should providc for thc symbolic manipulation of 
microiiisti.itctic,ns and pcrfonn nrdimcntnry crror cliccking to I?rcvcnt tlic progrnnimcr from 
dnm;!ging thc hardwnrc. I n  addition. wc plati to dcfinc a tTiict'ol;iibrotttinc fiwiniit for  use wi th  a11 

arcliixr iitid linking londcr so programnicrs ni i iy  build librarics of nscfiil trarisfi)nn subroutitics. 

o After. d i  the h.ir(i>v;:irc. dcc ice drivcrs x i d  st;pport softwnrc l:ccomcs opcrntional. wc will bc f,iccd 
with :I f'iwiilinr hi.it difficult problcrn: p~-ogramrning a inultiproccssor syslcrii. 'Iliis is a tncijor 
rcsc.ircli prol)lctn wc do sot cxpcct to v ) l ~ c  tlic first titnc around. Wc would like to scc w[q)ort 
for niiiltiproccs~ing in thc Toriri of t i t i  editor. a ioriipilcr a n t i  ii dcbi.igg.cr. A c h  is bcirig coiisid\ti.cd 
Xi a language f o r  lni~~tiprogrurnnl~ng. although ;I ~l tS tOlJ1  cxtclision to c may bc in order. 0 1 1 r  first 
;tppro;icli. liowcvcr. will be to writc sornc applicntions softwarc and use it t o  cvaluatc tlic cxtcnt to 
which a mu tiproccssor support is nccdcd. 
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4. Ferforrnance 
I t  is :ilwa! s ciifficiilt to cv;rlii:itc a cotnpiitcp system siticc every ;1rchitc~1iii~c hiis its strong and wcitk 

points. 'l'lic prchletii i s  tnorc cotnplcx if thc systcin to bc c\aluatcd is a t:ir:ltiproccssc~r, as i n  oiir  case. I n  oiir 

discussion ho i i t  tlic system's pcrfortn;incc, wc chose to cvalii;itc thc s)'stctn i n  the context of its iipplications. 

'l'lic \ ision yystctn W A S  spccifknlly designed to he used in itnagc proccssing tasks so it scctns iiscful to 

compare it \r.ith other systcnir used i n  tliocc ~tsks. l\'hcn irppropriatc, we v, i l l  pcrforni cotnp;irisons with ;1 

displ;iy-t}pc sjstcni consisting of a f r m c  biiffcr (likc ;host riianufacturcd by Griniicll o r  I l c  A n n )  and a 

general piirposc coinf:uwr (typiciilly ii singlc-uscr l ' I~l ' - l l  o r  a multi-user VAX 11 ). LVc w i l l  also try to 

coniparc POP~. 'Y I~  with an an;ilysis-typc system sircli a s  those ni ; inir~~~ct~ircd ty Vicotn or Quantcx that cxcciitc 

a nurnhcr of  prc-dcfincd iilgorithms vcry quickly. 

I t  is important at this point  to note that since the 1'OPf:Yl: vision s!,'stcin was designed t o  Ix ;I tool i n  thc 

dcvcloptncnt and testing of \ ision algorithms, it was csscntiiil that i t  bc progr;immablc. 'I'hc system was not 

intciiiicd t o  hr iiscd for .iny otlicr piirpo:,c. iinlikc Lhc I ' a x  I i r i s t  of thc diq)l;iy-typc s!?xcni. M'itli th is  i n  mind. 

we'll I ~ c i k  ;it  four  irnagc proccssing tii:ikS: con: olution fiitcrs, iIcia~ti~;c modcling. histoymi ti1odific;iticJTi ; \ i ~ c i  

con ncc tivity . 

4.1.  Cmvolution Filter 

I n  this t y 1 1 ~  of I>rt;!>lcn1, a 3 x 3 mzsk i. cons.ol\cc! \ji:li a 256 x 256 pixel irriagc. l'his is  ;i rcpctitivc 

opcr;lrld,,t1 tii:ic tn;i!i bc iniplctiicntcd in hardw,a;c. Sincc it is cotnmciniy uscd, most an,ilyGs-typc nixhitics 

I ~ i v c  such ;I I.iardwarc dcvicc. 'I'hcrcforc. they arc ablc io peifortn thc convnlution in real tirnc (30 tnsccs). 

,Awiitiing that thc image has bccn acquired already. tlic vision sysLcm is ablc to  do the con\o!uric:i! i Ind 

display thc rcsiilt i n  300 - 350 nisccs wliicli compnm fa\'r?jably wi th  a displ:iy-typc t1i;ichiIic. Oi i r  G riiiiicll- 

VAX ! 1 !750 conibiniition takes anywliei'c froin 2 to 5 sccs of  W L J  time, dcpcntliiig on Lhc s)'41a:tii load. 

4 .2 .  Adaptive Modeling 

l t i  this rcisk. M'C would likc to model the iniirgc using so'iic d;it,i dcpcnclcnt modcl. AI! cwtnplc would bc 

ii 2-1 1 auto-rcgrcssivc (AI<) model. 'I'hc data dcpcndcncy of the algorithm docs riot i i l low ;in cfficicnt 

hard\varc ij,iplcmcntation, :io die an3lysis-typc machitics do not perform well. I t  may bc ncccssxy  to piccc 

togctlicr the ,ilgc~r.itlim from iowcr Ic\,cl routirics but this i ~ ~ ~ c ~ ~ i b l y  scldom allows tlic iiscr to cfficicutly iitilizc 

the pipclincd architccturc of the systcm. Tlic displa~ -typc macliinc docs no t  pcrforin any worsc than in thc 

convolution prohlcm sincc both trisks must bc programmed in softwarc. Again thc systcni's load will dctcr- 

mine its pcrformancc. 
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4.3. Histogram Modification 

In thi\ task ‘i pixcl by pixcl (or p i ! i / )  transformation is done on thc iinagc. Unlcss !lic Ir~iiisfoitiintioii is 

Iixcd xid doesn‘t ~CI IL- I I J  c;n thc raw data. t\\ o Fliascs arc ncccssary: ciilculation of the liibtoprmi ;ind pixcl 

modification. 

An annlqsis-type ni.ichinc could itnplcincn: the two phnscs i n  a piprlilic of proccsscs, innking it lmziblc 

to aciiic\c rcJ-timc r m s  (30 tnl;ccs) iinlcss the inodificatioi: function is complex and data dcpcndcnt. I n  that 

casc tlicrc is ;\ t i  intcnncdiatc step of calculating the function which would bc handled by a programmnblc 

proccss:)r. For the Ji:-,pl:ib-t> pc systcm. thc itscr mast p r o ~ i a i n  hot11 l k i s c b  scpiii,itcly and p l o b : i b l y  writc 

tc:npor::ry filcr; I~ctwccn tlictn; iilthotigli casy to  do. this :ipproach is tiiric consuming. 

4.4. Con ri ec t ivit y 

111 this prol~lcni we t ry  to dccidc kvhcthcr ;i pixel belongs to ;I clustcr (-if pixels o r  not. A cri!crion. typicillly 

\iinilnrity in i!itcii,iity valiic. is iiscd to dctcrminc if a pixcl is part of  a n y  of the known cliistcrs. ‘l’hib it; :I data 

dcp(.!iclciit opciixic!n . i n d  is thcrcforc c i i f fk i i i t  t o  irnplciiicnt in hardwarc utilcss the iimgc is b ina ry .  A 

di:;play-t~.pc :;ystc‘iii is progr;!t1iincd to pcrform thc algpritltm :rnd its cxccution sprcd d c p x d s  (;illy 011 thc W:V 

spccd and Io;d of  t i ic 1io:;t coniputcr. 

‘I‘lic it~i~~lcmcnt;ition in the I’OPFYI: vision systcm is straightforward due !o thc logical transforin opcra- 

Lions availal7lc in thc 1”I.P suhsystcm. ‘I‘hc PI’P w i l l  cxccutc an oplimizcd conncctivity algoriLliin i n  less than 

100 insccs. 
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I t  h o u l d  hc mcntioncd that cvcn ~liough thc display-typc systcm exhibited lowcr pcrforinancc lhnn lhc 

other t \ v o  \ ) S ~ C I T I S ,  it  is oftcn suppiicJ M it11 a 1ibr;iry of t't1iictic:ns directly calliiblc from a n  application 

p r o y m i .  'l'liis type of systcm is also not Iinited by nicmor-y M.liich niahcs it vcry wcll siiitcd t o  off-liiic imagc 

proccssiiig likc xitcllitc c;irtography or multi-color imaging xich as th;ct used i n  incdicnl applications. 

0 1 1  ;I sqstcm likc 1 ' 0 i ~ ~ l i .  the uscr must dcvclop all thc software (at lcast oiicc) which oftcn takcs a 

cor;sidcml)lc anioi!nt of lirnc' m d  cfTort. One of thc ;idt.arit;rgcs is that i L  is possililc to clonc siniilor syslcnls - 

pos:,il)ly s c~ lcd  dowii  versions - to bc iiscd in thc field. 

5. Examples 

In the local nci~lil,oi.hood of':r pi~c l .  rhc f-niirn bill bc tlic numbcr of Is t b u i i s l  n.liilc (tic c-ii:iiiI wi l l  bc 

tlic naiii1)cr of 1-0 o r  0-1 tansition5 foiind u-hilc travcrsing tlic ncighborliood in tlic clockwise direction. 

Ihscd on the f-nu~n and the c-nuin o f a  pixcl (say uij) ,  two boolcan ~ar iabIcs1 ;~~ and ciJ arc clcfincd as 

1 iff (f- iiuiu of i i i j ) >  cp j :  . - 
othcrwisc 

whrrc 0 I cp F 8 and 0 5 # I 9 3 i c  thc two thrcsholds that tlctcnninc thc propcrrics of thc particular cclliilar 





24 

; V t R T  
Prsprocess 

/ 
I 
\ 
\ 

Classific 

Dccision 
Making 

01 iginal 

Image /-- \ - 

\ 
2 

4 

\ c HORIZ 

arc ;issigned tl!c rnasiiiiiitn brightness Yaliic (JF 255 und thc largcst ncgntivc slopcs arc assigricd lhe 
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it is nc\,crtliclcss ;I diit;I-dcl7ctidcIit opcriition. 'I'hc 
tirnc i t  pcrti)rms thc first cycle of tlic next step: 

4. CI;I I . U I  A I <  I O G I ( ~ ~  OPI.I<,\ IIOSS I):< T I I I :  I ~ I S . ~ I < ) '  IV.\(;I:S. 'I-his srcp uscs thc ccllular logic operations 
dcscrihcd in the previous cxainplc. A n  AUG cyclc with factor nulnbcr of two followed by ;I I< I i l )  
cycle v, i r h  rlic s;inic irai;?mcicrs arc donc first to fi l tcr  spurious blocks set to 1 by noisc o r  in- 
;icciir;icics i n  rhc tnodcling. 'lhcii eight ,lUG cyclc,; with factor nunibcr ( i t '  four followed b y  eight 
111-lj cycles ,IIC iiscd to srnootli t l ~ c  raggcd regions obtiiincd from the sirnplc tht.csholdtng. 'l'liis 
s ~ i j i c  in the a l j p i t l i i i i  i s  pcrformcd in the PII' ;IS tiiscusscd previously. 

5.  COYKICI IVI ' I 'Y  A \ . \ I  1 ~ s .  Oncc thc rcgions hnvc bccn cleaned lip, HC procecd to cxtract their two 
d i 111 c ti sio ti ;I 1 gc o tnc t r ic al fc i! I ?I rcs ( m a ,  p c ri I I ictc r. cc ti tc r o f  gruv i t  y , fi rs t- n rid scco n d - iiio tncii t 
in1ari;iiits and t i n t  cro::s inoinc:it) along with 'I description a f  tlicir spatial relations with oiic 
anotlicr. A f is t  one-pass Ltlgoridini has bccn designed tci be used in thc PI f' as discusscd i n  thc 
pcrfi)rmaticc scction. 'l'hc IPUs rctricsc the results Froni thc P'I'P and add to tllcin tlic typical 
~nodcl p:irninctcrs (mean iiitcnsity and standnid d c \ M o n )  so thc MI'U can rctricvc all thc infor- 
m i t i o n  froiii tlic II'C!s' iniagc pngc. 

t-i;arc 5-2  s h o ~ ~ s  tlic photograph o i  ;i paper c u p  liglitcd from onc sidc. It is ciisy to scc how Lhc shading 

makcs i t  irnpossiblc fo r  siniplc thr.csholding to providc an adcquatc rcprcscntatiun of the objccl. ' I  Iic figure 

also show two of thc f ivc  possiblc regions obthincc: from thc horizontiil niodcls. they correspond to thc small 

positilc atid ncgntivc slopcs. 

Several focusi:ig mcthods arc di-scribcd bc!ow. 

0 ~~lS ' i 'OGl<A>l I ~ N ' I ' J ~ O I ~ Y  M I ~ ~ M I ~ A ' I ~ I ~ N .  'I'hc histogram is tallied ovcr a windotv of  thc iIiingc and 
its cntropy coniputcd. Thc s1:arper thc focus of the imagc. ihc morc dcfinitc tlic pcaks i n  rhc 
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histog;ini bccomc. 'I'hc entropy, a rncasurc of  thc "randoinncss" of a proba!)ility (kiisiry fiinciion, 
is rclntcd to the shapc of thc pcaks. In irn;igc proccssing. wc iisc thc histogram ;IS an cstillliitc of 
tlic probability dcnsity. 

0 Hlc-11 ~ ~ ~ I Q L ; I X C Y  C O N ~ ~ I : N I '  M A x I ~ l l z A ' l ' l O s .  All thc focusing algorithms dcscribcd hcrc suinc- 
how dcpcnd on high frcqtlcncy contcnt, but nonc so obviously as the Fourier 'I'rnnsform. ' lhc 
usual schcin:: is to computc a onc or two dimensional FbT, cstimatc thc powcr spcctriini dcnsity 
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' 1 ' 1  I I ~ I W  101 I ) I : I )  G R A I I I I W  MAC;\I  I.L'III:. 'l'hc stccpricss of dark to  light nnt i  light to dark tran- 
sitions in an ini;qc is c!cpcndcnt on the qu,ility of focus. In two ditncnsions, the \tccpncss is found 
b y  cotiipilting ttlc grndicnt. i j y  sun!ming the grirdicnt cstim;itcs OvCr a Window of thc ilTlilgC. 
iiticithcr cstitii:itc of the quality of focus is ohtaincd. Linfortirnatcly. since the gradicnt sitni is 
constant b y  definition. tlic gradient csfimnics obtaiticd Lit cacti point must bc tlirc~holdctl. tlicrcby 
makiiig the opci.atioti nonlinear. 'I'hc tionliticnrity miikcs the algoritlim difficult t:) analy~.c. 

0 A l ~ ~ l ~ I ' l \ ~ l <  SI~c;?.I1~.s~1'~~1'1Os. Onc of  the newer sclicincs for describing a i i  i m g c  has been 
dcvclopcd rcccn!ly licrc tit CMU. ;ind is rcrcrcx! to as adaptivc scgmcntation. 'l'his is ;I gcncrnliza- 
tion of  the gradient scgnlctitaticlii algorithm described prcviously. 

T!picdy. a11 itiingc will contain large huinogc1icous sections. 'I'hc gcncr'il idcii of segmentation is 
to cluster all thc pixcls in tlicsc sectio:is into one bin. thereby reducing Llic amount of diitii which 
nceds processing. 'l'hc hard part is defining what wc mean by homogcncous. SC.. criil sricccssful 
idc;ts h;iw l~ccn  tricd $0 far, and sonic seem tc; be appliciiblc 1:) focusing. In particular, dcscrip- 
tio!;s t!wt 1 icid infwiiation cc!nccrning tlic variii~icc of the pisci ~~irlucs i n  cctziin arcas can be 
used (a ex/r.:v///':'- the \-ariaric.c. thcrcbq foct:sii,s t 1 - c  Input iiliiigc. 

5.4. Adaptive Spatial Filtering 

Often iin imngc has cnough noisc in it to foil whatcvcr algurithni is attcn-ip[ing to ninkc sctisc o f  i t .  'l'lic 

natural rhiny. to try is removing thc noisc. I3y far tlic most common tcchniquc nscd by imagc proccssing 

u i i xds  ti) td l icc  tlic amount or  noisc prcscrit in an irncigc is spatial iivciiiging. 'Ihc tn o algoiithiiis most oficn 

uscd arc thc simple four and ciglit pixcl rcplaccmcntr; of Equations 1 and 2. wlicrc thc pixcls arc 1;ibcllcd as in 

Figure 5-3. 



1. i y i r c  5-3: Pixcl Map f\)r tlic Standard Spatial Avcl-aging /\lgorithms 

N + F, + s -t w 
4 

-. X =  

Coinbindtion o f  f.quations 3 iind 4 ycilds 12quation 1, thc four pixcl avcraging schcrne. 'I'Iic cight pixcl sclicrnc 

cotiics from takitig into xconn! thc dcrisativcc in thc diagonal directions as wcll. 

'I'hc principal (!rawback mhcrcnt in spatial avcraging is tlic tcndcncy to blur dic iningc. Sincc thc 

proccsscd valuc o f  cach pixcl dcpcnds on dic valucs of its neighbors as wcll ;is on its own. thc cncrgy in tlic 

imagc sprcads ciut after cadi filtering pass. J3oth algorithms arc actually low-pass tiltcrs, and iiiay bc analyzcd 



'1.0 firid t!ic ti-cqiicnc!! rcsponsc, rcplacc z h y  d" to gct Fqintion 6. 

corninand: 
s i m p 1 e c in d : 
f i l t e r :  
s t a t e r n a n t :  

c o n d  : 
op : 
a c t  i o n :  
n :  

< s i m p l e c l a d >  o r  < f i l t e r >  o r  < s t a t e m e n t >  
r e a d ,  s l iow,  c l e a r ,  p a u s e ,  s l e e p  <n>,  q u i t  or r D  
l p 4 ,  I p B ,  h p 4 ,  hbD,  p i x e l  or s o b e l  
c l i p  <o$><n> o r  
i f  <cond>  t h e n  < a c t i o n >  or 
< v a r i a b l e >  = <n> 
< f i l t e r >  <op> <n> o r  ( c o n d )  
<, < = ,  > ,  > = ,  = o r  I =  
< f i l t e r . >  o r  m a r k  <I I>  
an i n t e g e r  

I'igurc 5-4: Syntax of the Adaptiw Spatial Filtering Language 

' f l c  usefulness of thc language is ccrrainly not limited tc ASA opcrations. sincc tlic library of tiltcrs can 
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t ~ c  cx-ily cx;xini lcd. I t  is o u r  iiitcntion to cxtciid the cap;ihiIi[ics of the Ianpragc i i i  [Iic near ftiturc. 'I'hc 

ii)! 1 [ w; i ti!: :ire t w o  ex;!ii: 1) Ics of i n  !i t i  t to tlic in tc iy  rctcr. 

I 

I 
I P r o d u c e  a b i n a r i z e d  edge  map o f  t h e  image .  

s o b e l  
r e a d  I Read t h e  new i inage i n t o  ineinory. 
. i f  ( p i x e l  < 7 0 0 )  t h e n  m a r k  0 I Mark ~ O V J  e d g e - s t r e n g t h  p i x e l s  b l a c k .  
i f  ( p i x e l  i =  2 O Q )  t h e n  m a r k  255  I M a r k  h i g h  e d g e - s t r e n g t h  p i x e l s  w h i t e .  

I Run t h e  S o b e l  edge  o p e r a t o r .  

AItcrnati\ cly. ;I prograiii prodiicing thc S'III~C' results witli less coinput,ition sincc it only inakcs t w o  p n s s ~ s  

o ~ c r  ilic wiiidoc. is givcn liclow. 

I 
I 
I P r o d u c e  a b i n a r i r e d  edge  map c f  t h e  image ( f a s t  v e r s i o n ) .  

i f  ( s o b e l  < 2 0 0 )  t h e n  m a r k  0 
r e a d  I Read t h e  new image i n t o  memory.  
i f  ( p i x e l  > 0 )  t h e n  ina rk  255 I Mark  h i g h  e d g e - s t r e n g t h  p i x e l s  w h i t e .  

I M a r k  l o w  e d g e - s t r e n g t h  p i x e l s  b l a c k .  

'l'kic capabilities ( ~ f  thc iu i ' ! iYl :  systcm arc evolving through thc additioii uf custom boards. 'l'hc inultiple 

bus ;irchi!ccturc offers useful altcIiiativcs for thc dcsigri of bo;irds .with varying coinplcxity and cost. As 
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