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ABSTRACT

The q u e s t  f o r  d eep e r v i s io n  has in s p i r e d  a  c o lo r f u l  c h a p te r  in  

m an 's developm ent. From th e  tim e Leeuwenhoek f i r s t  opened th e  m ic ro ­

w orld  to  m an 's w ondering , e v e r  deeper v i s io n  has b ro u g h t v a lu a b le  

t r e a s u r e s  to  l i g h t .  T h is  t h e s i s  d e f in e s  m ic ro -o p t ic a l  tom ography, a 

new co n cep t in  m icroscopy  a llo w in g  a d e e p e r v i s io n  th a n  i s  p o s s ib le  w ith  

an o p t i c a l  m ic ro sco p e , g iv in g  much o f th e  d ep th  c l a r i t y  o f  an e le c t r o n  

m icroscope w ith o u t r e q u ir in g  th e  vacuum, d e h y d ra te d , l i f e l e s s  e n v iro n ­

ment o f  e l e c t r o n  m icroscopy . Thus l i v i n g  c e l l s  can be view ed and l i f e  

dynam ics v i s u a l i z e d .  T h is i s  accom plished  by d ig i t i z i n g  an im age from 

an o p t i c a l  m icroscope  w h ile  fo c u s  and v iew in g  a n g le  a re  scanned  to  form  

a m u lti-d im e n s io n a l image m a tr ix .  Where th e  power o f o p t i c a l  t r a n s ­

forms en d , s e q u e n t i a l  scan n in g  and th e  com puter a re  used to  r e c o n s t r u c t  

th e  w e a lth  o f  d e t a i l  b o m  by l i g h t  em anating  from  th e  s u b je c t .  Recon­

s t r u c t i o n  can ta k e  th e  form o f  o p t i c a l  d i s s e c t io n ,  o r  o f im aging a 

d im en s io n a l o b je c t  w ith  e le m e n ta l d e t a i l  to  1 /4  th e  w aveleng th  o f  l i g h t  

in  a l l  p la n e s  o f  fo c u s  on one im age.

M ic ro -o p t ic a l  tom ography, w ith  i t s  p r in c i p le s  and te c h n iq u e s ,  

forms th e  m ajor new te ch n o lo g y  claim ed  f o r  t h i s  t h e s i s .  An a v a i la b l e  

p a r t s  b u d g e t o f ab o u t $1,500 d e f i n i t e l y  p re c lu d e d  p u rch ase  o f  r e q u ir e d  

equipm ent a t  c u r r e n t  p r i c e s ,  th e r e f o r e  th e  re s e a rc h  p o r t io n  o f th e  

t h e s i s  advances th e  s t a t e  o f  th e  a r t  to  make a  f u tu r e  system  a t  th e



u n iv e r s i ty  p r a c t i c a l .  T h is  r e s e a r c h  in c lu d e s  th e  FOCUS number system  

and d e s ig n  of a low c o s t  p h o to g ra p h ic  q u a l i ty  d i g i t a l  im age s c a n n e r .

The FOCUS m icrocom puter number sy stem  so ftw a re  p ro v id e s  in  a 

1 6 -b i t  word th e  n a tu re  and a c c u ra c y  o f  an 1 8 - b i t  f l o a t i n g - p o i n t  r e p r e ­

s e n ta t io n .  In  l e s s  tim e th an  w ould be r e q u ire d  to  w r i t e  op eran d s to  a  

h y p o th e t ic a l  i n f i n i t e l y  f a s t  a r i t h m e t ic  u n i t  and re a d  th e  r e s u l t ,  th e  

FOCUS s o f tw a re  a lo n e  in  an 8 - b i t  8080 m ic ro p ro c e sso r  p e rfo rm s  1 6 - b i t  

a r i t h m e t ic ,  in c lu d in g  a d d i t io n ,  s u b t r a c t io n ,  m u l t i p l i c a t i o n ,  and d i v i s ­

io n , w ith  ov erflo w  tra p p in g  and o p tim a l ro u n d o f f ,  and w ith o u t s p e c ia l  

hardw are . FOCUS so f tw a re  p e rm its  a b a re  m icrocom puter to  r e p la c e  a 

more c o s t l y  com puter in  many sp eed  c r i t i c a l  s ig n a l  p ro c e s s in g  a p p l i c a t ­

io n s  such  as d i g i t a l  au d io  p ro c e s s in g  and m ic r o - o p t ic a l  tom ography.

A package of 15 a r i t h m e t ic ,  d e c i s i o n a l ,  and dec im al 10 r o u t in e s  in  3 

FOCUS v e r s io n s ,  p lu s  an in e x p e n s iv e  analog/FOCUS c o n v e rs io n  c i r c u i t ,  

to g e th e r  w ith  in -d e p th  m a th e m a tic a l a n a l y s i s ,  a re  p re s e n te d  as a  com­

p le te d ,  t e s t e d  sy stem .

The d i g i t a l  image sc a n n e r  i s  d e s ig n e d  to  be a g e n e ra l  p u rp o se  r e ­

s e a rc h  to o l  cap a b le  o f  in p u t t in g  and o u tp u t t in g  v e ry  h ig h  q u a l i t y  im ages 

in  b la c k  and w h ite  o r  c o lo r .  A s p e c ia l  f e a tu r e  i s  a p o w e rfu lly  g e n e ra l  

y e t  s im p le  command s e t  p e r m i t t in g  s p e c ia l  te c h n iq u e s  su ch  as  d e r a s to r -  

i z a t i o n ,  h ex ag o n a l sam p lin g , t y p e s e t t i n g ,  phosphor c o r r e c t io n ,  e t c . ,  to  

be im plem ented in  s o f tw a re .  To su p p o r t th e  command s e t ,  many n o v e l 

id e a s  a re  in c o rp o ra te d .  For exam ple th e re  i s  a method o f i n t e g r a t i n g  

an an a lo g  s ig n a l  a r b i t r a r i l y  v a ry in g  ov er many o rd e rs  o f  m agn itude f o r  

a tim e i n t e r v a l  in d e p e n d e n tly  a l s o  v a ry in g  over many o rd e r s  o f  magni­

tu d e , w ith  a l t e r n a t e  a p p l ic a t io n s  to  RMS m easuring  and v o l t a g e - v a r i a b le

xi



lo w -p ass  f i l t e r i n g .  T here i s  a m ethpd o f phosphor g r a n u la r i t y  c o r r e c ­

t i o n  f o r  l a s e r - s c a n  g r a y - s c a le  q u a l i t y ,  m a th e m a tic a l a n a ly s i s  o f th e  

e f f e c t  o f  d i f f e r e n t i a l  n o n l i n e a r i t y  on image n o is e ,  a u n iq u e  approach  

to  t r i c o l o r  s e n s in g ,  and o th e r  c o n c e p ts  whose u s e fu ln e s s  tra n s c e n d s  th e  

p r e s e n t  sy stem . The p rim ary  c o n t r ib u t io n  o f t h i s  s e c t i o n  i s  th e  d e­

s ig n  o f a h ig h - q u a l i ty  d i g i t a l  im age p ro c e s s o r  t h a t  i s  a f f o r d a b le  by a 

s m a ll  b u s in e s s  o r  an in d iv id u a l .
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CHAPTER I

MICRO-OPTICAL TOMOGRAPHY

Q uest f o r  D eeper V is io n  

From Leewenhoeks*s m ic ro sco p e  and L ip p e rsh e y ’ s te le s c o p e  th rough  

t e l e v i s i o n  and th e  e le c t r o n  m ic ro sc o p e , advances in  m an 's a b i l i t y  to  

see  h av e  i l lu m in a te d  e x c i t in g  new v i s t a s  in  s c ie n c e .  The l i f e  s c ie n c e s  

e s p e c i a l l y  a re  in t im a te ly  co u p led  to  th e  a b i l i t y  to  se e  th e  v e ry  sm a ll,  

and new te ch n o lo g y  of th e  l a t t e r  opens new c o n c e p ts  in  th e  fo rm er. The 

c u r r e n t  s t a t e  o f  th e  a r t  o f  m ic ro v is io n  i s  d iv id e d  betw een two te c h n o l­

o g ie s .  The o p t i c a l  m icroscope  i s  th e  w orkhorse o f  b io lo g y ,  p ro v id in g  

f u l l  c o lo r  v iew in g  of a lm o st any m a te r ia l  th a t  can  be mounted on a  

s l i d e .  However extrem e n a rro w n ess  o f  d ep th  c l a r i t y  has l im i te d  th e  

o p t i c a l  m icroscope  p r im a r i ly  to  v iew ing  th in  s l i c e s  o f  a specim en 

r a t h e r  th an  v iew in g  m ic ro sc o p ic  o b je c ts  in  f u l l  p e r s p e c t iv e  as we m ight 

im ag ine  a  m y th ic a l  ameoba m ig h t see  h i s  w o rld . The scan n in g  e le c t r o n  

m ic ro sco p e  has g iv e n  us d im e n s io n a l v iew s of th e  m ic ro -w o rld  w ith  ex­

trem e c l a r i t y ,  o f te n  p ro d u c in g  im ages o f  h a u n tin g  b e a u ty  and p rofound  

s ig n i f i c a n c e .  However th e  vacuum req u ire m e n t and th e  c o r o l l a r y  dehy­

d r a t i o n  s e r io u s ly  l im i t  w hat we can o b s e rv e . We can n o t lo o k  in to  th e  

w ork in g s o f a c e l l ,  b u t r a t h e r  m ust s e p a r a te  th e  p a r t s  and l e t  them dry  

f i r s t .  Most t i s s u e s  can n o t  be v iew ed as th e y  a r e  in  l i f e .  The l i g h t  

o f th e  e l e c t r o n  w i l l  n ev e r l e t  us see  th e  m ic ro -w o rld  in  i t s  n a t u r a l

1



c o lo r .

I f  i t  w ere p o s s ib le  to  combine th e  d e s i r a b le  t r a i t s  o f b o th  te c h ­

n o lo g ie s ,  b io lo g y  would have an ex trem ely  p o w e rfu l new to o l .  L ig h t 

w aves em anating from  a specim en  b e a r  in fo rm a tio n  abou t a l l  o p t i c a l l y  

a c c e s s ib le  d e t a i l  down to  a  s p a t i a l  w aveleng th  e q u a l to  h a l f  th e  wave­

le n g th  o f l i g h t  in  th e  medium su rro u n d in g  th e  specim en . I t  i s  f r u s ­

t r a t i n g  th a t  p r e s e n t  te c h n o lo g y  has no means o f  s im u lta n e o u s ly  reco n ­

s t r u c t i n g  t h i s  w e a lth  o f o p t i c a l  in fo rm a tio n  to  form th e  w hole s p e c i­

men image w ith  a  c l a r i t y  even  ap p ro ach in g  th e  t h e o r e t i c a l  l i m i t .  I t  

s h o u ld  be em phasized  th a t  l i g h t  b e a rs  much r i c h e r  in fo rm a tio n  th a n  i s  

now u se d , p ro v id in g  in fo rm a tio n  about a l l  p la n e s  o f  focus s im u lta n e o u s­

l y ,  w ith  l i n e a r  s e p a r a b i l i t y  betw een e le m e n ts , and w ith  e le m e n ta l c l a r ­

i t y  s e v e ra l  tim e s  g r e a t e r  th a n  a llow ed  by p r e s e n t  tech n o lo g y .

The o b je c t iv e  o f  t h i s  r e s e a rc h  i s  to  ap p ly  m icrocom puter image r e ­

c o n s tru c t io n  te c h n iq u e s  an a lo g o u s  to  th o se  used  i n  tom ography, o p e ra t­

in g  on d a ta  d e r iv e d  from a  d y n am ica lly  changing o p t i c a l  system  under 

com puter c o n t r o l ,  to  u t i l i z e  more f u l l y  th e  r ic h n e s s  o f o p t i c a l  i n f o r ­

m a tio n , thus p ro v id in g  w ith  l i g h t ,  in  f u l l  c o l o r ,  in  n a tu r a l  a tm ospher­

i c  o r  aqueous en v iro n m en t:

1 . U seab le  m a g n if ic a t io n s  to  3000 X in  v i s i b l e  l i g h t ,  combined 

w ith

2. U n lim ite d  dep th  o f  fo cu s  f o r  v iew ing  d im en sio n a l o b je c ts  in  

l iv in g  p e r s p e c t iv e ,  and

3. A b i l i ty  to  o p t i c a l l y  d i s s e c t  a  t r a n s p a r e n t  specim en l i k e  a  c e l l  

to  v iew  p a r t s  w ith o u t  d is tu r b in g  l a r g e r  i n t e r r e l a t i o n s .



C u rren t Technology

D epth o f  fo cu s  has been ex ten d ed  beyond c o n v e n tio n a l l i m i t s  in  

m icroscopy  and a l s o  in  a  com m ercial 8mm movie camera by " in te g r a te d  

fo c u s in g "  in  w hich th e  focus i s  changed , w ith  a s p e c ia l  o b je c t iv e  th a t  

p re v e n ts  im age s i z e  change d u rin g  fo c u s ,  d u rin g  ex p o su re . The r e s u l t  

i s  a v e ry  s o f t  image w ith ,how ever,som e f in e  d e t a i l  from  s e v e r a l  p la n e s .  

An im p o rta n t m o d if ic a t io n  o f t h i s  te c h n iq u e  p r o je c ts  th e  i l lu m in a t in g  

l i g h t  in  a p la n e  w hich i s  moved w ith  th e  p la n e  o f fo c u s , how ever t h i s  

i s  p r im a r i ly  l im i te d  to  opaque, convex o b je c ts  w ith  no concave p o c k e ts ,  

and i s  a l s o  l im i te d  to  v e ry  low N.A. o b j e c t iv e s ,o r  a v e ry  narro w  view ing  

f i e l d ,  as i t  i s  t h e o r e t i c a l l y  im p o ss ib le  to  o b ta in  a beam o f  l i g h t  one 

w av e len g th  th ic k  o v er a d is ta n c e  much w id e r  th an  one w av e le n g th . By 

w orking w ith  ex tre m e ly  s h o r t  De B ro g lie  w aves, th e  s c a n n in g  e l e c t r o n  

m icroscope  a llo w s a N.A. o f  t y p i c a l l y  .0 0 5 , e q u iv a le n t  i n  d e p th  to  a 

ph o to g rap h  o f  a  p la n t  o r  an im al 2 f e e t  from  a  35mm cam era w ith  a  norm al 

50mm f o c a l  le n g th  le n s  a t  fS , e x p la in in g  th e  dep th  c l a r i t y  o b ta in a b le  

w ith  t h i s  in s tru m e n t.  However b e c a u se  m ost b io lo g ic a l  specim ens a re  

composed o f  la rg e  p e rc e n ta g e s  o f  w a te r ,  th e  req u ire m en t o f  a  vacuum 

in tro d u c e s  s e r io u s ly  l im i t in g  c o n s id e r a t io n s .  A lso an e l e c t r o n  m icro ­

scope w i l l  n e v e r  " se e "  in  n a t u r a l  c o lo r .

F ly in g  sp o t scan n in g  o p t i c a l  m ic ro sco p es  have been  b u i l t ,  and a re  

used  p r im a r i ly  f o r  co u n tin g  and s i z e  c l a s s i f i c a t i o n  o f  o b je c t s  such  as 

d u s t o r  b lo o d  c e l l s .  No m ention  h as  been  found of com puter c o n t ro l le d  

dynamic fo c u s in g . The f i e l d  o f m icroscopy  i s  f a s t  ch an g in g . At a tim e 

when th e  scan n in g  e le c t r o n  m icro sco p e  i s  o n ly  a l i t t l e  o v e r a  decade 

o ld , a  new er in v e n tio n  -  th e  m icrocom puter -  p la c e s  us w i th in  ran g e  of 

a new r e v o lu t io n  o f  th e  o p t i c a l  m ic ro sco p e  in  v iew ing d im e n s io n a l b io -
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l o g i c a l  spec im en s.

M ic ro -o p t ic a l  tom ography 's  nam esake, x -ra y  tom ography, s h a re s  th e  

same g o a ls  o f  m a th e m a tic a lly  d i s s e c t in g  a  s u b je c t .  However beyond s im i­

l a r  g o a ls  and etym ology from th e  G reek ro o t  "tom os" = "a  c u t t i n g " ,  th e  

means a re  d i s s i m i l a r .  C la s s ic a l  tom ography u se s  a  moving s o u rc e  and 

f i lm  to  in t ro d u c e  a l im i te d  d ep th  o f  f i e l d  to  th e  n o rm ally  i n f i n i t e  

d ep th  x -ra y  sy s tem , th e  r e v e r s e  o f  m ic r o - o p t ic a l  tom ography. Com puter- 

a id e d -  tom ography (CAT) m a th e m a tic a lly  d i s s e c t s  a  s u b je c t  from  a  s e t  o f  

v iew s a t  d i f f e r e n t  a n g le s .  B ecause opaque r e f l e c t i o n  im aging  and th e  

c r i t i c a l l y  l i m i t in g  o p t i c a l  f e a tu r e s  o f  d i f f r a c t i o n  and fo c u s  do n o t 

e x i s t  in  macro x - ra y  w ork, fu n d a m e n ta lly  d i f f e r e n t  r e c o n s t r u c t io n  a l ­

g o rith m s a re  needed .

P r in c ip le s  o f  M ic ro -O p tic a l Tomography

The wave f r o n t  a t  th e  m icro sco p e  o b je c t iv e  i s  a  tr a n s fo rm  o f  th e  

specim en , c o n ta in in g  a l l  d e t a i l  down to  h a l f  th e  w av e len g th  o f  l i g h t  in  

s p a t i a l  w av e len g th  and a q u a r te r  o f  th e  w av e len g th  o f  l i g h t  i n  p ix e l  

s i z e  from a l l  p o in ts  o f  th e  s u b je c t .  The f u n c t io n a l  t r a n s fo rm  p e r ­

form ed by an  o b je c t iv e  le n s  i s  c a p a b le  o n ly  o f  r e c r e a t in g  d e t a i l  i n  a 

narrow  p la n e ,  and even th en  w ith  s e r io u s  a t t e n u a t io n  o f  h ig h  s p a t i a l  

f r e q u e n c ie s .  However i f  im ages from  many in c re m e n ta l fo cu s  d is p la c e ­

m ents a re  a r ra n g e d  in  a  th re e -d im e n s io n a l  image m a tr ix ,  i t  i s  mathema­

t i c a l l y  p o s s ib le  to  in v e r s e - t r a n s fo rm  th e  m a tr ix  by co n v o lv in g  w ith  th e  

in v e r s e  tr a n s fo rm  o f th e  th re e -d im e n s io n a l  " b lu r r in g  fu n c t io n "  o f  th e  

le n s  s u b je c t  to  c e r t a i n  c o n s t r a i n t s ,  f o r  exam ple, f o r  a s p a t i a l  w ave­

le n g th  < ;\,/N .A . in  p la n e s  p a r a l l e l  to  th e  le n s  and a more com plex r e ­

l a t i o n  in  o th e r  p la n e s .  Such a  th re e -d im e n s io n a l  b lu r r in g  f u n c t io n  i s
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F ig u re  1 .1  T hree  D im ensional B lu r r in g  F u n c tio n  and R e c o n s tru c tio n

r e p re s e n te d  in  f ig u r e  I .IA ,  w ith  th e  a n g le  o f  a c c e p ta n c e  t h a t  o f  a  1 .25 

N.A. o b je c t iv e  in  o i l .  T his f i g u r e  p o r t r a y s :

1 . The sm a ll co re  o f b e s t  fo c u s  c o n f in in g  th e  h ig h e s t  s p a t i a l  

f r e q u e n c ie s ,

2 . B r ig h t r in g s  c i r c l i n g  th e  d is k  o f  a  d e fo cu sed  p o in t ,  tra n s fo rm ­

in g  a s l i g h t l y  d efo cu sed  p o in t  o f  l i g h t  i n t o  an a p p a ra n t r in g

w ith  a  d a rk  c e n te r ,  and

3. Double cone shape o f  th e  r e g io n  o f  s e n s i t i v i t y  d i s t a n t  from 

th e  p la n e  o f  fo c u s , p r e v e n t in g  a un ique r e c o n s t r u c t io n  o f  th e  

t h i r d  d im ension  w ith o u t s c a n n in g  th e  v iew in g  a n g le  as  w e ll  as 

f o c u s .

An im p u lse  re sp o n se  o f  th e  c o r r e c te d  image i s  r e p r e s e n te d  in  f ig u r e  

I .I B .

An e x a c t  r e c o n s t r u c t io n  o f  th e  image w ith in  d i f f r a c t i o n  l i m i t s  i s  

n o t p o s s ib le  in  th e  t h i r d  d im e n s tio n  (p e rp e n d ic u la r  to  th e  le n s )  w ith  

th e  d y n a m ic -fo c u s -g e n e ra te d  d a ta  o n ly ,  w hich re sem b le s  c l a s s i c a l  tomo­

graphy . For exam ple, c o n s id e r  an  i n f i n i t e  s h e e t  o f  t r a n s p a r e n t  c o lo re d



m a te r ia l  n e a r  th e  image p la n e . An o b s e rv e r  can n o t d e t e c t  i t s  p o s i­

t i o n ,  as i t s  e f f e c t  i s  in d e p e n d e n t o f  th e  fo cu s  s e t t i n g  o f  th e  o b je c ­

t i v e .  However when e x te n d in g  d ep th  o f  fo c u s , a  u n ique  r e c o n s tr u c t io n  

o f  th e  t h i r d  d im ension  i s  n o t  n e e d e d , and dynam ic fo c u s  a lo n e  i s  m athe­

m a t ic a l ly  s u f f i c i e n t .  When o p t i c a l  d i s s e c t io n  o f  a specim en  elem ent i s  

d e s i r e d ,  th e  t h i r d  d im en s io n a l freq u en cy  e lem en ts  n e a r  th e  d i f f r a c t i o n  

l i m i t  a re  f o r tu n a t e ly  r e c o n s t r u c ta b le  from dynam ic fo c u s  d a ta .  To v i s ­

u a l i z e  t h i s ,  n o te  th a t  a  v e ry  s m a ll  p ie c e  o f  th e  c o lo re d  s h e e t  cou ld  be 

r e c o n s t r u c te d  from dynamic fo cu s  d a ta  by u s in g  boundary  c o n d i t io n s .

The low er s p a t i a l  freq u en cy  e lem en ts  a re  r e c o n s t r u c ta b le  from  an ang­

u l a r  scan  p erfo rm ed  on th e  p r i n c i p l e  o f  s in g le  o b je c t iv e  s te r e o  m icro ­

sco p y , w hich p ro v id e s  d a ta  re se m b lin g  th a t  o f  com puter a id e d  x -ra y  

tom ography. T h is  i s  v i s u a l i z e d  by n o tin g  t h a t  th e  i n f i n i t e  co lo re d  

s h e e t  would a p p e a r  d e n se r when v iew ed from an a n g le  c l o s e r  to  th e  p la n e  

o f  th e  s h e e t ,  and th u s  co u ld  be  lo c a te d .

A th re e -d im e n s io n a l  im age m a tr ix  i s  h o rren d o u s  to  co n te m p la te ; 

f o r tu n a t e ly  many s im p l i f i c a t io n s  a r e  p o s s ib le ,  such  a s  u sed  i n  th e  

c lo se d -fo rm  s in g le - p a s s  ART a lg o r i th m  which re d u c e s  th e  com putation  

tim e  and r e l i e v e s  memory o f  mass s to r a g e  in  com puter x - r a y  tom ography.

For m ost w ork, o n ly  s e v e r a l  im age p la n e s  need  be s to r e d ,  and w i l l  

be u sed  in  a  b lo c k  manner a d a p ta b le  to  s e q u e n t i a l  s to r a g e  d ev ice s  such  

as  a  d is k  d r iv e .  O ther d y n am ica lly  changing  c o r r e c to r  im ages need o n ly  

be s to r e d  w i th  low r e s o lu t io n  so  a s  to  f i t  i n  a c t iv e  memory.

D epth o f  f i e l d  e x te n s io n ,  as opposed to  im age d i s s e c t i o n ,  i s  e a s i l y  

p erfo rm ed . A b a s ic  p ro c e d u re  co u ld  u se  a p a t t e r n  r e c o g n i t io n  ty p e  

program  to  d e t e c t  c o r r e c t  f o c u s ,  much as w ould a human o b s e rv e r ,  by
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n o tin g  a  peak ing  o f  th e  r a t i o  o f h ig h  to  low s p a t i a l  freq u en cy  compon­

e n t s ,  The d e te c te d  a re a  o f  focu s  can th e n  be added to  th e  image b e in g  

form ed. O m nipresent n o is e  in  a l l  o th e r  n o n -fo cu s  p la n e s  would n o t be 

added.

S e v e ra l  c o m p lic a tio n s  a r i s e .  An e f f e c t  w e ll  known to  m ic ro sco p - 

i s t s  i s  th e  a b i l i t y  to  v iew  " th ro u g h ” sm a ll opaque o b je c t s .  A c tu a lly  

th e  l a r g e  N.A. o f th e  m icroscope  o b je c t iv e s  a llo w  th e  m ic ro s c o p is t  to  

view  aro u n d  th e  o b je c t  on a l l  s id e s .  T h is  t r a n s p a re n c y  i s  n o t d e s i r ^  

a b le  when a l l  o b je c ts  can be  fo cu sed  s im u lta n e o u s ly . I t  can be o b v ia t ­

ed by sc a n n in g  from  th e  b ack  o f  th e  specim en to  th e  f r o n t ,  a llo w in g  

each  d e te c te d  a re a  o f  fo cu s  to  o v e rw r ite  a p o s t e r i o r  im age. As a  f u r ­

th e r  c o m p lic a tio n , a  b r ig h t  defo cu sed  o b je c t  w i l l  s p i l l  v i s u a l ly  sh a rp  

r in g s  c o n s id e ra b ly  beyond i t s  b o u n d a rie s  w hich cou ld  i n t e r f e r e  w ith  de­

t e c t i o n  o f  fo c u s . F o r tu n a te ly  th e  r in g s  have d is t in g u is h in g  f e a tu r e s  

th a t  can  be used to  d e te c t  t h e i r  p re se n c e  in s te a d  o f a  t r u e  im age. 

F i r s t ,  t h e i r  v i s u a l  p o s i t i o n  changes as a  fu n c t io n  o f fo c u s , w h ile  t h a t  

o f a  fo c u se d  image does n o t .  Second, a lth o u g h  th e y  may appear v i s u a l ly  

" s h a rp " ,  i . e .  " c o n tr a s ty "  a t  m idd le  s p a t i a l  f r e q u e n c ie s ,  they  la c k  th e  

h ig h e s t  s p a t i a l  f r e q u e n c ie s . The d i f f e r e n c e  betw een " sh a rp "  and "h ig h  

r e s o lu t io n "  i s  w e ll  known among p h o to g ra p h e rs , and i s  e a s i l y  d e te c te d  

m a th e m a tic a l ly .  An o b je c t  b eh in d  a n o th e r  can n o t  c a s t  th e se  r in g s  o v er 

an opaque o b je c t  i n  f r o n t  when th e  p la n e  o f  fo cu s  i n t e r s e c t s  th e  f r o n t  

o b je c t .  The co n v erse  e f f e c t  can be c a n c e lle d  as each  o b je c t  i s  b ro u g h t 

in to  fo c u s  by use o f  a r e ta in e d  lo w - re s o lu t io n  d e p th -o f - f in d  m a tr ix .  A 

new a r e a  a f f e c t s  a d ja c e n t  p re v io u s ly  found a re a s  as a fu n c tio n  o f l a t ­

e r a l  d i s ta n c e  and r e l a t i v e  d ep th  betw een a re a s  o f  fo c u s .
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A s te r e o  m ic ro sco p e  u s in g  m ic r o - o p t ic a l  tomography i s  e a s i l y  form ­

ed in  s o f tw a re . Two s e p a ra te  image m a tr ic e s  a re  a l lo c a te d .  As fo cu s  

scan s  from  back  to  f r o n t ,  th e  p o s i t io n  o f  each  new image p la n e  i s  b ia s ­

ed l i n e a r l y  to  th e  l e f t  f o r  one m a tr ix  and to  th e  r i g h t  fo r  th e  o th e r .  

The tra n s p a re n c y  e f f e c t  and o v e rw r ite  p ro ced u re  p re s e n te d  above would 

form  two s e p a r a te  v iew s o f  th e  specim en a t  a p p a re n tly  d i f f e r e n t  a n g le s .  

C o n v en tio n a l s t e r e o  m icroscopy  u ses  two o b je c t iv e s  o r  one o b je c t iv e  op­

t i c a l l y  d iv id e d  in to  tw o. D i f f r a c t io n  i s  th u s  a t  l e a s t  d o u b led . Re­

q u ir in g  r e a s o n a b le  s te r e o  d i f f e r e n c e  a n g le s  and d e p th  of f i e l d  l i m i t s  

p r e s e n t - a r t  s t e r e o  m icroscopy  to  v e ry  low m a g n if ic a tio n s .  C o n v e rse ly , 

th e  s te r e o  m ic r o - o p t ic a l  tom ographic a lg o r i th m  o u t l in e d  above can  u se  a 

maximum, f u l l  o b je c t iv e  f i e l d  f o r  each  im age, f o r  a d ram a tic  advance in  

th e  s t a t e  o f th e  a r t .

Image Q u a li ty

N ext l e t  us c o n s id e r  w hat e f f e c t i v e  image c l a r i t y  i s  p o s s ib le  from 

m ic r o - o p t ic a l  tom ography. C onsider a t y p i c a l  s i t u a t i o n  in  w hich  an ob­

s e r v a t io n  i s  n o rm a lly  made w ith  a .65 n u m e ric a l a p e r tu re  o b j e c t iv e .

The s p a t i a l  re sp o n se  o f th e  le n s  tr a n s fo rm  a t  optimum focus i s  p lo t t e d  

in  f ig u r e  1.2A w h ich , f o r  a f u l l  f i e l d  i l lu m in a t io n ,  may be d e r iv e d  

from  th e  o v e r la p  of th e  a p e r tu re  d is k  a t  v a r io u s  d is p la c e m e n ts ,  c o r r e ­

spond ing  to  th e  a b i l i t y  o f th e  le n s  to  encompass b o th  th e  d i r e c t  and 

d i f f r a c t e d  ra y s  o f a g iv en  s p a t i a l  f re q u e n c y . N ote th a t  a g r a t i n g  w ith  

s p a t i a l  w av e len g th  h a l f  t h a t  o f  l i g h t  w ould d i f f r a c t  l i g h t  1 8 0 ° , r e ­

s u l t i n g  in  th e  f r in g e  l i m i t  f o r  a le n s  co v e rin g  a  180° cone o f  l i g h t ,  

and a l s o  th e  f r i n g e  l i m i t  o f l i g h t  a s  a  tra n s fo rm , because  n o th in g  can
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be r e d i r e c t e d  by more th a n  180°, modulo 360°. The m o d u la tio n  t r a n s f e r  

fu n c tio n  o f  a  sm a ll N .A ., fo c u se d , o p t i c a l l y  p e r f e c t  le n s  in  mono­

c h ro m a tic , o m n id ir e c t io n a l  l i g h t ,  was c a lc u la te d  from d i s k  o v e r la p .

L e t s = s p a t i a l  freq u en cy  n o rm a lize d  so s = 1 = A . 0 - s - l .  Then:

M .T .F. = 1 -  l̂ s* - jl  -  s2  + s i n ” ^ ( s ) j

Assume th e  m ic ro s c o p is t  chose th e  common .65 N.A. le n s  f o r  m axi­

mum d e t a i l ,  in d ic a t in g  t h a t  a s m a l le r  a p e r tu r e  would re d u c e  r e s o lu t io n  

by d i f f r a c t i o n ,  and a l a r g e r  one by d ep th  o f  fo cu s  c o n s id e r a t io n s .

Thus a t y p i c a l  p o in t  on th e  o b je c t  i s  b lu r r e d  by an optimum b a la n c e  o f 

th e s e  two f a c t o r s ,  r e p re s e n te d  in  f i g u r e  1 .2B . The M .T .F . n e a r  c u to f f  

i s  h ig h e r  th a n  would be ex p ec ted  from  co n v o lv in g  th e  d i f f r a c t i o n  and 

fo cu s a b e r r a t i o n s .  N ear c u to f f ,  o n ly  th e  edges o f th e  o b je c t iv e  a re  

a b le  to  encom pass b o th  th e  d i r e c t  and d i f f r a c t e d  r a y s .  By form ing th e  

image w ith  o n ly  th e  p e r ip h e ry  o f  th e  le n s ,  th e  defo cu s e f f e c t s ,  a r i s in g  

from  p hase  d i f f e r e n c e s  a t  d i f f e r e n t  r a d i a l  d is ta n c e s  from  th e  le n s  

a x i s ,  a re  le s s e n e d .

When u s in g  m ic ro -o p t ic a l  tom ography th e r e  w i l l  be no d ep th  of 

fo cu s  b l u r r i n g  e f f e c t s ,  a llo w in g  d i r e c t  u se  o f  a 1.25 N.A. (o r  h ig h e r)  

im m ersion o b je c t iv e ,  w ith  re sp o n se  shown in  f ig u r e  1 .2C .

Assuming th e  d a ta  has a  good s ig n a l  to  n o is e  r a t i o ,  th e  h ig h  s p a t ­

i a l  f re q u e n c e s  may be b o o s te d , as shown in  f ig u r e  1.2D . I n  t h i s  f ig u r e  

th e  d o t te d  re sp o n se  assum es n o n l in e a r  harm onic e s t im a t io n  f o r  th e  s o le  

pu rpose  o f  f i l t e r i n g  image f r i n g e s .  T h is  i s  a d v is a b le  b eca u se  th e  

norm al F ra u n h o fe r  d i f f r a c t i o n  tra n s fo rm in g  an im pu lse  i n t o  an A iry  d is k  

p roduces f r i n g i n g  th a t  i s  s u b s t a n t i a l l y  a c c e n tu a te d  to  fo rm  d i s t r a c t i n g
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e f f e c t s  ap p ro ach in g  a  tw o -d im en s io n a l s in e  f u n c t io n ,  

su ch  as  t h a t  o b ta in e d  w ith  p o in t  so u rc e  l i g h t i n g ,  and s im i la r  to  b u t 

more s e v e re  th a n  "M ackie l i n e s "  in  some e a r ly  p h o to g ra p h s . One o f  sev ­

e r a l  c r i t e r i o n  f o r  g e n e ra t in g  n o n l in e a r  e s t im a t io n  o f f r e q u e n c ie s  b e­

yond th e  d i f f r a c t i o n  l i m i t  i s  p r e s e n te d .  L e t;

REAL = r e a l  w orld  im age we a t te m p t to  r e c o v e r  

HAVE -  image we have  re c o rd e d  = REAL + b lu r r i n g  a n d /o r  n o is e  

TEST = a  r e c o n s tru c te d  im age w hich i s  to  b e  t e s t e d  f o r  q u a l i ty  

P(TEST) = p r o b a b i l i t y  TEST can be a r e a l  w o rld  image

P(TEST I HAVE) = p r o b a b i l i t y  TEST i s  th e  r e a l  w orld  image g iv e n  HAVE 

P(HAVE I TEST) = p r o b a b i l i t y  b lu r r in g  a n d /o r  n o is e  w ould tra n s fo rm  

TEST i n t o  HAVE 

We w ish  to  f in d  a TEST such  t h a t  

P(TEST I HAVE)

i s  m axim ized, ie . f in d  a  TEST w ith  th e  h ig h e s t  p r o b a b i l i t y  o f  r e p r e s e n t­

in g  REAL. An a l t e r n a t i v e  i n t e g r a t e s  each  TEST tim e s  i t s  p r o b a b i l i t y .  

U sing  B ayes’ theorem  th e  above becom es:

P(TEST I HAVE) = p^HAVE)’ «  P(HAVE | TEST) • P(TEST)

w h ich , g iv e n  a  s e t  o f a ssu m p tio n s  o f  th e  r e a l  w o rld , b lu r r i n g ,  and 

n o is e  c h a r a c t e r i s t i c s ,  can be d i r e c t l y  c a lc u la te d  f o r  any g iv e n  TEST 

r e c o n s t r u c t io n .  F in d in g  a TEST t h a t  m axim izes t h i s  f u n c t io n  in  th e  

p re s e n c e  o f n o is e  has  been  th e  s u b je c t  o f r e s e a r c h  by o th e r s  in  th e  

f i e l d .  L in e a r  f re q u e n c y  r e c o n s t r u c t io n  m axim izes th e  B ay es ' fo rm u la  

f o r  th e  f a l s e  assum ption  t h a t  th e  r e a l  w orld im age i s  g a u s s ia n ,  l i k e  

"snow" on an empty t e l e v i s i o n  c h a n n e l. This f a l s e  a ssu m p tio n  p e rm its
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d i s t r a c t i n g  f r in g e  e f f e c t s  t h a t  an o b s e rv e r , w ith  a  p r i o r i  knowledge o f 

th e  r e a l  w o r ld , knows a r e  n o t p r e s e n t  a t  a l l  specim en b o u n d a r ie s . P ro­

p o sed  f u tu r e  re s e a rc h  would g iv e  th e  system  "know ledge" th a t  a  t r u e  

im age i s  composed o f edges w ith  s te p  s iz e  PDF lo g a r i th m ic a l ly  d i s t r i ­

b u te d . U n lik e  o th e r  f r in g e - s u p p re s s in g  a lg o rith m s  p ro p o sed  in  th e  l i t ­

e r a t u r e ,  th e  B ayes' approach  w ould have no e f f e c t  on known s p a t i a l  f r e ­

q u e n c ie s  i n  th e  absence  o f n o i s e ,  r a th e r  would o n ly  e s t im a te  th o se  be­

yond th e  d i f f r a c t i o n  l i m i t .  T h is  cou ld  n o t  c la im  to  ex ten d  th e  d i f ­

f r a c t i o n  l i m i t ,  however i t  would make s p a t i a l  f r e q u e n c ie s  n e a r  th e  

l i m i t  more v i s u a l ly  u s e f u l ,  and p roduce im ages w ith  optimum RMS c o r r e l ­

a t i o n  to  th e  t ru e  im age. The d o t te d  re sp o n se  in  f ig u r e  1.2D i s  n o t in ­

c lu d ed  in  su b sequen t c a l c u l a t i o n s .

V ario u s  methods o f  q u a n t ify in g  image c l a r i t y  b a se d  on M .T .F . (mod­

u la t i o n  t r a n s f e r  fu n c tio n s  such  as  in  f ig u r e  1 .2 )  a g re e  th a t  i n  th e  

ab sen ce  o f  n o is e ,  and w ith  m a g n if ic a t io n  s u f f i c i e n t  t o  avo id  v i s u a l  

l i m i t a t i o n s ,  th e  a re a  under th e  t r a n s f e r  fu n c tio n  i s  a  good s p e c i f i c a ­

t i o n  o f im age c l a r i t y .  Comparing f ig u r e s  1.2B and 1 .2D , th e  c l a r i t y  

im provem ent w ith  m ic ro -o p t ic a l  tom ography i s  found a s  :

A rea o f  1.2D
A rea o f  1.2B = e f f e c t s  from  ( N.A. • D epth • Enhancement )

Thus f o r  a  ty p ic a l  s u b je c t  we e x p e c t a f i v e - f o l d  in c r e a s e  in  image 

c l a r i t y  o v e r p re s e n t a r t  m icro sco p y . For com parison , im agine a  3 inch  

mask over a  15 inch  TV to  r e p r e s e n t  p re s e n t  te c h n o lo g y , and th e  e n t i r e  

TV image to  r e p re s e n t  th e  image th a t  i s  p o s s ib le .

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  R ay le ig h  r e s o lu t io n  l i m i t  i s
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1 .22  ' Ao 
2 • N.A.

ev en  though th e  u l t im a te  l i m i t  i s  a s p a t i a l  w av e len g th  o f

Ao 
2 • N.A.

a l lo w in g  indep en d en t sam p ling  p o in ts  as c lo se  as

Ao 
4 • N.A.

W ith  th e  low n o is e  sy stem  p re s e n te d ,  a maximum a m p litu d e  b o o s t o f  te n  

f o l d  i s  re a so n a b le  a t  a  s p a t i a l  freq u en cy  o f /  1 -22 , a llo w in g

two d o ts  a t  th e  R a y le ig h  s e p a r a t io n  to  be o b serv ed  co m p le te ly  s e p a r a te  

w i th  no o v e r la p  o f " b r id g e "  betw een th e  d o ts .  A lso  o f  i n t e r e s t ,  i t  has 

b e e n  shown th a t  fo r  a sm a ll bounded o b je c t ,  such  as  a  chromosome i n  a 

n e u t r a l  f i e l d ,  i t  i s  t h e o r e t i c a l l y  p o s s ib le  to  r e c o n s t r u c t  d e t a i l  a r ­

b i t r a r i l y  f a r  beyond th e  c l a s s i c a l  d i f f r a c t i o n  l i m i t .  T h is can b e  in ­

v e s t i g a t e d ,  however ev en  w ith  th e  v e ry  low n o is e  sy s tem , s u b s t a n t i a l  

g a in s  beyond th e  c l a s s i c a l  l i m i t  a re  n o t a n t ic ip a te d  because  o f  ex trem e 

demands on d a ta  n o is e ,  l i n e a r i t y ,  and f i d e l i t y .

A ty p i c a l  133 d o t l i th o g r a p h ic  h a l f - to n e  s c re e n  used  fo r  p u b l i ­

c a t io n  can re s o lv e  to  133/2  l i n e  p a i r s  p e r  in c h  o r  1 3 3 /(2 * 2 5 .4 )  = 2 .62 

l i n e  p a i r s  p e r  m i l l im e te r  b e fo r e  a l i a s in g .  N ex t, assum ing a 1 .2 5  N.A. 

o b je c t iv e  u sed  w ith  550 nm (y e llo w is h  g reen) l i g h t ,  th e  s p a t i a l  c u to f f  

fre q u e n c y  i s

. L i . h P  = 4 55 . 10^ l i n e  p a i r s  
X o  ’ m i l l im e te r

We p la n  to  h o ld  100% t r a n s f e r  to

maximum freq u en cy  _ 3 l i n e  p a i r s
1 .22  - 3 . / 3 - 1 0  m ill im e te r
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3

th u s  su g g e s tin g  a  m a g n if ic a t io n  o f —•7.A ....1 9 —  = 1 ,424  X. At t h i s  mag-
Z . o Z

n i f i c a t i o n ,  as f a r  as th e  l i th o g r a p h ic  p ro c e s s  i s  co n ce rn ed , th e  r e s o ­

lu t io n  cou ld  have been  i n f i n i t e  w ith  no im provem ent in  th e  f in i s h e d  

p l a t e .  C o n v e rse ly , th e  l i th o g r a p h ic  p ro c e s s  w i l l  m a te r ia l ly  re d u c e  th e  

q u a l i ty  o f th e  m ic ro g ra p h ie  im age. When s c re e n in g  an im age, d i f f r a c ­

t i o n  l i m i t a t i o n s  a r e  i n t e n t i o n a l l y  in tro d u c e d  to  av o id  a l i a s i n g .  A 

m a g n if ic a t io n  o f 3000 X w i l l  s t i l l  g iv e  th e  c l a r i t y  o f a t y p i c a l  

" sh a rp "  n o n -m icro g rap h  p u b lish e d  p i c tu r e .



CHAPTER II

THEORETICAL ASPECTS OF THE FOCUS 
MICROCOMPUTER NUMBER SYSTEM

In tr o d u c t io n

FOCUS i s  a number system  and su p p o r tin g  s o f tw a re  e s p e c i a l l y  u s e f u l  

f o r  m icrocom puter c o n t ro l  and o th e r  s ig n a l  p ro c e s s in g  a p p l i c a t io n s .  FO­

CUS has th e  w ide ra n g in g  c h a r a c te r  o f f l o a t in g - p o in t  numbers w ith  a 

u n ifo rm ity  o f s t a t e  d i s t r i b u t i o n s  t h a t  g iv e  FOCUS a p p ro x im a te ly  a fo u r ­

fo ld  a c c u ra c y  ad v an tag e  over an e q u a l word le n g th  f l o a t i n g - p o i n t  system . 

FOCUS c o m p u ta tio n s  a re  t y p i c a l l y  f iv e  tim es f a s t e r  th an  e q u a l word 

le n g th  s in g le  p r e c i s io n  f ix e d - p o in t  o r in te g e r  a r i th m e t ic  f o r  a m ix tu re  

o f o p e r a t io n s ,  com parable w ith  hardw are  a r i th m e t ic  in  speed f o r  many 

a p p l i c a t io n s .  A lg o rith m s f o r  8 - b i t  and two v e r s io n s  o f 1 6 - b i t  FOCUS 

a r e  in c lu d e d .

S o p h is t i c a t io n  of re q u ire m e n ts  in  system s d e s ig n  has p re s s e d  d i g i ­

t a l  sy stem s in t o  r e a l - t im e  s ig n a l  p ro c e s s in g . In  a d d i t io n  to  th e  u su a l 

so f tw a re  te c h n iq u e s ,  many hardw are te c h n iq u e s  a re  a c t i v e l y  p u rsu e d . 

B e s id e s , m ethods o f r e p re s e n t in g  a q u a n t i ty  and c r i t i c a l  p e r ip h e r a l  

in fo rm a tio n , su ch  a s  s i g n i f i c a n t  a r i t h m e t ic ,  unnorm alized  a r i t h m e t i c ,  

e r r o r  e s t im a t io n  in  com puter c a l c u l a t i o n ,  e t c . ,  a r e  o f  v i t a l  conce rn  

in  t h i s  f i e l d .  T h is  th e s i s  p r e s e n ts  a d i g i t a l  number system  p ro v id in g  

speed and a c c u ra c y  fo r  d i g i t a l  s ig n a l  p ro c e s s in g  u s in g  a m icrocom pu ter.

15
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Many d i g i t a l  c o n t r o l  sy stem s should  respond  q u a l i t a t i v e l y  s tro n g  to  

g ro s s  e r r o r s  betw een th e  o u tp u t and c o n t ro l  s ig n a l ,  b u t  shou ld  respond  

q u a n t i t a t i v e l y  d e l i c a t e  as e q u i l ib r iu m  i s  ap p roached . The l a t t e r  r e q u ir e ­

m ent o f te n  demands a minimum o f  12 to  1 6 - b i t  f ix e d - p o in t  system s to  avoid  

c h a t t e r  cau sed  by quantum  jum ping  n e a r  q u ie sc e n c e  even  though m ost of 

th e  r e s u l t i n g  th o u san d s  o f s t a t e s  a r e  w asted  in  p ro v id in g  f r a c t i o n a l  

p a r ts -p e r - th o u s a n d  c o n t r o l  o f  th e  c o r r e c t iv e  fo rc e  when th e re  i s  a  la rg e  

e r r o r  i n  th e  system  b e in g  c o n t r o l l e d .  A much more e f f i c i e n t  number sy s­

tem would fo c u s  a v a i la b le  s t a t e s  n e a r  ze ro  i n  ana logy  to  th e  " v i r t u a l  

ground" o f  an  o p e r a t io n a l  a m p l i f i e r  o r  in  an a lo g y  to  th e  human eye which 

c o n c e n tr a te s  a v a i la b le  r e s o lu t io n  n e a r  a " c e n te r  o f fo c u s "  w h ile  r e t a i n ­

in g  co g n iz a n c e  o f  d is ta n c e  s t a t e s .  The number system  p re s e n te d  does 

a l l o c a t e  a v a i l a b l e  s t a t e s  in  t h i s  f a s h io n ,  th u s  s u g g e s tin g  i t s  name.

I f  th e r e  i s  tim e , a com puter h as  an in h e re n t  a b i l i t y  to  resp o n d  to 

th e  env iro n m en t w ith  an  h e u r i s t i c  and complex n a tu re  t h a t  can n o t be 

m atched i n  an a lo g  form . The number system  p re s e n te d  p ro v id e s  th e  speed 

r e q u ir e d  f o r  a c l e a r e r  fo cu s  o f  th e  c o m p le x it ie s  o f th e  system  e n v iro n ­

m ent and i t s  c o n t r o l ,  th u s  a g a in  s u g g e s tin g  i t s  name.

As an  in t r o d u c t io n  to  th e  FOCUS system , i t s  a b i l i t i e s  a r e  now 

s p e c i f i e d  u s in g  numbers and s ta te m e n ts  t h a t  w i l l  be su p p o rte d  a s  th e  

co n ce p t i s  d ev e lo p ed .

An 8 - b i t  FOCUS word p ro v id e s  th e  ran g e  and r e s o lu t io n  in  a f a i r l y  

l a r g e  a re a  around and in c lu d in g  z e ro  of a 15 7 /8  - b i t  f ix e d - p o in t  word. 

Compared to  th e  lo g a r i th m ic a l ly  u n ifo rm  FOCUS, a  f l o a t in g - p o in t  r e p r e ­

s e n ta t io n  seem s "o u t o f  fo cu s"  w ith  ty p i c a l l y  one b i t  l e s s  e f f ic ie n c y  

b ased  on RMS f r a c t i o n a l  e r r o r ,  two b i t s  l e s s  based  on peak  f r a c t i o n a l
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e r r o r ,  and f u r t h e r  accuracy  l o s s e s  i n  com puta tion . With th e  FOCUS cod ing  

a s i n g l e  8 - b i t  b y te  i s  i n  s e r i o u s  c o n te n t io n  f o r  n o n - t r i v i a l  a p p l i c a ­

t i o n s ,  p ro v id in g  b ip o l a r  o p e r a t io n  w i th  a  2^ % RMS f r a c t i o n a l  e r r o r  over  

a ran g e  o f  60 ,000 to  1 e i t h e r  s id e  o f  ze ro .  For com parison , 8 - b i t  FOCUS 

g iv e s  l e s s  a u d ib le  d i s t o r t i o n  of a  s i g n a l  than  would t r a n s c r i p t i o n  on 

a c a s s e t t e  ta p e  r e c o r d e r .  1 6 - b i t  FOCUS 10.10 f u l f i l l s  th e  re q u ire m e n ts  

of most p r e c i s i o n  s ig n a l  p r o c e s s in g  a p p l i c a t i o n s ,  p ro v id in g  0 .0 6  % RMS 

f r a c t i o n a l  e r r o r  over a ran g e  o f  32 o rd e r s  of m agnitude f o r  p o s i t i v e  and 

n e g a t iv e  numbers, e q u iv a le n t  t o  an 1 8 - b i t  f l o a t i n g  p o in t  sy s tem .

U n lik e  f l o a t i n g - p o i n t  s o f tw a re  t h a t  g iv e s  a c c u racy  a t  th e  expense 

of sp eed ,  th e  s p e c i a l  f e a t u r e  o f  FOCUS i s  accu racy  w i th  sp eed .  Compared 

w i th  a  u n ifo rm  m ix tu re  o f  ad d ,  s u b t r a c t ,  m u l t ip ly ,  and d i v i d e ,  and w ith  

8 - b i t  f i x e d - p o i n t  com puta tions  perform ed  on a p o p u la r  m ic ro p ro c e s s o r ,  

1 6 - b i t  FOCUS programs e x e c u te  3 t im es  f a s t e r .  T h is  i s  n o t  a  f a i r  num­

b e r  however because  th e  f i x e d - p o i n t  a lg o r i th m s  used f o r  com parison  do 

no t f i x  up ov e rf lo w , and th e  f i x e d - p o i n t  so f tw are  m u l t ip l y  and d iv id e  

a re  o n ly  f o r  p o s i t i v e  numbers. l-Jhen overf low  f ix - u p  and 4 q u ad ran t  

a b i l i t y  a r e  removed a l so  from th e  FOCUS program, th e  8 - b i t  FOCUS exe­

c u te s  10 tim es  f a s t e r  than  th e  8 - b i t  f i x e d - p o i n t .

B inary  R e p re s e n ta t io n

FOCUS programs use  a l o g a r i th m ic  number cod ing  i n  w hich , l i k e  

f l o a t i n g - p o i n t ,  an exponent i s  s t o r e d ,  b u t  u n l ik e  f l o a t i n g - p o i n t ,  no 

m a n t is s a  i s  g iv e n .  R ather th e  exponen t i s  a f i x e d - p o i n t  number w ith  

a f r a c t i o n a l  p a r t .  Both th e  number and th e  exponent have s ig n s  which 

could  be  r e p r e s e n t e d  i n  s ig n -m a g n i tu d e ,  o f f s e t  b in a r y ,  o r  o n e ' s  or tw o 's
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complement f o r  16 p o s s i b l e  co m b in a tio n s .  The com bina tion  o f  s ign-m ag­

n i tu d e  f o r  th e  number and o f f s e t  b in a ry  f o r  th e  exponen t s ig n  i s  found 

to  be optimum from a  c o m p u ta t io n a l  v ie w p o in t ,  and so i s  used  f o r  FOCUS 

program s. The same ch o ice  was used  i n  th e  26th  r e f e r e n c e  to  p roduce 

very  f a s t  ROM based  hardw are , l i m i t e d  to  1 2 - b i t  o r  s m a l l e r  w ords.

Two Bytes ■» FEDCBA98 76543210

FOCUS. 16 Format •* F EDCBA9.876543210

EDCBA9.876543210
C orrespond ing  E qua tion  + P ' lO

Remaining 15 b i t s  h o ld  th e  base -1 0
Sign B i t  lo g a r i th m  o f  th e  a b s o lu t e d  v a lu e  of

"O' = p o s i t i v e  th e  number p lu s  an o f f s e t :
"1" = n e g a t iv e  q 100000.000000000

w ith  th e  b in a ry  p o i n t  f ix e d  a s  shown

F ig u re  2 .1  FOCUS.16 Format

The f o r m a t t in g  used  in  FOCUS.16 programs i s  g iven  above . Sample

words u s in g  t h i s  fo rm at a r e  t r a n s l a t e d  below:
0

0 100000.000000000  =  +10 =  1 

1 100001.000000000  =  - 10^  =  -10  

0 011111.000000000  =  + 10" ^  =  0.1  

0 100000.100000000 = + 1 0 '^  -  3 .16

0 111111.111111111 = +io'*’^^

1 000000.000000000 = -1 0 “ ^^

F orm ats  used i n  o th e r  FOCUS programs a r e  shown below :

Program R e p re s e n ta t io n  o f  U n ity  B i t s  F r a c t i o n  b i t s  Log Base

FOCUS 1 0 .1 0  0 10000.0000000000 16 10 10

FOCUS.16 0 100000.000000000 16 9 10

FOCUS.8 0 1000.000 8 3 2

Table  2 .1  FOCUS Formats
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Anglo# to  FOCUS C onvers ion

G enera l  C o n s id e ra t io n s

T h is  s e c t i o n  d i s c u s s e s  th e  i n t e r f a c e  o f  an a n a lo g  s i g n a l  w ith  

FOCUS b in a ry  f o r m a t t in g .  T r a n s l a t i o n  o f  th e  s i g n a l  w h ile  i n  an a lo g  

form a l lo w s  th e  c h a r a c t e r i s t i c  r e s o l u t i o n  and ra n g e  o f  FOCUS to  be r e ­

t a in e d  w i th  f i x e d - p o i n t  d i g i t a l  c o n v e r t e r s  o f  r e a s o n a b le  b i t  s i z e .  Thus, 

a l th o u g h  FOCUS.8 spans  n e a r l y  f i v e  o r d e r s  o f  m agn itude ,  on ly  7 - b i t  

f i x e d - p o i n t  c o n v e r t e r s  a r e  needed w ith  th e  p roposed  c i r c u i t .  1 2 - b i t  

f i x e d - p o i n t  c o n v e r t e r s  s e r v i c e  th e  1 6 - b i t  FOCUS fo rm at over a  c o n t in u o u s  

b i p o l a r  ran g e  o f  e i g h t  o r d e r s  o f  m agnitude from 1 m ic ro v o l t  to  + 100 

v o l t s .

There a r e  s e v e r a l  methods o f  t r a n s l a t i n g  an a n a lo g  s i g n a l  i n t o  

l o g a r i th m ic  form. I t  i s  p o s s i b l e  to  s e l e c t i v e l y  m u l t i p l y ,  r a t h e r  th a n  

add , a  c o n s ta n t  a s s o c i a t e d  w i th  each b i t ,  o r  c o n s t r u c t  a c o n v e r t e r  u s ­

in g  s e v e r a l  l i n e a r  segment a p p ro x im a tio n s  o f  a  lo g a r i th m ic  c u rv e ,  o r  

d e r i v e  th e  lo g a r i th m  and e x p o n e n t i a l  f u n c t io n s  i n  an a lo g  c i r c u i t r y  u s in g  

d io d e  o r  t r a n s i s t o r  c h a r a c t e r i s t i c s ,  th e n  use  c o n v e n t io n a l  l i n e a r  con­

v e r t e r s .  The l a s t  ap p ro ach  i s  chosen  a s  com bining ac c u ra c y ,  economy, 

and a v a i l a b i l i t y .

The c i r c u i t  shown i n  F ig .  2 .2  p ro v id e s  b i p o l a r  FOCUS c o n v e rs io n  

and r e c o n v e r s io n .  I t  f e a t u r e s  an arrangem en t p e r m i t t i n g  few, in ex p en ­

s iv e  p a r t s  w i th o u t  compromising a c c u ra c y .  In  th e  c o n v e r t in g  c i r c u i t ,  

th e  lo g a r i th m  i s  o b ta in e d  i n i t i a l l y  i n  b i p o l a r  form to  avoid  th e  u n p re ­

d i c t a b l e  g a in s  o r  dead -bands  f o r  sm a l l  s i g n a l s  a s s o c i a t e d  w i th  a b s o l u t e -  

v a l u e - f i r s t  c i r c u i t r y .  A n o v e l  s i n g l e  a m p l i f i e r  a rrangem en t th e n  de­

r i v e s  th e  a b s o lu t e  v a lu e  w i th o u t  o p e r a t i o n a l - a m p l i f i e r  f lo p p in g  over
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a dead-hand a t  z e ro  t r a n s i t i o n .  The te m p e ra tu re  dependence and v o l t a g e  

o f f s e t  o f  th e  a b s o lu t e - v a lu e  s e c t i o n  b a la n c e s  t h a t  of th e  b i - p o l a r  lo g ­

a r i th m  s e c t i o n .  In  th e  r e c o n v e rs io n  c i r c u i t  a  d io d e  sw itch  i s  used to  

e l im in a te  FET s w i tc h e s ,  th u s  a l lo w in g  low im pedance, s t a b l e  c i r c u i t r y  

w i th  in e x p e n s iv e  o p e r a t i o n a l  a m p l i f i e r s .  The te m p era tu re  d r i f t  and 

v o l t a g e  o f f s e t  o f  th e  d io d e  sw itch  com pensa tes  t h a t  o f  th e  e x p o n e n t ia ­

t i n g  c i r c u i t .  The s ig n  i s  r e i n s e r t e d  w i th  a  c i r c u i t  r e q u i r i n g  o n ly  a  

s i n g l e  o p e r a t i o n a l  a m p l i f i e r  and a s i n g l e - p o l e ,  s in g le - th r o w  d io d e  

s w i tc h ,  w h i le  a t  th e  same t im e  com pensa ting  f o r  th e  v o l t a g e  o f f s e t  

o f  th e  e x p o n e n t i a to r  w i th  e i t h e r  p o l a r i t y .  A s e t  o f  t y p i c a l  component 

v a lu e s  f o r  th e  c i r c u i t  i s  i n d i c a t e d .  T h is  c i r c u i t  has been b u i l t  and 

i t s  o p e r a t io n  v e r i f i e d  w i th  p a r t s  c o s t i n g  under $4, e x c lu d in g  th e  d ig ­

i t a l  s e c t i o n .

Because FOCUS has  s p e c i a l  a c c u ra c y  n e a r  v i r t u a l  ground w i th  sp ec ­

i a l  c a p a c i t y  f o r  w ide dynamic e x c u r s io n s  w i th  l e s s e r  a c c u ra c y ,  i t  i s  

o f t e n  d e s i r a b l e  to  perform  s u b t r a c t i o n  o f  d i f f e r e n t i a l  in p u t  s i g n a l s  

i n  an a lo g  form and to  p e rfo rm  o u tp u t  i n t e g r a t i o n  i n  an a lo g  form , b o th  

i n  ana logy  to  th e  f u n c t io n in g  o f  a d i f f e r e n t i a l  in p u t  i n t e r n a l l y  s t a ­

b i l i z e d  o p e r a t i o n a l  a m p l i f i e r .

I n  au d io  p ro c e s s in g  freq u en cy  p re -e m p h a s is  can be used w i th  a  min­

imum o f  conce rn  f o r  o v e r ra n g in g .  A dynamic e x p a n d e r - c o n t r a c to r  i s  n o t  

needed as  t h i s  f e a t u r e  i s  in h e r e n t  i n  th e  lo g a r i th m ic  FOCUS co d in g .  For 

image p ro c e s s in g  th e  d e s i r a b l e  l o g a r i th m ic  re sp o n se  i s  a u to m a t i c ,  an 

e x t r a  c o n v e r t e r  i s  n o t  needed . The s o f tw a re  d i f f i c u l t i e s  o f  a  l o g a r i t h ­

mic im aging system  w i l l  be o b v ia te d .
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TYPICAL VALUES

R1
R2
R3

R17
33K
56K

= 2 . OK R4
R5
R6

6.2K
33K
5.6K

R7
R l l
RI2

30K
910/1
1.8K

R13 = R14 = 6.8K 
R15 = 22K 
RI6 = 43K

F ig u re  2 .2  Analog /  FOCUS C onvers ion  C i r c u i t
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D esign  E qua t ions

Unexpected c o m p lic a t io n s  i n  a n a ly z in g  the  c i r c u i t  o f  F ig u re  2 .2

a r e  condensed i n t o  d e s ig n  e q u a t io n s  to  a id  the  r e a d e r  a t t e m p t in g  to

use  the  c i r c u i t .  L e t :

= maximum in p u t  o r  o u tp u t  v o l t a g e  (lOV ty p i c a l )

= lo g a r i th m ic  d iode c u r r e n t  a t  (5 ma t y p i c a l )

= r e f e r e n c e  in p u t  or o u tp u t  v o l t a g e  co rre sp o n d in g  to  FOCUS 
number 1

I  = lo g a r i th m ic  d iode  c u r r e n t  o f  V (1 /3  ma t y p i c a l )

= d io d e  v o l t a g e  a t  ( .5V  t y p i c a l )

V = so u rc e  v o l t a g e .  Must be c o n s ta n t ,  p o s s ib ly  z e n e r  s t a b i l i z e d ,  
b eca u se  m u l t i p l i e s  e f f e c t i v e  in p u t  (15V o r  12V t y p i c a l )

The in p u t  s e c t i o n  i s  des igned :

R5/R4 = g a in  from two d io d e s  to  A/D c o n v e r t e r ,  exam ple: f o r  two

s e r i e s  . IV /decade d io d e s ,  + 2 . 5 V  A/D and FOCUS.8 w ith  1 0^ '^^  

ran g e ,  r e q u i r e d  g a i n  = 5 . 2 3 .

R2/K = R3 ' K = V g/I^

where K ,> 1. U n i ty  g iv e s  av e rag e  i n  b o th  d io d e s .

R6 +  R7 ^D R4> —— and TTTT >R3 + R6 + R7 Vg R2 Vg

i n e q u a l i t y  should b e  by more th a n  a  f a c t o r  o f  2 f o r  uniform  

I  w ith  s ig n  t r a n s i t i o n .

R4 2. R6 and R5 ^  R7.

e q u a l i t y  g iv e s  e q u a l  b i a s i n g .

R4/R5 = R6/R7 

The o u tp u t  s e c t i o n  i s  des igned :
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R17 = RI 

R12 = 2 'R l l  

R13 = R14

O ther  com bina tions  o f  R12/R11 and R13/R14 a r e  p o s s i b l e .  

Those p re s e n te d  o p t i m a l ly  compromise d i s t o r t i o n  and n o is e .  

R12 = R13 f o r  b i - p o l a r e d  av e ra g ed  b ia s  n u l l

(R ll  + R12)

Z. = T  R12 i f  R12 = R13 = R14 = 2 -R l l  xn 4

= g a in  of s e c t i o n  f rom  to  d u a l  d io d e s ,  = w i th  

g iv e n  r a t i o s .  Choose f o r  p ro p e r  g a in .  F o r  c u r r e n t  

o u tp u t  D/A one may add a  r e s i s t o r  to  red u ce  Z^^ between 

Vg and ground o r  d e c r e a s e  R l l  and R12 w h ile  k e e p in g  t h e i r  

r a t i o  c o n s ta n t .  With a v o l t a g e  o u tp u t  D/A one may wish 

to  add a s e r i e s  r e s i s t o r .  .

R15 = R16

Vg -  2 Vj3
z-TT < — 7 ~ r ,------- f o r  r e f e r e n c e  u n i f o r m i ty .R14 4 Vg

Matched log -confo rm ance  t r a n s i s t o r s  i n  a  d iode  a r rangem en t can  r e p la c e  

t h e  d io d e s ,  and th e rm is to r  netw orks can r e p la c e  key r e s i s t o r s .

Trimming

Make a d ju s tm e n ts  i n  th e  o rd e r  g iv e n  to  m inim ize r e a d ju s tm e n t .

The in p u t  s e c t i o n  i s  trimmed:

1. N u ll  in p u t  op-amp a t  ze ro  s i g n a l .
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2 .  In p u t  +V *10 and +V / lO ,  a d j u s t  R5 so FOCUS number v a r i e s  o v e r  

100:1 .

3 .  In p u t  -V '1 0  and -V /1 0 ,  a d j u s t  R7 so FOCUS number v a r i e s  ov e rK K

100:1 .

4 .  In p u t  +V , a d j u s t  R1 f o r  a FOCUS number o f  1 (V. = OV) R2 and 

R3 have r e c i p r o c a l  e f f e c t s .

5 .  In p u t  -V^. I f  FOCUS number i s  n o t  -1  (V^ = 0) connec t a  h ig h  

r e s i s t a n c e  from s ig n  o u tp u t  (o r  b u f f e r e d  o u tp u t )  to  a p p r o p r i a t e  

+ o r  -  in p u t  t e r m in a l  o f  second op-amp. I f  b u f f e r e d  th rough  

in v e r t i n g  g a t e ,  s u b s t i t u t e  -V i n  s te p  4 ,  +V i n  s te p  5.

The o u tp u t  s e c t i o n  i s  trimmed:

1 1 .  Output FOCUS number +1 (V^ = = 0 ) ,  a d j u s t  R16 f o r  v o l t s  

o u t .

12. Output FOCUS number - 1  (V^ = i ^  = 0 ) ,  a d j u s t  R15 f o r  -V^ v o l t s  

o u t .

13 . Output FOCUS numbers +10, + 1 /1 0 ,  -1 0 ,  and - 1 /1 0 .  Average r a t i o  

should  be between 3 0 :1  to  300 :1 .  E lse  a d j u s t  s e r i e s  o r  p a r ­

a l l e l  i n p u t  r e s i s t o r  i f  in c lu d e d ,  or i f  n o t ,  R l l  and R12 t o ­

g e th e r .

14 . Output FOCUS numbers -10  and - 1 / 1 0 ,  a d j u s t  R l l  f o r  o u tp u t  

r a t i o  o f  100 :1 .

15 . Output FOCUS numbers +10 and + 1 /1 0 ,  a d j u s t  R14 f o r  o u tp u t  

v o l t a g e  r a t i o  o f  1 0 0 :1 .
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A ri th m e t ic

A d d i t io n  and S u b t r a c t io n  

The v i t a l  f e a t u r e  o f  the  FOCUS programs i s  th e  a b i l i t y  to  perfo rm  

g e n e r a l  c a l c u l a t i o n s  and to  perfo rm  them r a p i d l y .  T h is  h in g e s  on th e  

a b i l i t y  to  perform  a d d i t i o n  d i r e c t l y  in  th e  lo g a r i t h m ic  domain.

A t h e o r e t i c a l l y  p o s s i b l e  b u t  im p r a c t i c a l  method o f  a d d i t i o n  would 

be to  u s e  a two d im e n s io n a l  lookup t a b l e .  1 6 - b i t  a d d i t i o n  u s in g  t h i s  

method would r e q u i r e  o v e r  fo u r  b i l l i o n  words o f  memory. A nother t h e o r ­

e t i c a l  p o s s i b i l i t y  would be t o  u s e  two 64K word a r r a y s  to  t r a n s l a t e  

back  and f o r t h  between th e  l i n e a r  and lo g a r i th m ic  dom ains. However such

a  system  would e x e c u te  s lo w ly  and in c r e a s e  c o m p u ta t io n a l  e r r o r  w i th

two s t a g e s  of ro u n d o f f .

The FOCUS a d d i t i o n / s u b t r a c t i o n  a lg o r i th m  does u s e  a lookup t a b l e ,  

b u t  r e q u i r e s  only 2305 8 - b i t  h a l f  word b y t e s  f o r  FOCUS.16, and 256 b y te s  

f o r  FOCUS.8. E xecu tion  i s  e x t re m e ly  f a s t ,  r e q u i r i n g  on ly  a s i n g l e  mem­

o ry  r e f e r e n c e ,  s ig n  t e s t ,  and two b in a ry  a d d i t i o n s  when adding  two pos­

i t i v e  FOCUS numbers. A l l  answ ers m a t e r i a l i z e  rounded to  th e  n e a r e s t  

a v a i l a b l e  s t a t e  f o r  t h e  minimum p o s s ib le  c o m p u ta tio n  e r r o r .

The b a s ic  a d d i t i o n  a lg o r i th m  fo r  two p o s i t i v e  numbers i s  now p r e ­

s e n te d ,  L e t  X, Y, and Z be th e  FOCUS coded numbers r e p r e s e n t in g  th e  

r e a l  w o r ld  v a lu e s  X ' ,  Y ' , and Z ' , i . e . :

X = log^CX') + o f f s e t

Y = loggCY') + o f f s e t

and th e  sum

Z = loggCK' + Y’ ) + o f f s e t
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We w ish  to  f in d  th e  FOCUS coded sum Z from X and Y w ith  no r e f e r e n c e  to  

t h e  r e a l  w orld  v a l u e s  X' and Y '.  To do t h i s ,  th e  fo l lo w in g  o p e r a t io n  i s  

pe rfo rm ed ;

Z = X + F(X -  Y)

The a d d i t i o n  and s u b t r a c t i o n  a r e  s t a n d a r d  b in a ry  o p e r a t io n s .  F(N) i s  a 

one d im en s io n a l  lookup t a b l e  which i s  p r e c a l c u l a t e d  a c c o rd in g  to  th e  f o r ­

mula d e r iv e d  below:

Z = loggCX' + Y’ ) = X + F(X -  Y)

X ' +  .  2% +  F (X  -  Y )

2% + 2? .  2% . 2 " «  -

1 2f(X -  ? )
2%

lo g ^ d  +  2 ^ '^ )  «  F (X  -  Y) 

lo g jC l  + 2"“ ) = F(N)

The o f f s e t s  i n  X and Y c a n c e l  i n  th e  s u b t r a c t i o n ,  le a v in g  N a s  s im ple  

f i x e d - p o i n t ,  w hich  may be a r ran g ed  to  always be p o s i t i v e .  However, when 

r e f e r r i n g  to  a  t a b l e  e n t r y ,  th e  s u b s c r i p t  N w i l l  be th e  i n t e g e r  v a lu e  

d e r iv e d  by ig n o r in g  th e  b in a ry  p o i n t .  The v a lu e  in  s t o r a g e ,  F (N ), i s  

a lw ays  p o s i t i v e ,  and co n s id e re d  f i x e d - p o i n t .  S u b t r a c t io n ,  a s  w ith  4 

q u a d ra n t  a d d i t i o n ,  u se s  a com plementary t a b l e  G(N) = loggC l -  2 ^ ) . 

K ingsbury  and Rayner i n  r e f e r e n c e  28 f i r s t  p roposed  th e  f u n c t i o n  F (h) , 

c o n c e n t r a t i n g  on an i n t e r e s t i n g  non-memory hardw are method f o r  approx­

im a t in g  th e  f u n c t i o n .

In  l o g a r i th m ic  cod ing ,  a d d i t i o n  u s u a l l y  r e s u l t s  i n  an  i r r a t i o n a l  

coded number, however i t  i s  now shown t h a t  th e  a lg o r i th m  used  i n  FOCUS 

program s can a lw ays  y i e ld  an answer rounded to  th e  n e a r e s t  a v a i l a b l e  

s t a t e .  In  th e  c a l c u l a t i o n  o f  Z, th e  b in a ry  s u b t r a c t i o n ,  lookup , and
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b in a ry  a d d i t i o n  a r e  a l l  e x a c t .  The o n ly  so u rce  of e r r o r  i s  th e  s in g l e  

ro u n d o f f  n e c e s s a ry  to  f i t  th e  t r u e  F(N) as  p r e c a l c u l a t e d  i n t o  th e  f ix e d  

p o i n t  a r r a y  s t o r a g e  when FOCUS i s  b e in g  programmed. Thus th e  type o f  

ro u n d o f f  i s  t o t a l l y  under th e  p rogram m er 's  c o n t r o l .  For th e  programs 

g iv e n  lo g a r i th m ic  rounding  was ch o sen ,  t h a t  i s ,  i n  a system  w ith  s t a t e s  

o f  . . .  1 , 2 , 4 . . .  /2  i s  th e  ro u n d in g  p o in t  between 1 and 2 so 1.49 i s

rounded to  2 .0 .  The d i s t i n c t i o n  w i th  c l o s e r  s t a t e s  i s  v e ry  s u b t l e ,  b u t  

i t  i s  i l l u s t r a t e d  t h a t  th e  ty p e  o f  ro u n d o f f  i s  o p t i o n a l .

In  the  FOCUS number system , a l th o u g h  a d d i t i o n  i n t r o d u c e s  roundoff  

e r r o r ,  m u l t i p l i c a t i o n  i s  e x a c t .  T h is  i s  th e  in v e r s e  o f  th e  s i t u a t i o n  

u s in g  f ix e d - p o i n t  a r i t h m e t i c ,  and s u p e r i o r  to  f l o a t i n g - p o i n t  where n o r­

m a l ly  n e i t h e r  o p e r a t io n  i s  e x a c t .

An example i s  g iven  to  add 4 and 2 w ith  FOCUS.8 a r i t h m e t i c :

X' = 4 = 2^ X = 0 1010.000 —

Y* = 2 = 2^ Y = 0 1001.000 — > 0 1010.000

.2#

0 0001.000 --- F ( 8 )  > 0 0000.101
+

z '  = 6 = 2 8 z = --------------------------------------» 0 1010 .101

X' = 4 i s  s to r e d  i n  th e  FOCUS system  coded as  X and Y' = 2 i s  s to re d  as 

Y. To f in d  Z, th e  FOCUS cod ing  e q u i v a le n t  o f  th e  sum 4 + 2 = 6 ,  th e  

fo rm u la  Z = X + F(X -  Y) i s  used .

A s p e c i f i c  a lg o r i th m  f o r  fo u r  q u a d ra n t  FOCUS a d d i t i o n  i s  g iven  i n  

f i g u r e  2 .3 .  Because t h i s  a lg o r i th m  c o n s id e r s  a l l  fo u r  q u a d ra n t s ,  l e v e l s  

1 and 2 a re  u sed  to  b ranch  between a d d i t i o n  and s u b t r a c t i o n  a lg o r i th m s .  

L eve l 4 i s  used  to  in s u re  t h a t  F(N) i s  always added to  th e  l a r g e s t
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m agnitude  o f  X o r  Y, th u s  l i m i t i n g  r e q u i r e d  s to r a g e  f o r  F(N) to  p o s i t i v e  

v a lu e s  o f  N. A l l  b ran ch e s  a r e  based  on t h e  s in g l e  s ig n  b i t ;  a  number i s  

^  0 i f  t h e  s ig n  b i t  i s  c l e a r .  The i d e n t i f y i n g  b ran ch  number i s  g iv en  i n  

b in a ry  form  s u g g e s t iv e  of th e  r e l a t i o n s h i p  o f  each b ra n c h  t o  th e  s ig n  

b i t s  o f  X, Y, and K.

C ENTER )

K = X - Y

5  i s  CPmf- K

Z  = Y^F(K)

no
X20

yes

yes
\ •

Xr X- Y

no

K = X - Y

Y Z O y es
1'
(-Y

110

Z = X * F ( X )

«4.0 
101 llOO

t s  corny. K

oil '

Z - X - F W

KiO n o \ K 4 0  ^  n o \  ^ y e s

7

g

I s  co)»y.\f< 2 s co¥p. K

Z 'Y * F (K ) Z = X » F f K )Z- - X-  F(K) z.y-FW Z ' Y - F ( K )

Z i O  > < Z > O

r to ^ '^ y e s  n o ^ ^ ^ y e s  h o ' ^ y e s  yes y > o ^ ^ y e s  n o ^ ^ y e s  t i o ^ ^ y e s  n o ' - — y e s

7<-0000' ? • .-
0000 -iiii"

RETURN

F ig u r e  2 .3  An A lgorithm  f o r  Four Q uadrant FOCUS A d d i t io n
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On e n t e r i n g  l e v e l  6 ,  th e  s ig n  b i t  of K d i s t i n g u i s h e s  between an 

a c t u a l  a d d i t i o n  or s u b t r a c t i o n .  I t  w i l l  be s e t  i n  th e  f o u r  m iddle 

b ran ch e s  f o r  which X and Y have d i f f e r e n t  s i g n s .  In  FOCUS.8, th e  s ig n  

b i t  becomes p a r t  of th e  a d d r e s s ,  o f f s e t t i n g  th e  lookup between th e  ad­

d i t i o n  t a b l e  F(N) and t h e  s u b t r a c t i o n  t a b l e  G(N), i n  e f f e c t  combining 

th e s e  two i n t o  a  s i n g l e  25 6 -b y te  t a b l e  F (K ).

In  t h e  case  o f  FOCUS.8 , F(K) f o r  K ^  128 could  be  s to r e d  as  a  neg­

a t i v e  num ber, a l lo w in g  a l l  l e v e l  6 o p e r a t io n s  to  be a d d i t i o n s  to  f a c i l ­

i t a t e  hard w are  d es ig n .  However s to r a g e  eco n o m iza tio n  f e a t u r e s  a r e  more 

r e a d i l y  v i s u a l i z e d  w i th  th e  s u b t r a c t i o n s  in c lu d e d  e x p l i c i t l y .  L ev e ls  

7 and 8 t e s t  and c o r r e c t  f o r  o v e r f lo w  and u n d erf lo w .

O ther  O p e ra t io n s

M u l t i p l i c a t i o n  and d i v i s i o n  a r e  v e ry  s im p le  o p e r a t io n s  i n  th e  lo g ­

a r i t h m i c  FOCUS number sy s tem . M u l t i p l i c a t i o n  i s  pe rfo rm ed  by a  b in a r y  

a d d i t i o n  fo l lo w e d  by a  s u b t r a c t i o n  o f  th e  o f f s e t .  The c o r r e c t  s ig n  b i t  

m a t e r i a l i z e s  a u t o m a t i c a l ly .  D iv i s io n  i s  com plem entary . A d d i t io n a l  

s t e p s  c o u ld  t e s t  f o r  o v e r f lo w  and underf low .

F or exam ple, to  f i n d  2 * ( -1 /8 )  = i n  FOCUS.8 ty p e  coding:

X’ = 2 = 2^ X = 0 1001.000

Y' = - 1 / 8  = -2~^ -5- Y = 1 0101.000
X +

1 1110.000 

-  1000.000 ( o f f s e t )

Z' = % = -2~^ 4- Z = 1 0110.000

P a r t i c u l a r l y  t r i v i a l  i s  th e  common m u l t i p l i c a t i o n  by a c o n s ta n t .
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The o f f s e t  i s  s u b t r a c t e d  from th e  c o n s ta n t  a t  c o m p ila t io n  t im e ,  re d u c in g  

m u l t i p l i c a t i o n  to  a  s i n g l e  "add im m ediate" i n s t r u c t i o n .

FOCUS i s  w e l l  s u i t e d  to  many o th e r  o p e r a t i o n s .  For example, i g n o r ­

in g  o verf low  and underf lo w :

| x |  C lea r  s i g n  b i t

1/X Two's complement, complement s ig n

X^ S im i la r  to  f i x e d - p o i n t  m u l t i p l i c a t i o n  when "y" i s  a  f i x e d -

p o in t  number
2

X S h i f t  l e f t  one b i t ,  s u b t r a c t  o f f s e t

/X Add o f f s e t ,  s h i f t  r i g h t  one b i t

M a th em atica l  D e r iv a t io n  o f  S p e c i f i c a t i o n s  

In  t h i s  s e c t i o n  th e  f e a t u r e s  of FOCUS w i l l  be  ex p ressed  m athem at­

i c a l l y .  C onsider  th e  p a ra m e te rs  o f  a  g e n e r a l  FOCUS word to  be e x p re s s e d  

a c c o rd in g  to  the  fo l lo w in g  fo rm a t :

E b i t s  ---------- >-------<----------------F b i t s

1 0 0 0 0 0 0  . 0 0 0 0 0 0 0 0

N b i t s

Number o f  b i t s  i n  f r a c t i o n  = F ( = 8  above)

B i t s  an i n t e g e r  p a r t  o f  exponent = E ( = 7  above)

T o ta l  number o f  b i t s  = N ( = 1 6  above)

F ig u re  2 .4  D e f in i t i o n  o f  Terms 

F does n o t  need to  be an i n t e g e r ,  i n  which c a s e  an exponen t i s  v i s ­

u a l i z e d  as o p e r a t in g  on a b a se  o th e r  th a n  2. In  p a r t i c u l a r  9 f r a c t i o n a l

b i t s  o p e ra t in g  on b a s e  10 i s  e q u iv a le n t  to  9 -  lo g^ (L og^(10))  = 7 .268
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f r a c t i o n a l  b i t s  o p e r a t in g  on b ase  2. One lo g a r i th m  a r i s e s  from th e  ex­

p o n e n t i a l  r e l a t i o n  o f  th e  b in a ry  number to  th e  b ase ,  the  o th e r  a r i s e s  

from th e  u n i t s  which a re  in  b in a ry  b i t s .

Accuracy

Because t h e r e  a r e  F number o f  b i t s  fo l lo w in g  th e  b in a ry  p o i n t  and
F

th e  FOCUS number r a i s e s  2 to  th e  f i x e d - p o i n t  power, a t r a n s i t i o n  o f  2 

s t a t e s  w i l l  double  o r  h a lv e  th e  FOCUS number and a s in g l e  s t a t e  incremen-
2 - f

t a t i o n  w i l l  cause  a  f r a c t i o n a l  r i s e  o f  (2 -1 )  • 100% or a  f r a c t i o n a l
_ , -F

drop o f  (1 -  2 ) • 100%. The lo g a r i th m ic  average  of th e s e  two i s :

s t e p  s u e  = l n ( ,23, \  l n ( 2 - ^  3  .  ^ ( 2 )  •

S t e p  s i z e  = — . 100%
2

N ote t h a t  i f  F = 0 and th e  s te p  s i z e  i s  t h e r e f o r e  . . . h ,  1 ,  2, 

th e  v a lu e  found by th e  above fo rm ula  w i l l  n o t  be 100% (1 to  2 up s te p  = 

100%, d e f i n i t i o n  #1) o r  50% (1 to  % down s te p  = 50%, d e f i n i t i o n  #2) bu t  

w i l l  be l n ( 2 ) ’100% = 69% ( lo g  a v e ra g e ,  d e f i n i t i o n  //3), which i s  con­

s id e r e d  an  optimum compromise. The d i s t i n c t i o n  between s te p  s i z e  d e f ­

i n i t i o n s  i s  academic because  f o r  p r a c t i c a l  v a lu e s  o f  F th e  t h r e e  d i f ­

f e r e n t  d e f i n i t i o n s  coverage  r a p i d l y  to  e q u a l i t y .

Because of th e  optimum ro u n d o f f  n a t u r e  o f  FOCUS,

s te p  s i z e  
maximum e r r o r  =  g-------

L e t  S be th e  s t e p  s i z e  a s  d e r iv e d  above .  Then i n  a lo g a r i th m ic  

sen se  th e  q u a n t i z a t i o n  e r r o r  has  a u n ifo rm  d i s t r i b u t i o n  between - h  S 

and +îg S and the



RMS e r r o r  =
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, dX (.100%)
- ^ s ________

RMS e r r o r  = (-100%)
2 / 3

Range

The l a r g e s t  and s m a l l e s t  m agn itudes  r e p r e s e n t a b l e  in  FOCUS can be 

s c a le d  to  f i t  i n d i v i d u a l  a p p l i c a t i o n s ,  however th e  o v e r a l l  range  i s  s e t  

by the  fo rm a t  chosen . W ithout s c a l i n g :
2 E -I

L a r g e s t  m agnitude = 2  = 2  = 10

E-1 -Fwhere 2 -2  i s  th e  l a r g e s t  number r e p r e s e n t a b l e  i n  th e  o f f s e t  b in a ry

exponen t,  and th e  r e s t  fo l lo w s  from t h i s .  S im i la r ly :
oE-1

,E-1—2 3 32S m a l le s t  m agnitude = 2  = 10 ^

,E ^

Range -  .  2<^"-s m a l le s t

Noise and "G ra in"

The a b s o lu t e  s i g n a l / n o i s e  r a t i o  i s  computed u s in g  th e  maximum un­

d i s t o r t e d  s i n u s o i d a l  s i g n a l  o v e r  th e  l e v e l  o f  n o is e  i n  th e  abscense  of 

a  s i g n a l .  T h is  le a d s  to  u n re a so n a b ly  good v a lu e s  f o r  th e  lo g a r i th m ic  

FOCUS co d in g ,  l im i te d  on ly  by th e  s te p  s i z e  between th e  s m a l le s t  pos­

i t i v e  and l a r g e s t  n e g a t iv e  number (over 1 ,000  db f o r  1 6 - b i t  FOCUS 

coding.

A b so lu te  s i g n a l / n o i s e  = 20.1og^g



33

The in s ta n ta n e o u s  s i g n a l / n o i s e  i s  found by  d iv id in g  th e  RMS v a lu e  

of th e  s i g n a l  by  th e  s im u l ta n e o u s  a d d i t i v e  RMS n o is e  l e v e l .  Because o f  

th e  l o g a r i t h m ic  n a tu re  o f  FOCUS, i n s ta n ta n e o u s  s i g n a l / n o i s e  i s  a  cons­

t a n t  f o r  any a r b i t r a r y  i n t e r v a l ,  in d e p en d en t  o f  s i g n a l  m a g n itu d e ,  d i s t r i ­

b u t io n ,  o r  f re q u e n c y  sp ec tru m , w i th  o n ly  the  n o rm a l ly  t r i v i a l  req u ire m en t  

t h a t  th e  s i g n a l  magnitude b e  w i th i n  t h e  range o f  FOCUS.

I n s ta n t a n e o u s  s i g n a l / n o i s e  = - 2 0 - log^^^CRMS e r r o r )

M agnetic  r e c o rd in g  t a p e  becomes n o i s i e r  when a s i g n a l  i s  p r e s e n t  

than  d u r in g  q u ie s c e n c e ,  a  f a c t o r  t h a t  must be c o n s id e re d  when comparing 

num erica l  s p e c i f i c a t i o n s  o f  t a p e s  t o  FOCUS. I n  aud io  a p p l i c a t i o n s  th e  

n o is e  l e v e l  o f  even FOCUS.8 compares f a v o ra b ly  to  the  h i g h e s t  q u a l i t y  

c a s s e t t e  r e c o r d i n g s  as  a  means of s i g n a l  h a n d l in g .

I n  image p r o c e s s in g ,  a  p a r t i c u l a r  k ind  o f  n o i s e  c a l l e d  " g r a in "  o r  

"snow" l i m i t s  f requency  enhancement and s u b je c t iv e  q u a l i t y .  As a  b a s e

f o r  com parison ,  th e  BMS " g r a i n "  f o r  a  p o p u la r ,  n e a r ly  g r a i n l e s s ,  f i l m  

i s  c a l c u l a t e d .  Kodachrome-64 exposed f o r  a d e n s i t y  of 1 . 0  (10 0 .1

t r a n s m is s io n )  h a s  an RMS d e n s i t y  v a r i a t i o n  of 10x10 ^ scanned  w i th  a  48 

urn d ia m e te r  c i r c u l a r  a p p e r a tu r e ,  w i th  d e n s i t y  e x p re s se d  i n  log^^  u n i t s .  

Assuming w h i t e  n o is e ,  a  r e a s o n a b le  assu m p tio n  a t  t h i s  s p a t i a l  f re q u e n c y  

ran g e ,  t h i s  c a l c u l a t e s  to  a  d e n s i t y  v a r i a t i o n  o f  9x10 w i t h  512 s q u a re  

p ix e l s  c o v e r in g  a  l i n e a r  d im en s io n  o f  24mm, c o r re s p o n d in g  to  com mercial 

TV scann ing  a  35mm t r a n s p a r e n c y .  T h i s  d e n s i t y  v a r i a t i o n ,  i n  log^^  u n i t s ,  

co rresp o n d s  t o  an  RMS l i g h t  v a r i a t i o n  o f  2.1%. T h is  i s  com parab le  w i th  

FOCUS.8 . FOCUS 10.10 h a s  35 t im e s  l e s s  g r a i n ,  which would 

be e q u a l  to  t h a t  of a  33 by 50 in c h  t r a n s p a r e n c y  assum ing w h ite  n o i s e ,  

however a t  s u c h  low s p a c i a l  f r e q u e n c i e s  th e  n o i s e  of f i l m  becomes " p in k " .
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and p ro b a b ly  no f i lm  would e v e r  re a c h  the  g r a i n l e s s n e s s  o f  FOCUS 1 0 .1 0 ,  

E s p e c i a l l y  w i th  modern n e g a t iv e  f i lm s ,  the  l o g a r i th m ic  s t a t e  a l l o c a t i o n  

of FOCUS a l lo w s  a f i l m - to - s y s t e m  n o is e  r a t i o  t h a t  i s  r e l a t i v e l y  in d e p en ­

d e n t  o f  d e n s i t y ,  f a r  s u p e r i o r  to  f ix e d  p o in t  i n  which t h i s  r a t i o  can 

v a ry  up to  s e v e r a l  o r d e r s  o f  m agnitude as  a f u n c t i o n  o f  d e n s i t y .

A ccuracy  T ra n s e c t in g  Zero

L ike  th e  human eye i n  v e ry  low l i g h t  l e v e l s ,  FOCUS h as  a b l in d  s p o t  

a t  t h e  c e n t e r .  A s t a t e  i s  d e f in e d  as  "w asted"  i f  i t s  i n c l u s i o n  r e s u l t s  

in  a  s te p  s i z e  sm a l le r  th a n  th e  jump a t  z e ro .  To f in d  an e x p re s s io n  f o r  

w a s te ,  c a l l  a  s t a t e  f r a c t i o n a l l y  wasted in  in v e r s e  p r o p o r t i o n  to  n e ig h ­

b o r in g  s t e p  s i z e  r e l a t i v e  t o  th e  jump a t  z e r o ,  r e s u l t i n g  i n  a  decay ing  

e x p o n e n t ia l  on a  lo g a r i th m ic  p l o t  f o r  e f f i c i e n c y  betw een th e  m agnitude 

a t  w hich th e  s t e p  s i z e  e q u a l s  th e  jump a t  z e ro  ( c a l l e d  M^) to  th e  m in i­

mum m agnitude  ( c a l le d  . C a l l  th e  maximum m agnitude  M^. Note t h a t  

th e  s t a t e s  a r e  un ifo rm ly  d i s t r i b u t e d  lo g a r i t h m i c a l l y  betw een and M^, 

and i n  a m i r r o r  f a s h io n  from  -M^ to  -M^. The f r a c t i o n  o f  w asted  s t a t e s  

w i l l  t h e r e f o r e  be the  f r a c t i o n a l  " a re a "  over th e  d eca y in g  e x p o n e n t ia l  

c u rv e  on a  lo g a r i th m ic  g ra p h  between and d iv id e d  by a l l  s t a t e s  b e ­

tween Mq and The r e a s o n a b l e  app ro x im a tio n  i s  made o f  ig n o r in g  th e

t a i l  o f  th e  e x p o n e n t ia l  d e c a y ,  i . e .  t h a t

^  .  1 .443  
M ln ( 2 )

log2  0

and t h e r e f o r e  th e  f r a c t i o n a l  w a s te  i s  e q u iv a le n t  to  th e  r a t i o  o f  th e
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number of s t a t e s  betw een and = M^/2.72

_2(E -  1)
M. = 2

gfE -  1)
M, = 2=

Jump a t  ze roM =1 F r a c t i o n a l  s t e p  s i z e

_2<E -  1)
Ml = 2 2

2 72 ln ( 2 ) / 2 F  2 .72

2 2 2 0 log2(2T  )

F r a c t i o n  w asted  < ^ • 100% of  s t a t e s

o r  ex p re s se d  in  number o f  b i t s ;

Waste < lo g 2

2^ -  F -  .09
b i t s

B i t s  spaced c l o s e r  than  the  jump a t  z e r o  a r e  n o t  e n t i r e l y  " w a s te d " ,  

so the  e s t i m a t e  o f  e f f i c i e n c y  based  on t h i s  d e f i n i t i o n  i s  e x c e s s iv e ly  

p e s s i m i s t i c  i n  an RMS s e n s e .  Hence th e  i n e q u a l i t y  s ig n .

Note t h a t  w as te  f a l l s  r a p i d l y  w ith  an i n c r e a s e  i n  E, and r i s e s

s low ly  w i th  an i n c r e a s e  i n  F. For th e  t h r e e  v e r s io n  p r e s e n te d :

Program Waste

FOCUS.8 < 0 .3 1  b i t s

FOCUS.16 < 0 . 0 5  b i t s

FOCUS 10.10 < 0 .1 2  b i t s

A f l o a t i n g - p o i n t  r e p r e s e n t a t i o n  does  n o t  s u f f e r  from t h i s  b l i n d  

s p o t ,  b u t  does s u f f e r  from th e  worse malady o f  o s c i l l a t i o n s
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of f r a c t i o n a l  p r e c i s i o n .  I t  can be shown t h a t  th e  common hexadec im al-

1.29base  f l o a t i n g - p o i n t  system has an RMS e r r o r  over a lo g  range  o f  2 

tim es t h a t  o f  th e  p u re ly  lo g a r i th m ic  FOCUS cod ing . T h e re fo re  we may 

c a l c u l a t e  th e  g a in  o f  FOCUS over  hexad ec im a l-b ase  f l o a t i n g - p o i n t  r e p r e ­

s e n t a t i o n  by s u b t r a c t i n g  the  b i t s  w asted  i n  FOCUS as  found above from 

1.29 b i t s .  I n  p r a c t i c e  th e  b i t  g a in  of FOCUS i s  l a r g e r  th an  t h i s  num­

b e r  b e c a u se  o f  g r e a t e r  n e t  p r e c i s i o n  of FOCUS c a l c u l a t i o n s  a s  mentioned 

b e fo re .  In  c a s e s  where the  maximum r e l a t i v e  e r r o r  r a t h e r  th a n  th e  RMS 

r e l a t i v e  e r r o r  i s  th e  l i m i t i n g  f a c t o r ,  f l o a t i n g - p o i n t  f a l l s  y e t  f a r t h e r  

behind FOCUS a s  can be v i s u a l i z e d  by r e f e r r i n g  to  f i g u r e  2 .6 .

The l a c k  of zero  i n  FOCUS seems p h i l o s o p h i c a l l y  bo thersom e, how­

e v e r ,  t h e r e  i s  v i r t u a l l y  no p r a c t i c a l  d e g ra d a t io n  o f  a c o n t r o l  system 

b ecau se ,  e x c e p t  i n  a cou n tin g  s e n s e ,  ze ro  does n o t  e x i s t  i n  th e  p h y s ic a l  

w orld . F or example, a o n e - fo o t  long  s h o r t in g  w ire  o f  18 guage copper 

a t  room te m p e ra tu re  has  a th e rm a l ly  induced  "DC" n o is e  v o l t a g e  (averaged  

over % ho u r)  a c ro s s  i t s  te rm in a l s  of abou t 10 v o l t s ,  10^^ t im es  l a r ­

ger  th a n  th e  s m a l l e s t  number i n  FOCUS.16. S im i la r ly ,  by th e  H eisenberg  

U n c e r ta in ty  P r i n c i p l e ,  zero  p o s i t i o n ,  v e l o c i t y ,  and momentum a r e  merely

t h e o r e t i c a l  c o n c e p ts .  For image p r o c e s s in g ,  the  s m a l l e s t  FOCUS.16 num- 

-3 2h e r ,  10 , c o rre sp o n d s  to  th e  c u r r e n t ,  i n  amps, from an i d e a l  pho to tube

(not p h o to m u l t i p l i e r )  v iew ing  two pho tons  every  m i l l i o n  y e a r s .  The d i f ­

fe re n c e  between t h i s  and t o t a l  d a rk n ess  i s  academic.

Two o th e r  v a l i d  rea so n s  f o r  n o t  b e in g  too concerned  w i th  th e  la c k  

o f  a  r e p r e s e n t a t i o n  f o r  zero  a r e :

1 . F l o a t i n g - p o i n t  com pu ta tions  u s u a l l y  don’ t  r e s u l t  i n  an ex ac t  

ze ro  b u t  we s t i l l  use  them.
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2. The u s e  o f  th e  FOCUS number system  does n o t  p re c lu d e  th e  use o f  

i n t e g e r  a r i t h m e t ic  where a p p r o p r i a t e .

A rray  Area

A s i n g l e  program b ran ch in g  m agn itude  t e s t  o f  th e  s u b s c r i p t  K a t  

l e v e l  6 o f  f i g u r e  2 .3  could  e l im i n a t e  s to r a g e  r e q u ire m e n ts  f o r  th e  ma­

j o r i t y  o f  s t a t e s  f o r  which th e  lookup number i f  z e r o .  A second magni­

tu d e  t e s t  co u ld  e l im in a te  more b y te s  o f  a r r a y  a r e a  f o r  w hich  F (N) i s  

s i m i l a r l y  known to  be 1. More m agnitude  t e s t s  co u ld  be a r ra n g e d  in  

s e q u e n t i a l  o r  t r e e  form. Let M be th e  number o f  such program m agnitude 

t e s t s ,  where M ^  1, then  th e  r e q u i r e d  s to r a g e  i s ;

Words i n  a d d i t i o n  a r r a y  F(N)
M -  .5

V
= INI [ - 2  • loggfZ  -1 )  + 1]

Words i n  s u b t r a c t i o n  a r r a y  G(N)
M -  .5

F oF
= INT[-2 . loggC l -  2 ^ ) + 1]

In  th e s e  fo rm u las  IN T(2.7) = 2 .  I f  L b i t s  a r e  i n  a s i n g l e  b y te ,  

th e n  a l l  FOCUS a d d i t i o n  a r r a y  numbers w i l l  f i t  i n  a  s i n g l e  b y te  i f  

F < L (by b a r e l y  more than  an i n f i n i t e s i m a l ) , and th e  number o f  FOCUS 

s u b t r a c t i o n  a r r a y  words r e q u i r i n g  a second b y te  o f  s to r a g e  i s  th e  r e l a ­

t i v e l y  sm a l l  v a lu e

F
IN T [-2 ' • l o g ^ d  -  2 ^ ) -  1]

Adding t h e s e  t h r e e  f u n c t io n s  y i e l d s  th e  minimum number o f  s in g l e  

b y te s  r e q u i r e d  f o r  a  tw o-by te  FOCUS system  in  w hich F < L. These func­

t i o n s  a re  d e r iv e d  th rough  th e  F(N) t a b l e  g e n e r a t io n  fo rm u las  p re s e n te d
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In  th e  second s e c t i o n  by a l g e b r a i c o i i y  askinj» a t  wliat v a lu e  o f  N the

f u n c t io n  F(N) w i l l  be below a  v a l u e  dependent on M and L above .

F ig u r e  2 .5  g r a p h ic a l l y  com pares th e  number o f  a r r a y  words w ith  

ac c u ra c y .  As d e s c r ib e d  b e f o r e ,  i f  some e lem en ts  a r e  s to r e d  a s  h a l f

w ords, th e  number o f  h a l f  words w i l l  be s l i g h t l y  h ig h e r .

10,000

Î
i
I
s .Q
LV

I 1,000

F O C U S .  Ig
FOCUS 10.10

FOCUS. 9

F r à c i l o h  Bif Lenqih F

100 .

3 % 1% .3%
RMS E r r o r  %

F ig u re  2 .5  R equired  Memory A l lo c a t io n  v s  Accuracy



39
Comparison o f  FOCUS, F ix e d - P o in t ,  and F lo a t in g - P o in t

FOCUS i s  now compared w i th  o t h e r  number sy s tem s.  The fo rm ulas  of 

th e  p r e v io u s  s e c t i o n  l e t  us f i n d  th e  maximum f r a c t i o n a l  e r r o r  f o r  FOCUS.8 

f o r m a t t in g  to  be 4.3%, which i s  un ifo rm  over  th e  f u l l  range  o f  4 .8  o r ­

d e r s  o f  m agn itude ,  a s  r e p r e s e n te d  in  f i g u r e  2 .6 .  8 - b i t  b i p o l a r  f ix e d -
7

p o i n t  w i l l  have a s t e p  s i z e  j u s t  a t  overf low  o f 100%/2 = 0.8% and a 

maximum r e l a t i v e  e r r o r  of h a l f  t h i s  assuming optimum ro u n d o f f .  This 

e r r o r  w i l l  v a ry  i n v e r s l y  w i th  th e  number r e p r e s e n t e d .  At 1 /10  o f  over­

f low  t h e r e f o r e  th e  maximum r e l a t i v e  e r r o r  i s  .8% /.1*2 = 4%, a s  r e p re s e n ­

te d  in  f i g u r e  2 .6 .  F l o a t i n g - p o i n t  e r r o r  i s  b a se -d e p e n d e n t .  F o r  compar­

i s o n  a b a s e  o f  10 was chosen . 2 b i t s  were a l l o c a t e d  f o r  th e  exponen t,  

l e a v in g  5 b i t s  f o r  th e  m a n t i s s a  a f t e r  th e  s ig n  b i t .  A s in g le  m a n t is s a  

c y c l e  would thus  have  4 tim es  th e  e r r o r  o f  no rm alized  f i x e d - p o i n t ,  b u t  

t h e r e  would be 4 c y c l e s ,  as r e p r e s e n t e d  i n  f i g u r e  2 . 6 .  More p o in t s  were 

computed and p l o t t e d  to  produce  t h e  q u a n t i t a t i v e  com parison  g raph  of 

f i g u r e  2 . 6 .  Note t h a t  th e  u n i f o r m i ty  o f  d i s t r i b u t i o n  o f  a v a i l a b l e  

s t a t e s  g iv e  FOCUS a  dec ided  a d v a n ta g e  over th e  i n e f f i c i e n t  s t a t e  a l l o ­

c a t i o n  sy s tem  of f l o a t i n g - p o i n t .  Had a b ase  of 2 b een  chosen f o r  th e  

f l o a t i n g - p o i n t  com parison , t h e r e  would have been l e s s  o s c i l l a t i o n  of 

a c c u ra c y ,  b u t  the  median would h ave  been e le v a te d  b e c a u se  b a s e -2  f l o a t ­

i n g - p o i n t  has  a 50% s t a t e  re d u n d a n c y .

I t  i s  i n t e r e s t i n g  to  q u a n t i t a t i v e l y  compare FOCUS to  f i x e d - p o i n t ,  

a l th o u g h  such  a com parison  must be c a r e f u l l y  q u a l i f i e d  because  i n  a 

way f i x e d - p o i n t  a l s o  h as  an e f f i c i e n t l y  un ifo rm  s t a t e  d i s t r i b u t i o n .

F o r  c e r t a i n  a p p l i c a t i o n s ,  such a s  d i f f e r e n t i a l  c o n t r o l ,  a system  i s  l im ­

i t e d  p r i m a r i l y  on t h e  low end by th e  s te p  s i z e  n e a r  q u ie sc e n c e  (ze ro )
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F ig u re  2 .6  Comparison of FOCUS, F ix e d - P o in t ,  
and F l o a t in g - P o in t

and on the  h ig h  end by th e  maximum p o s s i b l e  a m p li tu d e  w ith o u t  o v e r f lo w , 

g iven  r e a s o n a b ly  f r a c t i o n a l  accu racy  a t  o th e r  number l e v e l s .  In  FOCUS 

th e  s te p  s i z e  a t  ze ro  i s  tw ice th e  minimum p o s i t i v e  number, which has  

been d e r iv e d  i n  th e  l a s t  s e c t i o n .  Note t h a t  by th e  n a tu re  o f  FOCUS t h i s
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jump a t  z e ro  i s  th e  w ors t c a se  e r r o r  f o r  a f a i r l y  l a rg e  r e g io n  around 

zero  on b o th  s i d e s ,  and so we can v a l i d l y  c a l l  t h i s  s te p  a t  ze ro  th e  

upper bound on a b s o lu te  r e p r e s e n t a t i o n a l  e r r o r  o f  a number i n  a  f a i r l y  

l a rg e  r e g io n  around z e ro .  We w r i t e  f o r  FOCUS.8:

E -FL in e a r  ran g e  _ 2 «max _ 2__________   ^2 -2
Step s i z e  a t  zero  2*min «E-1

2"

.  2^= 7 /8

T here fo re  u n d e r  th e se  c o n d i t i o n s ,  FOCUS.8 coding p ro v id e s  th e  c a p a b i l i t y  

o f  a 1 5 | - b i t  f i x e d - p o i n t  system .

E r ro r  P ro p a g a t io n

Compared to  f i x e d - p o i n t  o r  f l o a t i n g - p o i n t ,  programming w i th  FOCUS 

i s  q u i t e  d i f f e r e n t ,  r e q u i r i n g  new c o n s id e r a t io n s  to  maximize b e n e f i t s .  

These c o n s id e r a t io n s  a re  now d is c u s s e d .  A n a ly s is  of e r r o r  p ro p a g a t io n  

du ring  c a l c u l a t i o n  i s  o f  much conce rn .  Both FOCUS and f i x e d - p o i n t  ex­

h i b i t  s t a t e  u n i f o r m i t i e s  t h a t  a l low  a p r e c i s i o n  a n a l y s i s  o f  e r r o r  p ro p ­

a g a t io n  t h a t  i s  much more i l l u s i v e  i n  f l o a t i n g - p o i n t .

F i r s t  we lo o k  a t  a d d i t i o n .  A lthough FOCUS h a s  s u f f i c i e n t  accu racy  

f o r  most a p p l i c a t i o n s ,  t h e r e  i s  l i t t l e  room in  16 o r  8 b i t s  f o r  unnec­

e s s a ry  l o s s  o f  r e s o l u t i o n .  In  th e  p r i o r  a r t  a programmer u s u a l l y  worked 

e i t h e r  w ith  f i x e d - p o i n t  a d d i t i o n  which has  no ro u n d o ff  e r r o r ,  o r  w ith  

32 o r  6 4 - b i t  f l o a t i n g - p o i n t  a d d i t i o n  where 16 b i t s  of a c c u ra c y  could  be 

l o s t  and n e v e r  m issed . E r ro r  p ro p a g a t io n  w ith  a d d i t i o n  and s u b t r a c t i o n  

i s  th e  l i m i t i n g  f a c t o r  i n  many a p p l i c a t i o n s  of FOCUS.

Let a  be th e  f r a c t i o n a l  r e p r e s e n t a t i o n a l  e r r o r  and be  th e
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a b s o lu te  r e p r e s e n t a t i o n a l  e r r o r  f o r  th e  number N. (For FOCUS 1 0 .1 0  a 

i s  a c o n s ta n t  = 0 .0006  fo r  which a  fo rm ula  has  been developed  i n  an 

e a r l i e r  s e c t i o n  and <^2000 r e p r e s e n t a t i o n a l  e r r o r  of th e  number

2000 i s  t h e r e f o r e  2000*a = 1 .2 )  L e t  o '  and o^ be d e f in e d  a s  t h e  o v e r a l l  

f r a c t i o n a l  and a b s o l u t e  e r r o r s  in c lu d in g  r e p r e s e n t a t i o n a l  and p ro p ag a ted  

e r r o r .  In  com puting the  sum A = B + C, t h e r e  w i l l  be e r r o r  p ro p a g a te d  

from B and C, and e r r o r  added i n  r e r e p r e s e n t i n g  the  sum as A. The t o t a l  

e r r o r  :

"  / " I  + " 7  +

L e t  B and C be e q u a l  and t h e i r  f r a c t i o n a l  e r r o r s  be th e  minimum v a lu e  of
I I

a .  Thus Og = Og = Og = o^. I f  B and C a r e  e q u a l ,  A w i l l  have tw ic e  the

v a lu e  of e i t h e r  and thus  o. = 2*o„ = 2*o„, and th e r e f o r e :A d o

""a / ô  +  ( o / 2 ) ^  + ( 0 / 2 ) '

o^ /o^  = / l . 5  = 1 .2 3

There has t h e r e f o r e  been a minimum o f  in c re a s e d  f r a c t i o n a l  e r r o r  i n  the  

sum compared to  a  p u re  ro u n d o ff  perform ed on a " p e r f e c t "  sum o f  " p e r f e c t "  

B and C.

C onsider n e x t  an i n f i n i t e  sequence  o f  sums of ( n e a r ly )  e q u a l  v a l ­

u e s .  F i r s t  l e t  t h e  com putation  o rd e r  be:

A = B  + C +  D + E + F + G + H +  I +  . . .

I t  i s  e a s i l y  shown t h a t  the. f r a c t i o n a l  e r r o r  o f  A app roaches  i n f i n i t y .

For a  s i m p l i s t i c  p ro o f  one m ere ly  ex ten d s  th e  sum to where a new e n t ry  

i s  l e s s  th a n  th e  s t e p  s i z e .  T h is  r e l i e s  on th e  te rm in a l  s t r i n g  o f  

s y s te m a t ic  e r r o r s  r a t h e r  than  RMS e r r o r  p ro p a g a t io n ,  b u t  t h i s  i s  what
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happens i n  p r a c t i c e .  Next c o n s id e r  a  sum computed i n  t h e  o rd e r  o f  a 

b in a ry  t r e e :

A = ( [  (B + C) + (D + E)] + [(F  + G) + (H + I)]}  + ( . . .

At each node th e  f r a c t i o n a l  e r r o r  w i l l  i n c r e a s e ,  however th e  i n c r e a s e  

converges  to  zero  and th e  f r a c t i o n a l  e r r o r  a t  th e  r o o t  converges  to  

/2  • a .  T h is  can be  shown by n o t i n g  t h a t  when t h i s  e r r o r  i s  reac h ed  

( a f t e r  an i n f i n i t e  number of a d d i t i o n s )  then  th e re  w i l l  be no change in  

e r r o r  a t  h ig h e r  n o d e s ,  i . e . :

Note t h i s  i s  the  f r a c t i o n a l  e r r o r ,  n o t  th e  a b s o lu te  e r r o r ,  t h a t  conver­

g e s .  Thus an  ( i n f i n i t e )  s e r i e s  o f  (e q u a l)  numbers o f  t h e  same s ig n  can 

be added i n  t r e e  form  w ith  o n ly  ( e x a c t ly )  h a l f  a  b i t  RMS a c c u racy  l o s s  

compared to  a  p a r a l l e d  e x a c t  sequence  added w ith  i n f i n i t e  a c c u ra c y ,  and 

th e  sum rounded  a t  th e  c o n c lu s io n .  Because o f  t h i s  th e  programmer 

shou ld  a r r a n g e  a d d i t i o n s  to  add numbers o f  rou g h ly  e q u a l  m a g n itu d es .

As an exam ple, suppose : B = 2

C = 2 

D = 2 

E = 1

G -

Then the  sum:

A = ( ( (B  + C) + D) + F) + G 

g iv e s  0 ^ = 0  • 1 .92  r e s u l t i n g  i n  a lm o s t  a  whole b i t  o f  l o s t  p r e c i s i o n .

b u t  th e  sum;
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A = (((G + F) + E) + D) + (B + C)

g iv e s  = o '  1 .3 4 ,  l e s s  th a n  h a l f  a b i t  l o s s .  A lthough n o t  t h e  p re ­

f e r r e d  o p e r a t i o n ,  FOCUS a d d i t i o n  does n o t  in t ro d u c e  e x c e s s iv e  propaga­

t i o n  e r r o r  i f  hand led  c o r r e c t l y .

I t  i s  o f  i n t e r e s t  how f a r  a  number system  can c o u n t .  FOCUS.8 can 

count a c c u r a t e l y  from 0 to  10 , FOCUS.16 can count from 0 to  23 w ith  

p e r f e c t l y  rounded accu racy  a t  each  c o u n t ,  i . e . ,  w i th in  th e  l i m i t s  of 

r e p r e s e n t a t i o n  (e x c e p t io n s  b e in g  th e  6 t h ,  8 th ,  and 16 th  c o u n t s ,  w i th in  

.002, .0 0 4 ,  and .001 u n i t s  r e s p e c t i v e l y  o f  b e in g  rounded to  t h e  n e a r e s t  

a v a i l a b l e  s t a t e s  b u t  th e  e r r o r  d i s a p p e a r s  on th e  succeed ing  c o u n t s ) .

The system  can c o n t in u e  to  c o u n t  to  54 u n i t s  w i th in  + ^  u n i t  a c c u ra c y ,  

and to  390 u n i t s  w i th  s t r i c t  m o n o to n ic i ty .  FOCUS 10 .10  has h ig h e r  ac­

cu rac y .  U n lik e  i n t e g e r  a r i t h m e t i c ,  FOCUS i s  e q u a l ly  s u i t e d  to  count 

by any u n i t ,  such  a s  .00357. I f  the  programmer d e s i r e s  an i n t e g e r

c o u n te r ,  th e  i n t e g e r  system i s  a d v ise d .  I f  a  co u n te r  must be  b u i l t  in
N

FOCUS, a " p ro d u c t  c o u n te r"  shou ld  be i n v e s t i g a t e d ,  i . e . ,  "H 1.0045
N i=0

u n t i l  X" may s e rv e  a s  w e l l  a s  "Z 1 .00  u n t i l  X". The fo rm er h a s  been
i=0

avoided  in  th e  p r i o r  a r t ,  b u t  i s  f a s t  and a c c u ra te  i n  FOCUS.

C ons ide r  th e  s u b t r a c t i o n  o p e r a t io n  A = 3 -  2. The f r a c t i o n a l  e r ro r  

of A cr '  -  = cr- y  i2  + 3 ^ +  2^ 3 .7 4 ,  a lo s s  o f  n e a r l y  2 b i t s

of p r e c i s i o n .  Note however t h a t  th e  answ er A i s  n e a r l y  e x a c t  i n  terms 

of th e  c o n s t a n t s  g iv e n . The r e p r e s e n t a t i o n a l  e r r o r  o f  th e  c o n s t a n t s  

them se lves  i s  m agn if ied  i n  a  f r a c t i o n a l  s e n s e  by r e d u c t io n  i n  t h e  mag­

n i tu d e  o f  th e  answ er. In  g e n e r a l ,  s u b t r a c t i o n  should  be avo ided  where 

p o s s i b l e  by th e  u se  of d i f f e r e n t i a l  an a lo g  s ig n a l  in p u t s  or f req u en cy  

p reem phasis  a s  su g g es ted  b e f o r e .  When i t  i s  n e c e s s a ry  t o  i n c lu d e
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s u b t r a c t i o n s  they  s h o u ld .b e  perform ed p r i o r  to  summations. For example:

16 16
I  a (x )  -  I  b (x )  

x = l  x=l

sh o u ld  be r e w r i t t e n  as

16
J  [a (x )  -  b (x )]  

x = l

o r  b e t t e r  as  

4 3
% I  [ a (x  + 4*y) -  b (x  + 4*y)]

x = l  y=0

as  e x p la in e d  b e f o r e .  S u b t r a c t i o n  (o r  a d d i t i o n  o f  o p p o s i te  s ig n  numbers) 

i s  t h e  l i m i t i n g  o p e r a t io n  i n  many in s t a n c e s ,  and so  needs  to  be u sed  

w i th  c a r e  o r  avoided by ana log  means where p o s s i b l e .

I n  th e  FOCUS sys tem , m u l t i p l i c a t i o n  and d i v i s i o n  a r e  p r e f e r r e d  

o p e r a t i o n s .  Not on ly  a r e  th e y  the  f a s t e s t  c o m p u ta t io n s ,  b u t  they  a r e  

e x a c t ,  in t ro d u c in g  no ro u n d o f f  e r r o r .  In  th e  p r i o r - a r t  m u l t i p l i c a t i o n  

and d i v i s i o n  were a v o id e d  u n le s s  a b s o lu t e ly  n e c e s s a r y ,  b e in g  slow and 

in t r o d u c in g  roun d o ff  o r  t r u n c a t i o n .  With FOCUS th e s e  o p e ra t io n s  

s h o u ld  be used i n  p r e f e r e n c e  to  o th e r s .

W ith  f i x è d - p o i n t  s y s te m s ,  p ro p e r  s c a l i n g  a t  each  com puta tion  node 

was o f  m ajor concern  to  av o id  lo s s  o f  p r e c i s i o n  o r  th e  d e v a s t a t i n g  

e f f e c t s  o f  un trapped  o v e r f lo w .  With th e  l o g a r i t h m i c a l l y  un ifo rm , 

u n d e r f lo w /o v e r f lo w  t r a p p e d  FOCUS program s, s i g n a l  s c a l i n g  i s  o f  o n ly  

c u r s o r y  concern , and u n ex p ec ted  s i g n a l  c h a r a c t e r i s t i c s  a r e  r o u t i n e l y  

h a n d le d  w ith o u t  r e s c a l i n g .

Some o p e ra t io n s  need to  be r e th o u g h t  w i th  FOCUS, For example, 

when comparing th e  m ag n itu d e  o f  two numbers, exped iency  h as  d i c t a t e d  a
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s u b t r a c t i o n  and su b se q u en t t e s t  r e l a t i v e  to  z e ro .  In  FOCUS, d i v i s i o n  

shou ld  r e p la c e  s u b t r a c t i o n ,  w ith  a s u b se q u en t  t e s t  r e l a t i v e  to  u n i ty ,  

e a s i l y  performed i n  b in a ry  FOCUS cod ing .  An a r i t h m e t i c  a v e ra g e  i s  n o t  

a p r e f e r r e d  o p e ra t io n  in  FOCUS, however a  g eo m e tr ic  av e ra g e ,  u s u a l ly  

avo ided  because of " c o m p le x i t ie s " ,  l i k e  o v e r ra n g in g  and r o o t  e x t r a c t i o n ,  

i s  v e ry  sim ple and a c c u r a t e  in  FOCUS.

Conclusion

F l o a t in g - p o in t  p ro v id e s  accuracy a t  th e  expense  of speed . FOCUS 

has  acc u racy  w ith  speed . Speed has b a r r e d  m icrocom puters  from many 

s i g n a l  p ro c e s s in g  a r e a s ,  n o t  only p r e c lu d in g  t h e i r  d i r e c t  u s e  i n  aud io  

a p p l i c a t i o n s ,  b u t  even a t  low er f r e q u e n c ie s  re d u c in g  t h e i r  f u n c t i o n  to  

mere d i g i t a l  f i l t e r s  in  c o m p e t i t io n  w i th  f a s t e r ,  in e x p e n s iv e  ana log  

f i l t e r s .  Computers have an  i n t r i n s i c  a b i l i t y  to  an a ly z e  and h e u r i s t i c -  

a l l y  a d a p t ,  to  e x h i b i t  an  a r t i f i c i a l  i n t e l l i g e n c e ,  i f  g iven  tim e to  

t h i n k .  The FOCUS program s p rov ide  th e  n u m e ric a l  r e q u ire m e n ts  fo r  

a c c u r a t e  c o n t ro l  w i th  th e  speed n e c e s s a ry  f o r  i n t e l l i g e n t  c o n t r o l .  

A ccuracy  w ith  speed makes FOCUS th e  key to  new m icrocom puter a p p l i c a ­

t i o n s .



CHAPTER III

FOCUS SOFTWARE

With FOCUS, an 8080A can perform  t h e  e q u iv a le n t  o f  o v e r  20,000 

1 8 - b i t  f l o a t i n g - p o i n t  a d d i t i o n s ,  s u b t r a c t i o n s ,  m u l t i p l i c a t i o n s ,  and 

d i v i s i o n s  i n  one second , and s to r e  th e  r e s u l t s  i n  1 6 -b i t  w ords .  FOCUS 

i s  more than  a t h e o ry ,  i t  i s  a com pleted system  p ro v id in g  n e a r  hard ­

ware s p e e d > 1 8 - b i t  a c c u ra c y ,  f l o a t i n g - p o i n t  r a n g e ,  and 8 - b i t  c o s t .

Accuracy and Speed 

In  eve ry  FOCUS a r i t h m e t i c  r o u t i n e ,  th e  answ er r e tu rn e d  i s  th e  

s t a t e  n e a r e s t  th e  t r u e  answ er, w i th o u t  compromise under any c o n d i­

t i o n .  I m p l i c i t  i n  t h i s  s ta te m e n t  i s  th e  u se  of optimum ro u n d o f f  

i n s t e a d  o f  t r u n c a t i o n ,  4 q uad ran t  a r i t h m e t i c ,  and f ix - u p  o f  o ve rf low  

and underf low  to  th e  n e a r e s t  a v a i l a b l e  s t a t e .  Because of l o g a r i t h -  

m e tic  f e a t u r e s ,  70% of FOCUS a r i t h m e t i c  r o u t i n e s  can  r e t u r n  a  p e r ­

f e c t  s t a t e  w i th o u t  ro u n d o ff  of any k in d .

W ith in  th e  l i m i t s  o f  uncompromising accu racy  th e  program s a re  

o p tim iz ed  f o r  a  com bina tion  o f  speed and memory w eigh ted  h e a v i l y  on 

th e  s id e  o f  speed .  For th e  1 6 -b i t  p rogram s i t  i s  b e l ie v e d  t h a t  mem­

ory  req u ire m en t  co u ld  be reduced 40% w i th  20% in c r e a s e  i n  e x e c u t io n  

t im e . The r o u t i n e s  a r e  w r i t t e n  f o r  com p le te  g e n e r a l i t y ,  and so can be 

s h o r te n e d  i f  c e r t a i n  assum ptions  can be  made. For maximum s p e e d ,  th e  

FOCUS r o u t i n e s  can  be e d i t e d  to  s p e c i f i c - c a s e  m a in l in e  segm ents .  For

47
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exam ple, suppose i t  i s  d e s i r e d  to  add th e  c o n te n ts  o f  th e  A and B 

r e g i s t e r s  w i th  FOCUS.8. Suppose i t  can  be assumed a t  a p o in t  in  th e  

program t h a t  (A) 2  (B) > 0 ,  th e re  w i l l  be no overf lo w , and th e  most 

s i g n i f i c a n t  8 - b i t s  o f  th e  FOCUS t a b l e  a d d re s s  rem ains  i n  th e  H r e g i s ­

t e r .  Then th e  fo l lo w in g  m a in l in e  segm ent o f  code w i l l  g e n e r a t e  th e  

answer i n  th e  A r e g i s t e r  i n  o n ly  20 c y c l e s ,  which i s  over  4 t im e s  

f a s t e r  th a n  th e  " f a s t "  8 - b i t  F ADD s u b r o u t in e :

SUB B 
MOV L,A 
ADD B 
ADD M

4 CYCLES
5 CYCLES 
4 CYCLES 
7 CYCLES

Suppose i t  i s  d e s i r e d  to  t r i p l e  the  1 6 - b i t  FOCUS number i n  t h e  HL re g ­

i s t e r  p a i r  by m u l t ip ly in g  by th e  FOCUS.16 number 3 = 0  100000.011110100, 

and i t  i s  assumed th e re  w i l l  be no o v e r f lo w .  Then th e  fo l lo w in g  main­

l i n e  segment o f  code w i l l  g e n e ra te  th e  answer in  th e  HL r e g i s t e r  p a i r  

I n  o n ly  20 c y c l e s ,  a lm ost t h r e e  t im es  f a s t e r  than  th e  1 6 - b i t  FMUL sub­

r o u t i n e :

LXI D.OOOOOOOOllllOlOOB ;10 CYCLES 
DAD D ;10 CYCLES

Both o f  th e  above exam ples, an add and a m u l t ip ly ,  an  8 - b i t  and a  16-

b i t  o p e r a t io n ,  each can e x e c u te  on an 8080 m icrocom puter i n  l e s s  than

10 m ic ro seco n d s .  By th e  u s e  o f  such s p e c i f i c - c a s e  e d i t i n g  to  f i t  the

program environm ent a t  key p o i n t s ,  i n  some a p p l i c a t i o n s  th e  FOCUS

s o f tw a re  system  can p ro v id e  f l o a t i n g - p o i n t  c h a r a c t e r  a r i t h m e t i c  a t

speeds  com parable  w i th  a hardw are  m u l t i p l y  system  o p e r a t in g  w i th  f i x e d -

p o i n t  a r i t h m e t i c .

E x p la n a t io n  o f  term s used  i n  t a b l e  3 .1 :

S tep  S iz e  -  F r a c t i o n a l  quantum s t e p  r e l a t i v e  to  th e  a d j a c e n t
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number.

RMS F r a c t i o n a l  E r ro r  -  The RMS e r r o r  o f  round ing  an a r b i t r a r y  

number to  a FOCUS s t a t e ,  i n c u r r e d  i n  FOCUS A/D c o n v e r s io n  and 

each  a r i t h m e t i c  o p e r a t io n  r e q u i r i n g  ro u n d o f f .

I n s ta n ta n e o u s  S ig n a l /N o is e  -  R e p r e s e n ta t i o n a l  e r r o r  e x p re s s e d  in  

d e c i b e l s  s i g n a l  to  n o i s e .  T h is  i s  n o t  maximum s i g n a l  v s  back­

ground n o i s e ,  r a t h e r  th e  much more d i f f i c u l t  s p e c i f i c a t i o n  of 

a c t u a l  s i g n a l  vs n o i s e  and d i s t o r t i o n  p r e s e n t  c o i n c i d e n t  w ith  

th e  s i g n a l .  Because o f  lo g a r i th m ic  cod ing :

1. As th e  s i g n a l  approaches  z e r o ,  so does  th e  a b s o lu t e  

n o i s e ,  a l lo w in g  a d i f f e r e n t i a l  " v i r t u a l  ground" to  

e l im in a te  m ost s te a d y  s t a t e  c o n t r o l l e r  n o i s e .

2. O verrang ing  i s  v i r t u a l l y  im p o s s ib le ,  a l lo w in g  ana log  

frequency  p reem phas is  to  be used .

3. Gain a d ju s tm e n ts  a r e  n o t  needed to  a v o id  n o i s e  o r  d i s ­

t o r t i o n .

S e q u e n t i a l  Roundings f o r  2.5% P ropaga ted  E r ro r  -  T h is  i s  a  measure 

o f  th e  r e l a t i v e  number o f  s e r i e s  c a l c u l a t i o n s  p e r m i t t e d .  Some 

f u n c t i o n s ,  such as m u l t i p l i c a t i o n  and d i v i s i o n  do n o t  in c r e a s e  

th e  p ro p ag a ted  e r r o r ,  and o th e r s ,  l i k e  a d d i t i o n  and s u b t r a c t i o n  

can  be a rran g ed  in  t r e e  form to  a l lo w  an i n f i n i t e  s e r i e s  of 

numbers to  be added (convolved) w i th  a r e s u l t a n t  e r r o r  equ iva­

l e n t  to  on ly  two s e r i e s  a d d i t i o n s .

Range -  L a rg e s t  s t a t e  /  S m a l le s t  p o s i t i v e  s t a t e

Speed -  Average e x e c u t io n  tim e of FADD, FSUB, FMUL, and FDIV on 

.33  y sec  c y c le  8085 m achine. I n c lu d e s  " r e t u r n " ,  b u t  does no t
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in c lu d e  " c a l l " .  

P a ram e te r  

S te p  s i z e

RMS F r a c t i o n a l  E r ro r

I n s t a n t a n e o u s  S ig n a l /N o ise

S e q u e n t i a l  Roundings f o r  
2.5% P ro p a g a te d  E r ro r

FOCUS.8 FOCUS.16 FOCUS 10.10

0.087 

2.3% 

32 db

0.0045 

0.13% 

58 db

400

Range

Speed

10,4.8 1064

0.00225 

0.065% 

64 db

1,600 

,32. 10'

19 y sec  30 y s e c  33 ysec 

T ab le  3 .1  Comparison of FOCUS V ers io n s

1 6 - b i t  FOCUS Programming on th e  8080 

The 8080 m ic ro p ro c e sso r  i s  w e l l  s u i te d  f o r  im p lem en ta t ion  o f  th e  

1 6 - b i t  FOCUS fo rm a ts .  The 1 6 - b i t  H and L r e g i s t e r  p a i r  should  be con­

s i d e r e d  a  p seudoaccum ula to r ,  h e r e a f t e r  r e f e r r e d  to  as th e  HL accumu­

l a t o r ,  and th e  D and E r e g i s t e r  p a i r  as  a 1 6 - b i t  r e g i s t e r  r e f e r r e d  to  

a s  t h e  DE r e g i s t e r .  The FOCUS program s a c c e p t  th e  two 1 6 - b i t  operands 

i n  th e  HL accum ula to r  and th e  DE r e g i s t e r ,  and r e t u r n  th e  r e s u l t  in .  th e  

HL a c c u m u la to r ,  le a v in g  th e  DE r e g i s t e r  u n a l t e r e d .

The 8080 i n s t r u c t i o n  s e t  in c lu d e s  the  1 6 - b i t  r e g i s t e r  p a i r  i n ­

s t r u c t i o n s :

LXI 1 6 - b i t  lo a d  immediate

XCHG 1 6 - b i t  r e g i s t e r  p a i r  exchange

SHLD, LHLD 1 6 - b i t  s t o r e  and load  d i r e c t

PUSH, POP 1 6 - b i t  s t a c k  o p e ra t io n s

The co m b in a tio n  o f  the  FOCUS s u b r o u t i n e s ,  th e  8 0 8 0 's in h e r e n t  1 6 - b i t
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i n s t r u c t i o n s ,  and s e v e r a l  s im p le  macros, c a u s e  th e  8080 to  a p p e a r  to  

b o th  t h e  programmer and a p p l i c a t i o n s  a n a l y s t  much l i k e  an 1 8 - b i t  hard ­

ware f l o a t i n g - p o i n t  hardw are  m u l t ip ly  m ach ine .

D e s c r ip t i o n  o f  FOCUS R o u t in e s

Summary

The FOCUS r o u t in e s  a r e  summarized in  t a b l e  3 .2 .  Terms used  i n  t h a t  

t a b l e  a r e  d e f in e d  below:

Code -  Name o f  th e  s u b r o u t in e  must be d e f in e d  i n  an "EQU" s ta t e m e n t .  

O p e ra t io n  -  Symbolic e x p la n a t io n

Safe  R e g i s t e r s  -  R e g i s t e r s  n o t  a l t e r e d  by t h e  s u b ro u t in e .

^fSEC -  A verage ex e c u t io n  t im e  on .33 y sec  c y c l e  machine.

Roundoff -  In  th e  i n t e g e r  domain 2 + 2 = 4 i s  e x a c t . I f  in  t r a n s l a t i n g  

to  i n t e g e r ,  2 .499  = 2 and 2 .501 = 3 , w ith  th e  w a te rsh ed  a l ­

ways e x a c t ly  h a lfw ay  between s t a t e s ,  then  roun d o ff  i s  d e f in e d  

a s  o p t im a l .

D e ta i l e d  In fo rm a t io n  

FADD, FSUB, FMUL, FDIV. With FOCUS, m u l t i p l i c a t i o n  and d i v i s i o n  

a r e  p r e f e r r e d  over  a d d i t i o n  and s u b t r a c t io n  b o th  f o r  speed and freedom  

from a l l  ro u n d o f f .  T h is  i s  o p p o s i te  from a l l  f a m i l i a r  number sy s te m s .  

The a d d i t i o n  and s u b t r a c t i o n  r o u t i n e s  e x e c u te  s l i g h t l y  f a s t e r  when th e  

m agnitude  o f  th e  operand i n  th e  accum ula to r  (o r  pseudoaccum ulator)  i s  

g r e a t e r  th a n  o r  equal to  th e  magnitude o f  t h e  o th e r  operand.

However th e  d i f f e r e n c e  i s  s u b s t a n t i a l l y  l e s s  th a n  th e  tim e r e q u i r e d  to  

t e s t  and s h i f t .  I f  an a d d i t i o n  o r  s u b t r a c t i o n  r e s u l t s  in  a t r u e  answer
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Code O p e ra t io n  Safe R e g i s t e r s  j u s e c  Roundoff

FADD HL ^ H L  + DE DE 42 O ptim al

FSUB HL <- HL -  DE DE 42* O ptim al

FMUL HL HL * DE BCDE 18 Exact

FDIV HL ^  HL /  DE B DE 18 Exact

*48 w ith  FOCUS 10.10

FSQR HL HL^ BCDE 12 Exact

FSQT HL -  VIHLI BCDE 18 O ptim al

FEXP HL -  HL^ B 100 Exact

FRCP HL I/HL BCDE 15 Exact

FABS HL |HL| BCDE 8 Exact

FNEG HL -HL BCDE 8 Exact

FTST T e s t  HL BCDEHL 6 -

FCMP Compare HL,DE BCDEHL 16 -

FIN HL <- Decim al In DE - Non-bias

FOUT Decimal Out ^  HL DEHL - Non-bias

FBOUT B inary  Out <- HL DEHL - Exact

FADD.8 A -f- A + B BCDE 25 Optim al

FMUL.8 A <- A '  B BCDEHL 13 Exact

FDIV.8 A *-A /  B BCDEHL 13 Exact

Table  3 .2  FOCUS R o u tin es
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of e x a c t ly  z e r o ,  th e  s ig n  o f  th e  operand in  th e  accum ula to r  (o r  pseudo­

a cc u m u la to r)  d e te rm in e s  th e  s ig n  o f  th e  r e s u l t .

FSQT. T h is  f u n c t io n  h as  o p t im a l  ro u n d o f f  b u t  i s  n o t  n o n -b ia s e d .

H alf  o f  a l l  s o lu t i o n  s t a t e s  a r e  e x a c t ,  th e  o th e r  h a l f  a r e  a lw ays e x a c t ly  

between a v a i l a b l e  s t a t e s ,  and a r e  rounded down.

FEXP. The FOCUS number i n  HL i s  r a i s e d  to  th e  b in a r y  i n t e g e r  power 

o f  th e  number i n  th e  A r e g i s t e r ,  0 _< A _< 255. E xecu tion  t im e  i s  power- 

d ep en d e n t,  v a ry in g  between 50 and 150 y s e c .

FABS, FNEG, FTST. I t  i s  recommended th e s e  fu n c t io n s  be implemented 

i n - l i n e  as  t h e i r  le n g th  i s  o f  th e  o rd e r  o f  a s u b ro u t in e  c a l l .

FTST. A f t e r  FTST, a  c o n d i t i o n a l  jump has  th e  fo l lo w in g  re s p o n s e s :

JC = Jump i f  HL < 0 }
r P u r e  0 does n o t  e x i s t  

JNC = Jump i f  HL •> 0 j

JM = Jump i f  |HL| -  1

JP -  Jump i f  |HL| < 1 FOCUS.16 FOCUS 10.10

JZ = Jump i f  HL = 0 ] [S m a l le s t  S t a t e  I = 10~^^ 10

•lO'

FCMP. A f t e r  FCMP a c o n d i t i o n a l  jump has  th e  fo l lo w in g  r e s p o n s e s :

JC = .GT. = Jump i f  HL > DE

JP = ,GE. = Jump i f  HL 2 DE

JNC = .LE. = Jump i f  HL -  DE

JM = .LT. = Jump i f  HL ^  DE

JZ = .EQ. = Jump i f  HL = DE

JNZ = .NE. = Jump i f  HL DE

FIN. FIN in p u ts  a dec im al number from an i n t e r a c t i v e  te rm in a l  and 

c o n v e r ts  i t  to  th e  FOCUS e q u i v a l e n t .  The number i s  r e t u r n e d  i n  th e  HL

JNZ = Jump i f  0 j C onside red  0 i f  | h l (  < 3 .16*10"^^  1 .7 8 - . ' ‘ "^^
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acc u m u la to r .  The DE r e g i s t e r  i s  u n a l t e r e d .

FIN w i l l  a c c e p t  a lm ost a n y th in g  t h a t  re sem bles  a number. The f o l ­

lowing a r e  v a l i d  in p u t s :

3.14159

128

+.00000001

E-8

- 0 .0 5

20E3

+6.02E+23

-0

-E12

1

When FIN i s  c a l l e d ,  th e  symbol "?"  i s  typed  a s  a prom pt. The u s e r  

then  e n t e r s  h i s  number. A f te r  a  b la n k  (space b a r )  i s  a c c e p te d  th e  num­

b e r  i s  coded and e x e c u tio n  c o n t in u e d .

FIN checks each  c h a r a c te r  f o r  c o n te x t  as i t  i s  e n t e r e d .  A c h a ra c ­

t e r  w i l l  n o t  be  a cc ep ted  o r  echoed i f  i t  i s  ou t o f  c o n te x t .  An i n v a l i d  

number can n o t  be e n te re d .

I f  a  wrong number i s  ty p e d ,  " ru b o u t"  may be  u sed .  The e ra se d  

c h a r a c t e r  i s  echoed . I f  th e  e n t i r e  e n t r y  i s  rubbed  o u t ,  t h e  prompt 

c h a r a c t e r  w i l l  be  p r in t e d  in  re s p o n s e  to  f u r t h e r  " ru b o u t" s .

As w i th  o th e r  FOCUS r o u t i n e s ,  a  number ou t o f  range w i l l  be sub­

s t i t u t e d  w ith  th e  n e a r e s t  a v a i l a b l e  s t a t e .  An e x c e p t io n  o c c u rs  i f  th e  

m a n t is a  o f  an E fo rm at d a ta  i s  o u t  o f  ran g e ,  i n  which case  th e  m a n t is a  

i s  f i r s t  s u b s t i t u t e d  w ith  th e  n e a r e s t  extreme s t a t e  b e fo re  add ing  th e
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ex p o n en t .  For exam ple, in  FOCUS.16

.00000000000000000000000000000000002E50 

i s  a ssem bled  as  1*10 • 10^^ = 10^®, r a th e r  th a n  2*10“ ^^ • 10^^

= 2"10^^ , s in c e  10~^^ i s  th e  s m a l l e s t  p o s i t i v e  FOCUS.16 number. The 

s im p le s t  e n t r i e s  to  s p e c i fy  th e  ex trem e s t a t e s  a r e :  E99, 0 , - 0 ,  and

-E99 .

The program  i s  ROM co m p a tib le  i n  t h a t  no RAM i s  ad d ressed  by lo c a ­

t i o n ,  however b a la n c e d  s t a c k  o p e r a t io n s  a re  u sed .  The depth  o f  s t a c k  

o p e r a t io n s  i s  5 + [number o f  c h a r a c t e r s  s a v e d ] . A "+" i s  no t  saved , 

and " ru b o u t"  r e l i e v e s  s to r a g e  o f  e r a s e d  c h a r a c t e r s .

A complex FOCUS re s id u e  c o n v e rs io n  system a l lo w s  n e a r ly  op tim al 

t r a n s l a t i o n  to  th e  n e a r e s t  a v a i l a b l e  s t a t e .  N o n -b ia sed  rounding r e t u r n s  

th e  n e a r e r  FOCUS s t a t e  w i th o u t  t r u n c a t io n .

FOUT. FOUT o u tp u ts  a dec im a l t r a n s l a t i o n  o f  th e  FOCUS number i n  

th e  HL a c c u m u la to r .  Both HL and DE a r e  u n a l t e r e d .  T y p ic a l  o u tp u t  i s  

g iven  w i th  = b la n k .  C o n s tan t  p r i n t  le n g th  s i m p l i f i e s  fo rm a t t in g .

-3.14_E_05

10
4- s p a c e s  

a l w a y s

The number i s  rounded, n o t  t r u n c a te d .  A FOCUS r e s id u e  convers ion  

system  a l lo w s  n e a r l y  ex ac t  dec im a l convers ion  w i th o u t  lo s in g  th e  f r a c t ­

io n  o f  a quantum s te p  accuracy  o f  a norm al a r i t h m e t i c  o p e ra t io n .

The f r a c t i o n a l  quantum s t e p  o f  a 3 d i g i t  d e c im a l  number eq u a ls  t h a t  

of FOCUS.16 a t  2 .22  and t h a t  o f  FOCUS 10.10 a t  4 .4 5  .

FBOUT. FBOUT o u tp u ts  th e  FOCUS number i n  th e  HL accum ula to r  i n  ab­

s o l u t e  b i n a r y .  Both HL and DE a r e  u n a l t e r e d .  T y p ic a l  o u tpu t  i s  g iven
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w ith  = b lank ;

_0_100110. 001111111_

^ ______ 20 s p a c e s _____ ^
always

FADD.8, FMUL.8, FDIV.8 . These a r e  th e  FOCUS.8 r o u t i n e s .  Sub­

t r a c t i o n  can be perform ed by complementing th e  s i g n  b i t  b e fo re  a d d i t ­

io n .

Assembly and System R equirem ents

Memory Requirem ents 

A l l  FOCUS programs a re  ROM co m p a tib le .  No r o u t i n e  uses  memory 

re a d  o r  w r i t e .  No a r i t h m e t i c  r o u t i n e  uses  s t a c k  o p e r a t io n s ,  ex cep t f o r  

" r e t u r n " .  10 r o u t i n e  usage o f  the  s t a c k  i s  d i s c u s s e d  in  th e  p re v io u s  

s e c t i o n .
FOCUS.16 FOCUS 10 .10

FADD, FSUB, FMUL, FDIV, (SUA, ADA).............................  2907^^ 5125^^

FSQR, FSQT, FEXP, FRCP, FABS, FNEG, FTST, FCMP • 194^^ 194^^

FIN, FOUT, FBOUT, (lOA)   587^^ 588^^

T o ta l  8 - b i t  b y te s    3688^^ 5907^Q

T able  3 .3  1 6 - b i t  FOCUS Memory R equirem ents

In p u t-O u tp u t  Requirem ents

CIO eq u a te s  symbols Cl and CO to  th e  system  c h a r a c t e r  10 r o u t i n e s .

The f i l e  CIO c o n ta in s :

Cl EQU 0F803H 
CO EQU 0F809H

The r o u t i n e s  shou ld  a c t  as fo l lo w s :
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CI In p u t  an ASCII c h a r a c t e r  to  th e  A r e g i s t e r .  A and PSW r e g i s ­

t e r s  may be  a f f e c t e d .

CO O utput an  ASCII c h a r a c t e r  from the  C r e g i s t e r .  A, C, and PSW 

r e g i s t e r s  may be a f f e c t e d .

U sers  may need to  m odify th e  f i l e  CIO to  f i t  t h e i r  system s.

FOCUS Modules

T able  3 .4  l i s t s  FOCUS modules a lo n g  w ith  s p e c i a l  c o n s id e r a t io n s  

f o r  s e l e c t i n g  and seq u en c in g .  FOCUS.8 i s  th e  8 - b i t  v e r s io n .  F i l e s  

connec ted  by " o r "  a r e ;  FILE -  f o r  FOCUS.16 o r  F IL E .10 -  f o r  

FOCUS 1 0 .10 .  A l l  o t h e r  f i l e s  a re  c o m p a tib le  w i th  e i t h e r  1 6 - b i t  v e r ­

s io n .
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F i l e  Name

SUA o r  SUA.10

ADA o r  ADA.10

FMUL

FDIV

FADD o r  FADD.10

FSUB o r  FSUB.10

FSQR

FSQT

FEXP

FRCP

FABS

FNEG

FTST

FCMP

CIO

IDA o r  IDA.10 

FIN o r  F IN .10 

FOUT o r  FOUT.10 

FBOUT o r  FBOUT.10 

FOCUS.8

Assembly R equirem ents

Must s t a r t  a t  m u l t i p l e  o f  256 
Length  a m u l t i p l e  o f  256

Must s t a r t  a t  m u l t i p l e  o f  256 
Length  i s  n o t  a m u l t ip l e  o f  256

R e q u ire s  FMUL 

R e q u ire s  ADA and SUA 

R e q u ire s  ADA, SUA, and FADD

U se r  m odified
E q u a tes  c h a r a c t e r  10 r o u t i n e s

R e q u ire s  CIO, lOA, FMUL, FDIV, FADD 

R e q u ire s  CIO, lOA, FADD, and FSUB 

R e q u ire s  CIO

Must s t a r t  a t  m u l t i p l e  o f  256

Table  3 .4  FOCUS Modules
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S U A I

S U A
DU 1 7W 2 3 1 ,  6 5 1 2 9 1 7 8 2 1 8 2 5 2
üd 2 S 5 0 7 1 ,  9 4 1 1 3 1 3 0 1 4 6 1 6 1
Ot i 1 7 b 1 8 8 2 0 0 , 2 1 2 2 2 3 2 3 3 2 4 3 2 5 2
oa 5 1 4 2 2 ,  3 0 3 7 4 5 5 2 5 9
OB 6 5 7 1 7 8 ,  8 4 8 9 9 5 1 0 0 1 0 6
0 8 in 1 1 6 1 2 1 , 1 2 b 1 3 0 1 3 5 1 3 9 1 4 3
OB 1 4 8 1 5 2 1 5 6 , 1 6 0 1 6 3 : 6 7 1 7 1 1 7 4

DB 1 7 8 1 8 1 I B S , 1 8 6 1 9 1 1 9 5 1 9 8 2 0 1
DB 2 W4 2 0 7 2 1 0 , 2 1 3 2 1 5 2 1 B 2 2 1 2 2 4

OB 2 2 6 2 2 9 2 3 1 , 2 3 4 2 3 6 2 3 9 2 4 1 2 4 4
DB 2 4 6 2 4 8 2 5 0 , 2 5 3 2 5 5 1 3 5

0 8 7 9 1 1 ,  1 3 5 1 7 1 9 2 1
OB 2 3 2 5 2 7 ,  2 3 3 0 3 2 3 4 3 5
DB 3 7 3 9 4 0 ,  4 2 4 , 4 4 5 4 7 4 8
0 8 5i ) S I 5 3 ,  5 4 5 6 5 7 5 9 6 0
0 8 6 2 6 3 6 4 ,  6 6 6 7 6 8 7 0 7 1
0 8 7 2 7 4 7 5 ,  7 6 7 7 7 9 8 0 8 1
DB 8 2 3 3 8 4 ,  8 6 8 7 8 3 8 9 9 0
0 5 9 1 9 2 9 3 ,  9 5 9 6 9 7 9 8 9 9
0 8 1 0 0 1 0 1 1 0 2 , 1 3 3 1 0 4 1 0 5 1 0 6 1 0 7
0 9 l O B 1 0 9 1 0 9 , 1 1 0 1 1 1 1 2 1 1 3 1 1 4
0 8 1 1 5 1 6 1 1 7 , 1 1 8 1 1 8 1 9 1 2 0 1 2 1
DB 1 2 2 1 2 3 1 2 3 , 1 2 4 1 2 5 1 2 6 1 2 7 1 2 7
DB 1 2 8 1 2 9 1 3 0 , 1 3 1 1 3 1 1 3 2 1 3 3 1 3 3
0 8 1 3 4 1 3 5 1 3 6 , 1 3 6 1 3 7 I 3 8 1 3 3 1 3 9
0 3 1 4 3 1 4 1 1 4 1 , 1 4 2 1 4 3 1 4 3 1 4 4 1 4 5
0 3 1 4 5 1 4 6 1 4 6 , 1 4 7 1 4 8 1 4 8 1 4 9 1 5 0
0 8 1 5 0 1 5 1 1 5 1 , 1 5 2 1 5 3 1 5 3 1 5 4 1 5 4
0 8 1 5 5 1 5 6 1 5 6 , 1 5 7 1 5 7 1 5 8 1 5 3 1 5 9
0 8 1 5 9 1 6 0 1 6 1 , 1 6 1 1 6 2 1 6 2 1 6 3 1 6 3
0 0 1 6 4 1 6 4 1 6 5 , 1 6 5 1 6 6 1 6 6 1 6 7 1 6 7
0 8 1 6 8 1 6 8 1 6 9 , 1 6 9 1 7 0 1 7 0 1 7 1 1 7 1

0 3 - 1 2 8
0 8 - 3 - 3 .  - 3 , - 3 , - 3 -  3 ,  - 3 , - 3 , - 2 - 2 , - 2 , - 2 , - 2 - 2 , - 2 , -
OB - 2 - 2 # - 2 , - 2 , - 2 - 2 ,  - 2 , - 2 , - 2 - 2 , - 2 , - 2 , - 2 - 2 , - 2 , -
0 3 - 2 - 2 , - 2 , - 2 , - 2 - 2 , - 2 , - 2 ,  - 2 - 2 , - 2 , - 2 , - 2 - 2 , - 2 , -
0 8 - 2 - 2 , - 2 , - 2 , - 2 - 2 , - 2 , - 2 , - 2 - 2 , - 2 , - 2 , - 2 - 2 , - 2 , -
0 3 - 2 - 2  - 2 , - 2 , - 2 -  1 ,  - 1 , - 1 ,  - 1 - 1 , - 1 , - 1 , - 1
0 3 • 1
0 3
DB
0 3 - 1 - 1 # - 1 , -  1 , -  1 -  1 ,  - 1 , - 1 ,  -  1 - 1 , - 1 , - 1 , - 1
0 8 - î - 1 , - 1 , - 1 , - 1 - 1 , - 1 , -
0 3 - 1
0 8 - 1 - 1 , - 1 , - 1 , - 1 - 1 , - 1 , -
0 8 - 1
0 8 - 1
0 3 - 1

0 8 - 8 5 - 8 4 - 3 4 , - 3 3 - 6 3 - 6 2 - 8 2 - 8 1
OB - 8 1 - 8 0 - 8 0 , - 8 0 - 7 9 - 7 9 - 7 3 - 7 8
0 8 - 7 7 - 7 7 - 7 7 , - 7 6 - 7 6 - 7 5 - 7 5 - 7 5
DB - 7 4 - 7  4 - 7 3 , - 7 3 - 7 3 - 7 2 - 7 2 - 7 2
0 8 - 7 1 - 7 1 - 7 3 , - 7 3 - 7 0 - 6 9 - 6 9 - 6 9
0 3 -  6 8 - 6 8 - 6 7 , - 6 7 - 6 7 - 6 6 - 6 6 -  6 6
0 8 - 6 5 - 6 5 - 6 5 , -  6 4 - 6 4 - 6 4 - 6 3 - 6 3
0 8 - 6 3 - 6 2 - 6 2 , - 6 2 - 6 1 - 6 1 - 6 1 - 6 0
DB - 6 0 - 6 0 - 6 0 , - 5 9 - 5 9 - 5 9 - 5 8 - 5 8
0 3 - 5 3 - 5 7 - 5 7 , - 5 7 - 5 7 - 5 6 - 5 6 - 5 6
0 3 - 5 5 - 5 5 - 5 5 , - 5 5 - 5 4 -  5 4 -  5 4 - 5 3
0 3 - 5 3 - 5 3 - 5 3 , - 5 2 - 5 2 - 5 2 - 5 2 - 5 1
0 8 - 5 1 - 5 1 - 5 1 , - 5 0 - 5 0 - 5 0 - 5 0 - 4 9
0 8 - 4 9 - 4 9 - 4 9 , - 4 3 -  4 d - 4 8 - 4 d -  4 7
0 3 - 4 7 - 4 7 - 4 7 , - 4 6 -  4 6 -  4 6 -  4 6 - 4 6
0 8 -  4 5 - 4 5 - 4 5 , - 4 5 -  4  4 - 4 4 -  4 4 -  4 4
D b - 4 4 - 4 3 -  4 3 , -  4 3 - 4 3 - 4 2 - 4 2 - 4 2
0 8 - 4 2 - 4 2 - 4 1 , - 4 1 -  41 - 4 1 - 4 1 - 4 0
0 8 - 4 3 -  4 0 - 4 0 , -  4 0 - 3 9 - 3 9 - 3 9 - 3 9
0 3 - 3 9 - 3 8 - 3 8 , - 3 8 - 3 8 - 3 3 - 3 5 - 3 7
0 8 - 3 7 - 3 7 - 3 7 , - 3 7 -  3 6 - 3 6 -  3 6 -  3 6
0 3 - 3 6 - 3 6 - 3 5 , - 3 5 - 3 5 - 3 5 - 3 5 - 3 5
OB - 3 4 - 3 4 - 3 4 , - 3 4 - 3 4 -  3 4 - 3 3 -  3 3
0 9 - 3 3 - 3 3 - 3 3 , - 3 3 - 3 2 - 3 2 - 3 2 - 3 2
0 8 - 3 2 - 3 2 - 3 2 , - 3 1 - 3 1 - 3 1 - 3 1 -  31
0 8 - 3 1 - 3 0 - 3 0 , - 3 0 -  3 0 - 3 0 -  3 0 - 3 . 3
DB - 2 9 - 2 9 - 2 9 , - 2 9 - 2 9 - 2 9 - 2 9 - 2 8
0 8 - 2 8 - 2 8 - 2 8 , - 2 8 - 2 8 - 2 b - 2 3 - 2 7
0 8 - 2 7 - 2 7 - 2 7 , - 2 7 - 2 7 - 2 7 - 2 7 - 2 6
0 8 - 2 6 - 2 6 - 2 6 , - 2 6 - 2 6 - 2 6 - 2 6 - 2 5
0 8 - 2 5 - 2 5 - 2 5 , - 2 5 - 2 5 - 2 5 - 2 5 - 2 4
0 8 - 2 4 - 2 4 - 2 4 , - 2 4 - 2 4 - 2 4 - 2 4 - 2 4
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ÜB - 2 3 ,
OB - 2 3 ,
DB - 2 2 ,
UB - 2 1 ,
ÜB - 2 J ,
UB
OB - 1 9 ,
ÜB -  1 8 ,
DB - 1 7 ,
ÜB - 1 7 ,
DB -  1 6 ,
ü â - 1 5 ,
DB - 1 5 ,
DB - 1 4 ,
OB - 1 4 ,
DB -  1 3 ,
DB - 1 3 .
0 8 - 1 2 ,
0 3 - 1 2 ,
OB - 1 2 ,
OB - 1 1 ,
0 8 - 1 1 ,
DB - 1 0 ,
DB - 1 0 ,
0 8 - 1 0 , -
0 8 - 9 ,
0 3 - 8 ,
0 3 - 8 ,

DB - 7 ,
0 3
0 3 - 6 ,
0 3 - 6 ,
DB - 5 ,
OB - 5 ,
0 3 - 5 ,
0 3 -  4 ,
0 3 - 4 ,
0 3 - 4 ,
0 3 - 3 ,
0 3 - 3 ,
0 3 - 3 ,
0 3 - 3 ,
0 8 - 3 ,
0 3 - 2 ,

m
0 3 1 5 4 ,
0 3 1 5 3 ,
0 9 1 4 6 ,
0 3 1 4 2 ,
0 3 1 3 9 ,
0 8 1 3 5 ,
DB 1 3 1 ,
0 3 1 2 3 ,
DB 1 2 4 ,
DB 1 2 1 ,
DB 1 1 6 ,
OB 1 1 4 ,
0 3 1 1 1 ,
DB 1 0 8 ,
0 3 1 0 5 ,
0 3 1 0 2 ,
0 3 9 9 ,
DB 9 4 ,
0 8 8 3 ,
O b 8 3 ,
0 3 7 3 ,
0 8 7 4 ,
0 8 6 9 ,
0 8 6 5 ,

0 8 6 1 ,
DB 5 7 ,
0 3 5 4 ,
OB 5 0 ,
U b 4 7 ,
0 8 4 4 ,
0 8 4 2 ,
0 8 3 9 ,
0 8 3 6 ,
0 8 3 4 ,
0 8 3 2 ,
0 8 3 0 ,
Od 2 8 ,
OB 2 6 ,
O d 2 4 ,
O d 2 3 ,

- î * 3
- 2 2
-22
-21
- 2 Ü

- 1 2
-12
-n
-Il
-Il-10
-13
1 3 , - 9
- 9 , - 9
- 8 , - 8
- 8 , - 8

- 7 ,  - 7

- 2 3 , - 3 )  
- 2 2 , - 2 2  
- 2 2 , - 2 1  
- 2 1 , - 2 1  
- 2 W , - 2 J

- 6 , “ 6 
- 6 , - 6  
- 5 , - 5

- 5 , - 5  
- 4 , - 4  
- 4 , - 4  
- 4 , - 4  
- 3 , - 3  
- 3 , - 3  
- 3 , - 3  
- 3 , - 3  
- 3 , - 3  
- 2 , - 2

9 , - 1 8
5,-18 
7 , - 1 ?  
7 , - 1 6
6 , - 1 6  
5 , - 1 5  
5 , - 1 5
4 ,  •  I 4 
4 , - 1  4 
3 , - 1  T

2 , - 1 2  
2 , - 1 2  
1 , - 1 1  
1 , - 1 1  
1 , - 1 1  
0 , - 1 0  
0,-lC 
- 9 , - 9  
- 9 , - 9  
- 8 , - 8  
- 8 , - 8

- 7 , - 7

■6 , - 6
6 , - 6
5 , - 5

5 , - 5
4 , - 4

■ 4 , - 4
' 4 , - 4

3 , - 3
3 , - 3

■ 3 , - 3
■ 3 , - 3
■ 3 , - 3
■2 , - 2

• 2 3 ,  - V»3,  
•22,- 
• 2 1 , -  
•2 1 , -  
■20,-
'16,' 
• 1 8 ,  
• 1 7 ,  
•16,' 
■ 1 6 , '  

1 5 , '  
15,- 

• 1 4 , *  
■ 1 4 ,  
• 1 3 , '

-12,- 
-12,- 
-11,- 
-11,- 
-11,- 
-10,- 
- 1 3 , -  
- 9 ,  - 9  
- 9 , - 9  
- 8 , - 8  
- 8 , - 7

- 7 , - 7

• 6 , - 6
■ 6 , - 6
■ 5 , - 5

■ 5 , - 4  
■ 4 , - 4  
• 4 , - 4  
• 4 , - 4  
• 3 , - 3  
■ 3 , - 3  
• 3 , - 3  
• 3 , - 3  
■ 3 , - 3  
• 2 , - 2

• 2 3
22

•21
• 20

1 9
• 1 9
• 1 8
• 1 7
• 1 7
• I 6  
■ 1 6 
■ 1 5

1 4
• 1 4  
• 1 3
■ 1 3  
• 1 2  
• 1 2  
■ 1 2
■ 1 1 
■ I l  
• 1 0  
•10 
■10 
• 9  
• 9
8

• 7

- 9 , - 9  
- 8 , - 3  
- 8 , - S  
- 7 , - 7

- 7 , - 7

' 6 , - 6
' 5 , - 5
■ 5 , - 5

• 4 , - 4
• 4 , - 4
• 4 , - 4
• 4 , -
• 3 , -
• 3 , -
• 3 , -

■2 , - 2
• 2 , - 2

- 9 , - 9
- 8 , - 8
- 8 , - 8
- 7 , - 7

- 7 , - 7

• 6 , - 6
■ 5 , - 5
■ 5 , - 5

■ 4 , - 4  
• 4 , - 4  
• 4 , - 4  
■ 3 , - 3  
• 3 , - 3  
• 3 , - 3  
• 3 , - 3

■2 , - 2
• 2 , - 2

- 9
-8
-8
- 7

- 7  -6 
-6 

5  
5  

- 5  
-  4

-2
-2

1 5 4 , 1 5 3 , 1 5 3  
1 5 0 , 1 4 9 ,  1 4 9  
1 4 6 , 1 4 5 , I 4 5  
1 4 2 , 1 4 2 ,  1 4 1  
1 3 8 , 1 3 8 ,  1 3 7  
1 3 5 , 1 3 4 ,  1 3 4  
1 3 1 , 1 3 1 , 1 3 0  
1 2 7 , 1 2 7 , 1 2 7  
1 2 4 ,  1 2 4 ,  1 2 3  
1 2 1 , 1 2 0 , 1 2 3  
1 1 7 , 1 1 7 , 1 1 6  
1 1 4 , 1 1 4 , 1 1 3  
111,110,110 
1 0 3 , 1 0 7 ,  1 0 7  
1 0 5 , 1 0 4 , 1 0 4  
102,101,101 
9 9 , 9 8 , 9 8 , 9 8  
9 3 ,  9 3 , 9 3 ,  9 2  
8 8 , 8 8 , 8 7 , 3 7  
8 3 , 8 2 , 8 2 ,  8 2  
7 8 , 7 3 , 7 7 , 7 7  
7 3 , 7 3 , 7 3 ,  7 2  
6 9 , 6 9 , 6 8 , 6 b  
6 5 , 6 5 , 6 4 ,  6 4

6 1 , 6 1 , 6 0 , 6 0  
5 f , 5 7 , 5 7 , 5 6  
5 4 . 5 3 , 5 3 , 5 3  
5 0 , 5 0 , 5 0 , 5 0  
4 7 ,  4 7 ,  4  f ,  4  7 
4 4 ,  4 4 ,  4 4 ,  4 4  
4 1 , 4 1 , 4 1 , 4 1  
3 9 ,  3 9 , 3 8 ,  3 8  
3 6 , 3 6 , 3 6 , 3 6  
3 4 ,  3 4 ,  3 4 ,  3 3  
3 2 , 3 2 , 3 1 , 3 1  
3 0 , 3 0 , 2 9 , 2 9  
2 8 , 2 8 , 2  7 , 2  7 
2 6 , 2 6 , 2 6 , 2 6  
2 4 , 2 4 , 2 4 , 2 4  

2 3 , 2 3 , 2 3 , 2 2 , 2 2

1 5 2  143 
1 4 4  
1 4 1  
1 3 7  
1 3 3  
1 3 0  
1 2 6  
1 2 3  
1 1 9  
I 1 6  
1 I 3  
1 1 0  
1 0 7  
I 0 4  
1 0 1  
9 7 , 9 7  
9 2 , 9 2  
8 7 ,  K 6 
8 2 , 8 1  
7 7 ,  7 6  
7 2 ,  7 2  
68 ,  6H 
6 4 ,  6 4

, 1 5 2 , 1 5 1  
, 1 4 8 , 1 4 7  
,  1 4 4 ,  1 4 3  
,  1 4 0 ,  I 4 3  
, 1 3 6 , 1 3 6  
, 1 3 3 , 1 3 2  
, 1 2 9 , 1 2 9  
, 1 2 6 , 1 2 5  
,122,122 
, 1 1 9 , I 1 9  
, 1 1 6 , 1 1 5  
,112,112 
, 1 0 9 , 1 0 9  
, 1 0 6 , 1 0 6  
, 1 0 3 , 1 0 3  
, 1 0 0 , 1  0.5 

9 7 , 9 6  
9 1 , 9 1  
8 6 , 3 6
8 1 , a i  
7 6 ,  7 6  
7 2 , 7 1  
6 7 ,  6 7  
6 3 ,  6 3

6 0 ,  6 0  
5 6 ,  5 6  
5 3 ,  5 3  
4 9 , 4 9

4 3 ,  4  3 
4 1  ,  41 
3 8 ,  3 8  
3 6 ,  3 5  
3 3 ,  3 3  
3 1  ,  31 
2 9 , 2 ?  
2 7 , 2 7  
2 5 . 2 5  
2 4 , 2 4  
2 2 , 2 2

5 9 ,  5 9  
5 6 .  5 6  
5 2 ,  5 2  
4 9 ,  4  7

4 3 ,  4 3
4 . 1 ,  4 4
3 8 .  3 8  
3 5 ,  3 5  
3 3 ,  3 3  
3 1 ,  31 
2 9 , 2 9  
2  7 , 2 7  
2 5 , 2 5  
2 4 ,  2 3  
2 2 , 2 2

1 5 1  
1 4 7  
1 4 3  
I 3 9  
I 3 5  
1 3 2  
1 2 8  
1 2 5  
1 2 1  
I 1 3  
1 1 5  
1 1 2  
1 0 9  
I 0 5  
1 0 2
1 0 3
9 6 , 9 6 ,  
9  1 , 9 0 ,  
8 5 , 8 5 ,  
8 0 , 8 0 ,  
7 6 , 7 5 ,  
7  1 , 7 1 .  
6 7 , 6 7 ,  
6 3 , 6 3 ,

5 9 , 5 9 ,  
5 5 , 5 5 ,  
5 2 , 5 2 ,  
4 9 , 4 H ,  
4  6 , 4 5 ,  
4 3 , 4 3 .  
4 k ) ,  4 0 ,  
3  7 ,  3 7 .  
3 5 , 3 5 ,  
3 3 ,  3 3 ,  
3 1 , 3 1 ,  
? 7 , 2 7 ,
2  7 , 2 7 ,  
2 5 , 2 5 ,  
2 3 . 2 3 ,  
2 2 , 2 2 ,

9 5 , 9 5 ,  
9 0 , 9 0 ,  
5 5 , 8 4 ,  
8 0 , 7 9 ,  
7 5 ,  7 5 ,  
7 1 , 7 0 ,  
66,66, 
6 2 , 6 2 ,

9 5 , 9 4 , 9 4  
8 9 , 8 9 , 8 9  
8 4 , 8 4 , 8 3  
7 9 , 7 9 , 7 9  
7 4 , 7 4 , 7 4  
7 0 , 7 0 , 6 9  
6 6 , 6 6 , 6 5  
6 2  « 6 2 , 6 1

5 9 , 5 8 , 5 8 ,  
5 5 , 5 5 , 5 4 ,  
5 1 , 5 1 , 5 1 ,  
4 H . 4 H , 4 R ,  
4 5 , 4 5 , 4 5 .  
4 2 , 4 2 , 4 2 ,  
4 » ) ,  4 0 ,  3 9  . 
3 7 , 3 7 , 3 7 .  
3 5 , 3 5 , 3 4 ,  
3 3 , 3 2 , 3 2 ,  
311,  3 0 ,  3 0 ,  
2 8 , 2 8 , 2 8 ,  
2 7 , 2 6 , 2 6 ,  
% 5 , 2 5 , 2 5 ,  
2 3 , 2 3 , 2 3 ,  
2 2 , 2 2 , 2 1 ,

5 8 ,  5 R  
5 4 #  5 4  
5 1  .  5 1  
4 M ,  4M 
4 5 , 4 5  
4 2 ,  4 2  
3 9 , 3 9  
3 7 .  3 7  
3 4 ,  3 4  
3 2 ,  3 2  
3 0 ,  3 0  
2 8 , 2 8  
2 6 . 2 6  
2 5 , 2 4  
2 3 , 2 3  
2 1 , 2 1
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OH 2 1 2 1 , 2 1 2 1 , 2 1 2 1 , 2 1 2 1 , 2 0 , 2 0 , 2 0 , 2 0 . 2 0 2 0 , 2 0 , 2 0 L B I I  C P I 1 I 1 1 I 1 O 0 B
DB 2 0 2 0 , 2 0 i ' O ,  1 9 1 9 ,  1 9 1 9 , 1 9 , 1 9 , 1 9 , 1 9 , 1 9 1 9 , 1 9 , 1 9 J N C L 0 1 C
0 8 1 8 I B ,  I B I d ,  I d I d ,  I B I d , I B , I d * 1 8 » I B ,  I R 1 7 , 1 7 , 1 7 MOV L , C
OB 1 7 1 7 ,  1 7 1 7 , 1 7 1 7 , 1 7 1 7 , 1 7 , 1 7 , 1 7 , 1 6 , 1 6 1 6 , 1 6 * 1 6 MOV H , 0
OB 1 6 1 6 ,  1 6 1 6 , 1 6 1 6 ,  1 6 1 6 , 1 6 , 1 5 , 1 5 , 1 5 , 1 5 1 5 , 1 5 , 1 5 C P I 1 1 1 1 1 8 1 0 8
0 3 I S I S ,  I S 1 5 ,  I S 1 5 , 1 5 1 5 , 1 4 , 1 4 , 1 4 , 1 4 , 1 4 1 4 , 1 4 , 1 4 HC
DB 14 1 4 , 1 4 1 4 ,  1 4 1 4 , 1 4 1 4 , 1 4 , 1 3 , 1 3 , 1 3 , 1 3 1 3 , 1 3 , 1 1 L 0 1 B
DB 1 3 1 3 , 1 3 1 3 , 1 1 1 3 , 1 1 1 3 , 1 3 , 1  1 , 1 2 , 1 2 , 1 2 1 2 ,  U- ,  1 2 I N X H
0 8 1 2 1 2 , 1 2 1 2 , 1 2 1 2 , 1 2 1 2 , 1 2 , 1 2 , 1 2 , 1 2 , 1 2 1 1 , 1 1 , 1 1 MV I A ,  1 0 1 0 1 0 0 1 8
OB 1 1 1 , 1 1 1 1 , 1 1 1 1 , 1 1 1 1 , 1 1 , 1 1 , 1 1 , 1 1 , 1 1 1 1 , 1 1 , 1 1 C MP C
DB 1 1 1 , 1 0 1 0 , 1 0 1 8 ,  1 0 1 0 , 1 0 , 1 0 , 1 0 , 1 0 , 1 0 1 0 , 1 2 , 1 0 J N C L O I A
DB 1 0 1 0 ,  1 0 1 0 ,  1 0 1 0 , 1 0 1 0 , 1 0 ,  9 ,  9 , 9 ,  9 9 ,  9 ,  9 I N X H
UB 9 9 ,  9 9 ,  9 9 ,  9 9 ,  9 ,  9 ,  9 , 9 ,  9 9 ,  9 ,  9 L 0 1 A :  A NA K
OB 9 9 ,  d d ,  B d ,  B B ,  d f  8 ,  K , 8 ,  d H ,  8 ,  8 XKA D
0 8 8 B ,  8 y ,  8 a ,  6 B>  8 ,  B ,  B , B ,  R 8 ,  7 ,  7 R P
DB ? 7 , 7 ,  7 7 ,  7 7 ,  7 ,  7 ,  7 , 7 ,  7 7 ,  7 ,  7 J M P  

L 0 I B :  M V I
L 0 0 E
A ,  1 0 1 1 0 1 0 0 8

0 8 7 7 , 7 , 7 7 , 7 , 7 7 , 7 , 7 7 , 7 , 7 , 7 , 7 , 6 C MP C
UB 6 6 , 6 , 6 6 , 6 , 5 6 , 6 , 6 6 , 6 , 6 , 6 , 6 , 6 h N C
DB 6 6 , 6 , 6 6 , 6 , 6 6 , 6 , 6 6 ,  6 , 6 , 6 ,  6 ,  6 I N X H
0 3 6 6 , 6 , 6 5 , 5 , 5 5 , 5 , 5 5 , 5 , 5 , 5 ,  5 ,  5 A N A H
DB 5 5 , 5 , 5 5 , 5 , 5 5 ,  5 ,  S 5 , 5 *  5 ,  5 , 5 * 5 X R A D
OB 5 5 , 5 , 5 5 , 5 , 5 5 ,  5 ,  5 5 ,  5 ,  5 ,  5 ,  5 ,  5 R P
OB 5 4# 4 ,  4 4 , 4 , 4 4 , 4 , 4 4 , 4 ,  4 , 4 ,  4 , 4 J M P L 0 0 E
DB A 4 ,  4 ,  A 4 « 4 , 4 4 , 4 , 4 4 , 4 ,  4 , 4 ,  4 ,  4
DB 4 4 ,  4 ,  4 4 , 4 , 4 4 , 4 , 4 4,  4 , 4 , 4 ,  4 , 4 L 0 1 C :  CMA
0 3 4 4 , 4 , 4 4 ,  4 , 4 4 , 4 , 4 3 , 3 , 3 , 3 , 3 , 3 A D I A D A / 2 5 6
0 3 3 3 , 3 , 3 3 ,  3 ,  ? 3 ,  1 ,  3 3 ,  3 ,  3 ,  3 ,  3 ,  3 MOV H , A
0 8 3 3 .  3 ,  3 3 ,  3 ,  3 3 , 3 , 3 3 , 3 , 3 ,  3 ,  3 ,  3 MOV A , C
DB 3 3 , 3 , 3 3 , 3 , 3 3 ,  3 ,  3 3 ,  1 ,  3 ,  3 ,  3 ,  3 CMA
OB 3 3 , 3 , 3 3 , 3 , 3 3 ,  3 ,  3 3 ,  3 ,  3 ,  3 ,  3 ,  3 MOV L # A
OB 3 3 ,  3 ,  3 3 , 2 , 2 2 , 2 , 2 2 , 2 , 2 , 2 ,  2 , 2 I N X H
0 8 2 2 , 2 , 2 2 , 2 , 2 2 , 2 , 2 2 ,  2 , 2 ,  2 , 2 , 2 MOV L , M
DB 2 M V I

D AD
MOV

H , 0 0 0 0 0 0 0 0 8  
0
A , H

FMÜL FADD X R A
R P

0

F M U L : MOV A ,  ri
DAD D
XRA 0
MVI A , 1 1 0 0 0 0 0 0 8
J M LM

ADD H
MOV
R P

H , A

L M 0 2 ADO A
L X I
RM

H , 0 0 0 0 H

L X I
R E T

H . 7 F F F H

LMS ADD H
MOV
RM

H , A

L M l : ADD A
L X I
R.M

H , 8 0 0 0 H

L X I
R E T

H , 0 F F F F r i

FDIV

F D I V : MOV A , L
S UB E
MOV L , A
MV I A , 0 1 0 0 0 0 0 0 8
S B B D
AUU H
MOV C , H
MOV H ,  A
XRA C
XRA
R P

U

X R A H
MOV A , H
J M L M l

F A D D :  MOU A . H 
X R A  0  
M O V  A . L

L 0 :

L00:

J M P  LMO

H P
L 0 3 t l  M V I  

C M h  
XhA 
O h  I

L .  111 n  1113

011111110

J M P  L 0 0 E

J M L I L l : S U B E
MOV C , A
MOV A ,  ri
S B B D

S U B £ J P L I 0
MOV C , A
MOV A , H L l  1 X A N ! 0 1  11 11 I I B
5 8 3 D J Z L l  I Z
J M L 0 1 S U I 0 0 0 0 0 1 0 0 8

J C L U C
S U I 0 0 0 0 0 1 0 0 8 O C R A
J C L 0 0 C J Z L l  I B
O C R A R P
J Z L 0 0 B OCX H
R P M V I A , 0 1 0 1 1 0 0 0 8
I N X ri C MP C
M V I A , 0 1 0 1 0 1 1 3 3 J C L l  l A
C MP C OCX H
J C L 0 0 A L l l A : O KA H
I N X ri X R A 0
O R A ri KM
X R A D J M P L U E
R P L l  I B l M V I A , 0 1 0 0 1 1 0 0 8
J M P L 0 0 E CMP C
M V I A , 0 1 0 0 1 0 1 1 3 R C
C MP C OCX H
R C O R A H
I N X H XRA 0
O R A ri KM
X R A 0 J M P L U E
R P
J M P L 0 0 E L U C : A D I S U A / 2 5 6 + 1 + 4

MOV B ,  A
A D I A D A / 2 5 6 + 4 L U A X b
MOV 8 , A A D D L
L D A X B MOV L , A
A U U L MVI A ,  11 1 1 1 1  1 I B
MOV L , A A U C ri
A D C ri MOV H ,  A
S U B L X R A D
MOV r i ,  A RM
X H A D J M P L U E

M O V  H . A  
H E T
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L I U I M V I B ,  b U A / 2 5 6 S 0 I C :  CMA

L U A X
I N R

B
B

n v B A U :
MO V

A D D L M O V

MOV L . A F S U B I M O V A , H CMA

L D A X B X R A D M O V

A D C K M O V A * L l . ' I X

MOV H> A J P S I M O V

X R A 0 M V I

RM D A D

L I I E : M V I L , 0 O O U 0 0 Ü O 8 M O V

CM A S O I s u a E X R A

X R A 0 M O V C ,  A RM
A V I I 0 0 Ü O 0 0 0 B M O V A , H J M P

MOV H .  A S B B 0
R E T J P 5 0 1

AÜAVe56»l28 
H «  A
A , C

L # A
H
L . M
H*IO0J3ÜO08 Û
A ,  H 
D

L 0 0 E

S 0 0 X
L I 0 :  MOV

s u a
MOV

A # E
L
L ,  A

L 1 0 2 I  M V I  
MOV INR 
MOV 
MOV 
D AD 
O R A  
X R A  
R P  
J M P

Hp sua/256
C * M
H
H , M
L p C
0
H
D

L U E

S U !
J C
O C R
J2

1 0 0 0 0 1 4 0 8
5 0 0 C
A
S 0 0 B

S I :

J ù S O I S

s u s
M O V
MOV
S B B

£
C » A  
A ,  H 
0

MOV A , D R P J M S 1 0

S B B  H I N X H
A N !  0 1  11  1 1 1  I B M V I A , 0 1 0 1 0 1 1 0 8 S l t l  J l S I  M
J 2  L 1 0 2 C M P C s u t 0 3 0 0 0 1 0 0 3
S U !  0 0 0 O 0 I 0 0 B J C S 0 0 A J C S I  1 C
J C  L 1 0 C I N X H D C K A
MOV C , L S 0 0 A I  O R A H J Z S l l B
MOV L , E X R A D R P
MOV H *  D RM OC X H
O C R A J M P L 0 0 E M V I A , 0 1 0 1 I 0 0 0 B
J Z L I 0 3 S 0 0 W :  M V I A , 0 1 0 0 1 0 1 I B C M P C
R P C M P C J C S l l A
OC X H R C O C X H
M V I A , 0 1 0 1 1 0 0 0 8 I N X ri S U A : O R A H
C M P C O R A H X R A D
J C L 1 0 A X R A D R P
OC X H RM J M P L U E
O R A H J M P L 0 0 E S l l B : M V I A , 0 1 0 0 1 1 0 0 8
X R A D  . C MP C
R P  . 5 0 0 C :  A D I A D A / 2 5 6 + 4 R C
J M P L l  l E M O V B #  A O C X H
M V I A , 0 1 0 0 1 1 0 0 3 L D A X B O R A H
C MP C A U ü L X R A D
R C M O V L »  A R P
O C X H A D C H J M P L U E
O R A H s u a L
X R A 0 M O V H ,  A S I  I C I A D I S U A / 2 5 6 + 1 + 4
R P X R A D M O V B ,  A
J M P L U E RM L D A X a

J M P L 0 0 E A D O L
A D l S U A / 2 S 6 + I + 4 M O V L ,  A
MOV H *  A M V I A ,  1 1 1 1 1 1 1 I B
MOV L , M S 0 1 :  C P I 0 1 1 1 1 1 0 0 B A D C H
M V I H ,  i n i l l M B J N C 5 0 1 C MOV H ,  A
D AD D X R A D
M O V A > K L X I H , Ü 0 0 3 r i R P
X R A D D A D 0 J M P L U E
R P C P I 0 1 1 1 I 0 1 0 B
J M P L l  1 £ R C S l l Z : MV I B p  S U A / 2 5 6

L O A X  8
I N X H I N R B
M V I A , 1 0 1 0 1 0 0 1 8 A D D L
C M P C MOV L , A
J . \ C S O I  A L D A X 8
I N X ri A D C H

S 0 1 A J  A N A ri MO V H ,  A
X K A 0 X R A D
RM R P
J M P L 0 Ü E J M P L U E

S 0 1 B ;  M V I A , 1 0 1 1 0 1 0 0 6
C M P C
R N C
I N X ri
AN A H
X K A 0
KM
J M P L 0 0 E
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S I t f l MOV A ,  E
SUM L
MOV C ,  A
MOV A< U
S B B H
J Z S I 0 Z
5 U I 0 O Ü 0 O I 0 0 W
J C 5 I 0 C
L X I H . U 0 J O H
DAD D
O C R A
J Z
R P

S l O B

O C X H
M V I A . 0 1 0 1 1 0 0 0 3
C MP C
J C S I 0 A
O C X H

S I 0 A : O R A H
X R A
RM

0

J M P L I I E
5 1 0 3 : M V I A , 0 1 0 0 1 1 0 0 3

C MP
R C

C

OCX H
O R A H
X R A
RM

0

J M P L l  I E

sieci A D I S U A / 2 5 6 + 1 + 4
MOV B> A
L D A X a
A D D E
MOV L . A
M V I A .  0 1 1 1 1 1 1 1 3
A D C D
MOV H . A
X R A
RM

D

J M P L l  I E

Siez: M V I B , S U A / 2 5 6
L D A X B
I N R B
A D D E
MOV L . A
L D A X B
AD C D
X R I 1 0 0 0 0 0 0 0 8
MOV H . A
X R A
RM

D

J M P L l  I E

F E X H I

E l :

E 2 :

E 3 i
E A t

E 6 :

FSQR
F S Q R ; DAO

M V I
A Ü D
MOV
R P
L X I
R N C
L X I
R E T

H
A , 0 C 0 Rri
H ,  A

H , 0 0 Ü 3 H  

H»  7 F F F H

E 8 ;

E 9 I

F S O T ;

FSQT
MOV A , H
AN I 7 F H
A D I A 0 H
R A R
MOV ri» A
MOV A » L
RAM
MOV L # A
R E T

FEXP
S I C
R A L
J C E l
A U U A
J C E l
ADD A
J C E l
AD O A
J C C l
AD D A
J C E l
AD D A
J C E l
A D D A
J C C l
ADD A
R C
L X I r i . 4 G 0 0 r i
R E T
MOV E . L
MOV O . H
A D D A
R Z
MOV C . A
J N C E 6
DAD ri
MVI A . 0 C 0 H
A D D ri
MOV r i .  A
J P E A
L X I H> 0 O 0 0 H
J N C £3
L X I r i . 7 F F F H
MOV A . H
DAD D
M V I A . 0 C 0 H
A D D ri
MOV r i .  A
XK A D
MOV A .  C
J P £ 2
MOV A . H
AD D A
L X I r i . 0 0 0 0 H
J M £9
L X I r i . O F F F F H
O R A ri
J M P £9
DAD ri
MV I A . 0 C 0 H
AD D ri
MOV r i .  A
MOV A . C
J P £ 2
L X I H . 0 0 0 0 H
J N C £ 8
L X I r i . 7 F F F r i
MOV A . C
A D D A
R Z
MOV C . A
R A R
ANA D
HAL
MOV A . H
R A L
H K C
MOV r i *  A
J M P £ 8

FRCP
F H C H I

F A 8 S :

F . M E G :

F T S T :

F C M P I

C l  :

MOV
CMA
MOV
MOV
XHI
MOV
I NX
XRA
R P
XRA
O R :
MOV
M V I
R E T

FABS
MVI
ANA
MOV
R E T

FNEG
MVI
XRA
MOV
R E T

FTST
MOV
ADD
R E T

FCMP
MOV
S U B
J Z
R A R
MOV
MOV
O R A
XRA
RM
S T C
R E T
MOV
S U B
KZ
RAR
XRA
RM
S T C
R E T

A * L

L # A
A # H
7 F H
H * A
H
H
H
7 F H
H , A
L , 0 F F H

A . 7 F HH
H , A

A , 8 0 H
H
H # A

A> H
A

A * H
D
C l

C # A
A* r i
D
C

A » L
E
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CO
C l

1 0 A 2 :
1 0 4

F I N I
leet

l a i t

102 :

1 0 3 :

1 0 4 1

1 0 5 1

1 0 6 1

1 0 7 1

1081

CIO
E u U
E Q U

lOA

1 0 9 1

0 F B 0 9 H
0 F 8 O 7 H

£ J U 1 0 A 2 - 2
DW 0 0 0 Ü H
UW 4 0 Ü W H , 0 0 0 O H
UW 4 0 9 A H , 3 A 1 F H
DW 4 0 F 4 4 , 3 B 2 F 4
DW 4 1 3 4 H , 3 B S 3 H
DW 4 1 6 6 H  » 0 H A E Ü H
DW 4 l d F H , 0 B C 6 6 S
DW 4 1 & 1 H * O B B F C h
DW 4 I C F H , 0 R C B 2 4
DW 4 | £ 9 K i 0 B C 7 A . 4
DW 7 F F F H

FIN
P U S H 0 i S U B R O U T I N E  I N P U T S  N U M B E R
M V I C , 3 F H
C A L L CO J D = O E C I M A L  P O I N T  F L A G
L A I D , 0 1 E s E X P O N E N T l A L  F L A G
P U S H 0 J 0 = E N D  O F  S T A C K
C A L L 0 1
A. NI 7 F H
C P I 2 0 H ;  I N P U T S '  '
J N Z 1 0 2
P O P P S W
P U S H P S W
C P I 3 0 H
J C 1 0 1
C P I 3 A H
J N C 1 0 1
J M P 1 1 1
MO V C# A I I N P U T S ' 0 R ' + '
C P I 2 D H
J Z 1 0 3
CP I 2 B M
J N Z 1 0 4
P O P P S W
P U S H P S W
A N A A
J l 1 0 7
C P I 4 S H
J l 1 0 7
J M P 1 0 1
C P I 2 E H 1 I N P U T S ' .  '
J N Z 1 0 5
MO V A , E
O R A Ü
J N Z 1 0 1
I N R D
J M P 1 0 7
C P I 4 5 H I  I N P U T = ' £ '
J N Z 1 0 6
A N A C
O n A E
J N Z 1 0 1
I N K E
J M P 1 0 7
C P I 3 0 r i » I N P U T S ' 0 ' T O ' 9 '
J C 1 0 9
C P I 3 A H
J j C 1 0 9
MOV A# C J P U S H A E C H O
C P I 2 B H
J Z 1 0 6
P U S H P S W
C A L L CO
J M P 1 0 1

1101

llli

I I 2 I

1 1 3 :

114:

1 1 5 :

1 1 6 :

I 1 7 I  

1 1 8 :

1 1 9 :

1 2 0 :

C P I 7 F H
J N Z 1 0 1
P O P P S W
ANA A
J Z 1 0 0
MOV C ,  A
C P I 2 E H
J N Z 1 1 0
ÜCK D
C P I 4 5 H
J N Z 1 0 8
OCR E
J M P 1 0 8
L X I H* 4 O O 0 H
MOV A # E
ANA A
J Z 11  6
L X I D* 4 1 0 0 H
P O P P S W
C P I 4 5 H
J Z 1 1 6
C P I 2 0 H
J N Z 1 1 3
MV I A , 7 F H
XR A H
I N R A
MOV H , A
J M P 1 1 2
S U I 3 0 H
J Z 1 1 5
MOV B , A
C A L L F M U L
OCR B
J N Z 1 1 4
MVI A , 4 1 H
S U B 0
MV I 0 # 4 A H
J Z 1 1 2
MV I D ,  7 F H
J M P 1 1 2
P O P P S W
ANA A
X C H G
L X I B , 4 0 0 O H
L X I H , 4 0 0 0 H
J Z 1 2 3
C P I 2 D H
J Z 1 2 0
L X I H . 0 0 0 0 H
J M P 1 1 8
P O P P S W
ANA A
J Z 1 2 3
C P I 2 E H
J N Z 1 1 9
P U S H D
MOV D .  B
MOV E , C
C A L L F O I  V
L X I B i 4 0 O 0 H
P O P D
J M P 1 1 7
C P I 2 Ü H
J N Z 1 2 1
MVI A , 8 0 H
ORA H
MOV H . A
J M P 1 1 7

I  I N H U T ' R U S O U T

I  C O M P I L E

J C O M P I L E  E X P O N E N T

J U E - G A I N
I H L » P O W E R

:  C O M P I L E  M A N T I S A

: B C = G A 1 N  
: D E = P O W E R
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I2\t

1 2 2 ;

1 2 3 :

S U I 3 0 H
J l 1 2 2
AUO A
ADD A
HU S H 0
P U S H B
P U S H H
P U S H B
A D I ( I O A + 2 )  MO D  2 5 6
M J V L . A
A C l < I 0 A * 2 > / 2 5 6
S UB L
MOV H . A
MOV E . M
I MX H

MOV D . M
MOV C . L
MOV B . H
P O P H
C A L L F M U L
P O P D
P U S H a
C A L L F A D D
MOV B . H
MOV C . L
P O P H
OCX H
OCX H
MOV D . M
OCX H
MOV E . M
P O P H
P U S H H
C A L L F M U L
MOV D . B
MOV E . C
C A L L F A D D
P O P B
P O P 0
MVI A . 0 2 H
ADD ' B
MOV B .  A
J P 1 1 7
L X I B . 7 F F F H
J M P 1 1 7
C A L L F M U L
C A L L F M U L
P O P
R E T

D

FOUT
F O U T »

r \ »

12 ; 
1 3 »

T 4 t

T 5 J

P U S H
P U S H
ANA
OR A
MVI
J P
MV I
MVI
A N !
O R !
MOV
C A L L
P U S H
MVI
MOV
MOV
P U S H
P U S H
P U S H
A D I
MOV
A C  I
sua
MOV
L D A X
MOV
I N X
L D A X
MOV
C A L L
OR A
ANA
J M
P O P
MOV
MOV
P O P
P O P
A D I
J M P
P O P
P O P
P O P
P U S H
MOV
R R C
RHC
\DL

MOV
C A L L
MVI
ADD
MOV
AC I
sua
MOV
MOV
I NX
MOV
L X I
C A L L
P O P
C A L L
L X I
ÜAÜ
P O P
I N K
JN£
MVI
J M P

U
H
H
H
C , 2 0 H
T l
C ,  2 D H
B , W F F H  
O l H  
A d H
H» A
CO
3
A , 8 4 H
8 , H
C » L
P S W
H
6
l O A  MOD 2 5 6
C , A
I O A / 2 5 6
C
3 > A
8
E # A
B
8
D , A  
F S U 8  
H
A
T S
d
B # H
C » L
H
P S W
0 4 H
T 4
H
P S W
P S Wri
3,A

2  PH 
C * A  
CO
A* < I O A - 2 )  MO D  2 5 6
3
L * A
( I 3 A - 2 ) / 2 5 6  
L
H ,  A 
E . M
H
D , M
H , 3 B 4 E H
F s u a
U
F A D D
D , J 2 0 3 r i
D
B
B
T 6
C « 2 E H
T 2

T 6 I MOV A . B
C P I 2
J C T 3
M V I C . 2 0 H
C A L L CO •
M V I C .  A S H
C A L L CO
P O P H
MOV A . H
A D D A
J M T 7
M V I C . 2 D H
C A L L CO
MOV
CMA

A . H

A D I 0 2 H
J M P T 8

1 7 1 M V I C . 2 0 H
C A L L CO
MOV A . H

1 8 : R R C
A N l 3 F H
X R I  • 2 0 H
M V I B . 3 0 H

T 9 1 S U I 1 0
J C T I 0
I N R B
BMP T 9

T 1 0 I A D I 3 A H
MOV C . B
MOV B .  A
C A L L CO
MOV C . B
C A L L CO
P O P
R E T

FBOUT

D

F B O U T I P U S H H
P U S H D
MV I B> 1 6

B l  : M V I C . 2 0 H
B 2 : C A L L CO
8 3 : DA D H

R A L
AN I 0 1 H
O R ! 3 0 H
MOV C# A
C A L L CO
O C R B
J Z 8 5
MOV A « B
C P I 1 5
J Z B l

B A : C P I 9
J N Z B 3
M V I C , 2 E H
J M P 8 2

B 5 : M V I C , 2 0 H
C A L L CO
P O P 0
P O P
R E T

H
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ÜB
OB
Ud
08
0 8
DB
UB
OB
08
0 8
06
0 8
U d
üd
0 8
0 3
09
DB
0 3
DB
D B
0 3
0 3
0 9
0 3
0 3
0 3
0 3

DB
0 8
0 9
0 8
0 9
0 8
0 8
0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 3

2 4 2 . 2 4 2
2 4 2 . 2 4 2
2 4 2 . 2 4 2
2 4 2 . 2 4 3
2 4 3 . 2 4 3
2 4 3 . 2 4 3
2 4 3 . 2 4 3
2 4 3 . 2 4 3
2 4 4 . 2 4 4
2 4 4 . 2 4 4
2 4 4 . 2 4 4
2 4 4 . 2 4 4  
2 4 5 , 2 4 b  
2 4 5 , 2 4 b
2 4 5 . 2 4 5
2 4 5 . 2 4 5
2 4 5 . 2 4 5
2 4 4 . 2 4 6
2 4 6 . 2 4 6
2 4 6 . 2 4 6
2 4 6 . 2 4 6
2 4 6 . 2 4 6
2 4 6 . 2 4 6  

- 9 ,  - 9
- 9 , - 9 , - 9  
- 9 , - 9 , - 9  
- 9 , - 9 , - 9  
- 8 , - 3 , - 8

- 8 , - 8 , - B  
- 8 , - 8 , - 8

2 4 2
2 4 2
2 4 2
2 4 3  
2 4 3  
2 4 3  
2 4 3
2 4 3
2 4 4  
2 4 4  
2 4 4
2 4 4
2 4 5  
2 4 5  
2 4 5  
2 4 5
2 4 5
2 4 6  
2 4 6  
2  4 6  
2 4 6  
2 4 6  
2 4 6

- 9
- 9
- 9
- 9
- B

- 8
- 8

- 7 , - 7 , - 7  
- 7 , - 7 , - 7  
- 6 , - 6 , - 6  
- 6 , - 6 , - 6  
- 6 , - 6 , -  6
- 6 , - 6 , - 6 
*6 , - 6 »- 6 
" 5 , - 5 , - 5  
- 5 , - 5 , - 5

• 5 , - 5 , - 5  
•  5 ,  -  5 ,  -  5

2 4 2 . 2 4 2 . 2 4 2
2 4 2 . 2 4 2 . 2 4 2  
242,242,24^
2 4 3 . 2 4 3 . 2 4 3
2 4 3 . 2 4 3 . 2 4 3
2 4 3 . 2 4 3 . 2 4 3
2 4 3 . 2 4 3 . 2 4 3
2 4 4 . 2 4 4 . 2 4 4
2 4 4 . 2 4 4 . 2 4 4
2 4 4 . 2 4 4 . 2 4 4
2 4 4 . 2 4 4 . 2 4 4  
2 4 4 , 2 4 4 ,  2 4 4
2 4 5 . 2 4 5 . 2 4 5
2 4 5 . 2 4 5 . 2 4 5
2 4 5 . 2 4 5 . 2 4 5
2 4 5 . 2 4 5 . 2 4 5
2 4 5 . 2 4 5 . 2 4 5
2 4 6 . 2 4 6 . 2 4 6
2 4 6 . 2 4 6 . 2 4 6
2 4 6 . 2 4 6 . 2 4 6
2 4 6 . 2 4 6 . 2 4 6
2 4 6 . 2 4 6 . 2 4 6  
2 4 6 ,  - 9 ,  - 9

- 9 ,  - 9

- 5

- 9 ,  
- 9 ,  
- 8 » 
-8,
- 8 , - 8  
- 8 , - 8

- 7 , - 7
- 7 , - 7
- 6 , - 6
- 6 , - 6

- 6 , - 6
- 5 , - 5
- 5 , - 5
- 5 , - 5

- 5 , - 5
- 5 , - 5 - 5

2 4 2 . 2 4 2
2 4 2 . 2 4 2
2 4 2 . 2 4 2
2 4 3 . 2 4 3
2 4 3 . 2 4 3
2 4 3 . 2 4 3
2 4 3 . 2 4 3
2 4 4 . 2 4 4
2 4 4 . 2 4 4
2 4 4 . 2 4 4
2 4 4 . 2 4 4
2 4 4 . 2 4 4
2 4 5 . 2 4 5
2 4 5 . 2 4 5
2 4 5 . 2 4 5
8 4 5 . 2 4 5
2 4 5 . 2 4 5
2 4 6 . 2 4 6
2 4 6 . 2 4 6
2 4 6 . 2 4 6
2 4 6 . 2 4 6
2 4 6 . 2 4 6  

- 9 ,  - 9  
- 9 ,  - 9

- 9 , - 9  
- 9 , - 9  
- 8 , - 8  
- 3 , - 8

- 8 , - 8
- 8 , - 3

- 7 , - 7
- 7 , - 7
- 7 , - 7
- 6 , - 6
- 6 , - 6

- 6 , - 6
- 5 , - 5
“ 5 , - 5
- 5 , - 5
- 5 , - 5

- 5 , - 5 - 5 - 5

ADA. 10

A D A :  0 3  5 2 ,  5 2 ,  5 1 .  5 1 ,  5 0 ,  5 0 »  4 9 ,  4 9 ,  4 8 .  4 8 ,  4 7 ,  4 7 ,  4 6 , 4 4 , 4 5 , 4 5
0 3  4  4 /  4 4 ,  4 3 ,  4 5 ,  4 2 ,  4 2 ,  4 1  ,  4 1 ,  4 0 ,  4 3 ,  T 9 ,  7 9 ,  3 3 ,  3 8 ,  3 8 ,  8 7
0 3  3 7 ,  3 6 ,  3 6 ,  3 5 ,  3 5 ,  3 4 ,  3 4 ,  3 3 ,  3 3 ,  3 2 ,  3 2 ,  3 1 ,  3 1 ,  3 3 ,  3 0 ,  2 9
0 3  2 9 , 2 3 , 2 8 , 2 7 , 2 7 , 2 7 , 2 6 , 2 6 , 2 5 , 2 5 , 2 4 , 2 4 , 2 3 , 2 3 . 2 2 , 2 2
0 3  2 1  , 2 1  , 2 0 , 2 0 , 2 0 ,  1 9 ,  1 9 .  1 8 ,  1 8 ,  1 7 ,  I 7 ,  1 6 ,  1 6 ,  1 5 ,  I S ,  1 5
0 3  1 4 , 1 4 , 1 3 , 1 3 , 1 2 , 1 2 , 1 1 , 1 1 , 1 0 , 1 0 , 1 0 ,  9 ,  9 ,  8 ,  R ,  7
0 3  7 ,  6 ,  6 ,  6 ,  5 ,  5 ,  4 ,  4 ,  3 ,  3 ,  2 ,  2 ,  2 ,  1 ,  1 ,  0
0 3  0 , 2 5 5 , 2 5 5 , 2 5 4 , 2 5 4 , 2 5 4 , 2 5 3 , 2 5 3
0 3  2 5 2 , 2 5 2 , 2 5 1 , 2 5 1 , 2 5 1 , 2 5 3 , 2 5 0 , 2 4 9
0 3  2 4 9 , 2 4 8 , 2 4 8 , 2 4 8 , 2 4 7 ,  2 4 7 , 2 4 6 , 2 4 6
0 3  2 4 5 , 2 4 5 , 2 4 5 , 2 4 4 , 2 4 4 , 2 4 3 , 2 4 3 , 2 4 2
0 3  2  4 2 , 2 4 2 , 2 4 1 , 2 4 1 , 2 4 3 , 2 4 0 , 2 4 0 , 2 3 9
0 3  2  3 9 , 2 3 8 , 2 3 8 , 2 3 7 , 2  3 7 , 2  3 7 , 2 3 6 . 2 3 6

0 3  2 3 5 ,  2 3 5 ,  2 3 5 ,  2 3 4 , 2 3 4 ,  2 3 3 ,  2  3 3 ' ,  2 3 3
0 3  2 3 2 . 2 3 2 , 2 3 1 , 2 3 1 , 2 3 1 , 2 3 0 , 2 3 0 , 2 2 9
0 3  2 2 9 , 2 2 9 , 2 2 3 , 2 2 8 , 2 2  7 , 2 2  7 , 2 2 7 , 2 2 6
0 3  2 2 6 , 2 2 5 , 2 2 5 . 2 2 5 . 2 2 4 , 2 2 4 , 2 2 1 , 2 2 3
0 3  2 2 3 , 2 2 2 , 2 2 2 , 2 2 1  , 2 2 1  , 2 2 1  . 2 . ; i ) , 2 2 0
0 3  2 1 9 , 2 1 9 , 2  1 9 , 2 1 8 , 2 1 8 , 2 1 7 , 2 1 7 , 2 1 7
0 8  2 1 6 , 2 1 6 , 2 1 6 , 2 1 5 , 2 1 5 , 2 1 4 , 2 1 4 , 2 1 4
0 3  2 1 3 , 2 1 3 , 2 1 2 , 2 1 2 , 2 1 2 , 2 1  1 , 2 1 1 , 2 1 1
0 8  2 1 0 , 2 1 0 , 2 0 9 , 2 0 9 , 2 0 9 , 2 0 8 , 2 0 8 , 2 0 8
0 3  2 0 7 , 2 0 7 , 2 0 6 , 2 0 6 , 2 0 6 , 2 0  5 , 2 0  5 ,  2 0 5
0 3  2 0 4 , 2 0 4 , 2 0 4 , 2 0 3 , 2 0 3 ,  2 0 2 ,  2 0 2 , 2 0 2
0 3  2 0 1 , 2 0 1 , 2 0 1 , 2 0 0 , 2 . 1 0 , 2 , 3 0 , 1 9 9 ,  1 9 9
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OB 1 9 8 1 9 8 1 9 8 1 9 7 1 9 7 1 9 7 1 9 6 ,
DB 1 9 6 1 9 5 1 9 5 1 9 4 1 9 4 1 9 4 1 9 3 ,
0 9 1 9 3 1 9 2 1 9 2 1 9 2 1 « 1 1 9 1 1 9 1 ,
U d 1 9 0 1 9 0 1 3 9 1 8 9 1 3 9 I d a 1 K 8 *
0 9 1 8 7 l d 7 1 8 6 1 8 6 1 B6 1 8 5 I B S ,
0 9 1 8 4 1 3 4 1 8 4 1 8 3 1 8 3 1 8 3 1 8 2 ,
0 3 1 8 2 1 3 1 1 8 1 1 8 1 I 8 J 1 8 0 1 8 0 ,
0 3 1 7 9 1 7 9 1 7 3 1 7 8 1 7 8 1 7 7 1 7 7 ,
OB 1 7 6 1 7 6 1 7 6 1 7 5 : 7 5 1 7 5 1 7 4 ,
Od 1 7 4 1 7 4 1 7 3 1 7 3 1 7 3 1 7 2 1 7 2 ,
DB 1 7 1 1 7 1 1 7 1 1 7 0 1 7 0 1 7 0 1 6 9 ,
DB 1 6 9 1 6 8 1 6 3 1 6 8 1 6 7 1 6 7 I 6 7 ,
0 3 1 6 6 1 6 6 1 6 6 1 6 5 1 6 5 1 6 5 1 6 4 ,
DB 1 6 4 1 6 3 1 6 3 1 6 3 1 6 3 1 6 2 1 6 2 ,
0 9 1 6 1 1 6 1 1 6 1 1 6 0 1 6 0 1 6 0 1 5 9 ,
Ü 3 1 5 9 1 5 9 1 5 3 1 5 8 1 5 8 1 5 7 1 5 7 ,
0 9 1 5 6 1 5 6 1 5 6 1 5 6 1 5 5 1 5 5 1 5 5 ,
0 3 5 4 1 5 4 1 5 4 1 5 3 1 5 3 1 5 3 1 5 2 ,
0 9 1 5 2 1 5 1 1 5 1 1 5 1 1 51 1 5 0 1 5 0 ,
0 9 4 9 1 4 9 1 4 9 1 4 9 1 4 3 1 4 8 1 4 8 ,
0 8 4 7 1 4 7 1 4 7 1 4 6 1 46 1 46 1 4 6 ,
0 9 1 4 5 1 4 5 1 44 1 4 4 1 44 1 44 1 4 3 *
OB 1 4 3 1 4 2 1 4 2 1 4 2 1 4 2 1 41 1 4 1 ,
DB 1 4 1 1 4 0 1 4 0 1 4 0 1 4 0 1 3 9 1 3 9 ,
DB 3 3 1 3 8 1 3 3 1 3 8 1 3 7 1 3 7 1 3 7 ,
0 3 1 3 6 1 3 6 1 3 6 1 3 6 1 3 5 1 3 5 1 3 5 ,
0 8 1 3 4 1 3 4 1 3 4 1 3 3 1 3 3 1 3 3 1 3 3 ,
0 3 3 2 1 3 2 1 3 2 1 3 1 1 31 1 3 1 1 3 1  ,
0 3 3 0 1 3 0 1 3 0 1 2 9 1 2 9 1 2 9 1 2 9 ,
0 3 1 2 8 1 2 8 1 2 3 1 2 7 1 2 7 1 2 7 1 2 7 ,
0 9 1 2 6 1 2 6 1 2 6 1 2 5 1 2 5 1 2 5 1 2 5 ,
OB 1 2 4 1 2 4 1 2 4 1 2 3 1 2 3 1 2 3 1 2 3 ,

0 3 1 2 2 1 2 2 1 2 2 1 2 1 1 2 1 1 2 1 1 2 1 ,
0 9 1 2 0 1 2 0 1 2 0 1 2 0 1 1 9 1 1 9 1 1 9 ,
0 8 1 8 1 1 8 1 1 3 1 1 8 1 7 1 7 1 1 7 ,
0 3 1 7 1 6 1 1 6 1 1 6 1 1 6 1 1 5 1 1 5 ,
0 8 1 1 5 1 4 1 1 4 1 4 1 4 1 1 4 1 1 3 ,
0 8 1 1 3 1 1 3 1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 *
0 8 1 1 1 1 1 1 1 1 0 1 1 0 1 1 0 1 1 0 ,
DB 0 9 1 0 9 1 0 9 1 0 9 1 0 9 I D S 1 0 8 ,
0 3 1 0 8 1 0 7 1 0 7 1 0 7 1 0 7 1 0 7 1 0 6 *
0 9 1 0 6 1 3 6 1 0 6 1 3 5 1 0 5 1 0 5 1 0 5 ,
0 9 1 0 4 1 0 4 1 0 4 1 0 4 1 3 3 1 0 3 1 0 3 *
DB 1 0 3 1 0 2 1 0 2 1 0 2 1 0 2 1 0 2 1 0 1  *
0 5 1 0 1 1 0 1 1 0 1 1 0 0 1 0 0 1 0 3 1 0 0 ,
OB 9 9 9 9 9 9 9 9 9 9 9 3 9 3 ,
DB
D â
OB
Od
DB
DB
08
DB
DB

DB
03
O d
09
OB
O b
DB
U d
O b
UB
O d
D b
O b
U c
DB
Ud

9 8 , 9 8 , 9 7 , 9 7  
9 5 , 9 4 , 9 4 , 9 4  
9 2 , 9 1 , 9 1 , 9 1  
8 9 , 8 3 , 8 8 , 8 8  
8 6 , 8 6 , 8 5 , 8 5  
8 3 , 8 3 * 8 3 , 3 3  
8 0 , 8 0 , 8 3 , 8 %  
7 8 , 7 8 , 7 7 , 7 7  
7 5 , 7 5 , 7 5 , 7 5

7 3 ,  7 3 , 7 2 ,  7 2  
7 0 , 7 0 , 7 0 , 7 0  
6 8 , 6 8 , 6 8 , 68 
6 6 * 6 6 , 6 6 , 6 5  
6 4 , 6 4 , 6  3 , 6 3  
6 2 , 6 1 , 6 1 , 6 1  
6 0 , 5 9 * 5 9 , 5 9  
5 8 ,  5 7 .  5 7 ,  5 7  
5 6 , 5 6 . 5 5 , 5 5  
5 4 ,  5 4 »  5 4 , 5 3  
5 2 ,  5 2 , 5 2 *  5 ?  
5 0 , 5 0 , 5 0 , 5 3  
4 9 , 4 8 , 4 8 , 4 8  
4 7 , 4 7 , 4 7 , 4 7  
4 5 , 4 5 , 4 5 , 4 5  
4 4 , 4 4 , 4 4 , 4 4

9 7 , 9 7 , 9 7 , 9 6  
9 4 , 9 4 , 9 3 ,  9 3  
9 1 , 9 1 , 9 1 , 9 0  
8 8 , 8 8 , 8 8 , 8 7  
8 5 , 8 5 , 8 5 , 8 5  
8 2 , 8 2 , 8 2 , 8 2  
8 0 , 8 3 , 7 9 , 7 9  
7 7 , 7 7 , 7 7 , 7 7  
7 5 , 7 4 , 7 4 , 7 4

7 2 , 7 2 .  
7 0 , 7 0 ,  
6 8 *  6 7 ,  
6 5 ,  6 5 ,  
6 3 , 6 3 ,  
6 1 , 6 1 *  
5 9 , 5 9 ,  
5 7 * 5 1 ,  
5 5 , 5 5 *  
5 3 , 5 3 ,  
5 2 , 5 1 ,  
5 0 * 5 0 *  
4 8  * 4 8 ,  
4 7 , 4 6 ,  
4 5 , 4 5 ,  
4 3 ,  4 3 ,

7 2 * 7 2  
7 0 ,  6 9  
6 7 * 6 7  
6 5 , 6 5  
6 3 *  6 3  
6 1  ,  61 
5 9 *  5 9  
5 7 . 5 7  
5 5 *  5 5  
5 3 *  5 3  
5 1 , 5 1  
5 0 *  5 0  
4 8 ,  4 8  
4 6 ,  4 6  
4 5 ,  4 5  
4 3 ,  4 3

1 9 6  
1 9 3  
1 9 0  
1 8 8  
1 8 5  
1 8 2  
1 7 9  
1 7 7  
1 7 4  
1 7 2  
1 6 9  
1 6 7  
1 6 4  
1 6 2  
1 5 9  
1 5 7  
1 5 4  
1 5 2  
1 5 0
1 4 8
1 4 5  
1 4 3  141 
1 3 9  
I 3 7  
1 3 4  
1 3 2  
I 3 0  
1 2 8  
1 2 6  
1 2 4  
122

121 
1 1 9  
1 1 7  
I 1 5  
1 1 3  
I 1 1 
1 1 0  
1 3 8  
1 0 6  
1 0 4  
1 0 3  
101 
100 

9 8
9  6 , 9 6 , 9 6 , 9 6 * 9 5 , 9 5 , 9 5 , 9 5  
9  3 * 9  3 , 9  3 , 9  3 * 9 2 , 9 2 , 9 2 , 9 2  
9 3 , 9 0 , 9 0 , 9 0 * 8 9 * 8 9 , 8 9 * 8 9  
3 7 , 8 7 , 8 7 * 8 7 * 8 7 , 8 6 * 8 6 , 8 6  
8  4 ,  8 4 , 8 4 ,  8 4 , 8  4 ,  8 4 , 6 3 * 8 3  
8 2 , 8 2 , 3 1 * 8 1 , 8 1 * 8 1 , 8 1 , 8 1  
7  9 ,  7  9 ,  7 9 , 7  9 , 7 6 ,  7 8 *  7 6 ,  7 3  
7 6 ,  7 4 , 7 6 ,  7 6 , 7  6 ,  7  6 ,  7 6 . 7 5  
7 4 .  7  4 ,  7  4 , 7 4 , 7  3 ,  7 3 ,  7  3 ,  7  3

7 2 , 7  I , 7 1  , 7 1 , 7 1 , 7 1 , 7 1 , 7 1  
6  9 , 6 9 , 6  9 , 6 9 , 6 9 *  6 9 ,  6 3 ,  6 3  
6 7 , 6 7  * 6 7 , 6 7 , 6 6 ,  6 6 *  6 6 ,  6 6  
6 5 , 6 5 *  6  5 , 6 4 , 6 4 ,  6 4 »  6 4 ,  6 4  
6 3 ,  6 3 *  f  2 , 6 2 , 6 2 , 6 2 , 6 2 *  6 2  
6  1 ,  6 0 ,  6 0 ,  6 2 ,  6 0 ,  6 0 ,  6 0 ,  6(* 
5 9 ,  5 b *  5 H ,  5 8 ,  5 8 *  5 8 *  5 8 ,  5 8  
5 7 . 5 6 , 5 6 . 5 6 *  5 6 ,  5 6 ,  5 6 , 5 6  
5 b , 5 b ,  5 5 ,  5 4 ,  5 4 ,  5 4 ,  5 4 ,  5 4  
5  3 *  5 3 *  5 3 ,  5 3 * 5 2 ,  5 2 ,  5 2 ,  5 2  
5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 5 1 ,  5 0 , 5 0  
4 9  ,  4 9 ,  4 9 ,  4 9 ,  4 9 ,  4 9 ,  4 9 *  4 9  
4 H , 4 H , 4 % , 4 7 , 4 7 , 4 7 , 4 7 , 4 7  
4 6 ,  4 6 *  4  6 , 4 6 *  4 6 ,  4 6 ,  4  6 ,  4 5  
4 5 , 4 5 , 4 4 , 4 4 , 4 4 ,  4 4 »  4 4 , 4 4  
4 3 ,  4 3 ,  4 3 ,  4 3 ,  4 3 ,  4 3 ,  4 3 ,  4 2
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OB 4 2 , 4 2 , 4 2 4 2 4 2 , 4 2 , 4 2 ,  4 2 4 2 ,  4 2 4 1 4 1 4 1 41 41 4 1
OB 4 1 , 4 1 , 4 1 41 4 1 , 4 1 4 0 , 4t« 4 0 , 4 0 4 0 4 0 4 0 4 0 4 0 4 0
DB 4 0 , 3 9 , 3 9 3 9 3 9 , 3 1 , 3 9 , 3 9 3 9 , 3 9 3 9 3 0 3 9 3 3 3 8 3 8
0 3 3 8 , 3 B , 3 8 3 8 3 8 , 3 6 , 3 8 , 3 8 3 8 , 3 7 3 7 3 7 3 7 3 7 3 7 3 7
DB 3 7 ,  3 7 , 3 7 3 7 3 7 ,  3 7 , 3 6 , 3 6 3 4 , 3 6 3 4 3 4 3 4 3 4 3 6 3 6
0 3 3 6 , 3 6 , 3 6 3 5 3 5 , 3 5 , 3 5 , 3 b 3 5 , 3 5 3 5 3 5 3 5 3 5 3 5 3 5
OB 3 4 , 3 4 , 3 4 3 4 3 4 ,  3 4 , 3 4 , 3 4 3 4 , 3 4 3 4 3 4 3 4 3 4 3 3 3 3
OB 3 3 #  3 3 , 3 3 3 3 3 3 , 3 3 , 3 3 , 3 3 3 3 , 3 3 3 3 3 3 3 2 3 2 3 2 3 2
0 8 3 2 ,  3 2 , 3 2 3 2 3 2 , 3 2 , 3 2 , 3 2 3 2 # 3 2 3 1 31 3 1 31 3 1 3 1
0 8 3 1 #  3 1 # 3 1 31 3 1 , 3 1 , 3 1 , 31 3 1 , 3 0 3 0 3 0 3 0 3 0 3 0 3 0
DB 3 0 #  3 0 # 3 0 3.1 3 0 , 3 0 , 3 0 , 3 0 2 9 , 2 9 2 9 2 9 2 9 2 9 2 9 2 9
0 3 2 9 , 2 9 , 2 9 2 9 2 9 , 2 9 , 2 9 , 2 9 2 8 , 2 b 2 8 2 4 2 6 2 3 2 8 2 8
OB 2 8 # 2 U , 2 8 2 6 2 d , 2 o , 2 8 , 2 6 2 7 , 2 7 2 7 2 7 2 7 2 7 2 7 2 7
OS 2 7 # 2 7 , 2 7 2 7 2 7 , 2 7 , 2 7 , 2 7 2 7 , 2 6 2 4 2 6 2 4 2 6 2 4 2 6
DB 2  6 #  2 6 , 2 6 2 6 2 6 , 2 6 , 2 4 , 2 4 2 4 , 2 6 2 4 2 5 2 5 2 5 2 b 2 5
OB 2 5 # 2 b , 2 5 2 b 2 5 , 2 5 , 2 5 , 2 b 2 5 , 2 5 2 5 2 5 2 5 2 4 2 4 2 4

OB 2 4 , 2 4 , 2 4 2 4 2 4 , 2 4 , 2 4 , ? 4 2 4 . 2 4 2 4 2 4 2 4 2 4 2 4 2 4
OB 2 3 , 2 3 , 2 3 2 3 2 3 , 2 3 , 9 3 , 2 3 2 3 , 2 3 2 3 2 3 2 3 2 3 2 3 2 3
OB 2 3 , 2 3 # 2 3 2 3 2 2 , 2 2 , 2 2 , 2 2 2 2 , 2 2 2 2 2 2 2 2 2 2 2 2 2 2
OB 2 2 , 2 2 , 2 2 2 2 2 2 , 2 2 , 2 2 , 2 2 2 2 , 2 1 2 1 2 1 2 1 2 1 2 1 2 1
OB 2 1 , 2 1 , 2 1 2 1 2 1 , 2 1 , 2 1  , 2 1 2 1 # 2 1 2 1 2 1 2 1 2 1 2 1 2 0
0 3 2 0 , 2 0 , 2 0 2 0 2 0 , 2 0 , 2 0 , 2 0 2 0 , 2 0 2 0 2 0 2 0 2 0 2 0 2 0
0 8 2 0 , 2 0 , 2 0 2 0 2 0 , 1 9 , 1 9 , 1 9 1 9 , 1 9 1 9 1 9 1 9 1 9 1 9 1 9
0 8 1 9 , 1 9 , 1 9 1 9 1 9 , 1 9 . 1 9 , 1 9 1 9 , 1 9 1 9 1 9 1 9 I d 1 8 I B
0 3 I d , I S , I d I B I d , 1 3 , 1 8 , 1 8 1 8 , I B 1 8 I B 1 9 1 8 1 8 1 8
0 8 1 8 #  1 8 # 1 8 1 8 1 8 , 1 8 , 1 7 , 1 7 1 7 , 1 7 1 7 1 7 1 7 1 7 1 7 1 7
DB 1 7 #  1 7 , 1 7 1 7 1 7 , 1 7 , 1 7 . 1 7 1 7 , 1 7 1 7 1 7 1 7 1 7 1 7 1 7
0 8 1 7 , 1 6 , 1 6 1 6 1 6 , 1 6 , 1 4 ,  1 6 1 4 , 1 4 1 6 1 4 1 4 1 6 1 6 1 4
0 3 1 6 , 1 6 , 1 6 1 6 1 6 , 1 6 , 1 6 , 1 6 1 6 , 1 6 1 4 1 6 1 6 1 5 1 5 1 5
0 8 1 5 , 1 5 , 1 5 1 5 1 5 , 1 5 , 1 5 , 1 5 1 5 , 1 5 1 5 1 5 1 5 1 5 1 5 1 5
0 8 1 5 ,  1 5 , 1 5 1 5 1 5 , 1 5 , 1 5 , 1 5 1 5 , 1 5 1 5 1 5 1 4 1 4 1 4 1 4
Ofi 1 4 , 1 4 , 1 4 1 4 1 4 , 1 4 ,  1 4 , 1 4 1 4 , 1 4 1 4 1 4 1 4 1 4 1 4 1 4

DB 1 4 , 1 4 , 1 4 1 4 1 4 , 1 4 , 1 4 , 1 4 1 4 , 1 4 1 4 1 4 1 3 1 3 1 3 1 3
0 8 1 3 , 1 3 # 1 3 1 3 1 3 , 1 3 , 1 3 , 1 3 1 3 , 1 3 1 3 1 3 1 3 1 3 1 3 1 3
0 3 1 3 , 1 3 , 1 3 1 3 1 3 , 1 3 , 1 3 , 1 3 1 3 , 1 3 1 3 1 3 1 3 1 3 1 3 1 2
0 3 1 2 , 1 2 # 1 2 1 2 1 2 , 1 2 , 1 2 , 1 2 1 2 , 1 2 1 2 1 2 1 2 1 2 1 2 1 2
0 3 1 2 , 1 2 # 1 2 1 2 1 2 , 1 2 , 1 2 #  1 2 1 2 , 1 2 1 2 1 2 1 2 1 2 1 2 1 2
0 8 1 2 , 1 2 , 1 2 1 2 1 1 , 1 1 , 1 , I 1 1 1 , 1 1 1 1 1 1 1 1 11 1 1 1 1
0 8 1 1 , 1 1 # 1 11 1 1 , 1 1 , 1 , 1 1 1 1 , 1 1 1 1 1 1 1 1 1 1 1 1 1 1
OB 1 1 , 1 1 # 1 1 1 1 1 , 1 1 , 1 , 1 1 1 1 , 1 1 1 1 1 1 1 1 1 0 1 0 1 0
0 3 1 0 , 1 0 # 1 0 1 0 1 0 , 1 0 , 1 0 , 1 0 1 0 , 1 0 1 0 i n 1 0 1 0 1 0 1 0
0 8 1 0 , 1 0 , 1 0 1 0 1 0 , 1 0 , 1 0 , 1 0 1 0 , 1 0 1 0 i n 1 0 1 0 1 0 1 0
0 3 1 0 , 1 0 , 1 0 1 0 1 0 , 1 0 , 1 0 , 1 0 1 0 , 1 0 9 9 9 ? 9 9
0 8 9 ,  9 , 9 9 9 ,  9 , 9 , 9 9 # 7 9 9 9 9 9 9
0 8 9 ,  9 # 9 9 9 ,  9 , 9 # 9 9 , 9 9 9 9 9 9 9
0 8 9 ,  9 , 9 9 9 ,  9 , 9 , 9 9 , 9 9 9 8 9 8 8
0 8 6 ,  8 , a 8 ,  8 , 8 # B 8 # 8 8 8 6 8 8 8
0 3 8 ,  8 , 8 8 ,  8 , 8 , 8 8 # 8 8 8 8 8 8 8

DB 8 , 8 , 8 , 8 , 8 , 3 3 , 8 , 3 , 8 , 8 , 8 8 , 8 , 8 8
0 8 8 , 8 , 8 , 8 #  7 ,  7 7 ,  7 , 7 , 7 ,  7 ,  7 7 , 7 , 7 7
0 8 7 , 7 , 7 , 7 , 7 ,  7 7 ,  7 ,  7 , 7 , 7 ,  7 7 , 7 , 7 7
0 3 7 , 7 , 7 , 7 ,  7 ,  7 7 ,  7 ,  7 , 7 , 7 ,  7 7 ,  7 ,  7 7
0 8 7 ,  7 , 7 , 7 , 7 ,  7 7 ,  7 ,  7 , 7 , 7 , 7 7 , 7 ,  7 7
0 3 7 , 7 , 7 , 7 , 6 ,  6 6 ,  6 ,  6 , 6 ,  6 ,  6 4 , 6 , 4 6
0 3 6  ,  6  ,  6  , 6 , 6 ,  6 6 , 6 , 6 , 6 , 6 ,  6 4 ,  6 ,  6 6
0 8 6 #  6 ,  6  , 6 , 6 ,  6 6 , 6 , 6 , 6 , 6 ,  6 4 , 4 ,  4 6
0 3 6  ,  6 ,  6 , 6 , 6 ,  6 6  ,  6 ,  6 , 4 , 6 ,  6 4 , 4 , 6 6
0 8 6 ,  6 ,  6 , 6 #  6 ,  6 6  ,  6 ,  6 , 6 ,  6 ,  6 4 , 6 ,  4 5
0 8  . 5 , 5 , 5 , 5 , 5 , 5 5 ,  5 ,  5 , 5 ,  5 , 5 5 , 5 , 5 5
0 3 5 , 5 ,  5 , 5 , 5 , 5 5 , 5 , 5 , 5 ,  5 ,  5 5 ,  5 ,  5 5
0 8 5 , 5 , 5 , 5 , 5 , 5 5 ,  5 ,  5 , 5 ,  5 , 5 5 , 5 ,  5 5
DB 5 , 5 , 5 , 5 , 5 , 5 5 #  5 ,  5 , 5 ,  5 ,  5 5 , 5 ,  5 5
0 3 5 , 5 , 5 , 5 , 5 , 5 5 , 5 , 5 , 5 ,  5 , 5 5 , 5 , 5 5
0 3 5 , 5 , 5 , 5 #  5 , 5 5 ,  5 ,  5 , 4 ,  4 ,  4 4 ,  4 , 4 4

0 3 4

FADD.IO
F A ü D l MOV

XKA
MOV
JM

A ,  H 
D
A , L
L l

l E N T E K

L0: SUB
MOV
MOV
bbÜ
J M

E
C # A
A * H
U
L O I

I A D D
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L 0 0 : J Z L 0 0 E l H L » O e  L O I t I N R A
b U I J Z L 0 1 E
J C L 0 0 Ü A U l 0 0 0 0 0 1  1 I B

J C L 0 I D
MOV B , H
J N Z L 0 0 A 1 G R O U P  8 MOV e * H

L 0 0 S t I NX H MOV L , E
I N X H MOV H , D
I N X H I N K A
MVI A , 0 1 1 0 1 0 0 0 3 J N Z L 0 1 A
CMP C L 0 1 S I I N X H
J C L 0 0 B 1 I N X H
I NX H CMP C
J M P L 0 0 B 1 J Z L 0 1 A 1

I N X ri
L 0 0 A t ÜCM A 1 G R O U P  9 MV I A , 1 0 0 1 0 1 1 1 8

J N Z L O 0 B CMP C
I NX H J N C L 0 0 C 1
MVI A * 1 1 1 0 0 0 1 0 3 I N X ri
CMP C J M P L O 0 C I
BC L 0 0 A 1
ANX H L 0 I A I I N R A

L 0 0 A 1 1 ANA H J N Z L 0 1 B
XKA 3 I N X ri
R P M V I A , 0 0 0 1 1 1 0 1 B
J MP L 0 0 F CMP C

J N C L 0 1 A 1

L 0 0 B I DCK A ;  G R O U P  1 0 I N X ri

J N Z L 0 0 C L 0 1 A 1 : OK A ri
I NX H XR A B

L 0 0 B 1 1 ORA H R P

XRA B J M P L 0 0 F

R P
J M P L 0 0 F L 0 1 3 I I N K A

J N Z L 0 I C

L 0 O C : DCK A ' G R O U P  11 I N X H

RNZ L 0 I B 1 t OR A ri

MVI A* 1 1 0 0 1 0 1 1 3 XR A 8

CMP C R P

R C J M P L 0 0 F

I N X H
L 0 0 C 1 I ANA H L O I C i I N K A

XRA 8 R N Z

R P MV I A , 0 0 1 1 0 1 0 0 8

J M P L 0 0 F CMP C
R N C

L 0 0 O : A D I A D A / 2 5 6 + 8 ' G R O U P  1 - 7 I N X ri

MOV 8 p a O R A ri

L 0 0 D 1 : L D A X B X R A 8

ADD L R P

MOV L * A J M P L 0 0 F

ADC H
S U 3 L L 0 1 D X CMA

MOV H , A A D I A Ü A / 2 5 6 + B
XRA 0 MOV r i ,  A
R P MOV A , C
J M P L 0 0 F CMA

MOV L , A

L 0 0 E : MVI B > A D A / 2 5 6 ' G R O U P  0 I N X ri

MVI A , 0 1 1 1 0 0 0 0 3 MOV L , M
CMP C MV I r i , 0 0 0 0 0 0 0 0 3

J C L 0 0 D 1 UAU U

LUA X 8 MOV A , r i

ADD L XKA D

MOV L * A R P

ADC H J M P L 0 O F

S U 3 L
I N K A L 0 I  E t MVI r i , A D A / 2 5 6
MOV H , A MOV A , C
XKA 0 CMA

R P MOV L , A
I N X ri

L 0 0 F I MVI L p 1 1 1 1 1 1 1 1 3 ' O V E R F L O W MOV L , M

MVI A , 8 0 H C P I 0 1  1 1 0 0 0 0 8

ANA ri A U C C

CMA I N K A

MOV H * A MOV r i , A

R E T ÜAU D
L 0 I E 1 1 MOV A , H

XRA Ü

I D E > H L

I  G R O U P  8

I  G R O U P  9

i G R O U P  1 8

J G R O U P  I t

• G R O U P S  1 - 7

• G R O U P  0

R P
J M P L 8 0 F
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L l  1 S UB E ;  S U B T R A C T  L U F t MV I 8 . S U A / 2 5 6
MOV C . A L U A X d
MOV A . H I N K Ü
S B B U AU O L
J P L 1 0 MOV L . A

L D A X 8
L U i A.^1 e i n i i i i B I H L > D E AU C H

J l L l  I F MOV H . A

ÜCK A XR A D
J Z L I I E RM

S U I 0 0 0 0 0 1 1 1 8
J C L l  I D l u g : MVI L . 0 0 0 0 0 0 0 0 8

MV I A .  7 F H

MOV B . H O KA H

J N Z L l  l A 1 G R O U P  8 CMA

L l t S l OCX H MOV H . A

OCX H R E T

OCX H
MV I A . 0 I 1 0 1 1 0 0 B L 1 0 I MOV A . ' E
C MP C S UB L
J C L l l B l MOV L . A
OCX H MOV A . D

L l I A l t MOV A . H S B B H

X K A B AN I 0 1  1 1 1  1 1  I B
HP J Z L I 0 F
J M P L U G OC R A

J Z L l O E
L I l A i OCR A I  G R O U P  9 S U I 0 0 0 0 0 1 1  I B

J N Z L l  I B J C L I 0 D
OCX H
MOV A . C MOV C . L
C P I 1 1 1 0 0 1 0 1 8 MOV L .  E
J N C L l  I C I MOV H . D
OCX H MOV B . H
C P I 0 0 0 0 0 0 1 0 8 J N Z L l l A
J N C L l  l A I J M P L U S
OCX H
J M P L l I B l L I 0 D : A D I S U A / 2 5 6 + 9

MOV H . A
L U B I OCR A J G R O U P  1 0 MOV L . M

J N Z L l  1 C MV I H . U I I I U I B
OCX H DAD Ü

L l l B l l ORA H MOV A . H
XRA 6 XKA D
R P R P
J M P L U G J M P L l  I G

L l l C t OC R A I G R O U P  11 L l O E : MVI H . S U A / 2 5 6 + 2
RNZ MOV A . L
MV I A . l 1 0 0 1 1 0 0 B MOV L . M
CMP C C P I 0 1 1 0 1 1 1 1 8
R C S B B A
OCX H OCR A

L l l C l S ANA H MOV H . A
XRA B DAO U
R P ANA H
J M P L U G XR A D

R P
L I I D t A D I S U A / 2 5 6 + 9 ;  G R O U P S  2 - 7 J M P L U G

MOV B .  A
L l l O l i L O A X B L I 0 F : MV I H . S U A / 2 5 6

ADD L MOV C . M
MOV L . A I N R H
MVI A . U U U U B MOV H . M
A U C H MOV L . C
MOV H . A DAD D
XRA 0 ORA H
RM XKA D
J M P L U G HP

J M P L U  G
L I I E : MVI B . S U A / 2 5 6 + 2 I G H O U M  1

MOV A . C
C P I 0 1 1 0  n 1 1 B
J N C L l  l U l
L U A X L
AUU L
MOV L . A
MVI A . I I 1 1 1 1 1 0 6
AU C H

L I l E l l MOV H . A
XRA D
HM
J M P L U G

l O R O U H  d

■ U N D E R F L O W

I D E > H L

I  G R O U P S  2 - 7

■ G R O U P  I

■ G R O U P  0
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K S U d i

sot

soot

S O O O t  

S 0 O D 1 t

S O O E t

s o n

s n SUB K S 1 0 E I MVI B . S U A / 2 5 6 + 2

FSVB.IO MOV
MOV

C. A
A. H

MOV
CPI

A . C
0 1 1 0 1 1 1 1 8

SBB 0 J NC S10D1
MOV A, M JM SI 3 LUAX B
XRA U ADD E
MOV A . L s i n J Z SI  I P MOV L . A
J P S I DCR

J Z
A
S U E

MVI
ADC

A . 7E H
D

SUB E SUI J 0 0 O 0 U  I B MOV H. A
MOV C . A J C S l l O XKA 0
MOV A . H MOV a .  0 RM
SBB U JNZ L U A JMP L U G
J P SOI JMP L U S

S I O F I MVI B . S U A / 2 5 6
ANl 7FH S I  I D: ADI S U A / 2 5 6 + 9 LDAX B
J Z S 0 0 Ê - ' MOV 3 .  A INK 8
SUI 0 0 0 0 1 0 0 0 8 S I l D l l LUAX B ADD E
J C S 0 0 D ADD L MOV L . A
MOV B . H MOV L . A LDAX B
JNZ L 0 0 A MVI A . 0 F P H ADC D
JMP L 0 0 S ADC

MOV
H
H . A

XRI
MOV

60H
H. A

ADI A D A / 2 5 6 + 8 XRA 0 XRA D
MOV B . A RP KM
LOAX B JMP L U G JMP L U G
ADD L
MOV L . A S U E ! MVI a , S U A / 2 5 6 + 2
ADC H MOV A . C
SUB L CPI 0 1 1 0 1  11 I B
MOV H.  A JNC S U D l
XRA D LDAX 3
RM ADD L
J MP L 0 0 P MOV

MVI
L . A
A . 0 P E H

MVI B . A D A / 2 5 6 ADC H
MVI A . 0 1 1 1 0 0 0 0 3 MOV r i .  A
CMP C XRA 0
J C S 0 0 D I
LDAX
ADD

8
L JMP L U G

MOV
ADC

L . A
H S I  I F : MVI B . S U A / 2 5 6

SUB L LDAX
INR

3
INK A
MOV H . A ADD L
XRA D MOV L.  A
RM LDAX 3
JMP L 0 0 P ADC

MOV
ri
r i .  A

ADI 1 0 0 0 0 0 0 1 8 XRA 0
J Z 5 0  IE RP
AOI 0 0 0 0 0 1  1 IB BMP L U G
J C 5 0 1  0
MOV B . H 5 1 0 : MOV A . E
LXI H . 6 0 0 0 H SU3 L
DAD U MOV C. A
INR A MOV A. D
J N Z L 0 1  A 5 8 3 ri
JMP L 0 1 S J Z

DCR
S 1 0 P
A

S O l D i

S O l E t

CMA
A O I
MOV
MOV
CMA
MOV
I N X
MOV
M V I
UAU
MOV
XR A
RM
J M P

MVI
MOV
CMA
M. ) V
I M
MOV
Cr*l
A D C
A O I
MOV
UAU
A 4 A
XR A
hM
J M P

A D A / 2 5 6 + 8  
H#  A 
A , C

L , A
H
L,M
K.30K
D
A , H
U

L O O P

H , A D A / 2 b 6
A # C

L ,  A 
H
L . M
0 1  I 1 0 0 0 0 3  
C
10000001B
H # A
D
H
D

L O O P

S I 0 D :

s i e u i t

JÙ
S U I
J C
L X I
UAD
MOV,JNZ
J M P

A U l
MOV
L D A X
AU U
MOV
M V I
AD C
MOV
XKA
K.M
J M P

S 1 0 E
00000111B 
S 1 0 D  
H . 3 0 O 0 H  
D
d.H 
L l  l A  
L l l S

S U A / 2 5 6 + 9  
3,A 
3 
E
L . A  
A ,  7 P H  
D
H» A 
U

L U G
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1 0 9 1 C P I 7 F H

lOAJO J N Z
P O P

1 0 1
P S W

A N A A
1 0 A 2 I J Z 1 0 0
l O A E J U I 0 A 2 - 2 MOV C « A

0 4 0 0 0 3 H C P I 2 E H
0 4 4 0 W W H , 0 0 0 0 H J N Z 1 1 0
0 4 4 1 3 4 H . 3 4 1 E H O C R D
0 4 4 I E W H , 3 6 S 0 H  1 1 0 1 C P I 4 5 H
D'4 4 2 6 W H , 3 6 A 7 H J N Z 1 0 8
0 4 4 2 C C H , 0 Ü 5 U 9 H O C R E
0 4 4 3 1 D H , 0 3 5 7 2 H J M P 1 0 8
0 4 4 3 6 2 H » 0 B 7 F 7 H  1 1 1 ; L X I H# 4 0 0 0 H
0 4 4 3 9 0 H , 0 B 6 7 E H M O V A . E
0 4 4 3 D I H , 3 5 D 9 H A N A A
DW 7 F F F H

1 1 2 ;

J Z
L X I
P O P
C P I

1 1 6
D . 4 2 0 0 H
P S W
4 5 H

FW.IO J Z
C P I

1 1 6
2 D H

J N Z 1 1 3
F I N : P U S H 0 1 S U B R O U T I N E  I N P U T S  N U M B E R M V I A , 7 F H
1 0 0 : M V I C ,  3 F K X R A H

C A L L CO ; 0 = O E C I M A L  P O I N T  F L A G I N R A

L X I D , 0 l E s E X P O N E N T I A L  F L A G M O V H . A

P U S H 0 I 0 « E N O  O F  S T A C K J M P 1 1 2

1 0 1 1 C A L L C l 1 1 3 : S U I 3 0 H

A V I 7 F H J Z I I S

C P I 2 0 H J I N P U T * • ' M O V B . A

J W 4 1 0 2 1 1 4 ; C A L L FMUL

P O P P S W D C R 8

P U S H P S W J N Z 1 1 4

C P I 3 0 H 1 1 5 : M V I A . 4 2 H

J C 1 0 1 S U B D

C P I 3 A H M V I D . 5 4 H

J V C 1 0 1 J Z 1 1 2

J M P 1 1  1 M V I Ü . 7 F H

1 0 2 : MOV C ,  A 1 I N P U T * • - * 0 R '  +  ' J M P 1 1 2

C P I 2 D H 1 1 6 ; P O P P S W

J £ 1 0 3 A N A A

C P I 2 B H X C H G

J V Z 1 0 4 L X I B . 4 0 0 0 H

1 0 3 : P O P P S W L X I H . 4 0 0 0 H
P U S H P S W J Z 1 2 3
AV A A C P I 2 D H
J Z 1 0 7 J Z 1 2 0
C P I 4 5 H L X I H . 0 O 0 0 H
J Z 1 0 7 J . MP 1 1 8
J M P 1 0 1 1 1 7 ; P O P P S W

1 0 4 : C P I 2 E H 1 I N P U T *  ' A N A A
j v z 1 0 5 J Z 1 2 3
MOV A* E 1 1 8 1 C P I 2 E H
O R A D J N Z 1 1 9
J V Z 1 0 1 P U S H 0
I N n 0 MOV D .  a
J M P 1 0 7 M O V E . C

1 0 5 : C P I 4 5 H J I N P U T * * E ' C A L L F D I  V
J V Z 1 0 6 L X I B . 4 0 0 0 H
A V A E P O P U
O K A E J . MP 1 1 7
J N Z 1 0 1 I 1 9 I C P I 2 U H
I N K E J N Z 1 2 1
J M P 1 0 7 1 2 0 1 MV I A . B 0 H

1 0 6 : C P I 3 0 H 1 I N P U T = ' 0 ' T O ' 9 * 0 « A ri
J C 1 0 9 MOV H . A
C P I 3 A H J M P 1 1 7
J N C 1 0 9

1 0 7 : MOV
C P I
J Z
P U S H

A , C
2 H M
1 0 8
P S W

J P U S H i E C H O

1 0 8 : C A L L
J M P

CO
1 0 1

I I N P U T > R U a O U T

I C O M P I L E  E X P O N E N T

I U E = O A I N  
> H L » P O W E H

I C O M P I L E  M A N T I S A

I a C = G A I N
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1211

1 2 2 :

1231

S U I 3 0 H
J Z 1 2 2
A D D A
A U U A
P U S H D
P U S H B
P U S H H
P U S H 9
A D I ( I 0 A * 2 )  MOD 2 5 6
MOV L # A
A C l ( I 0 A * 2 ) / 2 5 6
S U d L
MOV H » A
MOV E , M
I N X H

MOV U « M
MOV C . L
MOV B . H
P O P H
C A L L F M U L
P O P D
P U S H 8
C A L L F A D D
MOV B . H
MOV C . L
P O P H
O C X H
O C X H
MOV D . M
O C X H
MOV A . M
P O P H
P U S H H
C A L L F M U L
MOV 0 . 8
MOV E . C
C A L L F A U O
P O P B
P O P D
MV I A . 0 4 H
A D D B
MOV B . A
J P 1 1 7
L X I B . 7 F F F H
J M P 1 1 7
C A L L F MU L
C A L L F M U L
P O P
R E T

D

F O U T . I O
T 6 I

F O U T :

I I :

T 2 i
1 3 :

14 :

15:

P U S H
P U S H
AN A
O K A
MVI
J P
M V I
M V I
A N I
O R I
MOV
C A L L
P U S H
M V I
M OV
MOV
P U S H
P U S H
P U S H
A D I
MOV
A G I
S U d
MOV
L D A X
MOV
I N X
L U A X
MOV
c a l l

O R A
A N A
BM
P O P
MOV
MOV
P O P
P O P
A D I
J M P
P O P
P O P
P O P
P U S H
MOV
R K C
R R C
A D I
MOV
C A L L
M V I
A U U
M O V
A C l
sue
MOV
MOV
I N X
MOV
L X I
c a l l

P O P
c a l l

L X I  
U A U  
P O P  
I  NX 
J.'iC  
M V I  
JMP

D
H
H
H
C , 2 0 H
n
C / 2 U H
B , O F F H  
J 3 H  
4 0 H  
H*A
CO
5
A , 0 4 H  
3 > H  
Ci L  
P S W  ,
H
3
l O A  MOD 2 5 6
C, A
I O A / 2 5 6
C
B « A
a
E , A
B
6
D , A
FSU0
H
A
15
B
B / H
CiL
H

1 7 :

T 8 I

T 9 :

T 1 0 :

MOV A . B
C P I 2
J C T 3
MV I C . 2 Ü H
C A L L CO
MVI C . 4 5 H
C A L L CO
P O P H
MOV A . H
ADD A
J M T 7
MVI C . 2 D H
C A L L CO
MOV A . H
CMA
A D I 0 4 H
J M P T S
MVI C . 2 0 H
C A L L CO
MOV A . H
R R C
KKC
AN I I F H
X R I 1ÜH
M V I B . 3 0 H
S U I 1 0
J C T 1 0
I N R B
J M P T 9
A O I 3AH
MOW C . B
MOV B . A
C A L L CO
MOV C . B
C A L L CO
P O P D
R E T

P S W
0 4 H F d O U T . I O
T 4
ri F B O U T I P U S H H
PSW P U S H D
P SW MVI 8 . 1 6ri B l  : MVI C . 2 0 H
3 . A 8 2 : C A L L CO

8 3 : UAD
R AL

H

2 F H AN I 0 1 H
C . A O R I 3 0 H
CO MOV C . A
A .  ( I O A - 2 )  MOD 2 5 6 C A L L CO
B D CR B
L . A J Z 8 5
( I 0 A - 2 ) / 2 5 6 MOV A . B
L C P I 1 5
H . A J Z B l
E . M 8 4 : C P I 1 0ri J N Z 8 3
D . M MVI C . 2 E H
r i . 3 6 9 Ü H J M P 0 2
F S U B

8 5 : MVI C . 2 0 H
C A L L CO

F AUU P O P U
O , 0 4 0 O r i P O P H

B
R E T

Ü
16
C , 2 E H
12
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F A N : DB 8 , 8 7 , 7 , 6 6 , 5 , 5 4 ,  4 , 4 ,  3 , 3 3 3
D B 3 , 2 2 , 2 , 2 2 , 2 ,  1 1 , 1 , 1 , 1 ,  1 1
DB 1 ,  1 1 , 1 , 0 0 , 0 ,  0 0 0 , 0 , 0 , 0 ,  0 3 0
D B 0 , 0 0 , 0 , 0 0 , 0 , 0 0 3 , 3 , 3 , 0 , 0 3 0
DB 0 , 0 0 , 0 , 0 3 , 0 , 0 3 0 ,  (r* ,  0  # 0 , 0 3 0
DB 0 ,  0 0 , 0 , 0 0 , 0 , 0 0 , 0 , 3 , 0 ,  0 3 0
DB 0 ,  0 0 , 0 , 0 3 , 0 , 0 3 v) ,  0  « t l , 0 , 0 3 0
D B 0 ,  0 0 , 0 , 0 0 , 0 , 0 3 0 , 0 , 3 , 0 , 0 3 0
DB 1 2 7 2 9 , 2 1 1 7 , 1 4 , l 0 , f . 8 ,  7 6 6
DB 3 ,  3 3 , 2 , 2 2 , 2 , 2 2 1 , 1 , 1 , 1 ,  1 1
DB 1 ,  1 1 , 1 , 1 3 , 0 , 0 3 0 , 0 , 3 , 0 , 0 3 0
DB 0 ,  0 0 , 0 , 0 0 , 0 ,  0 3 0 , 0 , 3 , 0 , 0 3 0
DB 0 , 0 0 , 0 , 0 0 ,  0 ,  0 0 0 , 0 , 0 , 0 , 0 3 0
DB 0 , 0 0 , 0 , 0 9 , 0 , 0 0 0 , 0 , 0 , 0 ,  0 0 0
DB 0 ,  0 0 , 0 , 0 9 ,  0 ,  0 0 0 , 0 , 0 , 0 ,  0 3 0
DB 0 , 0 0 , 0 , 0 0 , 0 , 0 0 0 , 0 , 0 , 0 ,  0 3 0

FADD:  MVI
XR A
J M
X R A
J M
S U B
J M
MOV
AD D
AD D
R P
MV I
R E T

L 0 0 1 I  CMA 
I N R  
MOV 
MOV 
A D D  
R P  
MV I  
R E T

L i l t  S U B
J M
MOV
A DD
A DD
RM
MV I
R E T

L U l :  CMA
I N R
MOV
MOV
AD D
RM
M V I
R E T

H» F A R / 2 5 6  
B 
L l  
8
L l  1 
B
L 0 O 1  
L ,  A  
B 
M

A , 0 1 1 1 1 1 1 1 8

A
L , A  
A#  B 
M

A , 0 1 1 1 1 1 1 1 8

a
L U l
L , A
B
M

A#  1 I 1 1 1 1 1 1 3

A
L »  A 
A , B  
M

A# 1 1 1 n  1 1 1 B

L i t  X R A  
J M  
S U B  
J M  
CMA 
I N R  
MOV 
M O V  
S U B  
RM 
M V I  
R E T

L 0 1 1 :  MO V
A D D
S U B
R P
M V I
R E T

L 1 0 :  S U B
J M  
CMA 
I N R  
MOV 
MO V  
S U B  
R P  
M V I  
R E T

L 1 0 1 :  MOV 
A D D  
S U B  
RM 
M V I  
R E T

d
L 1 0
9
L 0 1 1

A
L ,  A 
A « B  
M

A , 1 0 0 J 0 0 0 0 B

L # A
B
M

A , 0 0 0 3 0 0 0 0 9  

B
L 1 0 1

A
L ,  A 
A , B  
M

A # 0 Q 0 3 0 0 0 0 B

L ,  A
B
M
A , 1 0 0 3 0 0 0 0 8

F M U L I  XR A  
J M  
XR A  
AD D  
S U I  
R P  
AD D  
MV I  
RM 
M V I  
R E T

L M l  X R A  
AD O  
S U I  
RM 
A DD 
MV I  
RM 
MV I  
R E T

F D I V :  XR A  
J M  
XR A  
S U B  
A D I  
R P  
ADD 
M V I  
RM 
MV I  
R E T  
XRA 
S U B  
A D I  
RM 
ADD 
M V I  
RM 
MV I  
R E T

L D :

B
LM
8
B
0 1 0 0 0 0 0 0 8

A , 0 0 0 0 0 0 0 0 8  

A ,  0 1  11 1 1  1 1 8

B
B
0 I 0 0 3 0 O 0 B

A ,  I 0 0 3 0 3 0 0 8  

A , I I 1 1 1 1 1 1 8

8
L D
8
8
0 1 0 0 0 0 0 0 6

A> 0 0 0 0 0 0 0 0 8  

A , 0 1 1 1 1 1  I I B

9
8
0 1 0 0 0 0 0 0 B

A* 1 0 0 0 0 3 0 0 8  

A ,  1 1 1 1  1 1 1  I B



CHAPTER IV

SOFTWARE OPERATION OF THE MICRO-OPTICAL TOMOGRAPH 

In tr o d u c t io n  to  F ly in g  Spot S canners

The M ic ro -O p tic a l Tomograph i s  a l s o  a h ig h  q u a l i ty  g e n e ra l p u r ­

pose  d i g i t a l  im ager u s in g  th e  f ly in g - s p o t  p r in c i p l e  to  read  and w r i t e  

v i s u a l  d a ta .  F ly in g - s p o t  sc a n n e rs  w ere born  w ith  t e l e v i s i o n .  They w ere 

used in  th e  f i r s t  r e g u la r  t e l e v i s i o n  t r a n s m is s io n s  b e g in n in g  in  1928. 

These e a r ly  b ro a d c a s ts  scanned a scen e  w ith  a carbon  a r c  and a m echan­

i c a l l y  r o t a t i n g  d is k ,  a s  d e s c r ib e d  by Nipkow in  1884. Today f ly i n g - s p o t  

sc a n n e rs  u s in g  a CRT l i g h t  so u rc e  a r e  w id e ly  used  fo r  m otion p i c t u r e  

p ic k  up in  com m ercial TV.

When o u tp u t t in g  an im age, a com puter program  th ro u g h  th i s  s c a n n e r  

s e q u e n t i a l ly  b u i ld s  a p ic tu r e  a s  thousands o f  d o ts ,  o r p ix e l s ,  ex p o sin g  

one a t  a tim e by ch o o sin g  an X and Y c o o rd in a te  and a beam i n t e n s i t y .

T h is  s lo w ly  formed image i s  in te g r a te d  on a p h o to g ra p h ic  f i lm  o r  p a p e r  

y ie ld in g  a perm anent re c o rd  in  b la c k  and w h ite  o r  c o lo r .

When in p u t t in g  an  im age, a com puter program  th ro u g h  th e  s c a n n e r  

s e q u e n t i a l l y  chooses X and Y c o o rd in a te s  and re a d s  v a r io u s  c h a n n e ls  i n ­

d ic a t in g  d e n s i ty ,  c o lo r ,  e t c .  o f th e  s u b je c t  a t  th e  chosen  p o in t .

A f ly in g - s p o t  cam era i s  com plem entary to  a c o n v e n tio n a l t e l e v i s i o n  

cam era, a s  i t  now e x p la in e d . In  a t e l e v i s i o n  s tu d io  lam ps a re  s t a t i o n a r y
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w h ile  b eh in d  a  le n s  a l i g h t - s e n s i t i v e  s p o t ra p id ly  sc a n s  th e  s c e n e . 

However th e  r e c ip r o c a l  n a tu re  o f  l i g h t  a llo w s th e  r o l e s  o f  so u rc e  and 

s e n s o r  to  be  r e v e r s e d .  Behind a  le n s  a sp o t o f  l i g h t  cou ld  r a p id ly  

sc a n , p r o je c t in g  a  " f ly in g  s p o t"  o v e r th e  sc e n e . P h o to se n so rs  r e p la c e  

th e  lam ps, r e c e iv in g  l i g h t  s e r i a l l y  r e f l e c t e d  from ea c h  p o in t  o f  th e  

s c e n e . On a  m o n ito r , th e  p e r s p e c t iv e  w ould be as v iew ed  from  th e  l i g h t

s o u rc e . The l i g h t  s e n s o rs  w ould c a s t  shadows and be r e f l e c t e d  as spec-'

u l a r  h ig h l ig h t s  j u s t  as would lam ps in  c o n v e n tio n a l p h o to g rap h y . When 

u s in g  th e  sc a n n e r  f o r  image in p u t ,  i t  may be co n v e n ie n t to  th in k  o f

1 . th e  p h o to se n so rs  as l i g h t  so u rc e s  and

2 . th e  CRT l i g h t  so u rce  as  a  s c a n n a b le  p h o to d e te c to r .

No l i g h t s  o th e r  th a n  th e  p h o to se n so rs  can be used . I l lu m in a t in g  th e  

s u b je c t  w ith  a  c o n v e n tio n a l lamp w i l l  on ly  produce an  o v e r a l l  fo g . Fog 

c a n c e lin g  so f tw a re  can u se  th e  f ly in g - s p o t  scan n e r to  o b ta in  an image 

o f  w hat w ould ap p ea r i f  a l l  th e  l i g h t s  in  th e  u n iv e r s e ,  e x c e p t f o r  i t s  

own, w ere b la c k e n e d . Thus i t  i s  p o s s ib le  to  p h o to g rap h  a flam e o r  lamp 

f i la m e n t f r e e  from  a l l  s e lf - lu m in e s c e n c e .

T here a re  no k n o b s, m e te rs , o r  f l a s h in g  l i g h t s ,  o n ly  a power 

sw itc h . E xcep t f o r  a lig n m en t a m e ch an ica l fo c u s in g , e v e ry th in g  i s  

d r iv e n  from  s o f tw a re . Even a lig n m en t and focus can b e  checked e n t i r e l y  

from s o f tw a re ,  a s u r p r i s in g  and p o w erfu l f e a tu r e  f o r  such  a com plex 

sy stem .

P h ilo so p h y  o f  th e  I n s t r u c t io n  S e t

The b e s t  exam ple o f  an e l e g a n t ly  s im p le  i n s t r u c t i o n  s e t  i s  

Quantum M echan ics, w hich God d e s ig n e d  to  c o n t ro l  th e  p h y s ic a l  w o rld .

Exam ples o f th e  o th e r  ex trem e a re  w e ll  docum ented in  m ost e q u ip -
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m ent m anuals . An example comes to  mind o f a d a ta  a c q u i s i t i o n  system  

w hich  la n g u is h e s  in  a draw er b eca u se  no one can f ig u r e  i t  o u t .  The 

m anual say s  i t  i s  u s e fu l  f o r  many p u rp o ses  such as m e te o ro lo g ic a l  d a ta  

g a th e r in g .  A f te r  p a in s ta k in g ly  assem b lin g  th e  command s e t  (tucked  away 

th ro u g h o u t th e  th i c k  manual l i k e  E a s te r  eggs in  th e  m id d le  o f p a ra ­

g rap h s  and in  fo o tn o te s ) ,  i t  was a p p a re n t th a t  to  u se  i t  f o r  o th e r  th a n  

m e te o ro lo g ic a l  d a ta  g a th e r in g  w ould r e q u ir e  programm ing w orthy  o f  Rube 

G oldberg  to  overcome i t s  a u to m a tic  f e a tu r e s .

Two p i t f a l l s  seem a lm ost u n iv e r s a l :

1, D esign  f o r  one a p p l i c a t io n ,  r e s u l t in g  in  a system , th a t  i s  

in a p p l ic a b le  when th e  p rob lem  changes, and

2, D esign  f o r  every  a p p l i c a t io n  th a t  pops to  m ind, r e s u l t in g  

in  a sy stem  th a t  becomes a  p a r t  o f th e  p rob lem .

W ith t h i s  i n  m ind, th e  sc a n n e r d e s ig n  was founded on th e s e  p o in ts :

1, O p e ra tio n  m ust be s im p le , w ith  few i n s t r u c t i o n s ,  each 

i n t u i t i v e l y  obv ious,

2, O p e ra tio n  must be g e n e r a l ly  a p p l ic a b le ,  f r e e  from  t r i c k s  and 

s p e c i a l  c a se s .

3, Q u a li ty  m ust n o t be  com prom ised.

A f te r  much e f f o r t  r e s u l t s  i n  an i n s t r u c t i o n  s e t  s u f f i c i e n t l y  sim ple and 

obv ious to  ap p ea r sim ply o b v io u s , th e  h a rd e r  ta s k  i s  d e s ig n in g  hardw are 

t h a t  w o n 't  c a s t  a  v e to . Some o f  th e  commands in  th e  s e t  r e s u l t  in  un­

e x p e c te d  hardw are  d i f f i c u l t i e s .  O th e rs  would have been  im p o ss ib le  to  

im plem ent i n  th e  p r i o r - a r t .

Summary o f ' th e  Command S e t 

The m icrocom puter program  com m unicates w ith  th e  s c a n n e r  through
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b o th  o u tp u t p o r ts  and s e le c te d  memory lo c a t io n s .  Commands a re  g iven  

v i a  o u tp u t p o r t s  and d a ta  i s  t r a n s f e r r e d  v ia  memory.

The s c a n n e r  responds to  16 b y te s  o f  memory re a d  o r  w r i t e .  These

16 b y te s  may be base a d d re s se d  a t  any m u l t ip le  o f  16 b y te s ,  d e f in e d  by 

12 sw itc h e s  on th e  Bus L og ic  B oard . The chosen 16 b y te s  shadow RAM i f

th e  two a re  c o in c id e n t ,  th u s  th e y  may be p la ced  o v er a c t iv e  memory.

The 16 b y te s  form  8 2 -b y te  1 6 - b i t  w ords. The m ost s i g n i f i c a n t  b y te  

o f  each  word i s  s to re d  a t  th e  h ig h e r  a d d re s s . T h is  o rd e r in g  i s  c o n s is ­

t e n t  w ith  com puter c o n v e n tio n , b u t  i s  o p p o s ite  from  p r in t i n g  fo r  w hich 

th e  m ost s i g n i f i c a n t  d i g i t  i s  to  th e  l e f t .  T y p ic a l assem bly  language 

code i s  g iv e n  below ;

X EQU 8000%

LHLD X 
DAD B 
SHLD X

Increm en t th e  beam 
X p o s i t io n  by  th e  
number in  th e  BC r e g i s t e r

The sc a n n e r  responds to  32 o u tp u t p o r t s ,  b ased  a t  any m u ltip le  o f 

32 as  f ix e d  by 3 sw itch es  on th e  Bus L ogic Board. In  m ost case s  th e re  

i s  no d a ta  t r a n s f e r ,  r a th e r  i t  i s  th e  a c t  of c a l l in g  a  p o r t  t h a t  evokes 

a p a r t i c u l a r  re sp o n se . Sample assem ble  language code i s  g iv en  below:

CLEAR EQU 80%

OUT CLEAR ; C lear a l l  i n t e g r a to r s
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A ddress

Memory b a se  + 0 

"  2 

4

Code

X

Y

XEND

YEND

D e s c r ip tio n

Read & W rite  2 's  com plim ent X p o s i t i o n

Read & W rite  2 's  com plim ent Y p o s i t i o n

Read & W rite  FOCUS s t ro k e  en d p o in t 
o f f s e t  X

Read & W rite  FOCUS s tro k e  en d p o in t 
o f f s e t  Y

Memory base  + 8

10

12

14

LIGHT

SENSE

W rite  FOCUS coded beam i n t e n s i t y  
re a d  m o d ified  number

Read FOCUS coded A/D se n s in g

A u x il ia ry

A u x il ia ry

T able  4 .1  Memory D ata  T ra n s fe r
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I/O  B ase + 0 
1

2
3
4
5
6
7
8 
9

10 
11 
12
13
14
15

CLEAR
LOOK

ONI
ON]0
ONIOO

C le a r  and r e s t a r t  a l l  i n t e g r a to r s  
Look a t  and h o ld  a l l  c o lo rs  ( i n t e g r a t i o n  con­

t in u e s )
P u ls e  th e  beam on f o r  1 ysec
P u ls e  th e  beam on f o r  10 ysec
P u ls e  th e  beam on f o r  100 ysec
1

S te p p e r m o to rs  
and a c c e s s o r i e s

I/O  B a se + 16 TIME
17 CRTO
18 CRTB
19 WHITE
20 RED
21 BLUE
22
23
24
25
26
27
28
29
30
31 ALIGN

" color" commands

S e le c t  c h a n n e l and 
s t a r t  a/ d c o n v e rs io n .
C hannel c o n n e c tio n s  e a s i l y  
changed to  s u i t  a p p l ic a t io n .

J

T ab le  4 .2  O utput P o r t  Commands
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Memory T ra n s fe r  Commands 

I t  i s  hoped th e  u s e r  w i l l  read  th e  e n t i r e  m anual, how ever e s s e n t i a l  

p o in t s  o f  u se  a r e  s p o t l ig h te d  in  t h i s  s e c t io n .

"X" and "Y"

These behave l i k e  o rd in a ry  memory lo c a t io n s  to  com puter r e a d /w r i te  

o p e r a t io n s ,  however th e  d a ta  in  them c o n t ro l s  beam p o s i t i o n in g  e le c ­

t r o n i c s .  The hardw are  v iew s th e  d a ta  a s  1 6 -b i t  w ords, w i th  th e  most s i g ­

n i f i c a n t  b y te  s to r e d  in  th e  h ig h e s t  a d d re s s .  The d a ta  i s  v iew ed in  2 's  

com plem ent, th u s  OOOOH a d d re s s e s  th e  m id d le  o f  th e  s c r e e n .

Î
Y . . f

I 0 0 0 - - ~

0000- -  - 01 t l1000 - -

X
F ig u re  4 .1  C a r te s ia n  A ddressing

D ata may be  w r i t t e n  to  o r  read  from  one o r  bo th  b y te s  o f  each  word a t

any  tim e o r  in  e i t h e r  sequence , however f o r  b e s t  r e s u l t s

1. I f  b o th  b y te s  o f  a word a r e  changed, th e y  sh o u ld  b e  changed

w ith in  a t  m ost 5 ysec o f each  o th e r .



84
2. At l e a s t  10 ysec i d l i n g  tim e should  be a llo w ed  between u p d a te s .

3 . When scan n in g  i s  co m p le ted , r e tu rn in g  th e  beam to  th e  c e n te r  

(OOOOH) m inim izes component s t r a i n .

S e t t l i n g  tim e i s  p r im a r i ly  l im i te d  by th e  d e f le c t io n  yokes. Some p o in t s :

1. The yoke in  use  may a l lo w  more ra p id  X s e t t l i n g  th an  Y.

2. R e s id u a l t r a n s i e n t s  rem ain  a f t e r  th e  main t r a n s i e n t s  have s e t ­

t l e d ,  th u s  p r e c i s io n  random scan  r e q u ir e s  much lo n g e r s e t t l i n g  

th a n  un ifo rm  sc a n n in g .

3 . Very s l i g h t  com ponents d r i f t s  may s t i l l  e f f e c t  p re c is io n  g ra y ­

s c a le  r e p ro d u c t io n  i f  s e v e ra l  m inutes e la p s e  a t  a boundary.

T hink o f  th e  image a s  b e in g  p a in te d , and b u i ld  th e  image u n ifo rm ­

ly  so f r e s h  p a in t  i s  nev er seamed over p a in t  th a t  has a lre a d y  

d r i e d .

4 . Slew l i m i t a t i o n s  n e c e s s i t a t e  lo n g e r s e t t l i n g  tim es fo r  l a r g e r  

ch an g es .

The method o f random sc a n n in g  c o n t ro l le d  e n t i r e l y  by two memory 

w ords i s  v e ry  s im ple  to  u n d e rs ta n d  and u se , and i s  r e s p o n s ib le  fo r  much 

o f  th e  u n iv e r s a l i t y  o f th e  s c a n n e r . However in  key p o in t s ,  such a s  D/A 

d i f f e r e n t i a l  l i n e a r i t y ,  yoke a m p l i f i e r  s m a l l- s ig n a l  s e t t l i n g  tim e, t r a n ­

s i e n t  s u p p re s s io n , and h ig h  v o l ta g e  d r i f t ,  th e  random scan  system  m ust 

have up to  1000 tim es c lo s e r  to le r a n c e  to  o b ta in  e q u iv a le n t  g ra y -s c a le  

r e p ro d u c t iv e  q u a l i ty  compared to  a common f ix e d  u n ifo rm  scan  system .

The sc a n n e r  m eets th e se  re q u ire m e n ts  w ith o u t h ig h  c o s t .  Some o f th e  

d i f f i c u l t i e s  a re  documented w ith  th e  X -P o s itio n  D/A Board.
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"XEND and "YEND"

These p roposed  commands would behave l i k e  o rd in a ry  memory lo c a t io n s  to  

com puter r e a d /w r i te  o p e ra t io n s ,  however th e  FOCUS coded d a ta  in  them i s  

added to  th e  p o s i t io n  d e f in e d  by th e  X and Y w ords, d e f in in g  a new END 

p o in t .  The beam i s  th e n  deb lanked  and moved u n ifo rm ly  from th e  o ld  END 

p o in t  to  th e  new one. The w id th  o f  th e  s c re e n  i s  d e f in e d  as 1 . The 

beam can be moved to  any p o in t  on th e  sc re e n  from  any X and Y, how ever 

r e s o lu t io n  i s  "FOCUSed" on th e  p o in t  d e f in e d  by X and Y.

T his system  adds speed  f o r  r e a l - t im e  v e c to r  g ra p h ic s ,  p a t te r n  r e c ­

o g n i t io n ,  and t e x t  t r a n s c r i p t i o n  r e s e a r c h .  Speed comes from b o th  th e  

i n t e g r a t i o n  o f many p o in ts  in to  one l i n e  and a l s o  from a llo w in g  u se  o f  

FOCUS a r i th m e t ic  to  c o n t r o l  scan n in g  p a t t e r n s .  The sy stem  i s  e f f e c t i v e l y  

d is a b le d  by s e t t i n g  XEND = YEND = 0.

"LIGHT" o r  "Z"

The d e s i r e d  sp o t i n t e n s i t y  i s  o u tp u t to  th e  1 6 - b i t  word LIGHT a s  a  

FOCUS coded number. The s c re e n  rem ain s  d ark  u n t i l  one o f  th e  ON commands, 

to  be d is c u s s e d .  S e t t l i n g  tim e i s  l e s s  th an  th e  com puter in s t r u c t io n  

tim e  so no w a it in g  i s  needed  b e fo re  an ON command, however fo r  p r e d ic ta b l e  

r e s u l t s  Z sh o u ld  n o t be updated  w h ile  th e  beam i s  on.

The s y s te m 's  b e h a v io r  to  FOCUS coded LIGHT v a lu e s  i s  shown:

Range o f  LIGHT B r ig h tn e s s  A ttem pted  R esponse to  Memory Read

10^ < Z < 10^^ (max) 10^^ lO'*’̂

-4  4
10 < Z < 10 Z Z

+16 -4  -4  -16
-1 0  < Z < 10 * 10 ^ +10 (+ Zero)

& ON i n h i b i t



86
U nusual c i r c u i t r y  a llo w s  th e  e l e c t r o n  beam i n t e n s i t y  to  a c c u r a te ly  

t r a c k  a lo g a r i th m ic  c o n t ro l  over o rd e r s  o f  m agn itude, however th e  u s e r  

shou ld  be aw are o f :

1. S a tu r a t io n  e f f e c t s  a t  h ig h  LIGHT

2. R e s id u a l n o n l i n e a r i t i e s  a t  low LIGHT

3. P hospher b u rn in g  d an g e rs  w ith  h ig h  LIGHT f o r  lo n g  tim es

4 . V ary in g  phosphor e f f i c i e n c y  a c ro s s  th e  CRT fa c e

"SENSE"

The r e s u l t  o f  an  A/D c o n v e rs io n  i s  re a d  from  th e  1 6 - b i t  SENSE. Old

d a ta  rem ains v a l id  d u r in g  a c o n v e rs io n , and i s  updated  when th e  co n v e r­

s io n  i s  co m p le ted . The o u tp u t o f  th e  1 2 - b i t  A/D c o n v e r te r  i s  h ardw are  

t r a n s l a te d  to  1 6 - b i t  FOCUS co d in g , and i s  im m ed ia te ly  u s a b le  w ith  a l l  

FOCUS r o u t i n e s .  The ran g e  o f  c o n v e rs io n  i s :

10“ ^ < SENSE < 10^

A u x il ia ry  C hannels

O utput cou ld  be to  two D/A c o n v e r te r s  w hich a re  u sed  fo r  p u rp o se s  

such  a s  s e l f - a l i g n i n g  dynamic fo c u s , d e t a i l e d  in  th e  s e c t io n  on a l i g n ­

m ent.

Out P o r t  Commands

"ONI", "ONIO", and "ONlOO"

C a l l in g  one o f  th e s e  p o r ts  p u ls e s  on th e  e l e c t r o n  beam fo r  1 , 10, 

o r  100 p se c . The FOCUS coded number in  th e  Z memory b y te s  e s t a b l i s h  

th e  beam i n t e n s i t y  d u r in g  th e  on tim e . D ata t r a n s f e r r e d  by th e  o u t  

command i s  ig n o re d . The tim e  m u l t ip le s  o f  10 harm onize w ith  b a se -1 0
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FOCUS. Longer ex p o su re  t im e s , w ith  p r o p o r t i o n a l ly  l e s s  LIGHT, im prove 

sh a rp n e s s , and b eca u se  o f  P -4  p e r s i s t e n c e  do n o t r e q u i r e  much lo n g e r 

s e n s in g  tim e s .

For s p e c ia l  p u rp o se s  re p e a te d  c a l l s  can  ex tend  th e  on tim e  a r b i ­

t r a r i l y  beyond 100 y sec  by r e t r i g g e r i n g  th e  tim e r  d u rin g  i t s  c o u n t. T h is  

sh o u ld  be done o n ly  w ith  ex trem e c a u t io n  a s  i t  i s  p o s s ib le  t o  bu rn  th e  

phosphor w ith  maximum b r ig h tn e s s  f o r  maximum tim e and w ith  re p e a te d  c a l l s  

to  c u t  th ro u g h  th e  g la s s ,  c a u s in g  an im p lo s io n . The s e l f - t e r m in a t in g  

n a tu r e  o f th e  command s e t  p r o te c t s  th e  CRT and o p e ra to r  from  in o p p o rtu n e  

i n t e r r u p t s  and many program  bu g s.

"CLEAR", "LOOK", and 16 "COLOR" Commands 

N oise u l t im a te ly  l i m i t s  image enhancem ent, th e r e f o r e  i t  i s  e s s e n t i a l  

to  o b ta in  th e  p u r e s t  s ig n a l  p o s s ib le  i n  th e  p re se n c e  o f quantum  n o is e .  

N orm ally t h i s  i s  done by a v e ra g in g  th e  s ig n a l  w ith  a lo w -p ass  f i l t e r  

w hich s e v e re ly  l i m i t s  g e n e r a l i t y .  O th e r problem s a r e  caused  by th e  many 

an o m o lies  o f  p h o sp h o r. The sc a n n e r p ro v id e s  a  po w erfu l and g e n e ra l  sy s ­

tem o f  n o is e  s u p p re s s io n  and phosphor c o r r e c t io n .  W ith o n ly  th r e e  e a s i l y  

u n d ers to o d  commands, schemes o f  a r b i t r a r y  co m p lex ity  can be  im plem ented 

in  so f tw a re  and changed a t  w i l l  to  f i t  th e  a p p l ic a t io n .

O t h e r  Si'/Mi'làr 
C h a n n e l s

Semor
To ComputerHotot

CLEAR LOOK COLOR

F ig u re  4 .2  L ig h t S en sin g  System
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The system  i s  i l l u s t r a t e d  above i n  b lo c k  form. B asic  o p e ra t io n  i s :

1. CLEAR th e  in t e g r a to r s .  A ll  a r e  c le a re d  and r e s t a r t e d  w ith  

th e  s in g le  o u t in s t r u c t io n .

2. A f te r  a d e s i r e d  i n t e r v a l  LOOK a t  th e  r e s u l t s ,  s im u lta n e o u s ly  

f r e e z in g  a l l  ch a n n e ls .

3. S e q u e n t ia l ly  c a l l  each d e s i r e d  COLOR. Every c a l l  s e l e c t s  th e  

d e s i r e d  c h a n n e l and s t a r t s  th e  A/D c o n v e r te r .  The r e s u l t  i s  

re a d  from th e  SENSE memory b y te s .  Each c o lo r  a p p e a rs  a s  i t  

was a t  th e  l a s t  LOOK command.

For th e  moment l e t  us sweep u n d er th e  rug  th e  f a c t  t h a t  th e  o u tp u t 

o f  th e  i n t e g r a t o r s  can v a ry  a s  much a s  12 o rd e rs  o f m a g n itu d e , and th e  

lo g a r i th m  ca n  n o t be v a l id ly  ta k e n  t i l l  a f t e r  th e  i n t e g r a t i o n  s te p .

Assume f o r  th e  moment th a t  th e  sy stem  w orks by m agic. I s n ' t  i t  g e n e ra l 

and y e t  s im p le?  By u s in g  th e  speed and ran g e  of FOCUS c o m p u ta tio n s , th e  

fo llo w in g  a r e  p o s s ib le  a t  speeds l im i t e d  a s  much by p h o sp h o rescen ce  decay 

a s  by s o f tw a re  speed :

D ir e c t  a v e ra g in g  i s  im plem ented by c a l l i n g  CLEAR, a f t e r  some tim e 

LOOK, th e n  COLORS of bo th  a p h o to s e n se  channe l and a TIME ch an n e l, 

w hich a c t u a l l y  se n se s  a c o n s ta n t .  D iv id in g  th e  two g iv e s  th e  a v e r­

a g e . Sim ple w ir in g  of th e  d i f f e r e n t i a l  lo g  in p u ts  a l s o  program s th e  

hardw are  to  do th e  d iv i s io n ,  w ith  th e  r e s u l t  re a d  th ro u g h  an o th e r 

COLOR c h a n n e l. U se fu l co m b in a tio n s  in c lu d e :

1 . A p h o to sen se  channe l/T im e = A verage.

2. Specimen photosense/C R T p h o to sen se  = D e n s ity  o f  specim en 

in d ep en d en t o f phosphor d e f e c t s .

3. One c o lo r/A n o th e r  c o lo r  = True chrom a-only  s ig n a l .
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P r e c is io n  exposure i s  im plem ented by c a l l i n g  CLEAR, th en  ON, and 

a f t e r  some tim e LOOK and COLOR. The exposu re  i s  re a d  from  SENSE 

and compared w ith  t h a t  d e s ir e d .  W ithout c a l l i n g  CLEAR, a new 

v a lu e  o f  LIGHT i s  lo a d e d , and ON, LOOK, and COLOR re p e a te d .  The 

program  th e n  t e s t s  i f  th e  t o t a l  exposure  i s  s t i l l  s h o r t  o f t h a t  

d e s ir e d  f o r  th e  p ix e l  and re sp o n d s  a c c o rd in g ly . The program  could  

t e s t  d a rk  c u r re n t  and r e s id u a l  p h osphorescence  p r io r  to  c a l l i n g  ON. 

Then knowing TIME a t  each  t e s t ,  th e s e  can be c o r r e c te d .  F u r th e r  

re f in e m e n ts  fo r  decay e f f e c t s  and o th e r  anom olies a re  p o s s ib le  w ith ­

o u t b e in g  l im ite d  by th e  hardw are .

O ther p o s s i b i l i t i e s  in c lu d e  RMS a v e ra g in g  and photon  c o u n tin g , bo th  

a p p l ic a b le  f o r  u n u su a l a p p l ic a t io n s  f o r  w hich th e  background n o ise  

i s  g r e a te r  th an  th e  s ig n a l .  Any s in g le  COLOR can be u p dated  5 

o r  10 tim e s  f a s t e r  th a n  th e  background c o u n t, a llo w in g  v a r io u s  

p h o to n -c o u n tin g  schemes to  be in v e s t ig a te d  in  u l t r a - lo w  l i g h t  a p p l i ­

c a t io n s .

T hese exam ples i l l u s t r a t e  th a t  d e te c t io n  and c o n t ro l  system s of 

any d e s i r e d  co m p lex ity  can  be re se a rc h e d  in  so f tw a re  and changed a t  w i l l .  

The hardw are rem ains r e le v a n t  and th e  command s e t  i s  p a r t  of. th e  s o lu t io n  

r a th e r  th a n  th e  problem .

Tim ing l i m i t a t i o n s  a r e  summarized below . Times g iven  a re  d e s ig n  

v a lu e s  f o r  w hich m argin sh o u ld  be a llow ed  in  th e  so f tw a re .

CLEAR C le a rs  and r e s t a r t s  a l l  i n t e g r a to r s .  Sample and h o ld s  rem ain  in  

th e  h o ld  s t a t e .  CLEAR may be  g iven  a t  any tim e , even d u r in g  an 

A/D c o n v e rs io n . CLEAR i s  e f f e c t i v e  v i r t u a l l y  in s ta n ta n e o u s ly  

u n le s s  g iven  w ith in  10 psec a f t e r  LOOK, in  which ca se  i t  w i l l
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ta k e  e f f e c t  10 ><.sec a f t e r  LOOK. T h is  a llo w s c le a r in g  a t  th e  

e f f e c t iv e  sam p ling  i n s t a n t .  I n te g r a t io n  i s  a c c u ra te  from 

1 / t s e c  to  o v e r  1 second .

LOOK F reezes  a l l  sam ple & h o ld s . The e f f e c t i v e  sam pling  tim e

occu rs 10 / i s e c  a f t e r  th e  LOOK command when th e  S/Hs r e tu r n  to  

th e  ho ld  s t a t e .  LOOK shou ld  n o t  be  g iv en  w ith in  14 ^ s e c  a f t e r  

o r  7 / t s e c  b e fo re  a COLOR command e l s e  th e  d a ta  to  th e  A/D con-> 

v e r t e r  w i l l  change d u rin g  a c o n v e rs io n . I n t e g r a t io n  c o n tin ­

u e s ,  and may be m o n ito red  w ith  a new LOOK command w ith o u t an 

in te rv e n in g  CLEAR, A l te rn a te ly  th e  i n t e g r a to r s  can be  c le a re d  

a t  th e  e f f e c t i v e  i n s t a n t  o f sam pling  f o r  com plete d a ta  c o n tin ­

u i t y  by c a l l i n g  CLEAR w ith in  10 / A s e c  o f LOOK.

COLOR S e le c ts  a s p e c i f i e d  fro z e n  ch an n e l and s t a r t s  c o n v e rs io n .

Which of 16 COLOR commands d e te rm in e s  w hich o f 16 d i f f e r e n t i a l  

ch an n e ls . A co n v e rs io n  r e q u ir e s  14 y /sec , d u rin g  w hich  tim e 

th e  o ld  d a ta  rem ains v a l id  in  th e  SENSE memory b y te s  and may 

be re a d , g iv in g  th e  program  som eth ing  to  do w h ile  w a it in g .

The new d a ta  i s  t r a n s f e r r e d  to  SENSE a t  th e  c o n c lu s io n  of 

th e  co n v e rs io n . I f  a new COLOR command i s  re c e iv e d  d u ring  

c o n v e rs io n , th e  c o n v e rs io n  i s  ap p ro x im ated , th e  approxim a­

t io n  pu t i n  SENSE, and a new c o n v e rs io n  s t a r t e d  n o rm a lly .

A method o f  m o n ito r in g  co n v e rs io n  v s  so f tw a re  speed  i s  g iven  

w ith  th e  A/d B oard . COLOR sh o u ld  n o t  be g iv en  l e s s  th an  

7 y U s e c  a f t e r  o r  1 4 / / s e c  b e fo re  a  LOOK command o r  th e  analog  

d a ta  w i l l  change d u rin g  c o n v e rs io n . For b e s t  a c c u ra c y ,

COLOR sh o u ld  n o t be g iv en  more th a n  1/20 second a f t e r
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th e  MARK command.

On th e  8080 th e  fo llo w in g  program  a llo w s  a b u r s t  c o n v e rs io n  r a t e  o f 

36 KHz:

OUT CLEARse tu p
b lock (37 c y c le  w a it)

OUT LOOK
s t a r t OUT CLEAR
b lo ck OUT WHITE

(27 c y c le  w a it)

OUT LOOK Sample and ho ld
re p e a t OUT CLEAR I n t e g r a l  r e s e t  w a its  t i l l  S&H opens
th i s  b lo c k OUT WHITE Choose c o lo r ,  s t a r t  c o n v e rs io n
N-1 tim es LHLD SENSE Read r e s u l t  o f  l a s t  c o n v e rs io n

PUSH H S to re  r e s u l t  o f  l a s t  c o n v e rs io n

(0 cy c le  w a it)

end LHLD SENSE
b lo c k PUSH H



CHAPTER V

HARDWARE OPERATION OF THE MICRO-OPTICAL TOMOGRAPH

In te rm o d u le  C o n n ec tio n s
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F ig u re  5 .1  In te rm o d u le  C ables 
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D is p la y  C o n tro l

BEAM
GATE

6V

SIGNAL
GROUND

DYNAMIC
FOCUS

S tep p e r

1 2
(p h ase )

3 4

L o g ic  Power S ensor Power

D i g i t a l

-15 5 +15 — -15 5 +15

NC NC NC
— NC NC NC
— NC 1 ,500 NC

NC 1,500 NC — NC NC NC

+120
AC NC

5

-120
AC

1

RESET BREAK

D isp la y Power

1 1 1 1 1 1
U _ 40 40 50 30 15

1 1 1 1 1 1 + 6 .3
AC

+120
AC

-120
AC -300 150 300 5

-4 0 -40 -5 0 -30 -15

«  M
READ BUS

M SB .........................................LSB MSB . LSB

SELECTWRITE BUS

P in o u ts  i l l u s t r a t e d  p r i.e n te d  lo o k in g  in to  fem a le  co n n e c to rs  

F ig u re  5 .2  In te rm o d u le  C able P in o u ts
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Computer -  Logic Modules C onnections 

READ BUS 8 - b i t  p o s i t i v e  lo g ic  word o u tp u ts  d a ta  from D isp la y  Module

WRITE BUS 8 - b i t  p o s i t iv e  lo g ic  word o u tp u ts  d a ta  from Computer Module

SELECT 4 - b i t  p o s i t iv e  lo g ic  a d d re ss  o u tp u ts  from Computer Module

MEMORY WRITE/ D ig i t a l  o u tp u t from  Computer M odule. When low , r e g i s t e r  

in  Logic Module de term ined  by SELECT re c e iv e s  d a ta  from  

WRITE BUS.

10 WRITE/ D ig i t a l  o u tp u t from  Computer M odule. When low , th e  L ogic 

Module e x e c u te s  command determ ined  by SELECT.

COLOR D ig i t a l  o u tp u t from Computer M odule. When h ig h ,  th e  an a ­

lo g  channel de term ined  by SELECT i s  co n v e rted  by th e  L ogic 

M odule.

MEMORY READ/ (Not used) When low , th e  com puter i s  re a d in g  d a ta  on th e  

READ BUS. The L ogic Module m u l t ip le x e s  th e  p ro p e r  b y te  

b ased  on SELECT

+5V (Not used) For sequencing  p u rp o ses  th e  Computer Module

su p p ly  i s  o u tp u t .  T h is  i s  n o t a power s o u rc e .

Logic -  D isp lay  Modules C onnections 

X POSITION P re c is io n  an a lo g  o u tp u t o f L ogic Module d e f in e s  h o r iz o n ta l  

beam p o s i t i o n .  Range = + lOV, -lOV = r i g h t .

Y POSITION P re c is io n  an a lo g  o u tp u t o f Logic Module d e f in e s  v e r t i c a l  

beam p o s i t io n .  Range = + lOV, -lOV = up.

ANALOG BEAM
INTENSITY (Z) L og arith m ic  analog  o u tp u t of th e  L og ic  Module d e f in e s

i  4th e  beam i n t e n s i t y .  Range = + 5V, 10 e q u iv a le n t  beam

i n t e n s i t y .
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beam gate/  D ig i t a l  o u tp u t o f  Logic M odule. When low , th e  beam i s  to

be u n b lanked .

DYNAMIC FOCUS A nalog o u tp u t o f  Logic Module c o n t r o l s  DC coupled  CRT 

fo cu s g r id  v o l ta g e .  Range = + 12V 

6V P r e c is io n  r e f e r e n c e  o u tp u t o f  L ogic Module f ix e s  CRT anode

V o lta g e .

The X,Y, and Z in p u ts  to  th e  D isp la y  Module a r e  d i f f e r e n t i a l  r e l a t i v e  to  

each  c a b l e 's  ground. The DYNAMIC FOCUS and 6V a r e  d i f f e r e n t i a l  r e l a t i v e  

to  SIGNAL GROUND o f th e  D isp la y  C o n tro l C ab le . Power ground i s  lo o p ed  

th ro u g h  th e  Logic Power C ab le , D isp la y  C o n tro l C ab le , and D isp la y  Power 

C ab le .

LIGHT

RESET

1,300V

BREAK/

L ogic -  P h o to sen se  M odules C onn ec tio n s  

Up to  12 an a lo g  o u tp u ts  o f  th e  p h o to se n se  Modules = 5 /4  

log^Q /  l i g h t  d t  + C. Range = + lOV.

The LIGHT in p u ts  o f th e  Logic Module can  a l s o  be u sed  a s  

a u x i l i a r y  d i f f e r e n t i a l  A/D c h a n n e ls , d i f f e r e n t i a l  ra n g e  = 

±  5V.

D ig i t a l  o u tp u t o f  Logic M odule. 0 -> 1 t r a n s i t i o n  c a u se s  

i n t e g r a t i o n  to  be r e s e t  in  P h o to sen se  M odules.

S ta b le  su p p ly  to  P h o to sen se  M odules.

Open c o l l e c t o r  d i g i t a l  o u tp u t o f  P h o to sen se  M odules.

When a p h o to m u lt ip l ie r  i s  o v e r lo a d e d , BREAK/ goes low .

The L ogic Module th en  i n t e r r u p t s  1,300V.

Computer Module

The scan n er o p e ra te s  from  an  8 - b i t  com puter u s in g  th e  FOCUS 1 0 .1 0
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number sy stem . S e v e ra l system s p o s s i b i l i t i e s :

1. The minimum re q u ire m e n t to  u se  th e  sc a n n e r i s  a m icrocom puter 

w ith  a mass s to r a g e  p e r ip h e r a l ,  such  a s  a d is k  d r iv e .  Depend­

in g  on r e s o lu t io n  and o th e r  f a c t o r s ,  1 to  10 o r more d i s k s  a r e  

needed  to  s to r e  each im age. In  o u r p r e s e n t  case  th e  s c a n n e r  i s  

d r iv e n  by an  I n t e l  MDS800 system . The Bus Logic B oard, lo c a te d  

w i th in  th e  com puter main fram e , com m unicates between th e  scan n e r 

and com puter b us.

2. A s in g le  com puter can  d r iv e  two s c a n n e rs ,  one ana logous to  a 

cam era r e c e iv e s  an im age, and th e  o th e r  analogous to  an  e n la rg e r  

r e c o rd s  an  im age. T h is  d u a l i t y  would a l lo w  each CRT, p hospho r 

c o lo r ,  and o p t i c a l  m echanics to  be s p e c ia l iz e d  fo r  i t s  a p p l i c a ­

t i o n .  Many c i r c u i t  e lem en ts  would s e rv e  b o th  u n i t s .

3. A sm a ll m icrocom puter can p e rfo rm  th e  b a s ic  phosphor and o p t i c a l  

c o r r e c t io n s ,  tim in g , and sc a n n in g , th e n  r e p o r t  to  a l a r g e  com­

p u te r  o p e ra t in g  in  e i t h e r  r e a l - t im e  o r  b a tc h  mode. The CEO com­

p u te r  rem ote  cou ld  i n t e r f a c e  th e  IBM 370 w ith  th e  s c a n n e r  v ia  

in te r m e d ia te  s to r a g e  on f lo p p y  d i s k .  T h is  would add p r e c i s i o n  

g ra p h ic s  and f u l l  c o lo r  im aging f o r  th e  e n t i r e  u n iv e r s i t y .  

T ra n sm iss io n  tim e  would be  o f  th e  o rd e r  o f  a medium -long l i n e  

p r i n t e r  o u tp u t .

L ogic Module

T his m odule p ro v id e s  D/A and A/D c o n v e rs io n s , d i g i t a l  and a n a lo g  

l o g i c s ,  t im in g s ,  and c o n t r o l s  o f  th e  D isp la y  and P ho tosense  M odules.
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To D i'sp là / Module- To Sensor M odules

<— L i ^ h i "  —>

n  n  n  n  o  o l

  \
Sensor f b i v g r

V)
S

5

5
•0

S
o

4z
V)
5

o

-Q

u

I
+.
c

.Si
*0

g

s c: qjo .Q
Î 4: $
(T) to -K -k

tS to

X > - X X

<u

I s .

V

I
#

D

Î

Î
to

!<uV)

o
Ü»
V
<u
13
-V.

L
Q)

8

■o
5a

CQV-i

ÎW
«U
X
Q)

<u
X%

| -

V
Q)

t
%

%)
(O

I
<Ü
:>
Jw
«0VO
t)

V
Q)

I

To CompuierModule To Siepper Moivns

Ci
CQ

n
-f. C

I Î

7 b  P o w e r  M o J u l Ô

Viewed from  th e  c h a s s is  base  
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D isp lay  Module

The D isp lay  Module i s  an  u l t r a - p r e c i s i o n  s p e c ia l iz e d  o s c i l lo s c o p e .  

I t  p o s i t io n s  an image on a 19" sc re e n  w ith  a d r i f t  o f abo u t 20 m icro  

m e te rs . The sp o t a re a  r e l a t i v e  to  s c re e n  s i z e  i s  abou t 1 /30  th a t  o f  a 

ty p i c a l  o s c i l lo s c o p e ,  and can  be reduced  to  1 /1000  by u se  o f  a h ig h -  

r e s o lu t io n  CRT, which th e  c i r c u i t r y  has  th e  q u a l i t y  to  su p p o rt. The 

beam i n t e n s i t y  i s  lo g a r i th m ic a l ly  c o n t r o l la b l e  o v e r many o rd e rs  o f  

m agn itude .

The d is p la y  module i s  mounted on a copy-cam era m od ified  fo r  e a sy  

m ounting o f d iv e r s e  e x p e rim e n ta l a p p a ra tu s .

D yn am ic  Focus 

Anode Drivey 

Triode D river  

X Yoke D river  

Y Yoke D r iv e r

PCB Plàcem cn-t  
V ie w e d  frow  ib o v e .
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•  B
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D •

. . ^ 3

2 '  T O  ' 4
# Me. •
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a b o d e

U U  U
Y  Yoke XYoke

1 — I—
2 3 4- Anode

I < 1 V E R P ^  CRT £  YaVe
V ie w e d  -From b à c k

Trd»sisiors i o n e o f h v o )  

Viewed pyoM o o f  s ide

F ig u re  5 ,5  D isp lay  Module P h y s ic a l  Layout
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CLOCK
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F ig u re  5 .6  D isp lay  Module In te rc o n n e c t io n s
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P h o to sen se  Modules 

T here a r e  a t  l e a s t  two P h o to sen se  M odu les, each  c o n ta in in g  one o r  

more p h o to m u lt ip l ie r s  and a s s o c ia te d  P h o to sen se  B oards. Each module 

s e n s e s  i l lu m in a t io n  a t  one o r  more c o lo r s ,  a n g le s ,  p o l a r i z a t i o n s ,  e t c ,  

i n t e g r a t e s  i l lu m in a t io n  on command, and o u tp u ts  a h ig h - le v e l  an a lo g  s i g ­

n a l  to  th e  L ogic M odule.

P h o h m u lf ip l ie r s  V e* '/ close i o
€AcJ) o th e r  Aioel c i r c o i f  b o o iv ls

L i ' i ^ h t  c o n s c ie v in ^  w h i t e  b lo c k  
i n  t o  w h  I'c h p h o to M u l  t i p !  i e r s  

è r e  i n s e r t e d

P.M .

£l0ch9m0h/t skftilr

A r r d n ^ e m e n t  o f  c i r c u i t  b o a r  J s ,  
p h o to m u l t ip l i e r s ^  w h i t e  h lo c k ^  
E M I  s h i e ld ^  à n d  m i r r o r  h ' ^ h t  

g u i d e  A n d  in teg r< rtor-

F ig u re  5 .7  Photom odules P h y s ic a l  Layout
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Power Module

F or p r o te c t io n  o f  th e  s c a n n e r , v o l ta g e s  su p p lie d  by th e  Power Mod­

u le  sh o u ld  have th e  fo llo w in g  c h a r a c t e r i s t i c s :

D uring  pow erup. The +340V so u rce  i s  h e ld  a t  ground f o r  30 seconds 

to  a llo w  lo g ic  s t a b i l i z a t i o n  and ca th o d e  warmup b e fo re  beam c u r r e n t  i s  

drawn. The -340V so u rc e  sh o u ld  however r i s e  r a p id ly .

D uring  powerdown. The +340V so u rce  shou ld  be r a p id ly  grounded to  

p re v e n t f a i l i n g  v o l ta g e s  from  d eb lan k in g  th e  beam. The -340V so u rce  

shou ld  f a i l  s lo w ly .

Always +15V > +5V, and +5V, and 15V, and -15V sh o u ld  be o v e rv o lta g e  

p r o te c te d .  O ther v o l ta g e s  may be u n re g u la te d  from th e  power l i n e  th ro u g h  

tra n s fo rm e rs  and th e r e f o r e  can  n o t  go a p p re c ia b ly  o v e rv o lta g e .  S e r ie s  

fu sed  r e l a y s  sh o u ld :

1 . F use  th e  lo g ic  su p p ly  s e c t io n  (+5V, +15V, 4-3OV, 4-5OV, -15V,

-30V , -50V)

2. F use  and a llo w  d e f l e c t i o n  su p p ly  s e c t io n  (+40V, -40V) o n ly  i f  

th e  lo g ic  su p p ly  s e c t io n  i s  o p e ra t in g . +30, +50 a re  r e l a t i v e .

3. Fuse and a llo w  th e  h ig h  v o l ta g e  s e c t io n  (+150V, +340V, -340V, 

+1,500V) o n ly  i f  th e  d e f l e c t i o n  su p p ly  s e c t io n  i s  o p e ra t in g .

I f  d e a c t iv a te d ,  +340V shou ld  be  r a p id ly  g rounded , -340V should  

f a i l  s lo w ly .

R equ irem en ts  on th e  +340 v o l t  su p p ly  a re  s a t i s f i a b l e  w ith  an SPDT 

r e la y .  F use  seq u en ces  a r e  s a t i s f i a b l e  w ith  th re e  fu s e s  and one SPST 

r e la y .
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Need fo r  1 6 -B it P o s i t i o n a l  C o n tro l

With a h ig h - r e s o lu t io n  CRT, th e  sp o t s i z e  w i l l  be 1 /4000  th e  image 

h e i g h t ,  c o in c id e n ta l l y  th e  s te p  s i z e  o f a 1 2 - b i t  c o n v e r te r .  Why a re .tw o  

v e ry  ex p en siv e  1 6 - b i t  c o n v e r te r s  needed? The answ er i s  n o t found in  

r e s o lu t io n  l i m i t s ,  b u t r a t h e r  in  g r e y - s c a le  r e p ro d u c t io n . The c o n v e rte r  

w i l l  in tro d u c e  a  t e x t i l e - l i k e  p a t t e r n .  The s e r io u s n e s s  o f  t h i s  problem  

w i l l  now be e s t im a te d .

Working i n  u n i t s  o f  one LSB, q u a n t iz a t io n  e r r o r s  o f  th e  D/A con­

v e r t e r  a re :

RMS A r ith m e tic  E rro r  = 1 /2 /3  (p u re  ro u n d in g  e r r o r )

D i f f e r e n t i a l  L in e a r i ty  E rro r  = 1 / 2 / J  (u n ifo rm ly  d i s t r i b u t e d  -Jg

t o  -fig)

T o ta l e r r o r  = 1 / / ^

To c a l c u l a t e  n o is e ,  c o n s id e r  a  b lo c k  o f  N X N e le m e n ta ry  p ix e l s .

The p o s i t i o n a l  u n c e r t a in ty  can  be c o n s id e re d  an u n c e r ta in ty  in  in te g r a ­

t i o n  l i m i t s ,  b e c a u se  th e  e r r o r  i s  n o t  cu m u la tiv e .

Î
Kl

i

•  •  •  •

•  •  •  •  •

N

mean b r ig h tn e s s  = N = s ig n a l

U n c e r ta in ty  = ^ ^ 7 ? ^ . ^  
/ 6 “

n o is e

n o is e
ex. , .‘.n o is e  i s  w h ite .

s ig n a l  /A rea

Kodak m easures f i lm  g r a n u la r i ty  w ith  a 48 pm c i r c u l a r  a p e r tu r e ,  

an  a r e a  e q u iv a le n t  to  1 /564  th e  h e ig h t  o f a 35 mm f i lm . In  such  a  l i n ­

e a r  d im ension  th e r e  a re  87 LSB s te p s  from a  1 6 - b i t  c o n v e r te r ,  from which 

th e  RMS n o i s e / s i g n a l  can be c a lc u la te d  from th e  above fo rm u la  to  be
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, - 39 .4  X 10 , com parable w i th  35 mm Kodachrome 64 c o lo r  s l i d e  f i lm . The

t e x t i l e  p a t t e r n  w i l l  be j u s t  p e rc e p ta b le .

The same answ er can  be  o b ta in e d  by c a l c u la t in g  th e  RMS n o is e  o f an  

e lem en ta ry  p ix e l  by assum ing c o n s ta n t  l i g h t  sp re a d  over a  v a r ia b le  tw o- 

d im en s io n a l s te p  s iz e .  B ecause th e  e r r o r  i s  n o n -c u m u la tiv e , th e  e r r o r  

in  one a x is  i s  "b lu e "  n o is e ,  and th a t  in  th e  o th e r  i s  "p in k " , th e  two 

e f f e c t s  c a n c e lin g .

The RMS n o is e  c a l c u la t io n  i s  more in v o lv e d  th a n  p re s e n te d  above, and 

many assu m p tio n s  need to  be  made. Each e le m e n ta l e r r o r  p roduces a d o u b le  

im p u lse , as  shown below .

T h is  p roduces a  6 d b /o c tiv e  b o o s t o f th e  h ig h e r  s p a t i a l  f re q u e n c ie s  up 

to  th e  sam pling  fre q u e n c y . The 2D s p a t i a l  fre q u e n c y  n o is e  spectrum  i s  

th u s ; ' | | | l

(111
The i n t e g r a l  o f th e  n o is e  i n  a  c i r c l e  o f e q u a l f re q u e n c y  i s  p r o p o r t io n a l  

to  th e  fre q u e n c y , d e m o n s tra tin g  th a t  th e  n o is e  i s  w h ite .

N ote t h a t  th e  F o u rie r, tra n s fo rm  o f  th e  sq u a re  a p e r tu re  a ls o  con­

t a in s  p e rp e n d ic u la r  arms m atch ing  th e  n o is e  re s p o n s e . In  f a c t ,  i f  th e
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e q u a t io n s  had been p re s e n te d  f o r  th e  RMS n o ise  in  th e  sq u a re  r o ta te d  

45°, th e  n o is e  would have fa d e d  to  in s ig n i f i c a n c e .  The c a l c u la t io n  o f 

n o ise  u s in g  a  sem i-m atched f i l t e r  i s  j u s t i f i e d  b e c a u se  th e  p a t t e r n  r e c ­

o g n it io n  mechanism o f  th e  eye perfo rm s a  s im i la r  f u n c t io n ,  as  demon­

s t r a t e d  by a s t r o n a u t s ’ a b i l i t y  to  d e t e c t  s t r a i g h t  p a t t e r n s  from  space 

th a t  w ould no rm ally  be c o n s id e re d  below  th e  n o is e  l e v e l .  T h is  scan n er 

w i l l  a l lo w  re s e a rc h  such a s  t h i s  to  be g iv en  an e m p ir ic a l  b a s i s .

Some f i n a l  comments:

1 . In  l i n e a r  scan  th e  RMS e r r o r  i s  reduced  by ■Pi.

2 . I f  th e  d / a i s  w e l l  trim m ed, t h i s  i s  red u ce d  f u r th e r .

3 . The d is c u s s io n  above a p p l ie s  to  o u tp u t t in g  an  im age. The

e f f e c t  on an in p u t  image i s  much l e s s  and more s u b t le .  I t

i s  an a logous to  a p e r tu r e  e r r o r  tim e  in  A/D sam pling .

S en sin g  C o lo r

A d i r e c t  ap p ro ach  o f s e n s in g  c o lo r  s e l e c t s  d i s t i n c t  o rth o g o n a l 

s p e c t r a l  bands by f i l t e r i n g .  Commonly b r ig h t  r e d ,  g re e n , and b lu e  f i l ­

t e r s  a r e  u sed . God d id  n o t choose t h i s  approach  i n  d e s ig n in g  th e  hu­

man e y e . In s te a d  o f  f in d in g  th r e e  b r i g h t l y  c o lo re d  dy es  i n  th e  c o lo r  

s e n s i t i v e  comes o f th e  eye, r e s e a r c h e r s  found u n e x p e c te d  and weak c o l­

o rs .  The s p e c t r a l  s e n s i t i v i t y  o f  th e  re d  and g re e n  s e n s o rs  o f a  s ta n ­

dard o b s e rv e r  a re  p lo t te d  below  w ith  a r b i t r a r i l y  n o rm a liz e d  re d  deempha­

s iz e d  to  i l l u s t r a t e :

1 . Red and G reen s e n s o rs  have a  c o n s ta n t  s e n s i t i v i t y  r a t i o  in  red  

l i g h t ,  w hich i s  e x p e r im e n ta l ly  v e r i f i e d  to  ex ten d  to  th e  u l ­

tim a te  v i s u a l  th r e s h o ld  deep i n  i n f r a - r e d .
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2. T h is  re sp o n se  su g g e s ts  two e q u a l "y e llo w "  s e n s o r s ,  one w ith  no

f i l t e r ,  th e  o th e r  w ith  an  o ra n g e , n o t r e d ,  f i l t e r .

3 . P u re  re d  i s  a p p a re n t ly  v i s u a l iz e d  v ia  a lg e b r a ic  s e p a r a t io n .

5 O S

B l u e
0.0

700SCO 600
X  ( h M )  — >

F ig u re  5 .8  S tan d a rd  T r ic h ro m e tr ic  O bserver

The u se  o f  th e s e  weak f i l t e r s  w ith  a lg e b r a ic  r e c o n s t r u c t io n  p ro ­

v id e s  l e s s  n o is e ,  o r  " g r a in " ,  a t  a  g iv en  l e v e l  o f  i l lu m in a t io n .  To 

i l l u s t r a t e  t h i s  m a th e m a tic a lly ,  th e  prob lem  env ironm en t i s  f i r s t  e s ta b ­

l i s h e d :

1 . T hree i d e n t i c a l  s e n so rs  a r e  a v a i l a b l e .  C o n sid er o n ly  t h e i r  

re sp o n se  to  re d  and g re e n  l i g h t .  A p h o sp h o r-p h o to ca th o d e  com­

b in a t io n  i s  s e n s i t i v e  to  1 p a r t  g re e n  and .25  p a r t  r e d .

2. A re d  f i l t e r  p a s s e s  100% re d  and no g re e n . A ty p ic a l  g re e n  

f i l t e r  p a s s e s  50% g reen  and no r e d .

3 . Red, g re e n , and y e llo w  s e n s o rs  a r e  form ed by obv ious com bina­

t i o n s  o f  s e n s o r  and f i l t e r s .

4 . From any two s e n s o r s ,  r e d ,  g re e n , and y e llo w  ch an n e ls  can  be
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produced  by a l g e b r a i c  m a n ip u la t io n .

5. Quantum n o i s e  cx / i l l u m i n a t i o n  ( I t  i s  i n t e r e s t i n g  to  n o te  t h a t  

when th e  p h o to - s ig n a l  f a l l s  below th e  background s i g n a l  then  

quantum n o i s e  app roaches  a c o n s t a n t .  F r a c t i o n a l - n o i s e  then  

r i s e s  tw ic e  as f a s t  w i th  f a i l i n g  l i g h t ,  e x p la in in g  a  r a t h e r  

a b ru p t  " th r e s h o ld "  o f  p h o to s e n s o r s . )

T hree  s e n s o r s  a r e  now a v a i l a b l e :

S enso r  S e n s i t i v i t y  R e l a t i v e  A b so lu te  N oise

(Red) (Green)

Red (R) .25 .0 / . 2 5 = \

Green (G) .0 .5 y.5 = ^G

Y ellow (Y) .25 1 .0 A .  25

We can  p roduce  th r e e  c h a n n e ls  from t h e  R and G s e n s o r s :

C o lo r  M ix tu re  R e l a t i v e  F r a c t i o n a l  N oise

Red 4.R 4*N / I  = 2

G reen 2-G 2 'N g / l  = 1 .4

Y ellow  2-R +  1*G V^(2-N + (N ) ^ / l  = 1 .2

We can  p roduce  th r e e  c h a n n e ls  from t h e  R and Y s e n s o r s :

C o lo r  M ix tu re  R e l a t i v e  F r a c t i o n a l  N oise

Red 4 'R  4-N g/ 1 = 2

Green 1-Y 1*R Y  1 = 1 .2

Y ellow  .5 - Y +  1 .5 -R
V  C .S 'N J ^  + (1 .5 -N „ )^ /1  = .9

Y R

The above d e m o n s tra te s  a n  improvement i n  s i g n a l  to  n o i s e  r a t i o  by
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using  the i n d i r e c t  approach  o f  R and Y s e n s o r s  w ith  a l g e b r a i c  r e c o n s t r u c ­

t i o n .  The c r i t i c a l  lum inence  (Y) c h an n e l  s i g n a l  to  n o is e  r a t i o  i s  im­

proved over 2 dB. Near t h r e s h o l d ,  th e  g a in  i s  g r e a t e r .  T h is  s im p l i f i e d  

example a ssum es  d i s c r e t e  c o l o r s .  Taking advan tage  o f  c o lo r  b le n d in g ,  

f u r th e r  im provem ent i s  p o s s i b l e ,  a l th o u g h  p r e c i s e  c o lo r  t r a c k in g  i s  com­

p l i c a te d .

The f i l t e r s  chosen a r e  de te rm ined  by th e  phosphor -  pho toca thode  

com bination. As a g u id e ,  th e  fo l lo w in g  com binations  a r e  s u g g e s te d ;

1. W hite  sen so r  and o range  f i l t e r  (RED)

2. W hite  sen so r  and no f i l t e r  o r  y e l lo w  f i l t e r  (WHITE)

3. B lue  s e n s o r  and no f i l t e r  o r  p a l e  p u rp le  f i l t e r  (BLUE)

For t e c h n i c a l  p u rp o ses  " f a l s e  c o l o r "  s e n s i t i v i t y  co m b in a tio n s  o f te n  

d is p la y  in f o r m a t io n  n o t  a p p a re n t  under t r u e  c o lo r .  I n  a e r i a l  and med­

i c a l  p h o to g rap h y  the  com bina tion  o f  g r e e n ,  r e d ,  and i n f r a r e d  i s  o f te n  

used . In  m ic ro sc o p y ,  many specim ens a r e  e x c e s s iv e ly  t r a n s p a r e n t  to  red  

l i g h t ,  and v i t a l  r e s o l u t i o n  i s  ex tended  by u l t r a v i o l e t .  The com bination  

orange, b l u e - g r e e n ,  and u l t r a v i o l e t  i s  su g g e s te d .

Alignment

O p e ra t io n  o f  p roposed  key so f tw a re  a l ig n m en t programs i s  o u t l i n e d .

By allow ing a l ig n m e n t  to  be  checked and a id e d  w ith  s o f tw a re ,  t h e  h a rd ­

ware des ign  g i v e s  the  u s e r  a  pow erfu l t o o l  to  e a s i l y  m a in ta in  p eak  p e r ­

formance. The scanner  s u p p o r ts  d iv e r s e  a l ig n m en t programs to  b e  gener­

a te d  as n e e d e d .
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R e c t i l i n e a r i t y  A lignm ent 

A p r e c i s i o n  g r i d  i s  scanned to  d e te rm in e  th e  C a r te s ia n  a d d re s s  o f  

each  node. Such s can n in g  i s  s im p l i f i e d  by c o n t e x tu a l  random s e a rc h  

e s t im a t in g  th e  n e x t  node . Based on t h i s  d a t a ,  th e  r e s i s t o r s  i n  th e  ma­

t r i x  o f  th e  Summer Board g iv in g  the  b e s t  f i t  to  th e  p r e c i s i o n  g r id  can 

be  m a th e m a t ic a l ly  d e te rm in e d .  Alignment encom passes th e  e n t i r e  o p t i c a l  

system .

Dynamic Focus A lignm ent 

An a u x i l i a r y  D/A o u tp u t  i n j e c t e d  to  th e  Summer Board a l lo w s  th e  

s o f tw a re  t o  in c re m e n ta l ly  m odify  th e  fo cu s  anode v o l t a g e .  By u s in g  a  

s ta n d a rd  image g r i d ,  th e  m o d u la tio n  t r a n s f e r  f u n c t i o n  o f  th e  scanned 

s p o t  can be c a l c u l a t e d ,  and u s in g  t h i s  th e  optimum fo c u s  v o l t a g e  can be  

found f o r  each  p o i n t .  The r e s i s t o r s  i n  th e  Summer Board g iv in g  th e  

b e s t  fo c u s  f i t  can th e n  be  m a th e m a t ic a l ly  d e te rm in e d .  A m o d i f ic a t io n  

o f  t h i s  p ro ced u re  a l lo w s  m echan ica l  fo cu s  to  be  checked o r  a d ju s te d  w i th  

a  s t e p p e r  m otor.

1 6 -B i t  d/ a Alignment 

G re y - s c a le  r e p r o d u c t io n  i s  l im i t e d  by th e  d i f f e r e n t i a l  l i n e a r i t y  o f  

th e  two 1 6 - b i t  D/A c o n v e r t e r s ,  t h e r e f o r e  a l ig n m e n t  i s  c r i t i c a l .  S o f t ­

ware can o u tp u t  a v a lu e  f o r  X and Y t h a t  w i l l  p roduce  ap p ro x im a te ly  

e q u a l  v o l t a g e s  a f t e r  d i s t o r t i o n  c o r r e c t i o n .  Then by r e a d in g  th e  256 • 

(X-Y) c h a n n e l ,  w i th  a l lo w a n c e  f o r  slow s e t t l i n g  caused  by h igh  g a in ,  

s o f tw a re  can d e te rm in e  th e  s t e p  s i z e  o f  e i t h e r  c o n v e r t e r .  By knowing 

th e  s t e p  s i z e  o f  15 key  s t a t e s  a t  th e  fo u r  h i g h e s t  o rd e r  c a r r i e s ,  s o f t ­

ware can in fo rm  th e  u s e r  how much to  t u r n  each  o f  th e  trimming p o t e n t i o ­

m e te rs  i n  th e  1 6 - b i t  c o n v e r t e r s .
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Beam I n t e n s i t y  A lignm ent 

The Beam I n t e n s i t y  Board a l lo w s  b o th  th e  lo g a r i th m ic  s l o p e ,  v i a  P I  

c o n t r o l l e d  log  g a in ,  and low i n t e n s i t y  l i n e a r i t y , v i a  P2 c o n t r o l l e d  V^, to  

be a d j u s t e d .  S o f tw a re  can m o n ito r  l o g a r i t h m ic  t r a c k in g  of beam in t e n ­

s i t y  and gu ide  a d ju s tm e n t  o f  each  p o t e n t io m e te r .  As beam i n t e n s i t y  

i s  v a r i e d  over many o rd e r s  o f  m agn itude ,  exposure  i s  m a in ta in e d  i n  a 

u se a b le  ra n g e  by v a ry in g  th e  d e b la n k in g  t im e .  The program m ust n o t  

t e s t  c u r r e n t  l e v e l s  s u f f i c i e n t  to  b u rn  th e  phosphor w i th  t h e  minimum 

d eb lan k in g  t im e ,  and must a l lo w  s u f f i c i e n t  t im e  betw een h igh  i n t e n s i t y  

p u ls e s  f o r  h e a t  d i s s i p a t i o n .  The program  shou ld  randomly s e l e c t  t e s t  

p o in t s  to  random ize a g in g ,  b u t  must u s e  th e  same p o i n t  f o r  t e s t i n g  a l l  

i n t e n s i t i e s  i n  one sequence . An a l t e r n a t i v e  scheme p u ls e s  th e  beam 

w h ile  i t  i s  s le w in g .



CHAPTER VI 

CIRCUITRY OF THE MICRO-OPTICAL TOMOGRAPH

T h is  c h a p te r  a t te m p ts  to  c l e a r l y  document and e x p l a in  a l l  o f  th e  

scan n e r  c i r c u i t r y .  S i g n i f i c a n t  advances to  th e  s t a t e  o f  th e  a r t  a r e  

a l s o  d i s c l o s e d  t h a t  p e rm it  t h e  sc a n n e r  c h a r a c t e r i s t i c s  d e f in e d  i n  

p rev ious  c h a p t e r s .  T h e o r e t i c a l  developm ent o f  advances  p ro v id e  i n t e r e s t  

t r a n s c e n d in g  t h a t  o f  s p e c i f i c  c i r c u i t s .

A l l  c i r c u i t  l a y o u ts  a r e  drawn f re e h a n d  a t  2 .5 x  on graph p a p e r ,  w ith  

no s t r a i g h t  edge, h o le  g u id e ,  o r  t r a n s f e r s  used a t  any t im e ,  g iv in g  a 

unique and a e s t h e t i c a l l y  p le a s i n g  s t y l e .  This  method g iv e s  th e  d e s ig n e r  

t o t a l  freedom  to  dynam ica l ly  b a la n c e  in t e r c o n n e c t  d e n s i t y ,  r e s i s t a n c e ,  

and c a p a c i t a n c e ,  and i n  c o s t - c r i t i c a l  p ro d u c t io n  a p p l i c a t i o n s  to  ex tend  

e tc h a n t  l i f e  s e v e r a l  f o l d .  The r e a d e r  may a l s o  n o te  t h e  s c a r c i t y  of 

c r o s s o v e r s ,  s h o r tn e s s  o f  most co n d u c to r  p a t h s ,  p r o t e c t i o n  of c r i t i c a l  

ana log  s i g n a l s ,  and c lo se d  lo o p in g  of m ost ground n e t s .

Bus Logic Board

T his  b o a rd  i n t e r f a c e s  t h e  MDS-800 m icrocom puter bus w ith  th e  

sca n n e r .

C o n n ec t io n s

READ BUS 8 - b i t  p o s i t i v e  l o g i c  d a t a  i s  i n v e r t e d  and p la c e d  on

com puter bus when a  c o r r e c t l y  a d d re s s e d  Memory Read 

111
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command i s  ex ecu ted  

WRITE DATA BUS 8 - b i t  d a ta  on com puter b us  i s  in v e r t e d  and o u tp u t  in  

p o s i t i v e  lo g i c

MEMORY WRITE/ Low when a c o r r e c t l y  a d d re s s e d  Memory W rite  command is

e x ec u ted

MEMORY READ/ Low when a c o r r e c t l y  a d d re s s e d  Memory Read command i s

e x e c u te d

10 WRITE/ Low when a c o r r e c t l y  a d d re s se d  10 W rite  command i s  given

COLOR High when a c o r r e c t l y  a d d re s s e d  10 W rite  command i s  g iven

SELECT ■ 4 - b i t  p o s i t i v e  lo g ic  a d d r e s s  s e l e c t s  p ro p e r  p e r i p h e r a l

d e v i c e  to  respond

+5V O u tp u t power from com puter bus. T h is  i s  no t  a  power in p u t .

O p e ra t io n

The scanner  s e e s  two one-way d a t a  buses  : The WRITE b u s , named

from th e  c o m p u te r 's  v ie w p o in t ,  c a r r i e s  8 - b i t s  o f  d a t a  from t h e  computer. 

The READ BUS c a r r i e s  8 - b i t s  o f  d a ta  t o  t h e  com puter. A 4 - b i t  SELECT 

a c t s  a s  an a d d r e s s ,  which w i th  the  f o u r  commands l i s t e d  above evoke 

v a r io u s  r e s p o n s e s  from th e  s c a n n e r .

The 8080 com puter views th e  s c a n n e r  through  th e  Bus L ogic  Board 

as 32 o u tp u t  p o r t s  and 16 memory l o c a t i o n s  from which d a ta  may be  

read  o r  to  which d a t a  may be  w r i t t e n .

The Bus L ogic  Board p ro v id e s  t h e  n e c e s s a ry  i n t e r f a c e ,  in c lu d in g

1. base  a d d re s s  s e l e c t i o n

2. re sp o n se  to  a d d re s se s  i n  r a n g e  o n ly

3. t r a n s fe r - a c k n o w le d g e  lo g i c  and o p tim a l advance-acknow ledge

4. i n h i b i t i o n  o f  RAM a t  16 c o i n c id e n t  a d d re s s e s
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5 .  command decod ing

6 . o u tp u t  b u f f e r in g  to  d r iv e  lo n g e r  t r a n s m is s io n  l i n e s

7. low lo g i c  d r a i n  to  s a t i s f y  bus re q u ire m e n ts

A memory read  evokes th e  fo llo w in g  re sp o n se s  i f  memory b ase  £ 

a d d re s s  £ memory base  +  15

1 . XACK to computer bus

2. o p tio n a l  AACK to  computer bus

3. INHI to  computer bus

4 . 8 - b i t  READ DATA from scanner in v e r t e d  to  computer bus

5 .  MEMORY READ/ to  s c a n n e r  goes low

A memory w r i t e  evokes th e  fo llo w in g  re sp o n ses  i f  memory base  1 

a d d re s s  ^  memory b ase  + 15

1 . XACK to  computer bus

2. o p t io n a l  AACK to  com puter bus

3. MEMORY WRITE/ to  s c a n n e r  goes low

An 10 w r i t e  evokes th e  fo l lo w in g  re sp o n se s  i f  10 base  ^ ad d ress  1 

10 b a s e  + 15

1. XACK to  com puter bus

2. 10 WRITE/ to  s c a n n e r  goes low

An 10 w r i t e  evokes th e  fo l lo w in g  re s p o n se s  i f  10 b ase  + 16 £ 

a d d re s s  < 10 base  + 31

1 . XACK to com puter bus

2. COLOR to sc a n n e r  goes  h igh  

C on tinuously  th e  fo l lo w in g  occurs

1 . 8 - b i t  DATA/ from com puter bus i n v e r t e d  to  WRITE BUS of scanner

2 . 4 l e a s t  s i g n i f i c a n t  b i t s  from 1 6 - b i t  ADR/ a d d re s s  from 

computer bus i n v e r t e d  to  SELECT of scan n e r
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Adjustm ents 

Memory base a d d re s s  = MMMMMMMM MMMMOOOO 

10 base  a d d re s s  = SSSGGGGO

where "M" and "S" a r e  sw itch  s e l e c t a b l e s .  See PCB la y o u t  fo r  sw i tch  

l o c a t i o n s .

AACK may be s u p p re s se d  by b reak in g  c o n n e c t io n  a t  p o in t  shown i n  

th e  PCB la y o u t .  T h is  d e la y s  memory l /G  commands an a d d i t i o n a l  c y c l e ,

~ 0 .5  y se c .

M u l t ip le x e r  Boards 

One o f  16 8 - b i t  b y te s  i s  s e le c te d  by th e  4 - b i t  SELECT and p la c e d  

on th e  READ BUS. Each of th e  4 boards m u l t ip l e x e s  a 2 - b i t  s l i c e .

Connections

SELECT 4 - b i t  p o s i t i v e  lo g i c  a d d r e s s .  "GGOG" s e l e c t s  READ

CHANNEL G.

READ CHANNELS Each s i d e  o f  th e  board p r e s e n t s  a 1 - b i t  s l i c e  of 16 b y t e s .

When 4 boards  a r e  a rran g ed  i n  p a r a l l e l ,  a l l  8 - b i t s  of

each b y te  a r e  l i n e a r l y  a l ig n e d  

READ BUS Each s i d e  o f  th e  board p r e s e n t s  th e  co r resp o n d in g  s in g l e

b i t  o f  th e  READ BUS. The m u l t i p l e x e r  boards  i n v e r t  th e  

d a t a ,  t h e r e f o r e ,  a l th o u g h  Scanner Module boards  w i l l  

in p u t  p o s i t i v e  l o g i c  from th e  WRITE BUS, they w i l l  

o u tp u t  n e g a t iv e  lo g i c  to  th e  READ BUS through th e  

M u l t ip le x  B oards.
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READBÜS READ CHA/JkJELS READBüS READ CHAPUELS
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SELECT

7 H-ISO
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s v
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R epeated  f o r  b i t s  2 -3 ,  b i t s  4 -5 ,  and b i t s  6-7 f o r  4 boards  

F ig u re  6 .2  M u l t ip le x e r  Boards (schem atic )

Command Decoder Board 

The 4 - b i t  SELECT a d d re s s  w i th  10 WRITE/ and MEMORY WRITE/ a r e  

decoded i n t o  one o f  32 p o s s i b le  commands t h a t  can be g iven  to  the  

scan n er .

C onnections

4 - b i t  p o s i t i v e  lo g i c  a d d r e s s .  "0000" s e l e c t s  

COMMAND 0

Low a c t i v a t e s  a MEMORY WRITE COMMAND, one o f  16 

Low a c t i v a t e s  an 10 WRITE COMMAND, one o f  16 

T oge the r  com prise  32 p o s s i b l e  commands. The one

SELECT

MEMORY WRITE/

10 WRITE/

MEMORY or 
10 WRITE COMMANDS/ .

s e l e c t e d  goes low.
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Figure 6.2 Multiplexer Boards (components)
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Figure 6.2 Multiplexer Boards (parts side)
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Figure 6.2 Multiplexer Boards (back side)
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F ig u re  6 .3  Command Decoder Board (schem atic )

Beam I n t e n s i t y  Board 

This board  p ro v id e s  D/A co n v e rs io n  f o r  CRT spo t i n t e n s i t y .  I t  

in p u t s  a tw o-by te  FOCUS 10.10 coded number and 4 CRT beam -co n tro l  

commands. I t  o u tp u ts  to  th e  CRT a s s o c i a t e d  c i r c u i t r y  a lo g a r i th m ic  

ana log  s i g n a l  f o r  c o n t r o l l i n g  CRT beam i n t e n s i t y  and a d i g i t a l  b i t  to  

g a te  the  CRT beam on o r  o f f .  The FOCUS-coded in p u t  number i s  r e tu r n e d  

m od if ied  to  r e f l e c t  th e  co n v e rs io n  ra n g e .

WRITE BUS

C onnections 

8 - b i t  p o s i t i v e  l o g i c  in p u t  d a ta  p o r t

BEAM INTENSITY When low, WRITE BUS i s  t r a n s f e r r e d  in to  h ig h  b y te  of 
HIGH BYTE

1 6 - b i t  beam i n t e n s i t y  d a t a  r e g i s t e r .
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Figure 6.3 Command Decoder Board (parts side)
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Figure 6,3 Command Decoder Board (back side)
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BEAM INTENSITY LOW BYTE When low, WRITE BUS i s  t r a n s f e r r e d  in t o  low

b y te  of 1 6 - b i t  beam i n t e n s i t y  d a t a  r e g i s t e r .

READ INTENSITY/ 1 6 - b i t ,  2 - b y te  n e g a t iv e  lo g i c  o u tp u t  of d a ta

in  beam i n t e n s i t y  r e g i s t e r .  I f  t h e  number i s  

o u t  of ra n g e ,  i t  i s  m o d if ied  in  c e r t a i n  ways 

d e s c r ib e d  l a t e r .

ANALOG BEAM INTENSITY Analog o u tp u t  to  CRT a s s o c i a t e d  c i r c u i t r y .  A

h ig h e r  v o l t a g e  im p l ie s  a b r i g h t e r  beam. The 

dynamic ra n g e  i s  -5V to  +5V, l o g a r i th m ic ,  

w i th  5V im ply ing  4 o r d e r s  of m agn itude .

BEAM GATE/ D i g i t a l  o u tp u t  to  D is p la y  Module. When low,

CRT beam i s  t o  be unb lanked .

STROKE BEAM CONTROL When h ig h ,  th e  beam i s  to  be unblanked  fo r  as

lo n g  as  i t  rem ains  h ig h .  Care sh o u ld  be taken  

to  p r o t e c t  t h i s  in p u t  from an open c i r c u i t .

1 USEC BEAM PULSE/ On th e  f a l l i n g  edge, th e  beam i s  unblanked

f o r  1 ysec

10 USEC BEAM PULSE/ On th e  f a l l i n g  edge, th e  beam i s  unblanked f o r

10 y sec

100 USEC BEAM PULSE/ On th e  f a l l i n g  edge, th e  beam i s  unblanked f o r

100 y se c .  The beam i n h i b i t  o f  th e  nex t s e c t i o n  

s u p p re s s e s  a l l  4 of th e  above c o n t r o l s .

O p e ra t io n

As viewed from th e  8080 com puter through  th e  bus l o g i c  c i r c u i t ,  

th e  beam i n t e n s i t y  board a p p e a r s  a s  two a d j a c e n t  b y te s  o f  memory to  

which d a ta  can  be w r i t t e n  o r  from w hich  d a ta  can  be r e a d ,  in d i v id u a l ly
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or s e q u e n t i a l l y  in  any o r d e r .  The d a ta  i s  m od if ied  to  r e f l e c t  th e  

a l lo w a b le  range o f  beam i n t e n s i t i e s ,  and th e  m o d if ied  number passed  to  

th e  D/A and back to  th e  com puter when a read  i s  e x e c u te d .  The d a t a  

m o d i f ic a t io n s ,  a p p ly in g  to  FOCUS 10.10 c o d in g ,  a r e  shown:

0 \ f

0  I 0 0 0 0 ,0 0 0 0 0 0 0 0 0 0  => ]

0 onoo.oooooooooo^iO

r/60  ooooo.oooooooooo ^ \0

X-s
V»
s
s

o

+

0

1

F ig u re  6 .4  Beam I n t e n s i t y  D/A I/O  R e la t io n s h ip s

The d i g i t a l  o u tp u t  i n d i c a t e s  the  a c t u a l  beam i n t e n s i t y  t h a t  can 

be d e l iv e r e d  to  th e  phosphor s c r e e n .  The s u p p re s s io n  o f  modulus jumping 

to  th e  D/A p ro v id es  r a p i d  s e t t l i n g  f o r  i n t e n s i t i e s  t r a n s e c t in g  th r e s h o ld .

A f te r  s e t t i n g  th e  1 6 - b i t  i n t e n s i t y ,  t h e  beam i s  unblanked f o r  a 

s p e c i f i e d  i n t e r v a l  by c a l l i n g  one of th e  th r e e  o u tp u t  p o r t s .  The d a ta
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i s  ig n o re d .  The d eb lan k in g  tim es  of 1 ,  10, and 100 ysec  p ro v id e  u n i ­

form ly s c a le d  s t e p s  on a lo g a r i th m ic  s c a l e  e q u iv a le n t  to  ad d in g  o r  

s u b t r a c t in g  00000100 to  th e  most s i g n i f i c a n t  b y te  of th e  1 6 - b i t  FOCUS 

10.10 coded i n t e n s i t y  d a t a .  By a l lo w in g  lower beam c u r r e n t s ,  th e  100 

ysec  o p t io n  p ro v id e s  th e  s h a r p e s t  im age, however w ith  h igh  beam c u r r e n t s  

t h i s  i s  s u f f i c i e n t  tim e to  burn th e  ph o sp h o r .

The s e p a r a t e  i n t e n s i t y  and timed g a t e  beam c o n t r o l s  p r o v id e  th e  

fo l lo w in g  a d v an tag es  over o th e r  c h o ic e s  o f  c o n t r o l :

S a fe ty  I f  th e  beam were so f tw a re  to g g le d  and e i t h e r  a t u r n - o f f

i n s t r u c t i o n  were o m itte d  o r  t h e  computer i n t e r r u p t e d  b e fo re  

th e  i n s t r u c t i o n  was e x e c u te d ,  th e  CRT phosphor cou ld  be  

burned w i t h i n  100 y s e c .  The u n d e f le c te d  beam can c u t  th rough  

th e  g l a s s  f a c e p l a t e  in  a few seconds c a u s in g  an im p lo s io n  

w ith  p o t e n t i a l  p e r s o n a l  i n j u r y .  For c e r t a i n  a p p l i c a t i o n s  th e  

a u to m a tic  t u r n - o f f  can be su p p re s se d  by p u ls in g  th e  r e t r i g -  

g ea b le  t im e r  in  a lo o p ,  however t h i s  r e q u i r e s  a d d i t i o n a l  

s t e p s  to  be added , r a t h e r  th a n  a s te p  f o r g o t t e n  a s  w i th  a 

to g g led  system , and so i s  u n l i k e l y  to  be done a c c i d e n t a l l y .  

Accuracy S e p a ra te  i n t e n s i t y  and g a t in g  c o n t r o l s  a l lo w  a moment f o r  th e  

D/A and s p e c i a l  gamma c o r r e c t i o n  c i r c u i t s  in  th e  CRT a s s o c i ­

a te d  c i r c u i t r y  to  s e t t l e  g r i d  1 v o l t a g e  b e fo re  th e  beam i s  

deb lanked  by grounding th e  c a th o d e .  Because of l o g a r i th m ic  

coding and gun power c h a r a c t e r i s t i c s ,  sm a ll  o v e r s h o o ts  

or D/A " g l i t c h e s "  would o th e rw is e  have l a r g e  and u n p r e d ic t a b l e  

e f f e c t s .

Speed Because th e  beam i n t e n s i t y  i s  o f t e n  h e ld  i n v a r i e n t ,  a s i n g l e  

i n s t r u c t i o n  can p u ls e  th e  beam.
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With FOCUS 10 .10  th e  s p e c i f i e d  ran g e  o f  beam i n t e n s i t y  r e q u i r e s  a 

1 3 - b i t  d/ a c o n v e r t e r .  Because th e  l e a s t  s i g n i f i c a n t  b i t  i s  below th e  

d e t e c t i o n  and co m p u ta t io n a l  n o i s e  i t  may be ig n o re d ,  a l lo w in g  u s e  o f  a 

1 2 - b i t  D/A. The 13— b i t  o f  r e s o l u t i o n  i s  added w ith  a r e s i s t o r  to  th e  

summing j u n c t i o n ,  however th e  d i f f e r e n t i a l  accu racy  rem a in s  t h a t  o f  th e  

1 2 - b i t  c o n v e r t e r .

X -P o s i t io n  D/A Board 

T h is  board  and th e  s i m i l a r  Y - P o s i t io n  D/A Board p r o v id e  p r e c i s i o n  

1 6 - b i t  D/A c o n v e r s io n  o f  t h e  s p o t  p o s i t i o n .  S p e c ia l  t im in g  a l lo w s  maximum 

in p u t  f l e x i b i l i t y  and i s  co m p a tib le  w i th  th e  T ra n s ie n t  F i l t e r  B oard . 

S tandard  r e f e r e n c e  v o l t a g e s  a r e  b u f f e r e d  and o u tp u t .

C onnec tions

WRITE BUS 8 - b i t  p o s i t i v e  lo g i c  in p u t  d a ta

X POSITION HIGH BYTE/ When low, WRITE BUS i s  t r a n s f e r r e d  i n t o  h ig h

b y te  o f  1 6 - b i t  X - p o s i t io n  r e g i s t e r  

X POSITION LOW BYTE/ When low, WRITE BUS i s  t r a n s f e r r e d  i n t o  low b y te

of 1 6 - b i t  X - p o s i t io n  r e g i s t e r  

READ X POSITION/ N eg a tiv e  lo g i c  1 6 - b i t  o u tp u t  o f  X - p o s i t io n

r e g i s t e r

+6V OUT B u ffe red  o u tp u t  o f  D/A c o n v e r t e r ' s  p r e c i s i o n

r e f e r e n c e  v o l t a g e  

-6V OUT I n v e r te d  +6V p r e c i s i o n  r e f e r e n c e

RAW X POSITION Analog o u tp u t  c o n v e r te d  from 2 ' s  complement in p u t :

IN = 1000000000000000 OUT = -lOV

IN = 0000000000000000 OUT = OV

IN = 0111111111111111 OUT = +10V
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O p era t io n

As viewed from th e  8080 com puter th rough  th e  bus  l o g i c  c i r c u i t ,  the  

X - P o s i t io n  D/A Board ap p ea rs  a s  two a d j a c e n t  memory l o c a t i o n s .  D ata  may 

be o u tp u t  to  e i t h e r  memory l o c a t i o n  i n d i v i d u a l l y  o r  to  b o th  in  e i t h e r  

s eq u en ce .  R e s t r i c t i o n s  a r e :

1 .  I f  b o th  b y te s  a r e  changed , f o r  b e s t  r e s u l t s  th e  two b y te s  

sh o u ld  be w r i t t e n  w i t h i n  5 psec  o f  each o t h e r  (SHLD i n s t r u c ­

t i o n )  .

2. At l e a s t  10 y sec  i d l e  t im e  should  be a l low ed  b e f o r e  a new 

p o s i t i o n  i s  s p e c i f i e d .

A f te r  \  y sec  th e  d a t a  may be r e a d  back u n a l t e r e d  a s  from any o th e r  

memory l o c a t i o n .  The sp o t  moves to  th e  p o s i t i o n  s p e c i f i e d  by th e  2 ' s  

complement c o n c a te n a t io n  o f  b o th  memory l o c a t i o n s  w i th  th e  h ig h e s t  

a d d re s s  su p p ly in g  th e  most s i g n i f i c a n t  b y t e .

1 0 0 0 - -

o n  Il O O O - ' 0000 - - -

F ig u re  6 ,6  A d d ressab le  Range
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Timing

Diagrams p r e s e n te d  i n  t h i s  s e c t i o n  d e s c r ib e  th e  combined e f f e c t s  

o f  th e  X P o s i t i o n  D/A and T r a n s ie n t  F i l t e r  B oards .

Accuracy and re s p o n s e  speed  c h a r a c t e r i s t i c s  have some un iq u e  r e ­

q u irem en ts  in  image p r o c e s s in g .  They a r e  d i s c u s s e d  i n  i n c r e a s in g  o rd e r  

o f  im portance :

1. P o s i t i o n a l  d i s t o r t i o n  of th e  D/A c i r c u i t  has  no n o t i c e a b l e
2

e f f e c t  on th e  image. An i n t r o d u c t i o n  o f  even 10,000 ppm X , 

f o r  exam ple, i s  n o t  v i s i b l y  a p p a re n t .

2. S e t t l i n g  t im e  i s  im p o r ta n t  i n  random sc a n  a p p l i c a t i o n s ,  o r  

du ring  r e t r a c e ,  however in  norm al s c a n n in g ,  a 50% s e t t l i n g  i s  

q u i t e  a d e q u a te  to  i n i t i a t e  s e n s in g .  I n  f l y i n g - s p o t  sc a n n e rs  

th e  beam n e v e r  s e t t l e s ,  b u t  i s  always moving.

3. Uniform s w i tc h in g  t r a n s i e n t s  e f f e c t i v e l y  widen th e  s p o t  s i z e  

i f  i n  e f f e c t  d u r in g  s e n s in g ,  however i f  th e y  a re  l e s s  th a n  th e  

s p o t  w id th ,  th e y  can be l i v e d  w i th .

4 . Random t r a n s i e n t s  a r e  c a t a s t r o p h i c  to  image q u a l i t y .  As shown 

i n  th e  s e c t i o n  "Need f o r  1 6 -B i t  P o s i t i o n a l  C o n tro l"  i n  Chapter 

V, they  sh o u ld  be s e t t l e d  to  w i th in  h. LSB = 0 .001  % p r i o r  to  

exposu re .  U n f o r tu n a te ly ,  D/A c o n v e r t e r s  have s t r o n g  random 

t r a n s i e n t s  g e n e ra te d  b ecause  d i f f e r e n t  b i t s  sw i tch  a t  u n p re -  

d i c t a b ly  d i f f e r e n t  t im e s .  Once th e s e  t r a n s i e n t s  r e a c h  th e  de­

f l e c t i o n  yokes  th e y  ta k e  a v e ry  long t im e  to  s e t t l e  to  th e  r e ­

q u ire d  l e v e l .

P o in t  4 i s  almosjt e l i m i n a t e d  by th e  T r a n s ie n t  F i l t e r  Board. The open- 

loop  d i f f e r e n t i a l  sam ple & h o ld s  e l i m i n a t e  th e  random t r a n s i e n t s  of 

c lo s e d - lo o p  d e s ig n s ,  and a l s o  s u b s t a n t i a l l y  re d u c e  th e  un ifo rm  t r a n s ­

i e n t s  o f  p o in t  3 n o rm a l ly  a s s o c i a t e d  w i th  S/Hs. The t r a n s i e n t  F i l t e r
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Board i s o l a t e s  th e  D/A from th e  yoke c i r c u i t r y  abou t 180 nsec a f t e r  th e  

f a l l i n g  edge of e i t h e r  X POSITION LOW BYTE/ or X POSITION HIGH BYTE/, and 

rem ains  open fo r  6 y s e c .  The 6 y sec t im e r  i s  r e t r i g g e r a b l e ,  so  i f  two 

b y te s  a r e  t r a n s f e r r e d ,  th e r e  w i l l  be 6 y sec  w a i t  a f t e r  th e  l a s t  b y te  fo r  

th e  d / a to  s e t t l e .  The X -P o s i t io n  D/A Board has two 1 6 - b i t  r e g i s t e r s .

The f i r s t  i s  used to  s e p a r a t e  and s t o r e  th e  incoming 8 - b i t  b y te s .  The 

second i s  a b u f f e r  t h a t  rem ains f ix e d  d u r in g  th e  f i r s t  500 n sec  a f t e r  

a command i s  r e c e iv e d  to  a l low  tim e f o r  t h e  T ra n s ie n t  F i l t e r  Board to  

i n t e r r u p t  th e  s i g n a l  p a th .  The r e g i s t e r  th e n  opens, a l lo w in g  th e  new

O u ip u i o-f 
Transient

' S e c a n t  byf-&  
h> hoi'll 

y e g i s h r  D /A

Figure 6.7 Positional D/A Timing
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Figure 6.8 X Position D/A Board (components)
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y

Figure 6.8 X Position D/A Board (parts side)
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I

Figure 6.8 X Position D/A Board (back side)
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number to  e n t e r  th e  D/A. The r e g i s t e r  rem ains open f o r  4̂ 5 y s e c ,  5 psec 

a f t e r  e i t h e r  command, to  a l lo w  th e  n e x t  o p t io n a l  b y te  immediate e n t r y ,  

a s  th e  sample & ho ld  i s  a l r e a d y  open.

T ra n s ie n t  F i l t e r  Board 

T h is  board  p re v e n t s  random t r a n s i e n t s  du ring  s t a t e  t r a n s i t i o n s  

o f  th e  d/ a c o n v e r t e r  from re a c h in g  th e  yoke c o n t r o l  c i r c u i t s .  I t  a l s o  

sums s t r o k e  and d i s t o r t i o n  c o n t r o l s  in to  th e  p o s i t i o n a l  c o n t r o l  s i g n a l s . .

X POSITION LOW BYTE/ 

STROKE X POSITION

C onnections

RAW X POSITION S ig n a l  from D/A c o n v e r t e r ,  +10V to  -lOV range .

X POSITION HIGH BYTE/ A r e t r i g g e r a b l e  6 y se c  t im er  s t a r t s  on th e  nega-

» t i v e - g o in g  edge o f  e i t h e r  o f  th e s e  two e x c lu s iv e  

c o n t r o l s ,  i s o l a t i n g  RAW X POSITION from th e  o u tp u t .  

S ig n a l  from S tro k e  d r i v e r ,  +12V to  -12V range .

A 12V t r a n s i t i o n  can move th e  beam from th e  

s c re e n  bottom to  to p ,  e q u iv a le n t  to  a  20V t r a n s i ­

t i o n  from RAW X POSITION, a l lo w in g  any p a r t  of th e  

s c re e n  to  be reached  from any o r i g i n  s p e c i f i e d  by 

RAW X POSITION.

S ig n a l  from d i s t o r t i o n  c o r r e c t i o n  c i r c u i t r y ,  +12V 

to  -12V ra n g e .  An in p u t  to  X DISTORTION has  1 /3  

th e  m agnitude of e f f e c t  as an in p u t  to  RAW X 

POSITION.

X DISTORTION

X POSITION O utput = -  1

10
12

RAW X POSITION

♦ STROKE X POSITION

X DISTORTION

(S im i la r  c o n n e c t io n s  fo r  Y channe l)
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O p era tio n

The randomness o f  th e  t r a n s i e n t s  o f  th e  D/A c o n v e rs io n  make them 

d e v a s t a t i n g  to image q u a l i t y ,  f a r  more so than  would r e p e a t a b l e  t r a n ­

s i e n t s .  T h is  e f f e c t  i s  d is c u s s e d  in  th e  s e c t i o n  "Need For 1 6 -B i t  p o s i t ­

i o n a l  C o n t r o l " .  The s p o t  p o s i t i o n  can be s e t t l e d  to  an acc u racy  t o l e r a b l e  

of r e p e a t a b l e  t r a n s i e n t s  in  a r e l a t i v e l y  s h o r t  t im e ,  b u t  o r d e r s - o f -  

m agnitude  lo n g e r  t im es  a re  needed to  s e t t l e  the  r e s i d u a l  p o le s  t o  a 

t o l e r a n c e  r e q u i r e d  i f  random t r a n s i e n t s  a r e  allowed to  e n t e r  th e  yoke 

d r iv in g  c i r c u i t r y .  The rea so n s  f o r  the  lo n g ,  low e r r o r  t a i l  i s  t h a t ,  

even though  c u r r e n t  can  be r a p i d l y  s t a b i l i z e d ,  th e  i n d u c t iv e  n a t u r e  of 

th e  yokes r e q u i r e  some time f o r  a l l  v a r i a b l e s  to  s e t t l e  to  the  s te a d y  

s t a t e .  I n c lu d in g  th e  sp o t  p o s i t i o n  in  th e  feedback  lo o p  i s  no t  p o s s ib le  

b e c a u se ,  even  w ith  g ra y -c o d in g ,  th e  sp o t s i z e  i s  too  l a r g e  to  d e f in e  

th e  l o c a t i o n  w ith  th e  r e q u i r e d  accu racy  ( s e e  S ec t io n  "Need f o r  1 6 -B it  

P o s i t i o n a l  C on tro l"  i n  C hapter V). Also th e  spo t would be exposing  

w h ile  i t  i s  being  s e t t l e d .  I n c lu d in g  m a g n e tic  f i e l d  d i r e c t l y  i n  th e  

feedback  loop  i s  no t p o s s ib le  b ecau se  th e  n o is e  and d r i f t  of H a l l  

e f f e c t  t r a n s d u c e r s  a r e  too h ig h .  Even i f  th e  f i e l d  cou ld  be measured 

a t  a p o i n t ,  inhom ogeneity  in  t h e  yoke c a u s e s  f i e l d  u n i f o r m i ty  to  v a ry  

d u r in g  s e t t l i n g .  The r e s i d u a l  t r a n s i e n t s  w i l l  rem ain . T h e re fo re  th e  

o ffe n d in g  random t r a n s i e n t s  o f  D/A c o n v e rs io n  must be removed w i th  

S/H c i r c u i t r y .

Two sam ple and ho ld  (S/H) c i r c u i t  ty p e s  a re  shown below: 
c o n t r o l  C o h i r o l

i  i
IW >-

--------

^  OUT Ihi r------  -1— > our

C l o s e d  L o o p  O p o y t  L o o p
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1

Figure 6.9 Transient Filter Board (back side)
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The c lo s e d  loop d e s ig n  has  b e t t e r  l i n e a r i t y  and f a s t e r  s e t t l i n g ,  bu t 

th e  random t r a n s i e n t s  t h a t  r e s u l t  make i t  u n a c c e p ta b le  in  t h i s  a p p l i c a ­

t i o n .

R e f e r r in g  to  th e  a c t u a l  c i r c u i t ,  S I ,  C l,  and OP-1 c o n f ig u re  an 

open lo o p  ty p e  sample and h o ld .  Assuming f o r  th e  moment t h a t  STROKE X 

POSITION i s  grounded, S2, C2 and OP-2 form a second symmetric S/H w ith  

s i m i l a r  ch a rg e  t r a n s f e r  and le a k a g e .  OP-5 i s  connec ted  i n  a  d i f f e r e n t i a l  

c o n f ig u r a t io n  to  c a n c e l  th e  t r a n s i e n t  e f f e c t s  of th e  two S/Hs. Not only 

a r e  th e  random t r a n s i e n t s  of t h e  D/A removed, b u t  even  th e  un ifo rm  

t r a n s i e n t s  of th e  S/H a r e  s u b s t a n t i a l l y  reduced .

The c i r c u i t  co n n ec ts  th e  RAW X POSITION to  th e  most a c c u r a te  

i n v e r t i n g  in p u t  of th e  d i f f e r e n t i a l  a m p l i f i e r ,  w ith  g a in  dependent 

on th e  r a t i o  of only th e  two r e s i s t o r s  Rl and R2. Two o th e r  summing 

in p u t s  p ro v id e ;  f o r  th e  STROKE X POSITION a g a in  n e a r  two, a l lo w in g  

th e  s t r o k e  c o n t ro l  to  move t h e  beam from any d e f in e d  o r i g i n  to  any 

p o in t  o f  th e  s c re e n ;  and a lo w -g a in  trimming in p u t  from th e  d i s t o r t i o n  

c o r r e c t i o n  c i r c u i t r y .

A djustm ents

The r a t i o  of R3 and R4 s h o u ld  be a d ju s t e d  to  n u l l  S/H sw itc h in g  

n o i s e .  T h is  ad ju s tm en t shou ld  be  done w i th  th e  board  in  c i r c u i t  

because  i t  i s  a f f e c t e d  by th e  impedance c h a r a c t e r i s t i c s  o f  RAW X 

POSITION and STROKE X POSITION s o u rc e s .  The v a lu e  o f  R3|1r4 («  R3 + R4 

because  R3 — R4) shou ld  be h e ld  r e l a t i v e l y  c o n s ta n t .

F u n c t io n  Board

Up t o  9 analog  m u l t i p l i e r s  may be accommodated. Normally th e  X 

and Y p o s i t i o n s  a re  in p u t  and th e  r e s u l t i n g  fu n c t io n s  p ro v id e
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c o r r e c t i o n s  fo r  g e o m e tr ic  d i s t o r t i o n s  o f  th e  CRT, dynamic f o c u s ,  and 

so f o r t h .

C onnections

IN A to  IN G I n p u t s  co nnec ted  as  ch o sen .  See PCB l a y o u t .

OUT 1 to  O u tp u ts  o f  t h e  9 ana log  m u l t i p l i e r s .  I n p u ts  t o  ICs a r e
OUT 9

ilO V , th e  o u tp u t s  a r e  t lO V . lOV'lOV = +10V o u tp u t ,  

t h e r e f o r e  ilOV = i l  u n i t ,  p o s i t i v e  l o g i c .

+6V, -6V High impedance r e f e r e n c e  v o l t a g e  in p u t s .

Normally c o n n e c t io n s  a r e  made a s  f o l lo w s :

2 3 2 1  2 2 9 2
X Y X X Y Y , X'Y X -Y X-Y X -Y

I  I  I  I  I  I  I  I  I  I
tHC pq

5  5

A djustm ents

The m u l t i p l i e r s  a r e  d e s ig n e d  to  be trimmed w ith  20K p o te n t io m e te r s  

between +15 and -15V. A v a r i a n t  i s  u sed  in  t h i s  c i r c u i t  w i th  two 

r e s i s t e r s ,  one to  g round , and th e  o th e r  to  e i t h e r  b u f fe re d  +6V o r  -6V 

r e f e r e n c e .  T h is  method has  ad v an tag es :

1 . much low er impedence f o r  l e s s  d r i f t

2 . l e s s  d r i f t  w i th ,  and n o is e  from , supp ly  v o l t a g e s

3 .  hard  w ire d  f o r  permanence 

and d is a d v a n ta g e s

1. lo n g e r  s e tu p  tim e

2 .  d i f f i c u l t  re tr im m in g

A ccu ra te  trimming i s  n o t  c r i t i c a l  a s  r e s i d u a l  e f f e c t s  add to  lo n g e r  

e r r o r s  in  t h e  CRT and a r e  i n  t u r n  trimmed by t h e  Summer Board. Most

tH (N CO m VO 00
H H H H H H H H
P P P P P P P PO O O O O o O O
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of th e  ICs have s u f f i c i e n t l y  low e r r o r s  as to  be n e g l i g i b l e ,  a l lo w in g  

most trim m ing in p u t s  to  be  s h o r te d  to  ground, and c e r t a i n l y  no t r e q u i r i n g  

re tr im m in g .  Both d is a d v a n ta g e  p o in t s  a re  th u s  n o t  im p o r ta n t  d raw backs .

On th e  o th e r  hand, th e  fu n c t io n  c i r c u i t s  in t r o d u c e  p o t e n t i a l l y  th e  most 

damaging te m p e ra tu re  and su p p ly  d r i f t  of any sc a n n e r  b o a rd ,  th u s  advan­

ta g e  p o in t s  1 and 2 a r e  welcome. For h ig h e r  c o s t ,  low er d r i f t  ICs c o u ld  

be s p e c i f i e d .

The trimming in p u t s  a p p ea r  as  a 50KÜ r e s i s t o r  to  ground. When 

f l o a t i n g ,  th e y  rem ain  n e a r  ground. The trim m ing in p u t s  may thus  be 

s a f e l y  s h o r te d  t o  +6V, g round , -6V, o r  l e f t  t e m p o r a r i l y  open d u r in g  

t e s t i n g  w ith  no i l l  e f f e c t s .  A t y p i c a l  c o r r e c t i o n  v o l t a g e  i s  < O.IV, 

w i th  0.5V being  a maximum. Trimming p ro ced u re  i s :

1 . w i th  X = Y = 0 , a d j u s t  w i th  p o te n t io m e te r  t o  «̂ OV o u tp u t

2 . w i th  X = 0 , Y = 20V p-p (50 Hz) a d j u s t  X^ f o r  minimum AC o u t

3 . w ith  Y = 0, X = 20V p-p (50 Hz) a d j u s t  Y^ f o r  minimum AC o u t

4 . w ith  X = Y = 0 , a d j u s t  Z f o r  OV o u to

5 . w i th  X = e x a c t ly  lOV, Y = 20V p-p  (50 Hz) a d j u s t  g a in  f o r  OUT = Y 

The o p e r a t io n a l  a m p l i f i e r s  b u f f e r in g  th e  r e f e r e n c e  v o l t a g e  a r e

a id ed  w ith  p u l l - u p  and pu ll-dow n r e s i s t e r s  Rl and R2, which shou ld  be 

chosen to  b e a r  abou t 3 /4  o f  th e  c u r r e n t .

Summer Board

12 in p u t  s ig n a l s  may be  summed o r  s u b t r a c t e d  i n t o  4 c h a n n e ls .

The summing c o n s ta n t s  a r e  r e s i s t o r - a d j u s t a b l e .  Normally th e  in p u t  

s i g n a l s  a r e  from th e  f u n c t i o n  board and the  o u tp u t s  in c lu d e  c o r r e c t i o n s  

f o r  X and Y p o s i t i o n s  and dynamic f o c u s .
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C onnec tions

IN 1 to  IN 12 U n a tten u a te d  in p u t s .  Range = +10V to  -lOV 

A OUT to  D OUT O utpu ts  o f  th e  4 b i - p o l a r  summers
<

Normally c o n n e c t io n s  a r e  made as fo l lo w s :  ®
9 1 o ? 2 2 ^

Y Y X'Y X /'Y  X-Y X -Y  +6V <

O  rH CM
i r j v o r ^  00 ON t—I r H r H

s s 3 s s g g g

2 3
X X X Y

Î—1 CM CO

23 a 3 IS
M H M H

CO
z g 23o o u
M H o
H H 1̂
Oi Pi M
O O U Cfl
H H g •H
zn W rH
M H •H
O O X

3
t>< O <ti

H H H H
P 23 23 23
O O O O

< P3 O P

X and Y in p u t s  a re  X POSITION And Y POSITION from T ra n s ie n t  F i l t e r  Board

+6V i s  from X P o s i t i o n  D/A Board

AUX i s  D/A from Alignment Board

The r e s t  a r e  from t h e  F u n c tio n  Board

In  th e  norm al c i r c u i t  env ironm en t,  i f  X = Y = +10V, th e n  th e  sp o t  

w i l l  be i n  t h e  low er l e f t  c o rn e r ,  and a l l  f u n c t i o n  in p u t s  = +10V. An 

o u tp u t  o f  - 1 /3  v o l t s  moves th e  s p o t  1% of t h e  image w id th  toward th e  

u p p e r  r i g h t .

Trimming

D is c r e t e  r e s i s t o r  trimming was chosen  becau se :

1. B ip o la r  c o r r e c t i o n s  a re  r e q u i r e d ,  over  o rd e r s  o f  m agn itude ,  

w i th  no s k ip  a t  z e ro .  Also , e x c e s s iv e  conductance  and e x t r a  

o p e r a t i o n a l  a m p l i f i e r s  sh o u ld  be avo ided  to  m inim ize  d r i f t .

The c i r c u i t s  below were r e j e c t e d  because ;
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-> t  s i /M  i n s u f f i c i e n t  range  and n u l l i n g

d i s t o r t i o n s-> - SOM

>  -  I / ----- >  *■ S O M

<<— i ns uf f i c i e n t  range  and excess
- z p - ----------------------- ' ---- >  -  S O M

t o t a l  impedence

2. With a u t i l i t y  program th e  com puter can t e s t  th e  sc a n n e r  and 

s p e c i f y  r e s i s t a n c e  v a lu e s  g iv in g  s u f f i c i e n t  c o r r e c t i o n  in  a 

s i n g l e  w ir in g  i t e r a t i o n .

3. F ixed  r e s i s t o r s  a r e  bo th  l e s s  ex p en s iv e  and p ro v id e  b e t t e r  

lo n g  term  r e l i a b i l i t y .

In  th e  norm al c i r c u i t  env ironm ent th e  Summer Board o p e r a te s  w i th in  

a p o s i t i v e  f e e d b a c k  lo o p .  The e f f e c t s  on q u a l i t y  a re  n e g l i g i b l e  g iven  

t h e  n o rm a l ly  v e ry  sm all  g a i n  and f a s t  r e s p o n se  of the  b oard .  The 

a l ig n m en t  program shou ld  c o n s id e r  t h e  m a th e m a tic a l  DC e f f e c t s .

Image s i z e  shou ld  be a d j u s t e d  to  w i th in  5% a t  th e  Yoke D r iv e r  Board. 

Only minor c o r r e c t i o n s  shou ld  be made a t  th e  Summer Board:

1. To m a in ta in  f u l l y  s c a le d  p o s i t i o n  s ig n a l s

2. To m in im ize  t r a n s i e n t s  and d r i f t

However, when u s in g  some c o r r e c t i o n s  a b a la n c e  i s  d e s i r a b l e  f o r  th e
3

same re a s o n s  above . For example, when add ing  s u b s t a n t i a l  X to  th e  X 

p o s i t i o n ,  s u b t r a c t i o n  of some X i s  d e s i r a b l e .

Under ex trem e c o n d i t io n s  th e  f i r s t  op-amp could  s a t u r a t e  b e fo re  

th e  second . In  norm al u sage  n e i t h e r  w i l l  s a t u r a t e .

The b i a s  c u r r e n t  d r i f t  in  OP-1 c a n c e ls  t h a t  o f  OP-2 to  th e  e x te n t  

t h e  two a r e  u n ifo rm . Even w i th o u t  t h i s  n u l l i n g  e f f e c t ,  th e  s p e c i f i e d

op-amps and r e s i s t a n c e s  g iv e  a b ia s  c u r r e n t  d r i f t  e f f e c t  s u f f i c i e n t l y

l e s s  than  o f f s e t  v o l t a g e  d r i f t  to  o b v i a t e  d i f f e r e n t i a l  b i a s i n g  r e s i s t o r s .
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X Y

X - I  -y , 0 y, I

'h  0  Vz I

X ' ■'A 0  % I

E f f e c t  o f  add ing  20% X, X^, o r  X^ to  X, Y, o r  Z ch an n e ls

Figure 6.11 Distortion Corrections



158

Y

y

_ _  L -  j .

T

Y

-%"
- 0 -

- - % .

--I-

'/l

0 -

'/%.

-■/a- 

-  0 •

y  h .

E f f e c t  of add ing  20% Y, Y^, o r  Y^ to  X, Y, o r  Z channe ls

Figure 6.11 (continued)
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E f f e c t  o f  add ing  20% X Y, Y, X Y^, o r  X^ Y^ to  X, Y, o r  Z c h a n n e ls

F ig u re  6 .1 1  (c o n t in u e d )
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Z “  A o û t
V

R A 3

Ô P ^ A I

Complete c i r c u i t  in c lu d e s  above r e p e a te d  4 t im es  

p lu s  summing m a tr ix

F ig u re  6 .1 2  Summer Board (schem a tic )
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Figure 6,12 Summer Board (components)
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0

Figure 6.12 Summer Board (parts side)
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Figure 6,12 Summer Board (back side)



164
The a u x i l i a r y  D/A a l lo w s  th e  com puter to  m a n ip u la te  th e  fo c u s  g r id  

v o l t a g e ,  b o th  to  o p t im iz e  i t  in  r e a l  t im e ,  and a l s o  to a l lo w  a  u t i l i t y  

program to  s p e c i f y  r e q u i r e d  r e s i s t o r  v a l u e s .

Some u s e f u l  co m b in a tio n s  in c lu d e :

2 2
K(X^ + ■) to  dynamic fo cu s

f o r  c o r r e c t i o n  o f  f l a t - f a c e d  CRT 

-K(X^'Y) to  Y p o s i t i o n  and -K(X'Y^) to  X p o s i t i o n

f o r  p in c u sh io n  c o r r e c t i o n  o f  f l a t - f a c e d  CRT

3 3-KY to  Y p o s i t i o n  and -KX to  X p o s i t i o n

f o r  o n - a x i s  l i n e a r i t y  o f  f l a t - f a c e d  CRT

iKX to  Y p o s i t i o n  and j[KY to  X p o s i t i o n

to  c o r r e c t  o r t h o g o n a l i t y  o f  a x i s

I kX to  Y p o s i t i o n  and jlKY to  X p o s i t i o n

r o t a t i o n  o f  image (g ro s s  c o r r e c t i o n  by r o t a t i n g  CRT o r  yoke) 

iXY to  Y p o s i t i o n  and ÏKX to  X p o s i t i o n

a d ju s tm e n t  o f  s i z e  and a s p e c t  r a t i o  (g ro s s  ad ju s tm e n t  a t  Yoke 

D r iv e r  Boards)

By i n s e r t i n g  a p r e c i s i o n  g r id  in  th e  image p la n e ,  th e  computer 

can p r e c i s e l y  map t h e  n o n u n i fo rm i t i e s  o f  th e  sc a n n e r  and o p t i c a l  system . 

With t h i s  d a t a  t h e  computer can c a l c u l a t e  th e  r e s i s t o r  m a tr ix  needed  fo r  

th e  b e s t  RMS f i t .

Time Board

T his  board  p ro v id e s  a lo g a r i th m ic  i n d i c a t i o n  o f  t im e , a c t i n g  as  

would a P h o to sen se  Module v iew ing  a c o n s t a n t  l i g h t  s o u rc e .  The Time 

Board i s  a  P h o to sen se  Board w i th  th e  fo l lo w in g  m o d i f i c a t io n s :
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1 .  No p h o to m u l t i p l i e r ,  z e n e r  b r i d g e ,  h ig h  v o l t a g e ,  o r  o v e rrange  

c i r c u i t r y .

2 . In  p l a c e  o f  th e  p h o t o m u l t i p l i e r  i s  a c o n s ta n t  c u r r e n t  sou rce  

d e r iv e d  from th e  -6V r e f e r e n c e  u s in g  a r e s i s t o r .

The P h o to sen se  Module s e c t i o n  c o n t a in s  th e  sch em a tic  and d e s c r i p t i o n  o f  a 

P ho tosense  Board.

Sample & Hold Board

Up to  12 a n a lo g  ch a n n e ls  may be  f ro z e n  s im u l ta n e o u s ly .  The board  

a l s o  p ro v id e s  i n t e r r e l a t e d  t im in g  f o r  sam pling  and i n t e g r a t i o n  r e s e t .

C onnec tions

S/H IN 12 h ig h  impedance in p u t s  t o  th e  S/H modules

S/H OUT 12 low impedance o u tp u t s  from th e  S/H m odules. T ra n s f e r

g a in  from r e s p e c t i v e  S/H IN i s  4-1.

SAMPLE/ Sampling mode e n te r e d  on 1 ->• 0 t r a n s i t i o n  o f  SAMPLE/,

E f f e c t i v e  sam pling i n s t a n t  o c c u rs  when h o ld  mode r e e n te r e d  

10 y s e c  l a t e r .

INTEGRATE/ I n t e g r a t i o n  i s  r e i n i t i a t e d  a t  a  1 ->■ 0 t r a n s i t i o n  o f  INTEGRATE/.

The command i s  r e t a i n e d  and a l low ed  to  p a s s  o n ly  i n  th e  hold  

mode.

RESET B u ffe re d  o u tp u t  to  P h o to sen se  Boards commanding an i n t e g r a t i o n

r e s e t  a s  a  1 y sec  p o s i t i v e  p u l s e .

O p e ra t io n

Common p r a c t i c e  uses  a s i n g l e  sam ple  & h o ld  (S/H) module fo l lo w in g  

a  m u l t i p l e x e r  t o  f r e e z e  th e  in p u t  to  a n  A/D, a l lo w in g  on ly  s e q u e n t i a l  

sampling o f  s e v e r a l  c h a n n e ls .  However, i n  most m u l t i - c h a n n e l  a p p l i c a t i o n s .
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a s  in  th e  s c a n n e r ,  m a th em a tic a l  p ro c e ss in g  of ch an n e l  i n t e r r e l a t i o n s  

r e q u i r e s  t h a t  a l l  ch an n e ls  be sampled s im u l ta n e o u s ly .  The adven t of low- 

c o s t  IC S/H modules a l lo w  th e  p lacem ent o f  a p l u r a l i t y  o f  S/Hs p r io r  

to  a m u l t i p l e x e r .  The c o s t  o f  t h i s  arrangem ent i s  f u r t h e r  lowered by a 

r e l a x in g  o f  a c q u i s i t i o n  time r e q u i re m e n ts .

When f u l l y  p o p u la te d ,  12 S/H channe ls  may be accommodated. A p in  

o f  module 9 , marked as a c r o s s o v e r ,  must be noted i f  s t a t i o n  9 i s  no t 

f i l l e d .  O ther unmarked c r o s s o v e r s  need to  be observed  i f  th e  f i r s t  5 

s t a t i o n s  a r e  n o t  p o p u la te d .  As d is c u s s e d  e lsew h ere ,  a t y p i c a l  i n s t a l ­

l a t i o n  r e q u i r e s  a t  l e a s t  9 c h a n n e ls .

Timing i s  i l l u s t r a t e d :

S A M P L B /

INTBCRA T E /

S à M / j l t f l o f

(effeciii/e tim e - *  )  

RESET
( e { f e c f i \ / e f  ' i m e -  # )

10 / c s e c lO/CCSU.

I  j U s e c lOyttcec.

F igure  6 .1 3  Sample & Hold Timing

The n e g a t iv e  going edge o f  SAMPLE/ opens th e  S/H modules f o r  

10 y s e c ,  d u r in g  w hich time each  S/H OUT a t t a i n s  and t r a c k s  th e  r e s p e c t i v e  

S/H IN. At the  end o f  t h i s  t im e  the  modules r e t u r n  to  th e  ho ld  mode, 

r e t a i n i n g  th e  s i g n a l  as i t  was 10 ysec a f t e r  th e  SAMPLE command. Two
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s e r i e s  SAMPLE commands e f f e c t i v e l y  ex tend  th e  sampling tim e. A SAMPLE 

command shou ld  n o t  be g iv en  between 7 y s e c  b e fo re  and 14 y s e c  a f t e r  any 

COLOR command so t h a t  th e  analog  rem ains c o n s ta n t  1 y se c  p r i o r  t o ,  and 

d u r in g ,  th e  10 y s e c  A/D c o n v e rs io n .  Note t h a t  even i f  th e  raw ch an n e ls  

a r e  s t a b l e ,  t h e r e  i s  a sm all  s a m p le - to -h o ld  o f f s e t  e r r o r .  D ata shou ld  

be co n v e r ted  w i th in  1 /2 0  second of SAMPLE t o  in s u re  < H  LSB d r i f t  e r r o r .

A n e g a t iv e -g o in g  t r a n s i t i o n  o f  INTEGRATE/ evokes a 1 y s e c  p o s i t i v e  

p u ls e  on R e s e t ,  which i s  o u tp u t  to  th e  i n t e g r a t i n g  c i r c u i t r y  on th e  

Pho tosense  Board. I f  th e  S/Hs a r e  in  th e  h o ld  s t a t e  then  th e  p u l s e  i s  

t r a n s f e r r e d  im m ed ia te ly .  However i f  th e  S/Hs a r e  open th e n  th e  command 

i s  r e t a i n e d  in  an  SR f l i p - f l o p  u n t i l  a f t e r  th e  sam pling  t e r m i n a t e s .

Two modes o f  o p e r a t io n  a r e  p o s s i b le :

1. M onitor t o t a l  exposure b u i ld u p  by r e s e t t i n g  th e  i n t e g r a l  on ly  

once p e r  p i x u l e ,  or

2. M onitor exposu re  v s .  tim e by r e p e t i t i v e l y  r e s e t t i n g  and 

sam pling .  An INTEGRATE command im m edia te ly  fo l lo w in g  a 

SAMPLE command i s  i n t e r c e p t e d  by th e  hardware and r e l e a s e d  on 

th e  RESET l i n e  about 50 n sec  a f t e r  th e  S/H r e t u r n s  to  t h e  

ho ld  mode. Combined w ith  th e  50 n sec  a p e r a tu r e  t im e  o f  th e  

S/H and sm a l l  d e la y s  a t  th e  P h o to sen se  Board, l e s s  th a n  0 .1  

Asec i s  l o s t  to  a " b l in d  s p o t . "  A loop  i s  p o s s i b le :

OUT Sample (LOOK)

OUT R ese t  (CLEAR)

OUT Color (WHITE)

(Read p a s t  c o n v e rs io n )

(S to re )

— (Enough?)
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S/H repeà i-ej

S/H o u r  / to 12

ADSS3 I
Cll io C22

^  R 2  C2SAMPLE/ '>------)  -

x :
- I S V

■±r +
C 3

Figure 6.14 Sample & Hold Board (schematic)
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Figure 6.14 Sample & Hold Board (components)
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Figure 6.14 Sample & Hold Board (parts side)
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.

Figure 6.14 Sample & Hold Board (back side)
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Analog M u l t ip le x  Board 

T h is  board  r e c e i v e s  16 d i f f e r e n t i a l  low-impedance an a lo g  in p u t s ,  

sw i tc h e s  to  th e  one chosen by th e  4 - b i t  SELECT ad d re s s  a s  s t r o b e d  by th e  

COLOR c lo c k ,  perfo rm s  an a lo g  s u b t r a c t i o n  on th e  chosen d i f f e r e n t i a l  

c h a n n e l ,  and o u tp u t s  a s i n g l e  r a i l  ANALOG.

C onnec t ions

SELECT 4 - b i t  p o s i t i v e  lo g i c  a d d re s s  s e l e c t i n g  one o f  16 ch a n n e ls

COLOR When COLOR i s  h ig h ,  SELECT i s  passed  through  a h o ld in g

r e g i s t e r  and r e t a in e d  when COLOR i s  low 

NONINVERTING 16 ana log  in p u t s  which add to  th e  o u tp u t ,  each  l a b e l e d  f o r  

i t s  SELECT a d d r e s s .  The in p u t  e q u iv a le n c e :

O---------

INVERTING

ANALOG

Note:

SOpf 3 0

3 0 K  I 3 0 K

16 ana log  in p u t s  which s u b t r a c t  from th e  o u tp u t ,  each  

l a b e le d  f o r  i t s  SELECT a d d r e s s .  The in p u t  e q u iv a le n c e :  

O-

c c j^ 't 'e s p o m o li i^ t^  

< U O M tN V E R r ih J S

S in g le  r a i l  analog  o u tp u t

(SELECTed NONINVERTING) -  (SELECTed INVERTING)

A l l  s ig n a l  in p u t s  sh o u ld  be <+15V and >-15V s u p p ly .  When 

th e  s u p p l i e s  a r e  o f f ,  so shou ld  a l l  s i g n a l  i n p u t s .  A d io d e  

i n s u r e s  th e  +15V su p p ly  always >+5V supply  to  p a r t i a l l y  

p r o t e c t  d i g i t a l  in p u t s  d u r in g  power down i f  +15V f a l l s  

f a s t e r  th a n  +5V.
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O p era tio n

The te rm in a l  e q u iv a le n t  o f  th e  two m u l t ip l e x e r s  i s :

r
300SI

A lthough common p r a c t i c e  i n c lu d e s  b u f f e r in g  a m p l i f i e r s  on each r a i l  p r i o r  

to  th e  d i f f e r e n t i a l  a m p l i f i e r ,  t h i s  a rrangem en t does n o t  remove th e  40 p f  

c a p a c i t a n c e  from th e  s i g n a l  i n p u t .  A l l  s can n e r  c h a n n e ls  can d r i v e  40 p f ,  

and i t  i s  f e l t  any so u rc e  c a p a b le  o f  d r i v i n g  40 pf can  a l s o  d r iv e  th e  

30 K lo a d  o f  th e  d i f f e r e n c e  a m p l i f i e r .  By m odify ing  t h e  d i f f e r e n c e  

a m p l i f i e r  c i r c u i t ,  th e  b u f f e r  a m p l i f i e r s  can be o m i t te d ,  enhancing  r e l i ­

a b i l i t y  and economy w i th o u t  l o s s  of q u a l i t y .
Six/it-ch

o u r

W ithou t b u f f e r  a m p l i f i e r s ,  th e  d i f f e r e n c e  a m p l i f i e r  impedances 

must be h ig h  enough to  make th e  sw i tc h  r e s i s t a n c e  d r i f t  n e g l i g i b l e .  

High fe e d b a c k  im pedances, combined w ith  d i f f e r e n t i a l  i n p u t  c a p a c i ta n c e  

of th e  v e r y  f a s t  op-amp, le a d  to  i n s t a b i l i t i e s ,  which a r e  cured  w ith  

v e ry  s m a l l  r e s i s t o r - b y p a s s i n g  c a p a c i t o r s ,  a s  in  th e  c i r c u i t  above.

An a p p a r e n t ly  d e s t a b i l i z i n g  p o le  in  th e  above c i r c u i t  i s  a t  such a h igh  

f re q u e n c y  a s  to  be n e g l i g i b l e .  A lthough th e  b r id g e  i s  n o t  ba lanced  

due to  t h e  C^, prov ided  th e  prim ed and unprimed components a re  matched 

th e  im b a lan ce  i s  no t from a p o le - z e r o  m isa l ig n m en t ,  b u t  r a t h e r  from a 

s in g l e  h ig h  f requency  p o le  p r i m a r i l y  a r i s i n g  from and . The former
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Figure 6.15 Analog Multiplex Board (schematic)
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Figure 6.15 Analog Multiplex Board (components)
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s T

Figure 6.15 Analog Multiplex Board (parts side)
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Figure 6.15 Analog Multiplex Board (back side)
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would g iv e  a s m a l l  bu t l o n g - l a s t i n g  t r a n s i e n t  e r r o r ,  th e  l a t t e r  a c t u a l  

case  a  l a r g e r  b u t  r a p id ly  d i s s i p a t e d  e r r o r .

High r e s i s t a n c e  l i m i t s  on R in c lu d e ;

1 . O f f s e t  c u r r e n t  d r i f t  v s .  o f f s e t  v o l t a g e  o f  op-amp

2 .  E r ro r  t r a n s i e n t s  from C v s .  C' mismatch and o th e r  s t r a y  c a p a c i ­

ta n c e

Low r e s i s t a n c e  l i m i t s  a r e :

1 .  R d r i f ts

2 .  In p u t  lo a d in g

A/D Board

T h is  board  p ro v id e s  a n a lo g  to  d i g i t a l  c o n v e r s io n .  The 1 6 - b i t  o u tp u t  

i s  c o m p a tib le  w i th  th e  FOCUS number s y s tem . Timing f e a t u r e s  remove con­

s t r a i n t s  to  s im p l i f y  so f tw a re  developm ent.

C onnec t ions

ANALOG Analog v o l t a g e  to  be  c o n v e r t e d .  Range = +5V.

COLOR C onvers ion  sequence  i s  i n i t i a t e d  a t  p o s i t i v e - g o i n g  edge of

TTL l o g i c  in p u t  COLOR.

READ A/D/ Number r e s u l t i n g  from c o n v e r s io n  of ANALOG. The o u tp u t  i s  

1 6 - b i t ,  FOCUS c o m p a t ib le ,  n e g a t iv e  l o g i c .

O p e ra t io n

The fo l lo w in g  r e l a t i o n s h i p s  h o ld .  Note t h a t  th e  b in a ry  o u tp u t  

shown below  i n  p o s i t i v e  l o g i c  a p p e a rs  a t  READ A /D /, in  n e g a t iv e  l o g i c .

Also see section on adjustments.
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AnaloR In

>5 V o lts

+0.0024 V 
0.0  

-0 .0 0 2 4  V

- - 5  V o lts

B inary  Out

0 10011.1111111110

0 10000.0000000010 
0 10000.0000000000 
0 01111.1111111110

0 01100.0000000000

FOCUS 10 .10

10 4

1.0045
1.0
0.9955

10 -4

Normal 2 ’ s complement w i th  s ig n  e x te n s io n  i s  e a s i l y  o b ta in e d  by changing  

th e  w ir in g  to  the  b o a rd .  The co n v e rs io n  can a l s o  be done in  s o f tw a re  on

th e  8080 w i th  t h i s  seq u en ce : RLC
RLC
CMC
RAR
CMC
RAR

The t im in g  sequence i s  g iv e n :

COLOR 
h p u  t"  -JI

l O y C t s & o

V/àifine^ I Con\/eytir\(j
(mulfiplexer seHlinj ) w ^ s t  / - e w d / w  s f à b l e )

I  T t
\ MSIi  . L S B

C o n \/e r f 'e < J

OU d à ia  y-eivàins vUi'J

con ver t e d

ôwc/ mciy be  yeaof

N e w  COLOR c o M w a - m d  d l w a y s  a - c c e p f e d

A/eu/ dd̂ is- 
m ay  be ytd<À

- M    ̂W y d W _ _ ^  Fall dccuy^cy
. I \ reM < *in iiic f b i t s  -ze iroeM

l i q u o r e J m c j

<T I 4  y U s e c

Figure 6.16 A/D Conversion Timing
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I f  a new COLOR command i s  r e c e iv e d  d u r in g  c o n v e rs io n ,  t h e  tim ing  

l o g i c  s h o r t  c y c le s  th e  c o n v e r t e r ,  f i l l i n g  th e  rem ain ing  l e s s  s i g n i f i c a n t  

b i t s  w i th  0 , and im m edia te ly  t r a n s f e r s  t h e  a b b re v ia te d  word to  READ A/D/ 

o u tp u t .  A n o rm a l ly  timed c y c l e  i s  th e n  i n i t i a t e d ,  in c lu d in g  t h e  4 y sec  

w a i t  a s  th e  an a lo g  in p u t  ch an g es .  I f  th e  new COLOR command i s  r e c e iv e d  

d u r in g  th e  w a i t  c y c l e ,  th e  p re v io u s  command i s  ig n o re d ,  t im in g  i s  

r e l a t i v e  to  th e  new command, and th e  o ld  d a t a  rem ains  v a l i d .  Thus 

two i d e n t i c a l  COLOR commands w i th i n  4 /« sec  o f  each o th e r  e f f e c t i v e l y  

ex tend  t h e  w a i t  c y c l e .  The t im in g  l o g i c  a l lo w s  a v a l i d  c o n v e rs io n  to  be 

i n i t i a t e d  a t  any t im e  w ith o u t  r e g a rd  to  program h i s t o r y .  The o ld  con­

v e r s io n  i s  s a lv a g e d ,  and may be used a s  an ap p ro x im atio n  o r  ig n o re d .

The c o n v e r s io n  p ro ceed s  so  r a p i d l y  t h a t  w i th  a minimum o f  program 

p rea rran g e m en t th e  d a t a  w i l l  be  read y  b e f o r e  i t  i s  needed . The s o f tw a re  

overhead  n e c e s s a ry  to  e x ec u te  an  i n t e r r u p t  from an unknown program 

environm ent would a t  l e a s t  t r i p l e  th e  e f f e c t i v e  co n v ers io n  t im e .  Because 

th e  o ld  d a t a  may be re a d  a f t e r  a  new COLOR command, th e  fo l lo w in g  

sequence i s  p o s s i b l e :

S t a r t  c o l o r  1 

F in i s h  o ld  b u s in e s s  

S t a r t  c o lo r  2

Read and th e n  s t o r e  o r  p ro c e s s  c o l o r  1 

S t a r t  c o lo r  3

Read and th e n  s t o r e  o r  p ro c e s s  c o l o r  2 

Read and s t o r e  o r  p ro c e s s  c o lo r  3

The speed  o f  co n v e rs io n  r e l a t i v e  to  s o f tw a re  e x e c u t io n  can  be 

m o n ito red  w i th  t h e  Alignment Board by t a k in g  advan tage  o f  t h e  s h o r t
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Figure 6.17 A/D Board (schematic)
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Figure 6.17 A/D Board (components)
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Figure 6.17 A/D Board (parts side)
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Figure 6.17 A/D Board (back side)



185
c y c le  p r o v i s io n .  For exgtnple, s e t  X POSITION = +1 and Y POSITION = -1 .

Then th e  256*(X-Y) c h an n e l  w i l l  be n o rm ally  co n v e r te d  a s :

0 10011.1111111110 
T

I f ,  how ever, th e  number
A

0 10011.1111111000 

i s  r e a d  i n s t e a d ,  th e n  t h e r e  was i n s u f f i c i e n t  tim e to  com ple te  th e  l a s t  

two b i t s  o f  c o n v e r s io n .

A djustm ents

The s c h e m a tic  shows 13 s o ld e r - ju m p a b le  sw itc h e s .  When so ld e re d

a s  shown, t h e  board  w i l l  have th e  ra n g e  and a c c u racy  s p e c i f i e d .  Changing

a l l  w i l l :

1 . H alve t h e  ran g e  (±2.5V i n ,  FOCUS 10 .10  10^ to  10“ ^ OUT)

2. H alve th e  s t e p  s i z e ,  d o u b lin g  th e  accuracy

3 . W il l  n o t  a f f e c t  so f tw a re  f o r  s i g n a l s  i n  range

The n o is e  i n  t h e  p h o to m u l t i p l i e r s  (a  quantum c a l c u l a t i o n  perform ed bu t 

m e r c i f u l l y  o m i t te d )  and i n  subsequen t a r i t h m e t i c  make th e  l a s t  b i t  o f  

r e s o l u t i o n  m e a n in g le s s . In  i t s  p la c e  we buy th e  lu x u ry  o f  8 o rd e rs  of 

m agnitude  in p u t  r a n g e ,  w h ich ,w ith  32 o rd e r s  o f  m agnitude c o m p u ta t io n a l  

r a n g e ,a l l o w s  s c a l i n g  f a c t o r s  to  be  v i r t u a l l y  ig n o re d .

T riode  D r iv e r  Board

T h is  board  d r i v e s  th e  CRT e l e c t r o n  gun to  produce th e  d e s i r e d  spo t  

i n t e n s i t y .  I n p u ts  in c lu d e  a lo g a r i th m ic  a n a lo g  s i g n a l  s p e c i f y in g  d e s i r e d  

beam i n t e n s i t y ,  a  d i g i t a l  b i t  to  c o n t r o l  beam b la n k in g ,  and u n re g u la te d  

h i g h - v o l t a g e s . O u tpu ts  in c lu d e  v o l t a g e s  to  t h e  CRT e l e c t r o n  gun. The 

board  p ro v id e s  r a p i d  t r a n s l a t i o n  o f  th e  lo g a r i th m ic -c o d e d  in p u t  to  th e
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c o r r e c t  d r i v e  v o l t a g e ,  ve ry  r a p id  beam s w i tc h in g ,  i n t e r r e l a t e d  v o l ta g e  

r e g u l a t i o n ,  and p r o te c t io n  f o r  t h e  CRT.

S p e c i a l  F ea tu re s  

The complex gamma c o r r e c t i o n  t r a n s l a t i n g  FOCUS number system 

lo g a r i t h m ic  cod ing  to  th e  7 /2  power r e l a t i o n s h i p  o f  th e  beam c u r r e n t  

and d r i v e  v o l t a g e  i s  performed w i th  h igh  a c c u ra c y  a t  v id eo  sp eed s .

C onnections

ANALOG BEAM INTENSITY L ogari thm ic  ana log  in p u t  to  c o n t r o l  beam i n t e n s i t y .

The norm al ran g e  i s  -5V to  +5V c o r re sp o n d in g  to  an
—A l\

a t te m p te d  r e l a t i v e  beam i n t e n s i t y  o f  10 to  10 .

BEAM GATE/

+340V, -340V

CATHODE

GRID 1

The in p u t  impedance i s  10 Kfl.

The beam w i l l  be unblanked when t h i s  in p u t  goes 

low. The in p u t  i s  TTL co m p a tib le  w i th  load  of 

4 s t a n d a r d  c i r c u i t s .  A 1 Kil p u l l - u p  r e s i s t o r  

in s u r e s  th e  beam w i l l  be  b lanked i f  t h i s  in p u t 

becomes open c i r c u i t e d .

U n reg u la ted  bu t  w ell  smoothed, low c u r r e n t  su p p ly  

i n p u t s .

Output to  CRT ca th o d e .  T h is  v o l t a g e  w i l l  be +50 

v o l t s  f o r  b la n k in g ,  0 .1  v o l t  when th e  beam i s  

unb lanked ,  and i s  a f u n c t io n  of BEAM GATE/

Output to  CRT c o n t ro l  g r i d .  Normally -20V to  

-lOOV. A fu n c t io n  o f  ANALOG BEAM INTENSITY and 

CRT s p e c i f i c a t i o n s .  I t  i s  clamped to  ground 

a g a i n s t  p o s i t i v e  v o l t a g e s .
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GRID 2 O utpu t to  CRT i s o l a t i o n  g r i d .  V o ltage  i s  f ix e d  

a t  +100V to  +300V, depend ing  on CRT s p e c i f i c a t i o n s .  

I t  i s  zena r-c lam ped  a g a i n s t  h ig h  v o l t a g e  t r a n s i e n t s ,  

p ro v id e s  n o rm a l ly  a low dynamic impedance, b u t  

r e l a t i v e l y  h ig h  impedance when s h o r te d  to  ground.

E le c t r o n  O p tic s

To u n d e rs ta n d  th e  o p e r a t io n  o f  th e  T r io d e  D r iv e r  Board some e x p la n a ­

t i o n  o f  e l e c t r o n  o p t i c s  i s  f i r s t  needed . The rev ie w  of t h i s  f i e l d  and 

subsequen t d i s c u s s io n  o f  t h e  o p e r a t io n  of t h e  c i r c u i t  i s  p u r p o s e f u l ly  a t  

a  b a s i c  l e v e l .  F e a tu re s  a r e  n o t  d i s c u s s e d  f o r  which com plex ity  of 

e x p la n a t io n  outw eighs t h e  im p o r tan ce .

HEATER

o-

GRID ICATHODE

F ig u re  6 .1 8  S im p l i f i e d  CRT

A "warming pad" to  r a i s e  th e  ca thode  to  e m is s io n  

te m p e r a tu r e .  T y p ic a l ly  6 .3  VAC i s  a p p l i e d .  I t s  

p o t e n t i a l  sh o u ld  no t d e v i a t e  more th a n  ab o u t 100 

v o l t s  from th e  ca th o d e  to  p re v e n t  a  vacuum d io d e  

e f f e c t .
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CATHODE

GRID 2

GRID 1

ANODE

DEFLECTION YOKE

A so u rc e  o f  e l e c t r o n s .  I t  i s  a s s ig n e d  a r e f e r e n c e  

p o t e n t i a l  o f  z e ro .  The e f f e c t s  o f  o th e r  p o t e n t i a l s  

can be v i s u a l i z e d  by a l lo w in g  a l l  o th e r  v o l t a g e s  

to  change r e l a t i v e l y .

P o s i t i v e l y  charged  a t t r a c t i o n  f o r  ca thode  e l e c ­

t r o n s .  I t  i s o l a t e s  c a th o d e  from anode to  p ro v id e  

b e t t e r  c o n t r o l  and s a f e t y  i n  c a se  of d i s c h a r g e .

I t  sh o u ld  be f ix e d  a t  a p o t e n t i a l  of t y p i c a l l y  

200 v o l t s ,  dependent on th e  CRT.

N e g a t iv e ly  charged c o n t r o l  of beam i n t e n s i t y .  I f  

ch a rg ed  s t r o n g ly  n e g a t i v e ,  ca thode  e l e c t r o n s  a r e  

r e p u l s e d ,  b u t  i f  n e u t r a l l y  ch a rg ed ,  a p o t e n t i a l  

" f i n g e r "  from g r id  2 r e a c h e s  through th e  h o le  i n  

g r id  1 to  p u l l  e l e c t r o n s  from th e  c a th o d e .  A 

t y p i c a l  g r id  1 p o t e n t i a l  i s  -50V and v a r i a b l e  

a c c o rd in g  to  d e s i r e d  beam c u r r e n t .

A c c e l e r a t i n g  a t t r a c t i o n  f o r  th e  e l e c t r o n  beam.

The image i s  b r ig h t e n e d  and sharpened  by h ig h e r  

p o t e n t i a l s ,  however above +15 KV s o f t  X -rays  

become a b i o l o g i c a l  h a z a r d .  A t y p i c a l  o p e r a t in g  

p o t e n t i a l  i s  +20 KV.

M a g n e t ic a l ly  bends th e  beam to move th e  im age.

A t y p i c a l  yoke r e q u i r e s  1 amp f o r  f u l l  d e f l e c t i o n  

and ap p e a rs  as  a 1 mH i n d u c t iv e  lo a d ,  l i m i t i n g  

band w id th  and s e t t l i n g  t im e .  Some CRTs u se  th e  

much f a s t e r  e l e c t r o s t a t i c  d e f l e c t i o n ,  however
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FOCUS

because  o f  th e  a t t e n d a n t l y  r e q u i r e d  low anode 

v o l t a g e s ,  such tu b e s  a r e  i n h e r e n t l y  dim and o f  low 

r e s o l u t i o n .  They a r e  used  in  o s c i l l o s c o p e s  where 

h ig h  speed i s  e s s e n t i a l  b u t  a beam t h a t  can  c u t  th rough  

th e  g la s s  in  a few seconds  i f  u n d e f l e c te d  i s  no t  a 

d e s i r a b l e  t r a i t .

Some CRTs use  m agne tic  f o c u s .  O th e rs  in t r o d u c e  a t h i r d  

g r id  d iv id in g  th e  anode, c a l l e d  th e  fo cu s  g r i d ,  or 

g r id  3. G rid  3 p o t e n t i a l s  f o r  an e l e c t r o s t a t i c  fo cu s  

CRT may be from  0 to  6 KV, w i th  200V t y p i c a l .  I n  

many CRTs, fo c u s  changes a s  a f u n c t io n  o f  p o s i t i o n ,  

so G rid  3 v o l t a g e  must become a f u n c t i o n  o f  d e f l e c t i o n  

yoke c u r r e n t s .

Some p a ram e te rs  and t h e i r  i n t e r r e l a t i o n s  a r e  d e f in e d :

T T
Vr V,Cl

f
Vn

Cuifffi p a i n ti l  X  ,

- \ o o \ j  —

F ig u re  6 .19  CRT V /I  I n t e r r e l a t i o n s

- Opéré pain f
(  V é y y A  b l e  )

Vg^ th e  n e g a t iv e  v o l t a g e  o f  g r id  1

V̂ 2  th e  p o s i t i v e  v o l t a g e  o f  g r id  2

V^ c u t o f f  v o l t a g e — th e  n e g a t iv e  
g r i d  1 v o l t a g e  a t  which th e  
s p o t  i s  t o t a l l y  e x t in g u is h e d

V^ d r iv e  v o l t a g e — th e  a c t u a l  
v o l t a g e  o f  g r i d  1 above

I^  ca thode  c u r r e n t  

V^ anode v o l t a g e

Ig  i s  g e n e r a l l y  tak en  as  a  l i n e a r l y  p r o p o r t i o n a l  i n d i c a t o r  o f  

s c r e e n  b r i g h t n e s s ,  however 3 e f f e c t s  r e s u l t  i n  su p p re sse d  i n t e n s i t y  a t  

h ig h e r  c u r r e n t  l e v e l s .  These a r e :



190
1. At low le v e l s  100% o f  reaches  th e  anode, b u t  i n  r e s t r i c t e d  

a p e r t u r e  CRTs, t h i s  d rops  to  abou t 50% a t  h ig h  c u r r e n t  l e v e l s .

2. At low l e v e l s  t y p i c a l l y  60% o f  th e  c u r r e n t  measured i n  th e  

anode c i r c u i t  a c t u a l l y  reac h es  th e  phosphor s c r e e n .  This  

e f f i c i e n c y  d rops t o  a b o u t  20% a t  h ig h  c u r r e n t  l e v e l s .

3. Phosphors e x h i b i t  s a t u r a t i o n  e f f e c t s .

Some u s e f u l  form ulas  a r e  g iv e n ,  w ith  e q u a l i t i e s  meaning " n e a r ly  

e q u a l " :

: c -

K'Vgf/Z
~2 / ‘A t y p i c a l l y  K — 3

Vc «  VC2

In fo rm a t io n  « 1 / s p o t  s iz e ' '

«■ b r i g h t n e s s "  J-

« V

V.

2 .3

. 8

(a p p ro x im a tio n s)

c o n s ta n t  and

c o n s ta n t  b r ig h t n e s s

C o n tro l  o f  Spot I n t e n s i t y

F ig u re  6 .20  B r ig h tn e s s  C o n tro l  Block Diagram

The b lo c k  diagram above r e p r e s e n t s  th e  CRT im aging system . The 

com puter o u tp u t  i s  a d e s i r e d  b r ig h t n e s s  w hich th e  sy stem  causes  t o  be 

o u tp u t  a s  r a d i a n t  energy . In  choosing  th e  p a ram e te r  t o  be d i r e c t l y  

c o n t r o l l e d ,  and Vgg a re  c o n s id e re d ,  ^ c a t h o d e .  s h ° u ld  be
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i n v a r i a n t  to  m inim ize image s i z e  change, and r e q u i r e s  l e s s  m o d u la tio n

a t  a  low er  v o l t a g e  th a n  w i th  th e  same g e n e r a l  e f f e c t .  T h e re fo re

th e  system  e s t a b l i s h e s  which e f f e c t s  I ^ .  We can measure I  whichbX L C

a f f e c t s  s c r e e n  b r i g h t n e s s ,  and we can m easu re  s c re e n  b r ig h t n e s s .

C onsider  i n c lu d in g  th e  p h o to se n so r  i n  th e  feedback  lo o p .  T his  

p ro v id e s  th e  t r u e s t ,  c o n t r o l ,  b u t  r e q u i r e s  overcoming many o b s t a c l e s  

in c lu d in g ;

1 . Phosphor t im e  c o n s ta n t s  of betw een  1 .5  and 60 y s e c ,  which a re  

n o n l in e a r .

2 . R es idua l p h o sp h o rescen ce  t h a t  c o n t in u e s  exposure, b u t  c a n n o t  be

te rm in a te d  by a  " n e g a t iv e "  c o n t r o l .

3 . N on linear  e f f e c t s  v a ry  open lo o p  g a in  o r d e r s  o f  m ag n itu d e ,

a f f e c t i n g  s t a b i l i t y  and s e t t l i n g .

F i n a l  b r ig h t n e s s  w i l l  be  c o n t r o l l e d  and com pensated th rough  s o f tw a re  

t h a t  a l lo w s  n e c e s s a r i l y  complex a lg o r i th m s  to  be implemented and changed 

a t  w i l l .  The p h o s p h o r - l im i te d  speed i s  com puter co m p a tib le .  However, 

t h e  T r io d e  D river  must s t i l l  p ro v id e  a r e a s o n a b le  app rox im ation  o f  u n i ty  

g a in  to  a i d  th e  s o f tw a r e .

C ons ider  a sy s tem  c o n t r o l l i n g  a s  a  r e a s o n a b le  ap p ro x im atio n  o f  

s c re e n  b r i g h t n e s s .  T h is  p a ram e te r  i s  e a s i l y  m easured , bu t t r o u b l e  o ccu rs  

when th e  loop  i s  c lo s e d  a t  t h i s  p o in t .  T y p ic a l ly  an o f  10 yA i s  

p roduced  by r i s i n g  20 v o l t s  above V^. A 10 p f  c a p a c i ta n c e  betw een 

g r i d  1 and cathode i n t r o d u c e s  an e r r o r  w i t h  a  t im e  c o n s ta n t  of 20 y s e c .  

Because I  d e c re a se s  much f a s t e r  than V , ,  th e  tim e c o n s ta n t  can be  anC CarX

o r d e r  o f  m agnitude w o rse  a t  low I ^ .

Ig  i s  q u i t e  a c c u r a t e l y  c o n t r o l l e d  by acc o rd in g  to  th e  fo rm ula
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A f te r  th e  f r a c t i o n a l  power i s  computed, can be e s t a b l i s h e d  v e ry  

r a p i d l y ,  and what t r a n s i e n t s  e x i s t  c an  be s e t t l e d  b e fo re  th e  beam i s  

unblanked  a l lo w in g  to  s t a r t  f lo w in g .

A t y p i c a l  p l o t  o f  r a d i a n t  power v s .  i s  shown:

\ 0 J
Vp ( v o l t s )

1 0 too

a

/ y
; /

/
I  — 0)

DC

0.1 —

F ig u re  6 .2 1  Phosphor B r ig h tn e s s  vs D rive  V o lta g e

Gamma i s  a p h o to g ra p h ic  term e x p r e s s in g  change in  pho tographed  

b r ig h t n e s s  p e r  change in  scene  b r i g h t n e s s .  A high c o n t r a s t  f i lm  has  a 

h igh  gamma. Gamma v a r i e s  a s  a f u n c t i o n  o f  ex p o su re ,  e v e n t u a l l y  f a l l i n g  

to  ze ro  a t  b o th  e x t re m e s .  So c a l l e d  gamma c o r r e c t i o n  c i r c u i t s  a r e  used 

in  p r e c i s i o n  CRT d i s p l a y s  to  make th e  s c r e e n  b r ig h t n e s s  l i n e a r l y
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p r o p o r t i o n a l  to  a  c o n t r o l  s i g n a l .  In  th e  s c a n n e r ,  th e  c i r c u i t r y  i s  

c o m p lic a te d  by:

1 . The c o n t r o l  s i g n a l  i s  lo g a r i th m ic .

2 . The c o n t r o l  s i g n a l  c o v e rs  8 o r d e r s  of m agn itude .

7 / 2Assuming b r ig h t n e s s  , th e n  th e  b r i g h t n e s s  can be  con­

t r o l l e d  by

1. com puting th e  lo g a r i th m  o f  th e  v o l t a g e  r e p r e s e n t i n g  th e  d e s i r e d  

b r i g h t n e s s ,

2. m u l t ip l y in g  by 2 /7 ,  and

3 . e x p o n e n t ia t in g  to  y i e l d  t h e  r e q u i r e d  V^.

S tep  1 i s  o b v ia te d  by th e  l o g a r i t h m ic  coding of th e  i n p u t  s i g n a l .  S tep  2 

can be  combined w i th  the  n e c e s s a ry  s c a l i n g .  S tep  3 i s  e a s i l y  performed 

a t  low f r e q u e n c i e s  u s in g  a l o g a r i t h m ic  d io d e  and o p e r a t i o n a l  a m p l i f i e r ,  

co n n ec ted  a s  shown below.

However, t h i s  c i r c u i t  h a s  s e r i o u s  f r e q u e n c y  l i m i t a t i o n s  b e c a u se ,  a s  th e  

g a in  v a r i e s  over  o rd e r s  o f  m agnitude  w i th  th e  e f f e c t i v e  s i g n a l ,  so

does t h e  band w id th  f o r  a m p l i f i c a t i o n  beyond u n i ty  g a i n .  The v e ry  

m a rg in a l  v id e o  f req u en cy  r e s p o n s e  o f  th e  o p e r a t i o n a l  a m p l i f i e r  becomes 

w orse  a s  a  f u n c t i o n  o f  s i g n a l  l e v e l .  The c i r c u i t  u sed  i n  th e  scanner 

i s  shown below i n  g r e a t l y  s i m p l i f i e d  form.
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N e g le c t in g  secondary  e f f e c t s ,  th e  b a s ic  re sp o n se  o f  t h i s  c i r c u i t  i s  

INOUT = i  = e  . With r e a s o n a b le  c u r r e n t  l e v e l s ,  th e  c i r c u i t  perfo rm s 

w e l l  a t  v id e o  f r e q u e n c ie s  th ro u g h o u t  th e  range  of in p u t  s i g n a l s .

G rid  1 Supply

R e f e r r in g  to  th e  a c t u a l  c i r c u i t ,  R2 and R3 form a v o l t a g e  d iv id e r  

to  s c a l e  th e  in p u t  by :

d:5 v o l t  range  7 25
± 4  decade range

The t h e r m is to r  and R1 p ro v id e  3 -p o in t  te m p e ra tu re  co m p en sa tio n .  C6 i s  a 

p eak in g  a d ju s tm e n t .  P I t r im s  th e  7 /2  power r e l a t i o n s h i p  w i th o u t  a f f e c t i n g  

th e  a d ju s tm e n t  o f  t e m p e ra tu r e  com pensa tion . Given th e  s p e c i f i e d  10 K 

in p u t  impedance and th e  1 /25  v o l t a g e  d i v i s i o n ,  th e  Thevenin  r e s i s t a n c e  

o f  th e  d i v i d e r  netw ork  i s  400 f l .  With th e  c o l l e c t o r  o f  TIB connec ted  

to  +5V r a t h e r  than  i n  a d io d e  c o n f i g u r a t i o n ,  t h i s  400 f l  becomes e f f e c ­

t i v e l y  l^s n ,  h a l f  th e  s p e c i f i e d  e r r o r  in h e r e n t  i n  th e  3 s e r i e s  lo g  

t r a n s i s t o r s ,  an e r r o r  f a r  be lo w  n o n l i n e a r i t i e s  i n  th e  CRT. The e r r o r  

co u ld  b e  reduced  f u r t h e r  by s i m i l a r l y  c o n n e c t in g  t h e  c o l l e c t o r  o f  T2B to  

+5 V, how ever, u n l ik e  th e  c a s e  w i th  TIB, i n  t h i s  second case  bandwidth 

would s u f f e r .  By d e s ig n in g  a  c i r c u i t  c o m p a tib le  w i th  a  s im p le  r e s i s t i v e  

d i v i d e r  netw ork , f i d e l i t y ,  r e l i a b i l i t y ,  and economy a r e  a l l  im proved.

T r a n s i s t o r s  TIA to  T3A p ro v id e  o f f s e t  b i a s i n g .  OP-1 t r a n s f e r s  

t h i s  o f f s e t  com pensation  and a l s o  p ro v id e s  r a p id  c o r r e c t i o n  f o r  o f  T4. 

Note e s p e c i a l l y  t h a t  OP-1 i s  n o t  i n  s e r i e s  w ith  th e  s i g n a l  p a th  and 

t h e r e f o r e  does no t l i m i t  th e  h ig h - f r e q u e n c y  r e s p o n s e .  Zener Dl connec ted  

to  OP-1 to g e th e r  w i th  R5 p r o v id e s  a v o l t a g e - in d e p e n d e n t  r e f e r e n c e  c u r r e n t .
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R6 w i l l  a l s o  supp ly  r e f e r e n c e  c u r r e n t  a s  ex p la in ed  l a t e r .  The l i m i t a t i o n s  

of t h i s  arrangem ent a re :

1 .  Some b ase  c u r r e n t  f low s th rough  T4

2 .  T4 a l s o  a c t s  as  a  lo g  component

The e f f e c t  o f  p o in t  1 i s  n e g l i g i b l e  i n  t h i s  a p p l i c a t i o n .  The e f f e c t  o f  

p o in t  2 i s  c a n c e l le d  by OP-1 a s  soon as  i t  can a c t .  The 25% a t t e n u a t i o n  

of v e r y  h ig h  f r e q u e n c ie s  i s  b a la n c e d  somewhat by C6. Both th e  HF a t t e n u ­

a t i o n  and  o f f s e t  e r r o r  i n  OP-1 a r e  le s s e n e d  p r o p o r t i o n a t e  to  th e  number 

of s e r i e s  lo g  e lem en ts .

The v o l t a g e  d e s i r e d  f o r  i s  developed a c r o s s  R8 from th e  exponen­

t i a l  c u r r e n t  th rough  T4. T h is  a rrangem ent a l s o  t r a n s l a t e s  th e  d e s i r e d  

s i g n a l  from g ro u n d - re fe re n c e  to  v a r i a b l e  V ^ - re fe re n c e ,  t o  which R8 i s  

t e r m i n a l l y  connec ted . Zener D2 red u ce s  v o l t a g e  and power s t r e s s e s  on T4 

and a l s o  l i m i t s  maximum V^. T5, connected  i n  a  v o l t a g e - f o l l o w e r  c o n f ig u r ­

a t i o n  a l lo w s  th e  v o l ta g e  o f  th e  c a p a c i t i v e  lo ad  o f  GRID 1 to  be  p u l l e d  up 

a t  v id e o -c o m p a t ib le  slew  r a t e s .  RIO b i a s e s  T5 w i th  a  n e a r ly  c o n s ta n t  

c u r r e n t  f o r  th e  p roper "m uscle  to n e "  i n  th e  s te a d y  s t a t e .  The v o l t a g e  

f o l lo w e r  T6 i s  connected i n  a  un iq u e  arrangem ent w i th  07 and R9 to  

p ro v id e  w i th  T5 a HF p u s h - p u l l  o u tp u t  w i th  few p a r t s  b u t  no compromise 

in  f i d e l i t y .  The arrangem ent works i f  th e  cha rg e  t r a n s f e r r e d  from 07 

to  th e  c a p a c i t i v e  load low ers  th e  v o l t a g e  a c ro s s  07 l e s s  th a n  abou t 20 mV, 

c o r re s p o n d in g  to  a m u l t i p l i c a t i v e  h a lv in g  i n  c u r r e n t  th rough  T6. This  

c o n s t r a i n t  i s  t r i v i a l  b ec a u se :

1 .  i s  v e ry  s m a l l , —20 p f  w i th  w ir in g  c a p a c i t a n c e s

2 .  07 o p e ra te s  a t  low v o l t a g e

3 .  07 le ak ag e  i s  n o t  c r i t i c a l
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Note t h a t  T6 has no d i r e c t  e f f e c t  on o f f s e t  i n  th e  s tead y  s t a t e .  The 

sm a l l  c u r r e n t  th ro u g h  RIO and T5, a l th o u g h  n e g l i g i b l e  i n  i t s  d r i f t -  

e f f e c t  on th e  v o l t a g e  a c ro s s  R8, i s  a l s o  b a lan ced  by th e  sm a l l  c u r r e n t  

th rough  R9 and T6.

R7, connec ted  between ground and T3A, p ro v id e s  a te m p e r a tu r e -  

i n c l u s i v e  3*V r e f e r e n c e  c u r r e n t  r e a c h in g  R8 th rough  T4. When R7 = 3*R8 

th e n  th e  a d d i t i o n a l  c u r r e n t  i n t o  R8 p ro d u ces  a v o l t a g e  b a la n c in g  V o f T5. 

T h is  un ique  a r ran g em en t p ro v id e s  b e n e f i t s  over th e  s ta n d a rd  p r a c t i c e  o f  

b a la n c in g  w i th  a  second t r a n s i s t o r :

1 . Fewer p a r t s ,  b u t  more i m p o r t a n t . . .

2. C u rren t  th ro u g h  T4 rem ains  above  a l e v e l  s e t  by R7, th e re b y  

m a in ta in in g  f a s t  and a c c u r a t e  r e s p o n s e  a t  a l l  s i g n a l  l e v e l s .

G rid  2 Supply

R13 w ith  s e r i e s  zen e rs  D4 and D5 p ro v id e  v o l t a g e  f o r  GRID 2. T h is  

d is a rm in g ly  s im ple  arrangem ent has  u n su sp e c te d  s o p h i s t i c a t i o n ,  as  e x p la in e d  

in  th e  s e c t i o n  on " S a f e t y , "  and i s  p o s s i b l e  because  e r r o r s  i n  a r e  

com pensated.

Vg o f th e  CRT i s  d i r e c t l y  p r o p o r t i o n a l  to  . R a the r  th a n  

a c c u r a t e l y  r e g u l a t e  and r e f e r e n c e  V^, t h e i r  r a t i o  i s  r e g u l a t e d .

R14 and R15 w ith  tr im m er P2 p ro v id e  a  v o l t a g e  d iv id e r  whose c e n t e r  node 

becomes ze ro  v o l t s  when has th e  p ro p e r  v o l t a g e  r e l a t i v e  t o  . T7 

and R l l  p ro v id e  a c u r r e n t  so u rce  p u l l i n g  node a g a i n s t  th e  c u r r e n t  from 

R12 w ith  a c u r r e n t  p r o p o r t i o n a l  to  t h e  o u tp u t  of OP-2. C8 com ple tes  an 

i n t e g r a t o r .  C9 adds  a zero r o o t  to  s t a b i l i z e  th e  loop th ro u g h  OP-2.

Wide s t a b i l i t y  m arg in es  a r e  o b ta in a b le  w i th  good c o n t r o l .  Z en e r  D3 

re d u c e s  t h e  s u b s t a n t i a l  power t o  T7.
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There  rem a in s  a second e f f e c t  o f  changes in  V a s  s e t  by V asC G2

shown:

7/2

c Ig = c o n s t a n t

Thus i f  th e  m agnitude  of V „ and th u s  i n c r e a s e s  by 7%, V shou ldG2 L D

i n c r e a s e  by 4%. The a p p a r e n t ly  d i f f i c u l t  ana log  m u l t i p l i c a t i o n  o f  i s  

e a s i l y  perfo rm ed  w h i le  th e  s i g n a l  i s  s t i l l  l o g a r i t h m ic .  The r e f e r e n c e  

c u r r e n t  i n t o  T3A m u l t i p l i e s  by t h e  p ro p e r  amount by ch o o s in g  R6 and 

R5 such  t h a t  th e  c u r r e n t  th rough  R6 i s  4 /7  o f  the  t o t a l  c u r r e n t  th rough  

b o th  r e s i s t o r s .

Cathode Supply

The beam i s  sw itch ed  by c o n t r o l l i n g  th e  ca thode  v o l t a g e .  This 

method h as  a d v a n ta g e s :

1 . R e l a t i v e l y  low v o l t a g e s  a r e  in v o lv e d .

2 . D eb lank ing  by g ro und -c lam p ing  m in im izes  t r a n s i e n t  o v e rsh o o t .  

P o i n t s  o f  c a u t io n  a r e :

1 .  The c a th o d e - h e a t e r  v o l t a g e  d i f f e r e n c e  must n o t  be e x c e s s iv e .

2 . D uring  t r a n s i t i o n ,  th e  ca th o d e -a n o d e  v o l t a g e ,  and hence the  

image s i z e ,  w i l l  change .

P o in t  1 o f  c a u t io n s  i s  e a s i l y  c o n t r o l l e d .  P o in t  2 i s  c o n s id e re d  n e g l i ­

g i b l e  i f  t r a n s i t i o n s  a r e  f a s t .  At 20 KV anode v o l t a g e ,  a 10 v o l t  

c a th o d e  t r a n s i e n t  w i l l  move th e  s p o t  1 /4000 o f  i t s  r a d i a l  d i s t a n c e  from 

th e  c e n t e r  o f  th e  s c r e e n ,  an amount b o th  l e s s  th an  t h e  s p o t  s i z e  and 

more im p o r ta n t ,  c o n s i s t e n t .

P a r a l l e l  TTL g a te s  o u tp u t  t o  T8 th ro u g h  R17 and im pu lse  c a p a c i t o r
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CIO. As T8 sw itch es  on, T9, no rm ally  o f f ,  rem a in s  o f f  a s  V „ goes %V

15 c<

n e g a t iv e .  T8 w i l l  overcome th e  sm a ll  c u r r e n t  th ro u g h  R18 to  p u l l  down 

t h e  c a p a c i t i v e  load  CATHODE through  D12. When CATHODE i s  w i th in  h  v o l t  

o f  ground , R19 p ro v id e s  t h e  f i n a l  d is c h a rg e  p a th .  When T8 o pens ,  R18 

p ro v id e s  a  c u r r e n t  th ro u g h  R19. Given = 2 ma and R19 = 1 K, 1 .5  ma

w i l l  f low  th rough  th e  b a s e  o f  T9, r a p i d l y  s lew in g  CATHODE. When CATHODE 

re a c h e s  t h e  v o l t a g e  s e t  by  D6, R19 c a r r i e s  V o f  T9 to  z e ro ,  sw itch ing  

o f f  T9 to  a l lo w  th e  f a s t e s t  re sp o n se  t o  th e  n e x t  command. R20, C l l ,

D7, and D13 p ro v id e  v o l t a g e  f o r  T9.

S a fe ty

The c i r c u i t  p ro v id e s  s a f e t y  f o r  th e  CRT and f o r  i t s e l f .

The impedance c h a r a c t e r i s t i c s  o f  th e  GRID 2 o u tp u t  a r e  n e a r ly  

i d e a l .  I t  i s  zen e r  clamped a g a i n s t  h ig h  v o l t a g e  d i s c h a r g e  from th e  anode 

to  p r o t e c t  th e  ca th o d e  and e x t e r n a l  c i r c u i t r y ,  i t  h a s  h ig h  impedance 

when s h o r te d  to  ground t o  p r o t e c t  th e  ca thode  from secondary  d i s c h a rg e ,  

and y e t  i t  p ro v id e s  low dynamic impedance in  no rm al o p e r a t io n .

The GRID 1 o u tp u t  i s  d iode  clamped th rough  D8 to  ground  to  p r o t e c t

th e  anode from a  p o s i t i v e  GRID 1 v o l t a g e  in  c a se  o f  i n t e r n a l  d is c h a rg e .

D9, DIO, D l l ,  and T i l  p r o t e c t  th e  c i r c u i t  and OP-2 from each 

o th e r  when one o r  b o th  o f  t h e  +3407 s o u rc e s  a r e  i n a c t i v e .

I t  i s  th e  r e s p o n s i b i l i t y  of o th e r  c i r c u i t r y  to  i n s u r e  th e  beam i s  

n o t  d eb lanked  f o r  an  e x c e s s iv e  t im e .  However sh o u ld  th e  BEAM GATE/ 

c o n n e c t io n  be l o s t ,  R16 i n s u r e s  th e  beam w i l l  be b la n k e d .  D6 and D14 

v o l t a g e s  shou ld  be  low enough to  p r o t e c t  th e  c a th o d e - h e a t e r  r e l a t i o n s h i p ,  

b u t  h ig h  enough to  a b s o l u t e l y  i n s u r e  b la n k in g .
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Figure 6.22 Triode Driver Board (schematic)
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Trimmer P2 i s  connec ted  such t h a t  momentary lo s s  o f  c o n t a c t  w i l l  

red u ce  r a t h e r  th a n  in c r e a s e  th e  beam f o r  p r o t e c t i o n  d u r in g  ad ju s tm en t .  

I f  f o r  any r e a s o n ,  such as  f a i l u r e  o f  th e  -340V so u rc e ,  warmup t r a n s i e n t ,  

excess  c u r r e n t  i n  R8, or component f a i l u r e ,  r i s e s  beyond t h e  s e t  p o in t ,  

TIO, T i l ,  and R21 w i l l  p u l l  down th e  GRID 2 a c c e l e r a t i n g  v o l t a g e  to  

p rev en t  an u n c o n t ro l le d  d e b la n k in g .

During power up and down, the  +340V source  i s  s p e c i f i e d  to  r i s e  

l a s t  and f a l l  f i r s t .  D3 a l low s  a r e s i d u a l l y  n e g a t iv e  GRID 1 v o l t a g e  under 

th e s e  c o n d i t i o n s ,  in s u r in g  c u t o f f .

With 20 KV t h a t  can t r a v e l  a lo n g  s i g n a l  w ire s  l i k e  l i g h t n i n g  and 

an e l e c t r o n  beam t h a t  can cause  im p lo s io n  c u t t i n g  i n  s e c o n d s ,  a m u l t i ­

thousand d o l l a r  CRT may n o t  be a l l  t h a t  i s  saved through s a f e t y  p recau­

t i o n s .

X-Yoke D r iv e r

The yoke d r i v e r  b o a rd s  t r a n s l a t e  th e  p o s i t i o n a l  v o l t a g e  c o n t ro l  

s ig n a l  in to  a c u r r e n t  s i g n a l  t h a t  in d u c e s  a m agnetic  f i e l d  i n  th e  yokes, 

th e re b y  d e f l e c t i n g  the  e l e c t r o n  beam.

S p e c ia l  F e a tu r e s

The c i r c u i t  p ro v id e s  a  p r e c i s i o n  c u r r e n t  source  c o n t r o l l i n g  Ï40V 

up to  t  10 A i n t o  an in d u c t iv e  lo a d .  M u l t ip le  i n t e r n a l  f e e d b a c k  pa th s  

w ith  feed  fo rw ard  p ro v id e  v e ry  f a s t ,  low d i s t o r t i o n  open lo o p  ch a rac ­

t e r i s t i c s  fo r  v e ry  ra p id  s e t t l i n g  in  c lo s e d  lo o p .  True d i f f e r e n t i a l  

s i g n a l  ground in p u t  and low d r i f t  a l lo w  1 6 - b i t  c o m p a t i b i l i t y .  The 

c i r c u i t  i s  s u r p r i s i n g l y  sp a rc e  and eco n o m ica l .
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C onnec t ions

X POSITION Inp u t c o n t r o l s  sp o t  p o s i t i o n .  Range = +10V to  -lOV, w ith

and -lOV moving th e  sp o t  f a r  r i g h t ,  +10V f a r  l e f t .  Inpu t

X GROUND impedance = 10 K/1. D i f f e r e n t i a l  in p u t  a l lo w s  s e p a r a t e  s i g n a l

ground.

S e v e ra l  e x t e r n a l  modules r e q u i r e  i n t e r c o n n e c t io n .  See s c h e m a t ic .  Also 

see  s e c t i o n  l a b e le d  "Power" f o r  d e s c r i p t i o n  o f  v o l t a g e  r e q u i re m e n ts .

O p e ra t io n

As w i th  o th e r  b o a rd s ,  th e  Yoke D r iv e r  has been  r e d e s ig n e d  s e v e ra l  

t im es to  y i e l d  a pow erfu l c i r c u i t  o f  d e c e p t iv e  s i m p l i c i t y .

The b a s i c  o p e ra t io n  i s  i l l u s t r a t e d  w ith  th e  c i r c u i t  below:

yo k e
y o k e

F igu re  6 .23  S im p l i f i e d  Yoke D r iv e r  Schem atic

A v o l t a g e  a t  open-loop  in p u t  A i s  tran s fo rm ed  to  a c u r r e n t  i, by TA and RA,

ij^ g e n e r a t e s  a v o l t a g e  a c r o s s  RD, w hich i s  used by TB and RB to  c o n t ro l

th e  yoke c u r r e n t .  The yoke c u r r e n t  i s  measured by RE and compared w ith

th e  d e s i r e d  response  g iv en  by a l lo w in g  OP-A to  c lo s e  th e  lo o p .

R e f e r r i n g  now to  th e  a c t u a l  c i r c u i t ,  th e  yoke c u r r e n t  = i^  ̂ -  i_

shou ld  be p r o p o r t i o n a l  to  th e  open lo o p  in p u t However, th e

i n d i v i d u a l  c u r r e n t s  i ^  and i  a r e  n o t  l i n e a r  w i th  r e s p e c t  to
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The f i g u r e  below d e p i c t s  th e  r e l a t i o n s h i p s  o f  i ^ ,  i _ ,  iyo^e*

Sieady sfdie 
o p e n  l o o p  
i n p u t  l/Jj —

MA

/K

yoke

>--.M
p - . U

—  lA

F ig u re  6 .24  Yoke D r iv e r  B ip o la r  C h a r a c t e r i s t i c s

Some p o i n t s :

1 .  Compared to  DC b i a s i n g ,  ran g e  i s  in c r e a s e d  and power saved

2. w i l l  be  l i n e a r  even t r a n s e c t i n g  z e r o ,  as p r e s e n te d  l a t e r

3 .  i ^  and i  rem a in  n o n -ze ro  to  m a in ta in  "muscle t o n e , "  p re v e n t  

s w i tc h in g  t r a n s i e n t s ,  and a l lo w  some r e s e r v e ,  as  s e e n  l a t e r .

The n o n - l i n e a r  b i a s i n g  a rrangem en t has d is a d v a n ta g e s :

1 .  HF c h a r a c t e r i s t i c s  change w i th  p o l a r i t y  due to  m ism atch ing

2. S e r io u s  t r o u b l e s  w i th  HF re s p o n s e  when t r a n s e c t i n g  ze ro  

B oth  o f  th e s e  drawbacks a r e  o b v ia te d  by th e  a r rangem en t below i n  which
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i  and i  s h a re  in  r e p ro d u c in g  h igh  f r e q u e n c i e s :  + —
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4 -
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V ï
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O p e n  loop  
^  i n p u t

F ig u re  6 .25  High Frequency C ro sso v e r  Diagram

T his  arrangem en t a l lo w s ;

1 .  Uniform HF c h a r a c t e r i s t i c s

2. F as t  r e s p o n s e  by sh a r in g  th e  lo a d .  A lthough th e  s lew  r a t e

i s  f ix e d  by su p p ly  v o l t a g e ,  th e  c i r c u i t  can p u l l  i n t o  and ou t 

of s lew  r a t e  changes f a s t e r .

A sample r e s p o n s e  i s  shown below . Note the  HF load  s h a r in g  and

smooth ze ro  t r a n s i t i o n :

y o k e

Time

Figure 6.26 Time Response Example
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The c i r c u i t  c o n t a in s  i n t e r n a l  feedback  to  t r a c k  even s ig n a l s  

t r a n s e c t i n g  z e r o ,  feed  fo rw ard  b y p a s s in g  s low er op-araps, and two d i f ­

f e r e n t i a l  fe e d b a c k  i n p u t s .  These and o th e r  f e a t u r e s  a r e  now d e t a i l e d .

The p o s i t i v e  p o r t i o n  o f  th e  open loop  in p u t  a t  i s  passed  by TIA 

and o f f s e t  b a la n c in g  TIB to  R6. By u s in g  a  d iode  c o n n e c t io n  fo r  TIA and 

a t r a n s i s t o r  c o n n e c t io n  f o r  TIB, b o th  th e  n o n l in e a r  load  o f  R6 and the  

b ia s in g  c u r r e n t  th rough  R7 a re  i n s i g n i f i c a n t  viewed from V^. In  t h i s  

arrangem ent I  o f  TIA can  be a b o u t •̂ is t im es  l e s s  than  I  o f  TIB f o rr> hi

e q u iv a le n t  V^g. R8 p ro v id e s  a s m a l l  c o u p l in g  to  n e g a t iv e  e x c u r s io n s  

o f  a s  r e q u i r e d ,  and w i l l  a l s o  c a n c e l  t h e  lo a d in g  e f f e c t  of R21 and 

R22.

V o lta g e  fo l lo w e r  OP-2 imposes th e  p ro p e r  p o t e n t i a l  a c r o s s  R12 + R13, 

and th u s  v i a  T2 to  R15 t r a n s l a t e s  t h i s  v o l t a g e  in t o  th e  +40V re f e r e n c e  

s e c t io n  o f  t h e  c i r c u i t .  V^g of T2 i s  w i t h i n  the  feedback  lo o p ,  and i s  

thus  n e g a te d .

R9 and RIO a c t  a s  a  v o l t a g e  d i v i d e r ,  a l lo w in g  most o f  to  pass  

d i r e c t l y  t o  th e  b ase  o f  T 2 . The n o n l i n e a r  b i a s i n g  and HF s p e c i f i c a t i o n s  

r e q u i r e  th e  g a in  from through R9, and RIO to  be about h a l f  o f  th e  ga in  

from R6 v o l t a g e ,  and R9, RIO, R12, and R13 a r e  chosen  a c c o r d in g ly .  The 

g a in  from OP-2 to  T2 m ust be s u f f i c i e n t  t o  b i a s  T2 th ro u g h o u t  th e  normal 

range  o f  V^.

The low p ass  b lo c k  p re s e n te d  e a r l i e r  i s  p rov ided  by C5. This  

method does l i m i t  th e  s low  r a t e  o f  OP-2, however feed fo rw ard  and OP-3 

v i r t u a l l y  e l i m i n a t e  t h e  bad e f f e c t s ,  and t h e  c i r c u i t  i s  s i m p l i f i e d  to  a 

s u r p r i s i n g  d e g re e .  The h ig h  pass  b lo c k  i s  n o t  d i r e c t l y  im plem ented , but 

e x i s t s  i m p l i c i t l y  a s  OP-2 seeks to  c a n c e l  t h e  low f req u en cy  r e s i d u e .
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R21 and R22 p rov ide  a  v o l t a g e  p r o p o r t i o n a l  t o  i ^ '  -  i _ ' ,  which 

w i l l  be t r a n s l a t e d  to  th e  yoke c u r r e n t .  OP-3 a c t s  to  m a in ta in  t h i s  

measure p r o p o r t i o n a l  to  V^, th u s  p r o v id in g  an e x a c t ly  complementary b i a s ­

ing cu rv e  f r e e  from deadband, and a l s o  c o r r e c t in g  a l l  anam olie s  up to  

th e  re sp o n se  speed  o f  OP-3. D5 a l lo w s  OP-3 to  i n c r e a s e  i ^ '  a f t e r  

red u c in g  i  ' t o  z e r o ,  thus g iv in g  OP-3 t o t a l  c o n t ro l  to  n u l l  e r r o r s .

The D5 arrangem ent a l s o  p r e v e n t s  s a t u r a t i o n  of OP-3 w i th  a t t e n d e n t  

long r e c o v e ry  t im e s .  I t  can  be  shown such a l i m i t i n g  a rrangem en t i s  

no t needed w ith  OP-2. The s p e c i f i e d  op-amp a llow s a +3V Jump b e fo re  

en co u n te r in g  s l e w - l i m i t a t i o n s ,  a l lo w in g  th e  D5 arrangem ent to  o e p ra te  

v e ry  q u ic k ly .  OP-3 i s  compensated f o r  g r e a t e r - t h a n - u n i t y  g a i n ,  and 

rem ains s t a b l e  w i th  th e  g a in  th ro u g h  D5.

R19 p ro v id e s  a  d i r e c t  p a t h  from to  th e  b ase  o f  T6. W ith p roper 

r e s i s t o r  v a lu e s  t h e r e  w i l l  b e  a lm ost no HF e r r o r ,  l e a v in g  OP-3 to  a c t  

on r e s i d u a l  anom alie s  and low er  f re q u e n c y  n o n l i n e a r i t i e s .  The g a in  of 

th rough  R18 sh u n ted  by R19 to  T6 i s  chosen  to  be  l e s s  th a n  t h a t  to  

T2 from to  a l lo w  h ig h e r  t r a n s m is s i o n  from OP-3 f o r  optimum d i s t o r t i o n  

c o r r e c t io n .  T h is  n e c e s s i t a t e s  a  lo w er in g  o f  R20 r e l a t i v e  to  R12 + R13 

and a  non-sym m etric  R21, R22 b r id g e .  The common s c a l i n g  f a c t o r  fo r  

R19 and R18 i s  chosen  so t h a t  th e  o u tp u t  of O P-2,as viewed from 

th rough  R9 and RIO, i s  b a lan ced  w ith  t h e  o u tp u t  o f  OP-3 viewed through 

R18 and R19 to  p r e s e n t  to  a  l i n e a r  r e s i s t i v e  lo a d .  R14 and R23 

p ro v id e  DC b ia s i n g .  C7 and C8 c a n c e l  c a p a c i t i v e  e f f e c t s  o f  th e  t r a n s ­

i s t o r s  a t  v e ry  h ig h  f r e q u e n c ie s .

The c i r c u i t  p r e s e n te d  th u s  f a r  dev e lo p s  a c ro s s  R15 and R24 v o lta g e s
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r e p r e s e n t in g  th e  d e s i r e d  c u r r e n t s  i ^  and i  . Complementary power s t a g e s  

t r a n s l a t e  v o l t a g e s  i n t o  c u r r e n t s .  One s t a g e  i s  d i s c u s s e d .

The v o l t a g e  a c r o s s  R15 i s  im pressed  a c r o s s  R28 v i a  v o l t a g e  f o l lo w e r  

s t a g e s  c o n s i s t i n g  o f  OP-4, T3, T4, and T5. The v o l t a g e  a c ro s s  R28 i s  

n e a r l y  p r o p o r t i o n a l  t o  i ^  up to  abou t 3 MHz, p ro v id in g  a  feedback  p a th  

to  h ig h -sp e e d  OP-4, c o r r e c t i n g  t r a n s i s t o r  o f f s e t s  and o th e r  anom olies .

09 p ro v id e s  i n t e r m e d ia te  feed b ack  to  in s u r e  s t a b i l i t y  w h i le  r e t a i n i n g  

some feedback  a t  th e  h i g h e s t  f r e q u e n c ie s .  D6 p r o t e c t s  T3 and p re v e n ts  

OP-4 from s a t u r a t i n g .  R29 p r o t e c t s  T3 from e x c e ss  c u r r e n t .  D7 p ro ­

t e c t s  T5, T9, and th e  u s e r  from h ig h  i n d u c t i v e l y  induced  v o l t a g e s .

The in d u c t iv e  lo a d  viewed th rough  th e  c o l l e c t o r - b a s e  c a p a c i ta n c e s  

o f  th e  D a r l in g to n  co u p led  t r a n s i s t o r s  a p p e a rs  a s  a v e ry  l a r g e  Norton 

c a p a c i t a n c e .  R26 i s  con n ec ted  t o  +V to  p ro v id e  a  u n ifo rm ly  h igh  b i a s i n g  

c u r r e n t  a t  a l l  s ig n a l  l e v e l s .  Depending on t r a n s i s t o r  c h a r a c t e r i s t i c s ,  

i t  may be d e s i r a b l e  t o  re d u c e  t h i s  c a p a c i ta n c e  by co n n e c t in g  th e  c o l ­

l e c t e r  o f  T4 d i r e c t l y  t o  ground, and R27 to  e i t h e r  ground, o r  b e t t e r ,  +V.

So f a r  th e  c i r c u i t  a c c u r a t e l y  t r a n s fo rm s  in to  th e  yoke c u r r e n t .

To a t t a i n  th e  extreme a c c u ra c y  d e s i r e d ,  an  o v e r a l l  loop i s  c lo se d  v i a  OP-1.

R e s i s to r  R1 t r a n s l a t e s  i^ ^ ^ ^  in t o  a  v o l t a g e  t h a t  OP-1 compares w i th  

X POSITION. In  o rd e r  t o  p ro v id e  an  a c c u racy  no worse th a n  t h a t  o f  th e  

1 6 - b i t  c o n v e r t e r ,  th e  r e s i s t a n c e  must no t d r i f t  by more th a n :

% LSB_______ F u l l  d ia m e te r  o f  C R T ____________________________ _
F u l l  range  of D/A E f f e c t i v e  average  r a d i a l  d i s t a n c e  from c e n t e r  

— 20 ppm

U n lik e  te m p era tu re  d r i f t s  e lsew h ere  i n  th e  c i r c u i t ,  t h i s  i s  s p o t - p o s i t i o n  

dependent due to  s e l f  h e a t i n g ,  and thus c o n t a in s  random t r a n s i e n t s  t h a t  

do n o t  s t a b i l i z e  w ith  equipm ent warmup. T hree  p r e c a u t io n s  a r e  a p p r o p r i a t e :
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1 . Use an u l t r a - l o w  d r i f t  r e s i s t o r ,  t  30 ppm/°C i s  b a r e l y  

a c c e p ta b l e .  TC c a n c e l a t i o n  w i l l  n o t  work due to  t im e  e f f e c t s .

2. Use a h igh -pow er r e s i s t o r .  50 w a t t s  i s  b a r e ly  a c c e p t a b l e .

Heat s in k in g  re d u c e s  lo n g e r  t r a n s i e n t s ,  b u t  no t s h o r t e r  o n e s .

An e l e c t r o n i c  th e rm o s ta t  may c o n t r o l  a h e a t  so u rce  o f  th e  same 

s i n k .

3 . Use a v e ry  low t e s t  v o l t a g e .  At 1 /3  v o l t ,  th e  d r i f t  o f  R1 

exceeds th e  d r i f t  and n o is e  o f  v e ry  low d r i f t  OP-1.

R1 i s  th e  w eakest l i n k  i n  th e  feedback  c h a in ,  fo l lo w ed  by OP-1 and R2

and R4. A l l  must be p r e c i s i o n .

Requirem ents  a r e  made o f  th e  feedback  c i r c u i t r y :

1 .  Because o f  R1 — 1 / 3 / 1 ,  h ig h  ground c u r r e n t s ,  low v o l t a g e s ,  and 

r e q u i r e d  p r e c i s i o n ,  d i f f e r e n t i a l  s e n s in g  c o n n e c t io n s  a r e  e s s e n ­

t i a l .

2. Because of h ig h  ground c u r r e n t s  betw een  th e  sc a n n e r  and yoke

d r i v e r ,  X POSITION in p u t  must a l s o  have  d i f f e r e n t i a l  i n p u t s .

3. Bandwidth must be a d j u s t a b l e .

4 . The c i r c u i t  m ust p ro v id e  i n t e g r a l  c o n t r o l ,  b u t  sh o u ld  respond

to  a s t e p  in p u t  w i th  a s t e p  o u tp u t  w i th o u t  w a i t in g  f o r  fee d b a c k ,  

th u s  p a s s in g  h ig h e r  f r e q u e n c ie s  o p en - lo o p  to  the  l i m i t s  o f  th e  

op-amp, w h ile  c o n t r o l l i n g  low er f r e q u e n c i e s .

5 .  For minimum d r i f t ,  on ly  one o p e r a t i o n a l  a m p l i f i e r  sho u ld  be u sed .  

The OP-1 c i r c u i t  s a t i s f i e s  a l l  th e se  r e q u i r e m e n t s .  D3 and D4 w ith  Dl and 

D2 p re v e n t  OP-1 from s a t u r a t i n g ,  and a l s o  p re v e n t  e x c e s s iv e  a t  T6

and w ith  p ro p e r  R9 a t  T 2 , and p re v e n t  e x c e s s iv e  a t  TIB.
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A djustm en ts

As g iv e n ,  component v a lu e s  r e s u l t  i n  a range  of i l A  yoke c u r r e n t  

in  re sp o n se  to  a  ilOV i n p u t .  For a  ra n g e  o f  iKA, d iv id e  R28, R33, and 

R1 by K.

Small changes  i n  g a in  a re  acco m p lish ed  by changing Rl o n ly .

L a rg e r  r e s i s t a n c e s  can be added i n  p a r a l l e l  u n t i l  t h e  d e s i r e d  g a in  i s  

r e a c h e d .  Note t h e  r e q u i r e d  u l t r a  low d r i f t  o f  the  com p o si te  R l .

DC b ia s  o f  i_  ̂ i s  a d ju s te d  by R14, o f  i_  by R23. A change  i n  th e s e  

v a lu e s  shou ld  be fo llo w ed  by m o d i f i c a t io n  of R8 to  p re v e n t  n e g a t iv e  

b i a s i n g  up to  a 2x o v e rran g e  v a lu e  o f  V^.

C3 c o n t r o l s  feedback  bandw id th .  04 sh o u ld  be m atched w i th  con­

s i d e r a t i o n  f o r  op-amp bandw idth .

Power

+40V

-40V

+50V 
+30V 

-30V 
-50  V

+15V

-15V

Power

re q u i re m e n ts  a r e  l i s t e d :

20 to  50V, low p r e c i s i o n  b u t  w e l l  f i l t e r e d .  H igher 

v o l t a g e  g iv es  f a s t e r  beam s le w in g ,  b u t  v o l t a g e  and 

power l i m i t s  of t r a n s i s t o r s  shou ld  n o t  be  exceeded. 

C u rren t  yoke c u r r e n t ,  t y p i c a l l y  1 Amp (up to  5A 

w ith  o r i g i n a l  t e l e v i s i o n  CRT u n i t ) .

12 to  15V, low p r e c i s i o n  b u t  w e l l  f i l t e r e d  s u p p l i e s  

f l o a t i n g  r e l a t i v e  t o ,  and d ra in e d  to w ard ,  t h e i r  

r e s p e c t i v e  c e n te r  v o l t a g e .  Max c u r r e n t  <2r50 mA 

P r e c i s i o n  v o l t a g e  s u p p l i e s  from s c a n n e r .  C u rren t  

c^20 mA
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P h o to sen se  Board

Each Pho tosense  Board mounts a p h o to m u l t i p l i e r ,  in p u t s  a d i g i t a l  

i n t e g r a l  RESET command, and o u tp u t s  an ana log  s i g n a l .  F u n c t io n s  a r e ;

1 .  P r e c i s e l y  a m p li fy  th e  p h o to m u l t i p l i e r  anode c u r r e n t

2 . Low-pass f i l t e r ,  w i th  dy n am ica l ly  v a ry in g  optimum c u t o f f

3 .  I n t e g r a t e  and r e s e t  on command

4 .  D er iv e  th e  lo g a r i th m  o f  th e  i n t e g r a t e d  s i g n a l

5 .  Supply and r e g u l a t e  p h o to m u l t i p l i e r  dynodes

6 .  P r o t e c t  th e  p h o t o m u l t i p l i e r  from o v e r lo a d

S p e c ia l  F e a tu re s

The o rd e r  o f  i n t e g r a t i o n  and lo g a r i th m ic  e x t r a c t i o n  i s  im p o r ta n t .  

The sequence

' ' ' -  Iny i o g [ f ( x ) ] d x  O u t f — y dx Log

y i e l d s  an  u n u sab le  s i g n a l  b e c a u se  a  datum i s  w e ig h ted  in  in v e r s e  p ro p o r­

t i o n  to  i t s  m agn itude , t h u s  i f  " In "  i s  m om entari ly  ze ro  th e n  "Out" 

co r re s p o n d s  to  ze ro  f o r  th e  r e s t  o f  t im e .  Also th e  tim e component of 

th e  s i g n a l  i s  n o t  l o g a r i t h m ic .  The o rd e r

L o g [^ f (x )d x ]  Out f—  Log f I  dx < In

y i e l d s  th e  r e q u i r e d  c h a r a c t e r i s t i c s ,  bu t  i n  th e  p r i o r  a r t  r e s u l t e d  in  a 

s e v e r e l y  l i m i t e d  ra n g e .  The c i r c u i t  p re s e n te d  does  p ro v id e  th e  c h a r a c t e r  

o f  an  i n t e g r a t e - f i r s t  sy s tem , b u t  a l lo w s  [ s i g n a l  x t im e]  to  be a c c u r a t e l y  

t r a c k e d  over 12 o rd e rs  o f  m a g n i tu d e . From th e  P h o to sen se  Board through 

th e  A/d c o n v e rs io n  to  the  FOCUS number system  th e r e  i s  v i r t u a l l y  com plete  

freedom  from s c a l i n g .  The s c a n n e r  r e q u i r e s  no "volume c o n t r o l . "

O the r  s p e c i a l  f e a t u r e s  and s p e c i f i c a t i o n s :
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1. D ynam ically  ailjnsLcd III' c h a ra c te rL sL  le;; a rc  nptImlxccl to  f i l t e r  

quantum e f f e c t s .

2. Anode c u r r e n t  ra n g e :  1 nA to  10 mA.

3. I n t e g r a t i o n  ran g e :  1 p sec  to  1 seco n d .

4. R ese t  t im e :  <200 n sec  to  1 ppm r e s i d u e .

C onnec tions

LIGHT Low im pedance an a lo g  o u tp u t  tlOV a t  tlmA

Anode C u r re n t  I n t e g r a t i o n  Time
/tA  msec

RESET D i g i t a l  i n p u t ,  i n t e g r a t i o n  i s  r e s e t  on th e  p o s i t i v e - g o i n g  edge .

BREAK/ O p e n - c o l l e c te r  d i g i t a l  o u tp u t  goes low when th e  p h o t o m u l t i p l i e r  

i s  o v e r lo a d e d  w ith  l i g h t .  The BREAK/ o f  s e v e r a l  bo a rd s  may be 

combined on one r e t u r n  c a b le  b e c a u se  o f  th e  open c o l l e c t o r .

D ynam ically  A d ju s ted  HF C h a r a c t e r i s t i c s  

FET-inpu t OP-1 and log  t r a n s i s t o r  TIA ta k e  the  lo g a r i th m  o f  th e  

p h o to - c u r r e n t  from th e  anode o f  t h e  p h o t o m u l t i p l i e r ,  I ^ .  C2 s t a b i l i z e s  

OP-1 a t  low I ^  f o r  which th e  dynamic im pedance z ^ ^  o f  TIA i s  i n s u f f i c i e n t  

to  overcome th e  c a p a c i t i v e  lo a d in g  on th e  fee d b a c k  loop  from th e  p h o to ­

m u l t i p l i e r  anode . The c h o ic e  o f  C2 i s  made w i th  two f a c t o r s  i n  mind:

1. What can  C2 be?

I f  C2>> th e n  th e  feed b ack  lo o p  w i l l  have  u n i t y  g a in

a t  a l l  f r e q u e n c i e s ,  in c lu d in g  DC a t  which th e  p h o t o m u l t i p l i e r  

a p p e a r s  a s  a c u r r e n t  s o u rc e .  S m a l le r  v a lu e s  o f  C2 o b v io u s ly  

improve r e s p o n s e  t im e ,  however a  p o le  and accompanying ze ro  

a r e  i n t r o d u c e d ,  s e p a r a t e d  in  f r e q u e n c y  by th e  r a t i o
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Cl/(Cl+C^^QQg). The w o r s t - c a s e  phase  m arg in  m ust be  c o n s id e re d  

a s  th e  p o le - z e r o  p a i r  s l i d e s  m enacing ly  th ro u g h  th e  f requency  

domain a s  a f u n c t io n  o f  i n v e r s e l y  p r o p o r t i o n a l  to  I ^ .

Ope¥) Loop Response  
In c iu d in c j  OP~l
Bxcluclin<^ TtA HF Fd/lofF

M e d i u m  I ,  (i/u o trs i c a s e )L o w  L

OJB

F ig u re  6 .2 8  Bode P l o t  I l l u s t r a t i n g  S t a b i l i t y

I f  OP-1 has a  good phase  m arg in  and TIA h as  v e r y  h ig h  c u t o f f  

f re q u e n c y  f o r  sm a l l  s i g n a l s ,  C2 -  ^ ^ g g g / l O  i s  r e a s o n a b l e .

What shou ld  C2 be?

Assuming OP-1 h a s  i n f i n i t e  g a in  and i s  s t a b l e ,  th e n  th e  o u tp u t  

o f  OPl “  L og(X ), where X i s  r e l a t e d  to  I ^  by a s i n g l e  p o le

lo w -p ass  f u n c t i o n  w i th  T #  ZTIA C2, where i s  th e  dynamic

impedance o f  TIA « 1 / I^ y  How c o n v e n ie n t!  The f r a c t i o n a l  

quantum n o is e  o f  th e  p h o t o m u l t i p l i e r  i s  ^  V / lA ,  w h i le  T = l^^ 

p ro v id e s  a low p ass  f i l t e r  a t t e n u a t i n g  w h ite  n o i s e  by V / l ^ .  

We can  s p e c i f y  t o l e r a b l e  f r a c t i o n a l  n o is e  p e r m i t t e d  in  th e  

lo g  s i g n a l ,  t h e  bandw idth  v a r i e s  a u to m a t i c a l ly  p r o p o r t i o n a l  

to  p h o to - c u r r e n t  to  m a in ta i n  o u r  s p e c i f i c a t i o n .  L e t  us now
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c a l c u l a t e  an id e a l  C2.

KTV = —q ( In  I . )  + te m p e ra tu re  dependen t c o n s t a n t .
TIA

Then

dVBE KT
"TIA d l ,  91 . 391,A A A

T = • C2 =TIA 391,A

Assume t h e  c u r r e n t  a m p l i f i c a t i o n  in  th e  p h o t o m u l t i p l i e r  to  

be 4 X 1 0 ^ ,  then (w i th  c e r t a i n  a p p ro x im a tio n s  o f  m ino r  e f f e c t

on t h i s  c a l c u l a t i o n )  charge a r r i v e s  a t  th e  anode i n  p a c k e ts  of

6 -12  4 X 10 • Q = - .6 4  X 10 coulom bs. Assuming N, . , > 1 ,' °  A r r i v a l s  '

th e  f r a c t i o n a l  quantum n o is e  i s

^   1____________________________
Y number of p a c k e ts  a r r i v i n g  in  tim e i n t e r v a l  T

1 8 X 10-7

I .  • X

.64 X 10"12
V^A • f

C2
A * A VA 391,A

L et us choose  f r a c t i o n a l  n o i s e  = 1 .  T h is  i s  an  e n g in e e r in g  

c h o ic e ,  b u t  i t  can b e  shown to  p ro v id e  th e  " b e s t  e s t i m a t e "  

under c e r t a i n  c o n d i t i o n s .  Because  the  o n ly  pu rp o se  o f  t h i s  

p r e f i l t e r  i s  to  p r e v e n t  w i ld  f l u c t u a t i o n s  which w ould n o t  

i n t e g r a t e  w e l l ,  a h ig h  l e v e l  o f  n o ise  i s  ch o sen .  Then

8 X 10“ ^1 =

C2
A " 391, A

C2 = 25 p f

Because < 45 p f ,  C2 = 25 p f  i s  seen  from p a r t  1
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to  p ro v id e  good s t a b i l i t y ,  and so i s  u sed .  C2 must have 

e x tre m e ly  low le a k a g e .

L o g a r i th m ic  I n t e g r a t i o n  C h a r a c t e r i s t i c s  

Log t r a n s i s t o r  TIB, matched t o  TIA, b a la n c e s  th e  te m p e ra tu re  o f f s e t  

of TIA, and a l so  i n  c o n ju n c t io n  w i th  Cl deve lops  th e  i n t e g r a l  e q u a t io n  o f  

th e  form

Log d t

not

/ L o g d  ) d t
k '

which would be i n c o r r e c t .  The s u r p r i s i n g  power o f  t h i s  s im ple  arrangem ent 

i s  now p re s e n te d .

From e lem en ta ry  c i r c u i t  th e o ry

Because of th e  l o g a r i th m ic  c h a r a c t e r i s t i c  o f  T1

3 9 [V * ( t ) -V _ ( t ) ]
I g ( t )  = K . e ^ ^ 2

Thus

t  39[V ( t ) - V  ( t ) ]
“ CT / /  d t  + 3

We w ish to  show t h a t

t  39 V ( t )  V
V g(t)  = ^  ln [  e  d t  + e ° ]  + Vjj 4

D i f f e r e n t i a t i n g  e q u a t io n s  3 and 4 , q u e s t io n in g  e q u a l i t y

dVc(t) ^  3 9 [V 3 ( t ) -V ( , ( t ) ]  ,  ^39Vg(t)
e d t  =d t  Cl ^ "  . t  39V_(t) V

39 r  e B d t+e ° 
0
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Now assume e q u a t io n  4 i s  v a l i d  and use i t  f o r  the  i n s ta n ta n e o u s  

v a lu e  V ^( t)  on the  l e f t  above . In  doing t h i s ,  we a r e  assuming e q u a t io n s  

3 and 4 a r e  eq u a l  a t  one a r b i t r a r y  t ,  and show t h a t  then t h e i r  time 

d e r i v a t i v e s  a re  e q u a l ,  and t h e r e f o r e  by in d u c t io n  they  rem ain  e q u a l  f o r  

a l l  t im e .

K 3 9 [ V g ( t ) - 3 |  l n [ ;  e  ^ ^ ^ ^ ‘'^ t+ e ^ ° ]+ V p ]  ,  ^39Vg(t)
e 0 d t  =Cl t  39V_(t) V

39 r  e d t+ e  °
0

K 39VQ 39Vg(t) 39V ( t )
C T ^  ? e ®

-'o 0

Cl ® 39

In  th e  above e q u a l i t y ,  K and 39 a re  c o n s t a n t s  e x p re s s in g  th e  

lo g a r i t h m ic  c h a r a c t e r i s t i c s  o f  th e  d io d e .  Cl i s  u s e r  s e l e c t a b l e ,  

d e te rm in in g  V^. i s  t h e  v o l t a g e  d i f f e r e n c e  be tw een  Vg and r e s u l t i n g  

from th e  i n t e g r a t i o n  o f  a c o n s t a n t  s i g n a l  f o r  one time u n i t .

L e t  V g(t)  = c o n s t a n t  = Vg and i . e . ,  0 i n  th e  l o g a r i th m ic

domain, co rre sp o n d in g  to  r e s e t t i n g  the  i n t e g r a l  a t  t  = 0 . We now f in d  

I ^ ( t )  as  a f u n c t io n  of C l ,  a i d in g  th e  s e l e c t i o n  o f  a v a lu e  f o r  C l.

From e lem en tary  c i r c u i t  th e o ry

w  ( t )

i c ' t )  '  - 3 1 -  •

Combining w ith  e q u a t io n  4 

.  = • Cl
C r "  39VB

39 / e d t + e  
0
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c o n s t a n t  s i g n a l  and 
i n t e g r a t i o n  r e s e t  a t  t  = 0

In  c h o o s in g  C l,  c o n s id e r  t h a t ;

1. C u r r e n t  a t  maximum tim e i s  n o t  to o  s m a l l  compared to  le ak ag e .

2. C u r r e n t  i n  some i n t e r v a l  l e s s  th a n  minimum t im e  i s  n o t  too 

l a r g e  f o r  TIB to  su p p ly .

3. f o r  b e s t  c a n c e l l a t i o n  o f  secondary  te m p e ra tu r e  n o n l in ­

e a r i t i e s .  P rim ary  te m p e ra tu r e  e f f e c t s  a r e  com pensated i n  th e  

a m p l i f i e r  s t a g e ,  so t h i s  i s  a  v e ry  n o n - c r i t i c a l  c o n s id e r a t i o n .

4. Cl i s  s m a l l  enough f o r  r a p i d  r e s e t .

5 . Cl i s  l a r g e  enough to  a v o id  s t r a y  n o i s e .

6. Cl h a s  e x t re m e ly  low le a k a g e .

0 ,1  /tF p o ly s ty r e n e  i s  s p e c i f i e d  f o r  t h e  p r e s e n t  c i r c u i t .

V a r ia n t s  o f  th e  c i r c u i t  p ro v id e  i n t e r e s t i n g  e f f e c t s ,  as i s  now 

d is c u s s e d .

1. "RMS" i n t e g r a t i o n  i s  p e r fo rm e d  by adding  a second  lo g  elem ent i n  

s e r i e s  w i th  TIA, and a  b a l a n c i n g  c o n s ta n t  v o l t a g e  o f f s e t  in

s e r i e s  w i th  TIB. V arying  p o s t - a m p l i f i c a t i o n  g a in  a l lo w s  sum o f

s q u a r e s , sq u a re  r o o t  o f  sum o f  s q u a r e s ,  o r  any o th e r  e x p o n e n t i a l  

power by v a ry in g  i n t e r - l o g  g a i n .  A s im ple  t r a n s i s t o r  b r id g e  

a l lo w s  b i p o l a r  RMS m e a su r in g .  The c i r c u i t  r e t a i n s  i t s  phenomenal 

r a n g e ,  f a r  exceed ing  th e  p r e s e n t  s t a t e  o f  th e  a r t  " s q u a re  f i r s t "  

ty p e  RMS equipm ent. S u b t r a c t i n g  o u tp u t  from a  p a r a l l e l  c i r c u i t  

v ie w in g  a  c o n s ta n t  in p u t  e f f e c t i v e l y  d iv id e s  by tim e f o r  t r u e  RMS.

2. A c o n s t a n t  c u r r e n t  " le a k e d "  from  Cl w i l l  t r a n s f o r m  th e  system 

from  a  p o l e - a t - t h e - o r i g i n  i n t e g r a t o r  to  a  p o l e - o f f - t h e - o r i g i n  

low p a s s  f i l t e r .  The t im e  c o n s t a n t  ' V  i s  d i r e c t l y  p r o p o r t i o n a l  

to  c u r r e n t .  I t  i s  e a s y  t o  c o n t r o l  c u r r e n t  o v e r  many o r d e r s  o f
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m ag n itu d e ,  thus  p ro v id in g  a v o l t a g e  c o n t r o l l e d  lo w -p ass  f i l t e r  

whose b r e a k  f requency  can  be v a r i e d  c o n t in u o u s ly  from m i l l i ­

seco n d s  to  h o u rs .  V a r i a t i o n  in  DC g a in  i s  e a s i l y  compensated 

i n  th e  lo g a r i th m ic  domain by s u b t r a c t i o n  o f  th e  o u tp u t  o f  a 

com plementary s t a g e  i n p u t t i n g  a c o n s ta n t  r e f e r e n c e .  RMS av e ra g in g  

i s  a s  c o m p a tib le  w ith  lo w -p ass  f i l t e r i n g  as  w i th  p u re  i n t e g r a t i o n .

I n t e g r a l  R e se t  C i r c u i t r y

The i n t e g r a l  i s  r e s e t  by r e d u c in g  t h e  v o l t a g e  a c r o s s  C l .  A 

p e r f e c t  r e s e t  would drop to  Log(O) = -«» v o l t s ,  which i s  i m p r a c t i c a l .

As a  compromise one can:

1 . I n s t a n t l y  r e s e t  by c lam ping  to  some low i n i t i a l  v o l t a g e .

T h is  i s  e q u iv a le n t  to  s t a r t i n g  th e  i n t e g r a t i o n  w i th  a sm all 

i n i t i a l  n o n -ze ro  b i a s .  A side  from th e  i n i t i a l  e r r o r ,  i n i t i a l

may be  e x c e s s iv e  a t  l a r g e  s i g n a l  l e v e l s ,  c a u s in g  a  l a rg e  

e r r o r  from r e t a r d e d  i n t e g r a t i o n .

2 . Drop by a  f ix e d  s t e p  by charge  t r a n s f e r .  T h is  i s  e q u iv a le n t  

to  d iv i d in g  th e  s i g n a l  i n  t h e  i n t e g r a t o r  by a l a r g e  c o n s ta n t .

T h is  method may produce e x c e ss  f o r  l a r g e  s i g n a l s  and i n s u f ­

f i c i e n t  e r a s u r e s  o f  long  i n t e g r a t i o n  t im e s .

3 .  P u l l  a  c u r r e n t  from Cl f o r  a  f ix e d  t im e .  This  t e m p o ra r i ly  

c o n f ig u r e s  a lo w -p ass  f i l t e r  c au s in g  th e  p a s t  to  be exponen­

t i a l l y  f o r g o t t e n .  The c u r r e n t  drawn must be l i m i t e d  to  t h a t  

which TIB can s u p p ly ,  l i m i t i n g  the decay sp eed .  Because a 

w o r s t - c a s e  p re v io u s  r e s e t  may have o c c u r re d  seco n d s  ago , i t  i s  

n e c e s s a r y  to  w a i t  abou t 20 tim e c o n s ta n t s  to  a s s u r e  e r a s u r e .

4 .  P u l l  a  v e ry  l a r g e  c u r r e n t  from C l ,  l a r g e r  than  th a t  can be
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co u n te red  by TIB. As Cl i s  r a p i d l y  d i s c h a r g e d ,  V f a l l s ,  andc

th u s  v i a  TIB r i s e s  e x p o n e n t i a l ly .  When i s  observed  to  

reac h  I j ^  th e  p ro c e s s  i s  t e rm in a te d .  T h is  i s  e q u iv a le n t  to  

s t a r t i n g  t h e  i n t e g r a t i o n  w ith  an  i n i t i a l  b i a s  o f  a c o n s ta n t  

t im es  th e  s i g n a l  p r e v a i l i n g  a t  th e  tim e th e  r e s e t  i s  t e r m in a t e d .  

Choosing “ 25 ma and Cl = 0 .1  y F , t h i s  c o n s ta n t  i s  100 n s e c ,

which c o n v e n ie n t ly  i s  about th e  t im e  needed f o r  th e  r e s e t  

c y c l e .  Because t h e  in p u t  s i g n a l  changes l i t t l e  in  100 n s e c ,  

th e  s i g n a l  p r e v a i l i n g  a t  t  = 100 n sec  i s  a  good e s t im a te  of 

th e  a v e ra g e  s i g n a l  f o r  0 < t  < 100 n s e c .  By s t a r t i n g  i n t e g r a t i o n  

a t  100 n sec  w i th  a n  i n i t i a l  b i a s  = s i g n a l  a t  100 nsec  * 100 n s e c ,  

a  n e a r l y  i d e a l  system  i s  im plem ented. T h is  method a l low s  

ex tre m e ly  r a p i d  and a c c u r a te  r e s e t  w i th o u t  e x ce ss  under 

a l l  c o n d i t i o n s  o f  s i g n a l  l e v e l  and h i s t o r y .  I t  i s  used on 

th e  p h o to se n se  b o a rd .

R e fe r r in g  now t o  th e  s c h e m a t ic ,  on th e  r i s i n g  edge of RESET th e

e d g e - t r i g g e r e d  f l i p - f l o p  c lo c k s  th e  grounded D o n to  t h e  Q o u tp u t .  As Q

f a l l s ,  T6 i s  a c t i v a t e d  a l lo w in g  Cl to  d i s c h a r g e  l i m i t e d  by R13. D3

lo w ers  Q abou t 2 v o l t s .  C4 t r a n s f e r s  th e  h i g h - c u r r e n t  p u l s e .  R12 and

T6 g a in  a re  s u f f i c i e n t  so t h a t  can be > even  when C4 i s  d i s c h a r g e d ,

to  av o id  a t r a p p e d  s t a t e  d u r in g  pow er-up. R l l  must more than  b a la n c e

c u r r e n t  th ro u g h  R12 to  a l lo w  Q to  be p u l l e d  > 3V when Q i s  h ig h .  As

d ro p s ,  I „  in c r e a s e s  e x p o n e n t i a l l y .  I  p a s s in g  R9 +  RIO causes SET v o l t a g e

4Vto  d ro p .  When ^^en th e  f l i p - f l o p  s e t s .  I t  may be

d e s i r a b l e  to  s e l e c t  RIO l a r g e r  th a n  in d i c a t e d  by t h i s  eq u a t io n  f o r  

" a n t i c i p a t i o n "  a t  t h e  h ig h  sp e e d s  in v o lv e d .  As Q goes  h ig h ,  i t  i s  p u l l e d
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f a r t h e r  by R l l  bu t  l im i t e d  by th e  b a s e - c o l l e c t e r  d iode  in  T5. T5 

tu r n s  on , a l lo w in g  to  su rge  to  l i m i t e d  by R9, fo r  i n t e g r a l

t r a c k i n g .

A m p li f ie r  C i r c u i t

FET OP-2 cou ld  p o t e n t i a l l y  s e v e re ly  l i m i t  bandw idth  b ecause  o f  a 

r e q u i r e d  g a i n  o f  o v e r  20 to  a m p lify  th e  s m a l l  lo g a r i th m ic  s i g n a l  from 

TIB to  t h a t  s p e c i f i e d  f o r  o u tp u t .  R14, R15, R16, D4, D5, and C5 

p ro v id e  a v o l t a g e  a m p l i f i c a t i o n  s ta g e  a l lo w in g  OP-2 to  f u n c t io n  n e a r  i t s  

f req u en cy  l i m i t . R18 and Rl9 p ro v id e  t h e  v o l t a g e  d iv id in g  feedback  and

a l s o  w i th  R17 and th e r m is to r  R20 p ro v id e  3 - p o in t  te m p e ra tu re  compensa­

t i o n  o f  th e  l o g a r i th m ic  e lem en ts .

P h o to m u l t i p l i e r  V o lta g e  Supply

The u se  of a  z e n e r  b r id g e  compared to  a  c o n v e n t io n a l  r e s i s t i v e  

b r id g e  p ro v id e s  ad v an tag es :

1. Less b r id g e  c u r r e n t  i s  r e q u i r e d  f o r  lower te m p e ra tu re .

2. B e t t e r  s t a b i l i z a t i o n  o f  low er dynode s t a g e s .

3 . Reduced e f f e c t  from HV r i p p l e ,  q u i t e  c r i t i c a l  due to  b o th  

e x p o n e n t ia l  g a in  dependence and c a p a c i t i v e  e f f e c t s .

4. HF s u p p re s s io n  c a p a c i t o r s  can be  u sed .  They cannot be used 

w i th  a r e s i s t i v e  b r id g e  when an  a c c u r a te  DC-coupled s i g n a l  

i s  r e q u i r e d .

5 . When th e  HV supp ly  i s  suddenly  grounded in  re sp o n se  t o  BREAK, 

th e  zen e r  r e v e r s e  cond u c t io n  b o th  p r o t e c t s  c a p a c i t o r s  from 

im b a la n c e -g e n e ra te d  o v e rv o l ta g e  and a l s o  p re v e n ts  r e v e r s e  

b i a s i n g  o f  th e  c r i t i c a l  p h o to ca th o d e  or any o th e r  dynode s t a g e .
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The h ig h e r  c o s t  i s  minor and th e  v e ry  slow te m p e ra tu re  d r i f t  can

be compensated i n  s o f tw a re .  A s e p a r a t e  b r id g e  fo r  each  p h o to m u l t ip l ie r

o b v ia te s  m u l t i p l e  HV c a b le s  and re d u c e s  n o is e  p ic k u p . The lower

c a p a c i t o r s  shou ld  be l a r g e  to  a l lo w  l a r g e  anode t r a n s i e n t s .  D6 a llow s

ra p id  d i s c h a rg e  when th e  HV su p p ly  i s  g rounded . The com bina tion  R1 and

R6 in s u r e  t h a t ,  w i th  a s low ly  r e c o v e r in g  HV supp ly , t h e  pho toca thode

s ta g e  w i l l  be  th e  l a s t  t o  tu r n  on in  c a s e  o f  a rem a in ing  o v e r lo a d  which

must be im m edia te ly  s e n s e d .  For p r o t e c t i o n ,  R 6 < - ---------—--------------  to
A MAX SUSTAINED

in s u re  s u f f i c i e n t  t r i p p i n g  c u r r e n t  i n t o  th e  f i n a l  dynode s t a g e s  under 

a l l  c o n d i t io n s  w here a  s ig n a l  may be  p r e s e n t .

Overload P r o t e c t i o n  C i r c u i t r y  

N early  a l l  o f  p a sse s  R2 |) 03 +  R3, g e n e ra t in g  a  v o l t a g e  a c ro s s  

V o f T2. R2 and R3 av e ra g es  t h e  c u r r e n t  to  a v o l t a g e  over s e v e r a l  

seconds .  The maximum anode c u r r e n t  i s  s p e c i f i e d  as  "averaged  o v e r  any 

i n t e r v a l  o f  30 s e c o n d s . "  In  a d d i t i o n  a  sm a l l  r e s i s t a n c e  R3 p ro v id e s  

s e n s in g  f o r  v e ry  l a r g e  t r a n s i e n t s ,  no m a t t e r  how s h o r t ,  to  which TIA 

and OP-1 a r e  n o t  p r o t e c t e d .  When t h e  v o l t a g e  ac ro s s  R2 + R3 exceeds 

abou t h a l f  a  v o l t ,  T2, T3, R4, and R5 p ro v id e  a d i g i t a l  a larm  s ig n a l in g  

th e  Logic Module to  ground th e  High V o lta g e  Supply. An o p t io n a l  g a l v i -  

nometer i s  shown.
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