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.\ ( ;c*l~c*siil Rccussive Filtc~sir~g Stsuc:ture for Early Vision a~icl its Hardware 
Arcliitecturc 

Abstract 

\VI. ~we-sttnt the hardware art-hitecturc: o f  an highly effi- 
I I~.III rc* t .~~rs ive f i l ter ing structure. I 1  allows t o  implement 
111 .I vvry r l l ic ient  way several classical l ~ r o l ~ l e n ~ s  involved i n  
1 .II I \  c o111p11ter vision. S r n o o t l ~ i ~ ~ g ,  t l i f ferer~t ia t i r~g and im-  
i 1 ~ 4 .  ~ 1 g t .  ex t rac t io r~  are done IISIII~ ~111s recursive f i l ter ing 
b l r I~<. I t I re  w i t h  a fixed ~ r u n ~ b o r  o f  o l~t : ra t ior~s per o u t p u t  
~.I~.III~.III i r~depe l lde r~ t l y  o f  l l ~ e  c:or~si(lered resc,lution. T h e  
~ l~ l l ' t . rc~~~~. : ,  par ts  cornposing the. I lardware architecture are 
i~ia ~ ~ l i l i c - t l  and preser~ted ill d o l a ~ l .  

I l~rtroduction Figure 1 :  (;cnc.ral overview o f  the edge extracl ior l  scheme. 

'I 11,. i ~ l ~ l m r t u r i r e  o f  edge i n f o r ~ ~ l i i t i o r ~  has led to  extensive re- 
-v . t r~. l l  cm t t ~ e i r  detection, descri11t.ic111 and use i n  computer 
\ I. 1 8  ~ I I  systtsrns. Several rnet l~ot fs  have beer1 proposed and 
III(~,I 01 t11er11 suggest t o  f i rst YIIIO<J~~I t i le  ir~lage, i n  order 
I * .  14.111ovt. I I O ~ S ~ ,  and sect,nd t o  collsider c~stirrlates o f  the 
III-.I a~r .~~.R.CIII~ derivat ive over SOIII~ s ~ ~ l ~ l ~ ~ r t  as the appro- 
III.I.II~. 1l11antil.y t o  characterizt- s1,t.11 t.dgc:s. Respectively, 
IW..IL i11111 zeru-crossirlgs de t t : c t i c~~~s  are ~111.11 1,erforrned for 
I 11, XI r c u - t i o ~ ~  sic-p. 

I:,., t.111 ly, we ~~rclpc)rietl a11 l ~ i g l l l y  cl l ic l twt recursive l i l ter- 
at,,: .I rln.1 urea tha t  allows t o  YIIIOO~II, di l l l . r t .~~t iaLrs and ex- 
11 .10  I a.tlgc.s ill a v e r j  ef l ic ierr~ way i l l .  Ilc.rc, wtt descrlbc: one 
~.(..-IIII, I~ i i rdware  ir~~l)lt.r~lc.r~t.atior~ of t.11is I i l t t . r~ng struc- 
IIII~ 111 t~ralvr 1.0 IIC 11setl as a11 edgv dt.tt:ct.or stngtt workirrg 
.#I it \ 1t11 .a )  rn1.r. Such a ))rrforrr~ilr~cct is rlec,t:suary for l y p ~ c a l  
III~,I,II~. ro l )o l  app l rca t io~~s .  

.\ gt.llc.ral c)ut.lir~e o f  the edge extr;u:tior~ a lgo r i th~ r l  is 
t . 1 ~ 0  11 III l ig l l re  I. It consists o f  an inil.ial ~ . o r ~ v o l ~ ~ t i o r ~  11f the 
IIII.I,:(. wit11 LWU se1)arable f i l ters i n  ortler tcr get tllr f irst di- 
14'0 I 1 4 1 1 1 i t l  l ler ivat ives T h e  gradient. I I I ~ ~ I I I ~ . I I C ~ ~ !  is ~.III:II per- 
I..rlltt.tl a ~ ~ d  points  presenting a Ittcal 111i1xir11a i r ~  the exact 
I-r.t~I1s.111 ( l i r t-ct ion are labeled us ) ~ o ~ s ~ k ) l e  trdges. A n  hys- 
1 8  I,. .I- l l ~ r rsho lc l i r~g ,  no1 consitlcrc.cl III t l ~ i s  a rc l~ i l ec : t~~re ,  is 
I II..II a~ l )p l i ed  111 remove edges wit11 l41w g r iu l i t .~~ t  r ~ ~ a g r ~ i t u d e .  

'I 11,- taclpc ext ract ion is cior~c* l l s i r~g  1111- o j ~ l . i ~ ~ ~ a l  opera- 
t ~ ~ r ,  w1t.11 respect t o  l o c a l i r a l . ~ o ~ ~  i u ~ d  clt*t(.t LIOII, t ha t  we 
Ini~va. IW~-VIOIIYI~ developed 131 I)y c .x tv~ l t l i~ lp  (:nr~r~y's work 
1:; 1 6 1  l l ~ l i r ~ i t e  Impulse f l es l~o~~sc .  l i l t t ~ r s  '1'111s l i l ter  presents 

,.o ., #,I I l~c.c~retical and e x l ~ t : r i r ~ ~ e r ~ ~ . a l  ~~c. r fc~r~r~ar~cc.  o n  noise 
>III~~~~~SSIUII, detect ion a l ~ d  I t ~ c a l i z i i ~ . i u ~ ~  u f  edges i n  noisy 
: , ICI I~~S 111 the o n e - d i r r ~ e ~ ~ s i o ~ ~ i t l  cast:, it ct~rresoonds t o  the 
llrht (It.rivalive operator aud can 111: exactly irr~plemented 
ill ,I r(~c.trraive way as follows : 
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I:~.I.II 11111ships I lhrough 3 give n very c ~ l l i c : ~ e ~ ~ t  11roct.dure 
I .I , .II~ a l l i i t ~ r ~ g  t l ~ e  l i r s ~  derivat ive o f  the IIIIIIIL s ~ g n a l  r(n) 

.IOIV ra*yc)lution, fixed by 1l1e paralrlcl.cr tr lrsillg ol l ly 5 
1111111 IOIIU~LIOIIS and  5 add i t i o r~s  per o u t l ) ~ ~ ~ .  t - ler r~er~t .  

yl(n) - k(z(n) t eCU(a I)r(n I)] t 

X a y l ( n  I) eCzayr(n 2) for II -1,...,M (4) 

2e ayz(n t I) - e. 'uyz(n 1 2) for 11-M, ..., I (5) 

y(n)  -: yl(n) I yz(n) for 11 I ,  ..., M (6) 

Uy adjust ing the par i i r l~eter  tr t l ~ a t  determines the im-  
pulse response width,  we cart ell'cctively contro l  the size 
o f  ou r  operator and thus l h r  a r l ~ ~ ~ u l l l ,  o f  l~o ise  supl,ression 
w i thou t  increasing the r111111ber o f  operat.ions per  o l r tput .  
Th is  shows the ma in  aclvar~tagc. accrued i n   sing the recui- 
sive irnplernentation. Usirlg n r~or~-r t -curs ive implernenta- 
t ion, a r lun~ber  direct ly ~ ) r i ~ l ~ o r t i c ~ ~ ~ a l  t.o tl~et l i l ter  size would 
have been required t u  co111l111l.e tI11- 1-011vo111tior1 opc ra l i o r~ .  
As  an exarnple for 01 .5 ii I f i  111ts (lir(.(.l c o r ~ v o I ~ t i o n  w i l l  
rccluire roughly 57 o l ) c r a t i c ~ ~ ~ s  Icor cr 25, the c o n l p ~ l l a -  
t ~ o r ~ a l  effort illcreases t o  1 13 c~ l )~ . r i i l . i t ~~ ls  per o u t p u t  elerr~erlt 
whi le  it does no t  change k ~ r  tht: rca.lrrslvc i ~ ~ ~ p l e n ~ e n t a t i o n .  

'l'o obta in the gradient ill X, l l l c  i l ~ ~ i r g c  Inust be derived ill 
the X di rect ior~ and tl~c: result s ~ r ~ ~ o l . l ~ t : ~ l  ill the Y d i r e c t i o ~ ~ .  
'li) ob ta in  the gradient i n  Y,  the sarllc. prc~ceuu is  repeated 
b u t  w i t h  X and  Y swapoed. I n  1)rdc.r 10 dorive the image 
i n  the X direct ion, each row is l i l t ~ r ~ : < I  frorrr left  t o  r i g t h  
using equation 1 and f rom rigt11 l o  IvI't u s i r ~ g  equation 2. 
A t e ~ r ~ p o r a r y  result is  the11 ol) l . i~i l~c.d by sub t rac t i r~g  b o t h  
res~ l l t s  as indicated tly ee11111tlt111 3 

'I'he smoothing l i l t r r  IS LII(.II i i l ~ l ~ l ~ t ~ l  t o  the columns o f  
the temporary image o l ~ t a i l ~ a ~ c l  C :c l~~a t~ r l~ l  4 is appl ied fro111 
t o p  t o  b o t t o m  while o q u i ~ ~ . i ( ~ ~ l  5 is a lq~ l ied  f ror r~ t ~ o t t o r n  t o  
top.  T h e  f inal r e s u l ~  i.s t l ~ e r l  ~ l r t i i i ~ ~ c d  Ily a p p l i c a t i r ~ ~ l  111 

equation 6. 
A l l  the filters used arta stn:or~d orl lvr recursive f i l ters tha t  

can be implerr~ented us i r~e  t l ~ o  fo l lowir~g ger~eral form:  

y(1)  I ( )  t ( I  1) 1 

bly(rr - I )  + b2y (n  2) for rl I, ..., M (8) 
'I III. rl,llc~wing y e c o ~ ~ d  order recursive i ~ ~ ~ l ) l e r r ~ e r ~ t a t i o n  is 

II.~.*I 111 a,rrlt:r t o  i r i ~ p l e n ~ e n t  the s n ~ u o t h i r ~ g  operator. 
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b' lgl~rt* 2 .  Canor~ ica l  for rn o f  a second order recursive f i l ter.  

Input &EsEryJg 
F ~ g u r e  3: Video ra te  gradient c o ~ r ~ p u t a t i o n .  

I1 5l1011lcl  t ~ r  pointed o u t  tha t  for the tilt.er givcsr~ by 5, a 
aI8.1,1\ 11;is t.o he ailded i n  order t o  use th is  ger~eral structure. 
'I 111. I ot. l l i ( . i t~r~ts used characterize the f i l ter (sn~ooth i r lg  or  
lil.\t clt~r~v;it.ivc) and the parameter u determ~i l~es the irrl- 
1~11lht. rcs1,orlse w i d t h  o f  the operator. T h i s  s t ructure is 
~ t . l l  ; i~ l ; i l ) t c . ( l  for the smooth ing and der~va t i va t io r~  oper- 
.III~BII\ it111l allows t o  deal w i t h  very large l i l ters. 'I'his is 
I I ~ B I  OIV rase for a class~cal F I R  implernenta~icrr~ where the 
IIIIIII~,~.~ u f  coetf ic~ents is fixed. 

I:~y,lrrc- 2 i l lustrates the canonical for r r~ o f  t l ~ i s  ger~eral 
r l , ~ c ~ ~ ~ . ~ ~ v c -  l i l t r r i ng  structure. 

2 liardware architecture 

III 181~ll.r t c ~  reduce developn~ent  cost a r ~ d  rornplexity we . - 
111.1.~\ 11) ~ i i v l d ~  the system' i n  son~e  similar basic hui lc l i r~g 
Olo#.kh 0 1 1 1  l i rs t  ~ d e a  was t o  bu i ld  blocks i r ~  trrcler t o  d o  the 
I t i~wt  ~LIII~I.I~IIS of figure 1 ( f i l ter ing and  r r~err l t~ry  trar~sposi- 
IIISII) S ~ J  we ~ i ~ u a t  have a basic second order f i l ter (I%SOP) 
a ~ ~ t l  ;I Irlt.ltlory tha t  can take i n p u t  da ta  i n  row order and 
01110111 1.11t.rr1 i r ~  co lumn order, we narne th is  last block: 
c a$rltt.l. t.tlrrler rrlemory ( C T M ) .  

Ut, d r l i ~ ~ e  each bui ld ing block as a hardware module, 
( 3 1 1 c .  lor filtibrirlg and one as CTM. 1)eveloping the hardware 
111 II\I> ~ ~ i o d u l a r  way seems easier arid rrlore Hexible t h a n  
t r y l l~ ) :  1c1 ~ r l ~ p l e n ~ e n t  a l l  the system1 i n  a b ig  un i t .  If we use 
I III~ i ~ j ~ p r o a r h ,  the edge detecLior~ a t  video rate can b e  done 
io. \I~I(IWII i r ~  figure 3. 

1.'1~11rt* :1 shows the i r n p l e ~ r ~ e r ~ t a t i o n  o f  the edge extrac- 
III*II 111te0ule T h e  d a t a  How IS d ~ v i d e d  hy t w o  i n  order t o  
~a,~~.~l lc. l~xc. the calculat ion o f  X a r ~ d  Y gradients. Deriva- 
1 1 a 0 1 1  ;i11(1 sr r~ooth ing are irnplelr~c.nted w i t h  the same I IR 
I1lc11.h arid appropriated coel l ic ior~ts. C'I'M blocks swi tch 
raws i i r1~1 colurnns a d d r e s s ~ l ~ g  o f  da ta  between input a n d  
IIIIIIIII~ 'I'IIP X and Y gradient d a t a  How at  the o u t p u t  
111 I IIV li1l.t-r block is direclecl t o  the non  rnazima local r z -  
Ircr,./i,~rr blork (NMI.), where- 1)ixels are labeled as poss i t~ le  
t.4lga*.; I)c.fore the hystc~resls L t ~ r e s t ~ o l d i l ~ g  block. 

I ' ~ I I I ~  t l~r comrnm~tat iv~ty  prol)c.rtj o f  convolut ion opera- 
I I~~II  I t d s  t o  econorr~ixe t w ~  (Y"l  I~ locks  as shown i n  figure 
. I  l l t~wc-ver, it shoul(l 11c. I ) . , ~ ~ ~ t c ~ t l  o u t  tha t  such a s o l ~ ~ t i o r ~  
l ~ . . t ~ l . r  10 work wit11 the ~.ra:~slrose(l irrlage i n  the fol lowing 
IIII~~IIIIVS. We must  care LU l a k t  Irkto accour~t  th is  econorrl- 
I* -11 ~ t t~rc l~I icat . ior~.  

. \ ~ ~ t ~ t l ~ c . r  i r ~ ~ p l e ~ r ~ e ~ ~ t . a t i c , ~ ~  is i l lustrate(l  ill figure 5. T h e  
I:.II.I Il,)w concept is no1 presc:rved here. T h e  i n p u t  image 
I, .itl,rtvl 111 1I1e mu l l i p l r  frame ~ t i r n r u r y  ( M P M ) .  Der ivat ive 
i1111l : , r~rt~c)~.hir~g f i l ters i u  X a l ~ r l  Y direct ions are sequen- 
IIOIIJ i11)~1lied t o  the data.  I r ~ t e r r ~ ~ e d i a t e  results are stored 

F igure 4: M i r ~ i r n a l  video ra te  gradient cornputat ion 

-- - 

IIR block 

Figure 5: gradient ext ract ion w i t h  t w o  boards. 

i n  the M F M .  T h e  IIR block is the salrle as i n  the previ- 
ous approach. T h e  d a t a  move t)etweer~ f i l ter and memory 
boards u n t i l  t o ta l  processing o f  the image. T h e  cross p o r t  
switch changes the d a t a  pathway arlcl the address ger~erator  
switches rows and c o l u n ~ n s  w11e11 rlecessarv. T h i s  a u ~ r o a r h  . . 
is  cheaper (it uses only  one 1IH and memory blocks) b u t  
does n o t  work a t  video rate. 

2.1 Corner turning rrlrBlnory 

T h e  IIR f i l ter works sequentially w i t h  flow o f  data.  
T h e  corner tu rn ing  memory (C'TM) exrhanges rows arid 
co lumns d a t a  in order t o  t ranspwe the  image and  t o  ac- 
cess the columns in a sequential way. 

F igure 6 shows the pr inc ip le  o f  the C'I'M block. For  
each clock cycle, one p ixe l  o f  image a t  t ime  n is  read and 
o u t p u t  a ~ ~ d  one pixel o f  image a t  Lime rl t 1 i s  i n p u t  and  
wr i t t en  a t  the same address. Every new frarne cycle, the 
address generator switchs f r o ~ r ~  p r e s e ~ ~ t  acldressing mode  t o  
o r thogor~a l  addressing mode. 'rhi~ so l l~ t i on  introduces one 
frarne delay i r ~  the edge e x t r a c t i o l ~  p ~ p e l l n o  a t  th i s  step of  
the c o ~ ~ ~ p ~ ~ L a t . i o n .  

2.2 IIR. block architecture 

High speed ntonol i thic Illt bu i ld ing  tllocku are n o t  corrl- 
rr~crcial ly available a t  th is  date. One possible solut ion is t o  
use F I I t  corr~rnercial availa0le I1oc.k~ ( I M S  A100, ZORAN, 
1,SI IJIK chip, etc.) i n  order t o  rcaalizr an IIR filt.er o r  t o  
a l ~ p r o x i ~ n a t e  it. B u t  therv are t w o  n la jor  problems: speed, 
and c:oelficients and d a t a  w i d t l ~ .  I t  is lrussible t o  irnplerr~ent 
al l  Ill1 f i l ter by  using t w o  I:IK I )u i l c l~ r~g  blocks o r  by swap- 
p i l ~ g  t l le  coefficient registcr bank ill a F I R  bui ld ing block 
o f  type I M S  A100. Anoth0.r alq)roac.11 is t o  i m p l e n ~ e n t  the 
a l g a ~ r i t l l ~ n  w i t h  a n  F I R  f i l ter t lu t  a l l  the generality o f  the 
recllrvive irnplementatior~ is lost FI11 n~odu les  operat ing 
a t  video rate are available, 1)11t c ~ r ~ l y  wit11 4 t o  8 coeff icier~ts 
~ I I  12 bits, th is  word w i d t h  is too  s r~ la l l  l i)r ou r  stereo v is lor~ 
appl icat ion. 

O u r  proposed 1lR block is t h c  n ~ o s t  gt!r~eral f o r m  of  the 
filter, i t  allows a great vari;itiur~ u f  the resolut ion parameter 
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11-r column 1 a d d d n p m o d e  I 

wme: frame n t l  

addmllnp mod1 

Figure 6: The corner turning nlerrlory process. 
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I:igllrc 7: Hardware implementation of a second order IIR 
liltvr 

H. IL I IOI IL  loss of precision in the position of the edges and 
w i l  I I I I I I I  irlstahility. 

I81g11re i illustrates the hardware implementatior~ prtr 
~tono.tl. New input d a t a  is clocked into the filter every 150 
11s 'I ' t~r- filter cell works twice faster in order to nlulti- 
~ ' l y  I I I V  delayed d a t a  by appropriated filter coefficients and 
netal. I I  III  an MAC'S accumulator. In order t o  irnplerrlent 
I 11,. 11ll.t.r equations, the appropriated filter coeficier~t~s and 
I 111. t ll~l~ll>t-r of delay taps are programr~lecl. 

'I'w41 ~~~l~ltiplier-accurr~ulator building blocks (MAC) 
w t ~ r h ~ l ~ g  a t  35ns, are used. This perforr~~arlce arid the use 

~ ~ ~ ~ r l ~ . i p l e x e r s  permits t o  economize two MACs. A se- 
( I I I C ' I I I . ~ ~ ~  n ~ ~ t r o l s  the filter cell. It has three functions: 

I>i~t.c~r~llir~ation of te right nur~l le r  of delay Laps i l l  X 
c l i ~ l i l  l,att~wi\y according to  the filter used. 

S w i i p p i l ~ ~  of [.he MACs inputs in order to r~~ult iply 
~tcolaycd d a t a  by appropriated coofficienta. . Illl~il,itiorl of MAC accumulatiori cvery even poil~ts  

I.'~y,l~rt. H i l l~~s t ra tes  the architecture of the IIK general 
I I I I I , I I I I~*  'l'tle structure is duplicated in order t o  work i r ~  a 
H l ~ l . l l ~ q J  way. 

' I ' H ~ I  Ill{ cell filters are present and work with succe~sive 
I\) \ \ ,> o f  the image (or columns if a CTM llari rnade the 
rlrc.rb>*;lr). inversion). A temporary row melnory permits 
1111. lil~rrirlg in both directions and the o u t p l ~ t  adder is 
I I > I . ~ I  10 . .~ lnpute  the results. 

Figure 8: IIH board architecture 

Data line n is input through the input rnultiplexer and 
directed to  the  line nlernory 1 and t h r o ~ ~ g h  the filter 
block 1 to  the temporary memory I .  'I't~c adder is 
inhibited and the  olltput multiplexer is c~~~l r~ec tc !d  to  
the other side of the module. 
Data is write in line memory I and ten~porary rllelnory 
in the same direction and the filter order is selected 
according to  the application. 

The address bus is complemented. The filter order 
and coefficients are changed. Data stored in rnernory 
line 1 is filtered and added with ten~porary memory 1 
content. The result of the addition is directed to  the 
output  multiplexer. 

The other side of the block works idelltically with line 
II- 1. 

2.3 Local maxima extraction 

The non maxima suppression scherne IIWS a nine-pixel 
neigl~borhood and requires three poir~ts, one of which will 
I)e the current point, and the other two shoultt be esti- 
mates of the gradient n~agr~i tude  a t  p o ~ ~ ~ t s  displac~ed from 
the current point by the  vector norrnal to the rcige direc- 
tion. 

If the gradient of the current pu i l~ t  is greater than its 
interpolated neighbors, Lhe cllrre1lt point is t l ~ e r ~  labeled 
as a possible edge point. Th~a cliRt:t~ll.y of this alguri thn~ is 
tha t  it computes an interpolation opera ti or^. l'his problem 
is solved by the hardware structlire of tigure 9. At the 
input of this stage, two It~okup tables are present. 

A gradient module.Ltr'l'. It gives 1.11e norm of the gra- 
dient magnitude to tile rleighbort~ood structure. 

A gradient direction and sense 1,111' which controls an 
8 to  4 multiplexer ill order to sent1 to  the arithmetic 
unit the neighbors tct be ~r~terpola ted .  Both interpo- 
lations are made in parallel. 'I'he output  comparison 
is made with the module rlorrtr of the current point. 
The output  of this 1)lock is btrulea~~ and diflerer~tiates 
edge points and no edge pt>i~~t.s .  
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I", 

11 I 

Pigure 9: Local ~naxirna extract iol~ 

lor llwl delay In the Ililer belon 
bapln bul m u l m a  extraction 

or* Innu delay In l h  CTM 

i 
two l n m r  plus 
fly. Ilns 

Fig~rrc 10: 'I'irrlr~~irlg diagrarri 

. . . . . . .  . . .  
. . . . . . . . . . . .  I 

.l..l 
. . . .  i !q!. i : . j - ::  ..... ::.. : . . . . . . . .  

.. ,, ;.. '7.- . . . . . . . . .  
L'. .  ,\.??." L . . .  . . . . . . . . .  

Figure 11: First derivative filler: NMSE between a floating 
point and a 16 bits fixed point irrlplernentation for values 
of a varying from .I to  1.4 

over which i t  is valid to  use a. If a is selected less than 0.2 
the  impulse response used will deviate from those of the 
floating point implementation. 

4 Conclusion 

In this paper, we examined a possible hardware implemen- 
tation of a general recursive filler~ng structure. It allows 
t o  implement in a very efficient way several classical prob- 
lems involved in early computer vision. Its application t o  
the problem of edge detec (ion hau also been considered. 
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I I I  ligltrc: 10 we give a global t i r l ~ i ~ ~ g  description of the national Jourrlal oJ Computer  Vis ion,  1(2), May 1987. 
gr.l,llt-~ll. c x t r a c t i o ~ ~ .  Because of the r~ect:ssity of an inver- 
~ I ~ A I I  I I ( . I . w ~ : ~ I I  row and coltlrnri a t  every pass of the filter, 
wa. I I , I I \ I  wait, for the complotic~r~ of the first filtering pass 
I ~ ~ ~ I I I I ~ .  I ~ ~ . g l r ~ ~ l i r ~ g  the second pass. So b e  can see tha t  this 
I ~ I I " . I I I I ~ *  1111.r11d1lres 2 irnages and 5 lines delay between in- 
1,111 a ~ ~ ~ i I  t ,~~t .pu t ,  even if we compute everything a t  video 
r i~l t .  111  l ig~lre 10 we can read in Y axis the board name, in 
\; ' r X 1 . i  I.II(. Lillie arld the solid line represents the occupation 
I I I I I I .  o f  t*il(.l~ 1110dule for curter11 image. 

:I Simulation results 

M I  I~i~vct tested the snloothrr~g and derivative filters using a 
I I X ~ ~ ~ I - ~ H J ~ I I I .  in~plemer~tat ior~ for various number of bits and 
V ~ L I I I I . ~  111 t,he parartltater o 'I'ttc results obtained are very 
h ~ l ~ l ~ l i ~ r  L ~ I  t l l ~ s e  of a flt~atirr~; p~jir~t .  ilr~plementatiorl wller~ 
I I ~ I I I ~ :  v a l u ~ s  for (1 close LU uric lor a rrt~rnber of bits bigger 
0 1 . 1 1 1  10 I)oaling wit.11 v;,illes 01 ( t  close to  0.5 a r ~ d  less, 
111-\ ~tltbs a need lo  Ilocreasc. the rllr~nber of bits to  16. 'I'he 
~ l ~ , r t l ~ i i l i ~ w l  rrlean tiqltart. error (NMSK) between the Hoal- 
1111: I I O I I I L  I I I I ~ U I S C  rt1sp~~rlstS of I I I ~  derivative filter and i ~ s  
~ ~ J , I I ~ I I X I I ~ I ~ I L ~ L I  versioll 11sing B lixt~11 point irnpler~ientation 
H I I  11 I ( i  []its IS S ~ O W I I  ill t i g u r ~  I I ,  lor different values of 
11 \,u.y118~; from . I  tar I:I 'I'his lig~rrr establishes the limits 




