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I. THE PROBLEM 

1 . I n t r o d u c t o r y remarks 

I n r e c e n t y e a r s , r e s e a r c h e r s i n many a r e a s have r e l i e d upon p h o t o g ­

raphy f o r t h e r e c o r d i n g o f e x p e r i m e n t a l d a t a . P h o t o g r a p h y has p e r m i t t e d 

r a p i d , p r e c i s e d a t a l o g g i n g by a u t o m a t i c m a c h i n e r y . T h i s has made p o s ­

s i b l e e x p e r i m e n t a l wo rk a t speeds t o o g r e a t f o r human c o m p r e h e n s i o n , a t 

l i g h t i n t e n s i t i e s t o o weak f o r human d e t e c t i o n , and i n e n v i r o n m e n t s t o o 

h o s t i l e f o r human p r e s e n c e . The a b i l i t y t o r e c o r d d a t a w i t h h i g h p r e c i s ­

i o n a t a r a t e s u i t e d t o t he e x p e r i m e n t , and t h e n t o a n a l y z e i t a t a r a t e 

s u i t e d t o t h e e x p e r i m e n t e r , has now become an i n t e g r a l p a r t o f r e s e a r c h 

p r a c t i c e i n many d i s c i p l i n e s . 

The v e r y a t t r i b u t e s w h i c h make f i l m a d e s i r a b l e d a t a l o g g i n g med ium, 

p r i m a r i l y speed and c o m p a c t n e s s , have l e d t o o p e r a t i o n a l p r o b l e m s . P r e s ­

e n t r e s e a r c h t e c h n i q u e s o f t e n p roduce l a r g e vo lumes o f f i l m f r o m a s i n g l e 

e x p e r i m e n t . The p r o c e s s i n g o f t h i s p h o t o g r a p h i c da ta i n t o m e a n i n g f u l 

s c i e n t i f i c r e s u l t s i n v o l v e s g r e a t e x p e n s e , and t h e m a i n t e n a c e o f a d e q u a t e 

r e c o r d s d u r i n g t h i s p r o c e s s i n g imposes a c l e r i c a l b u r d e n on t h e e x p e r i ­

m e n t e r . A v a r i e t y o f t e c h n i q u e s have been d e v e l o p e d t o meet t h e s e p r o b ­

lems; t h i s t h e s i s d e s c r i b e s one such e f f o r t . 

2. Backq round 

A t t h e t i m e t h i s w o r k was u n d e r t a k e n , t h e H igh E n e r g y P h y s i c s Lab-

a t o r y a t O h i o S t a t e was a c t i v e l y engaged i n t h e a n a l y s i s o f a l a r g e 

e x p e r i m e n t , w h i c h had y i e l d e d some 1.3 m i l l i o n s t e r e o s c o p i c p a i r s o f 
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35 m.m, p h o t o g r a p h s . Each o f t h e s e f rames showed a s e r i e s o f p a r t i c l e 
t r a c k s i n s p a r k chambers ; each o f t h e s e t r a c k s appea red as a row o f d i s ­
c r e t e s p a r k s o u t l i n i n g t h e s p i r a l p a t h o f a c h a r g e d p a r t i c l e i n a mag­
n e t i c f i e l d . These t r a c k s , p h o t o g r a p h e d a g a i n s t a b a c k g r o u n d o f r e g i s ­
t r y m a r k i n g s ( " f i d u c i a l s , " p r o v i d e d f o r c o o r d i n a t e r e f e r e n c e ) , c o n s t i ­
t u t e d t h e p r i m a r y d a t a o f o u r e x p e r i m e n t . 

The a n a l y s i s o f t h i s f i l m b e g i n s w i t h a s c a n n i n g o p e r a t i o n , i n 

w h i c h t h e f r a m e s a r e r a p i d l y examined by a t r a i n e d t e c h n i c i a n t o e l i m ­

i n a t e t h o s e w h i c h o b v i o u s l y do no t c o n t a i n t h e p a r t i c u l a r p a r t i c l e i n ­

t e r a c t i o n s o u g h t i n ou r e x p e r i m e n t ; a p p r o x i m a t e l y 80% o f ou r f r ames were 

e l i m i n a t e d a t t h i s p o i n t . The f i l m i s t h e n scanned a g a i n , and d e t a i l e d 

s k e t c h e s a r e made o f a l l l i k e l y f r ames as a g u i d e f o r t r a c k measurement . 

These f r ames a r e m a n u a l l y measured on a " m e a s u r i n g m a c h i n e , " a h i g h -

p r e c i s i o n f i l m p r o j e c t o r w i t h a movab le c r o s s - h a i r ; t h i s d e v i c e r e c o r d s 

t h e p o s i t i o n o f t h e c r o s s - h a i r on t h e p r o j e c t e d image d i r e c t l y i n t o 

punched c a r d s a t o p e r a t o r - s e l e c t e d p o i n t s . 

The punched c a r d s a r e now checked by v a r i o u s compu te r p rograms f o r 

human and m e c h a n i c a l e r r o r s i n measurement ; t h e m e a s u r i n g / c h e c k i n g c y c l e 

i s r e p e a t e d u n t i l a c c e p t a b l e measurements o f each f rame have been made. 

M a g n e t i c t a p e s c o n t a i n i n g t h e a c c e p t e d c a r d s a r e t h e n passed t o e l a b o r ­

a t e a n a l y s i s p r o g r a m s , w h i c h f i t c u r v e s t o t h e measured t r a c k s ; t h e s e 

p rograms can t h e n deduce f r o m t h e s e c u r v e s and t h e e x p e r i m e n t a l param­

e t e r s t h e i d e n t i t y and m o t i o n o f t h e c h a r g e d p a r t i c l e s w h i c h have l e f t 

t h e t r a c k s . A t t h i s p o i n t the c o m p a r a t i v e l y s m a l l f r a c t i o n o f f r ames 

c o n t a i n i n g t h e d e s i r e d i n t e r a c t i o n can be l o c a t e d ( a b o u t 0 .1% i n o u r 
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c u r r e n t e x p e r i m e n t ) , and p h y s i c s r e s u l t s e x t r a c t e d f r o m t h e p a r t i c l e mo-
t i o n s . 

3 . D i f f i c u l t i e s 

The a p p l i c a t i o n o f t h e t e c h n i q u e s d e s c r i b e d above t o a m i l l i o n 

f rames o f f i l m i n t r o d u c e d a number o f s e r i o u s p r o b l e m s . The most o b v i ­

ous p r o b l e m was c l e r i c a l : e x t e n s i v e r e c o r d s had t o be k e p t , t r a c i n g t h e 

p r o c e s s i n g o f each f r a m e . T h i s w o r k , t e d i o u s i n t h e e x t r e m e , had t o be 

p e r f o r m e d w i t h g r e a t c a r e t o p r e v e n t c o m p l e t e c h a o s . The remeasurement 

o f r e j e c t e d f rames had a s e r i o u s impac t h e r e ; f i l m had t o be l o c a t e d 

and r e m o u n t e d , t h e d a t a f r o m remeasurements p r o c e s s e d s e p a r a t e l y t h r o u g h 

a l l checks and i n s e r t e d i n t o t h e t o t a l d a t a s t r e a m a t i t s p r o p e r l o c a ­

t i o n , and a l l r e c o r d s had t o be u p d a t e d t o r e f l e c t t h e remeasu remen t . 

In o r d e r t o i n s u r e t h e r e c o r d i n g o f a l l n e c e s s a r y d a t a f o r each 

f r a m e , a r a t h e r e l a b o r a t e " m e a s u r i n g s e q u e n c e " was f o l l o w e d i n d i g i t t z -

i n g a f r a m e ; any d e v i a t i o n f r o m t h i s sequence r e s u l t e d i n t h e r e j e c t i o n 

o f t h e f rame by subsequen t c h e c k i n g p r o g r a m s , pe rhaps a week o r more 

a f t e r t h e e r r o r was made. T h i s r e j e c t i o n f o r " s e q u e n c i n g " v i o l a t i o n s 

was a m a j o r cause o f o u r r e m e a s u r e m e n t s ; t h e t i m e l ag i n v o l v e d was t h e 

m a j o r reason t h a t remeasurement was bu rdensome. M o r e o v e r , t h i s t i m e l a g 

made t h e t r a i n i n g o f new m e a s u r e r s q u i t e d i f f i c u l t ; t h e l a c k o f immed i ­

a t e f e e d b a c k made i t i m p o s s i b l e t o a c c u r a t e l y e v a l u a t e t h e i r w o r k b e f o r e 

l a r g e vo lumes o f i n v a l i d d a t a had been r e c o r d e d . 

The d e l a y b e f o r e v a l i d a t i o n o f d a t a i n t r o d u c e d t h e a d d i t i o n a l r i s k 

o f d a t a l o s s by m e c h a n i c a l o r e l e c t r o n i c f a i l u r e . The m e a s u r i n g mach ine 

an e l a b o r a t e e l e c t r o m e c h a n i c a l s y s t e m , i s s u s c e p t i b l e t o s u b t l e f a i l u r e s 
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Some o f t h e s e i n v a l i d a t e a l l d a t a w i t h o u t any d e t e c t a b l e w a r n i n g ; 

o t h e r s o c c u r o n l y o c c a s i o n a l l y and may f r u s t r a t e i n v e s t i g a t i o n f o r 

l o n g p e r i o d s . D e l a y i n e r r o r d e t e c t i o n h e r e can l ose s e v e r a l d a y s ' 

w o r k t o a c o n t i n u o u s f a i l u r e , and may a l t o g e t h e r p r e v e n t t h e l o c a t i o n 

o f an i n t e r m i t t e n t o n e . 

k. A p o s s i b l e s o l u t i o n by f u r t h e r a u t o m a t i o n 

A number o f e f f o r t s have been made t o s o l v e t h e p r o b l e m s o f f i l m 

measurement by a d d i t i o n a l compu te r p r o c e s s i n g . In p r i n c i p l e , t h e e n ­

t i r e p r o c e s s o f f i l m a n a l y s i s can be p e r f o r m e d by a compu te r e q u i p p e d 

w i t h s u i t a b l e f i l m r e a d i n g d e v i c e s and programmed w i t h s u f f i c i e n t i n g e ­

n u i t y . In p r a c t i c e , t h e p r o b l e m s o f p a t t e r n r e c o g n i t i o n by d i g i t a l 

compute r a r e s t i l l l a r g e l y u n s o l v e d ; e x i s t i n g sys tems r e q u i r e s i m p l e 

p a t t e r n s and g r e a t amounts o f t i m e on s u b s t a n t i a l c o m p u t e r s . For o u r 

p u r p o s e s , t h i s a p p r o a c h was i m p o s s i b l e f o r b o t h t e c h n i c a l and f i n a n c i a l 

r e a s o n s ; h o w e v e r , we f e l t t h a t t h e i n t r o d u c t i o n o f a s m a l l compu te r i n ­

t o o u r manual m e a s u r i n g s y s t e m c o u l d enhance i t s r e l i a b i l i t y and s p e e d , 

c o u l d a u t o m a t e o u r manual c l e r i c a l p r o c e s s , and c o u l d p r o v i d e r a p i d 

d a t a c h e c k i n g . To a c h i e v e t h e s e e n d s , a s m a l l compu te r was p u r c h a s e d 

and d e v e l o p m e n t u n d e r t a k e n f o r b o t h t h e n e c e s s a r y e l e c t r o n i c s and com­

p u t e r s o f t w a r e . 

5 . D e t a i l e d g o a l s f o r t h e m e a s u r i n g sys tem 

The g o a l s f o r o u r m e a s u r i n g sys tem were as f o l l o w s : 

a ) The s y s t e m s h o u l d be imp lemen ted on a s m a l l , i n e x p e n s i v e c o m p u t e r . 

Our two m e a s u r i n g mach ines s h o u l d be d i r e c t l y c o n n e c t e d t o t h i s com­

p u t e r , a l o n g w i t h a d d i t i o n a l d e v i c e s f o r o p e r a t o r c o m m u n i c a t i o n and 
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d a t a h a n d l i n g . The d e v i c e s d e v e l o p e d f o r i n t e r c o n n e c t i o n and commu­
n i c a t i o n s h o u l d be c o n v e n i e n t t o use and r e l i a b l e i n s e r v i c e . 

b) The s y s t e m s h o u l d c o n t i n u o u s l y m o n i t o r t h e m e a s u r i n g p r o c e s s on two 

i n d e p e n d e n t m e a s u r i n g m a c h i n e s ; i t s h o u l d i m m e d i a t e l y d e t e c t " s e q u e n ­

c i n g " e r r o r s , g u i d e t h e measure r t h r o u g h t h e i r c o r r e c t i o n , and o u t ­

p u t f i n a l d a t a f r e e o f c o n t a m i n a t i o n by t h e n o w - c o r r e c t e d e r r o r s . 

c ) The s y s t e m s h o u l d d e t e c t as many f a i l u r e s i n t h e m e a s u r i n g mach ine 

sys tem as p o s s i b l e , m i n i m i z i n g t h e i r impac t on t h e da ta w h i l e i n f o r m ­

i n g t h e o p e r a t o r o f t h e s t a t u s o f h i s m e a s u r i n g m a c h i n e . 

d ) The s y s t e m s h o u l d p r o v i d e a t y p e w r i t t e n l o g o f f i l m measu remen ts ; 

t h i s s h o u l d supp lemen t manual r e c o r d s o f f i l m p r o c e s s i n g , a n d , by l o g ­

g i n g m e a s u r i n g mach ine f a i l u r e s , s h o u l d a s s i s t ha rdwa re m a i n t e n a c e 

as w e l l . A " m a c h i n e - r e a d a b l e " r e c o r d s h o u l d be punched as w e l l , as • 

a f i r s t s t e p t o w a r d t o t a l l y a u t o m a t i c r e c o r d k e e p i n g . 

e ) The t o t a l r e l i a b i l i t y o f t h e m e a s u r i n g sys tem s h o u l d be as h i g h as 

p o s s i b l e , and s h o u l d c e r t a i n l y exceed t h a t o f t h e e l e c t r o m e c h a n i c a l 

e q u i p m e n t i t r e p l a c e s . M o r e o v e r , by r e c o r d i n g d e t a i l e d f a i l u r e i n ­

f o r m a t i o n , t h e sys tem s h o u l d a s s i s t m a i n t e n a n c e p e r s o n n e l i n t h e i s o ­

l a t i o n and c o r r e c t i o n o f e r r o r s . 

f ) E s s e n t i a l d a t a c o m p a t i b i l i t y s h o u l d be m a i n t a i n e d w i t h t h e e x i s t i n g 

m e a s u r i n g s y s t e m , a l l o w i n g t h e use o f t h a t sys tem f o r backup and m i n ­

i m i z i n g t h e a l t e r a t i o n s r e q u i r e d t o o u r v a r i o u s d a t a - h a n d l i n g p r o -

g r a m s . 

g) The s y s t e m s h o u l d be c o n v e n i e n t and p l e a s a n t t o r u n ; c l a r i t y and 

s i m p l i c i t y o f o p e r a t i o n s h o u l d be s t r e s s e d i n b o t h h a r d w a r e and s o f t ­

ware d e s i g n . F a t i g u e and boredom s h o u l d be reduced w h e r e v e r p o s s i b l e . 
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h) A f a c i l i t y s h o u l d be a v a i l a b l e t o c o m p l e t e l y and r a p i d l y c h e c k a l l 

d a t a on o u r s m a l l c o m p u t e r . T h i s f a c i l i t y , s u p p l e m e a t i n g t h e c o n t i n ­
uous sequence checks made d u r i n g measurement , s h o u l d p e r f o r m a l l v a l ­
i d a t i o n s p r e v i o u s l y made by o u r e x t e n s i v e c h e c k i n g p rog rams o p e r a t ­
i n g on o t h e r c o m p u t e r s . 

i ) C e r t a i n economies s h o u l d r e s u l t f r o m t h i s s y s t e m : 

Reduced c l e r i c a l p r o c e s s i n g . 

Reduced r e m e a s u r e m e n t , due t o checks p e r f o r m e d d u r i n g measuremen t . 

S i m p l e r r emeasu remen t , due t o r a p i d e r r o r d e t e c t i o n ; r e m e a s u r e ­

ments s h o u l d be made b e f o r e f i l m and r e c o r d s a r e s t o r e d , b e ­

f o r e d a t a i s p r o c e s s e d by subsequen t p r o g r a m s . 

Reduced d a t a l o s s f r o m s y s t e m a t i c h a r d w a r e and measure e r r o r s . 

Reduced c o s t f o r e x t e r n a l l y - p u r c h a s e d c o m p u t i n g . 

In a d d i t i o n , t h e speed o f t h e compu te r r e l a t i v e t o t h e e l e c t r o m e c h a n ­

i c a l m e a s u r i n g s y s t e m s h o u l d y i e l d a h i g h e r b a s i c m e a s u r i n g r a t e , as 

w e l l as h i g h e r e f f e c t i v e r a t e f r o m s i m p l i f i e d e r r o r d e t e c t i o n and 

c o r r e c t i o n . 

6 . F o r e g r o u n d / b a c k g r o u n d s o f t w a r e 

As t h e d e v e l o p m e n t o f t h i s sys tem was u n d e r t a k e n , t h e need a r o s e 

f o r g e n e r a l - p u r p o s e c o m p u t i n g i n t h e f o r m o f a s i m p l e , u s e r - o p e r a t e d 

F o r t r a n p rog ramming s y s t e m t o s e r v e o u r r e s e a r c h e r s . I t was f e l t t h a t , 

w i t h modest e x p e n d i t u r e s f o r a d d i t i o n a l h a r d w a r e and p rog ramming d e v e l o p ­

m e n t , o u r m e a s u r i n g c o n t r o l compu te r c o u l d s e r v e b o t h p u r p o s e s s i m u l t a n ­

e o u s l y . The r e s u l t i n g s y s t e m was t o be o f t h e f o r m known as " f o r e g r o u n d / 

b a c k g r o u n d , " i n w h i c h t h e c o m p u t e r 1 s - f a c i 1 i t i e s a r e s h a r e d between two 
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c o n c u r r e n t u s e r s - ou r m e a s u r i n g s y s t e m , p e r m a n e n t l y h e l d i n t h e compu t ­
e r and g i v e n a b s o l u t e p r i o r i t y f o r any c o m p u t e r t i m e i t r e q u i r e s ( t h e 
" f o r e g r o u n d " ) , and a s e r i e s o f g e n e r a i - p u r p o s e j o b s s u p p l i e d by o u r v a r ­
i o u s u s e r s , g i v e n l o w e r p r i o r i t y due t o t h e i r l e s s e r u r g e n c y ( t h e " b a c k ­
g r o u n d " ) , A p o r t i o n o f t h e mach ine s h o u l d be r e s e r v e d f o r t h e f o r e ­
g r o u n d j o b ( m e a s u r i n g c o n t r o l ) ; t h i s p o r t i o n s h o u l d be p r o t e c t e d a g a i n s t 
any damage t o i t s p r o g r a m by f a i l u r e s i n b a c k g r o u n d p r o g r a m s . The b a c k ­
g round s h o u l d c o n c e n t r a t e t h e r e m a i n i n g compu te r r e s o u r c e s n o t r e q u i r e d 
by t h e f o r e g r o u n d t o w a r d t h e s o l u t i o n o f u s e r p r o b l e m s ; t h e b a c k g r o u n d 
u s e r s h o u l d be a b l e t o u t i l i z e t h e s e f a c i l i t i e s w i t h o u t any know ledge 
o f s i m u l t a n e o u s f o r e g r o u n d p r o c e s s i n g , and h i s e r r o r s s h o u l d n o t i n any 
way a f f e c t f o r e g r o u n d o p e r a t i o n . 

To meet b o t h t h e s e g o a l s and t h o s e s t a t e d f o r o u r p h o t o - m e a s u r i n g 

s y s t e m , e x t e n s i v e h a r d w a r e and s o f t w a r e d e v e l o p m e n t was r e q u i r e d . E q u i p ­

ment was d e s i g n e d , b u i l t , and t e s t e d w h i c h a l l o w e d d i r e c t c o n t r o l o f 

t h e m e a s u r i n g p r o c e s s ; a d d i t i o n a l equ ipmen t was d e v e l o p e d t o p e r m i t back 

g r o u n d p r o c e s s i n g . A s u b s t a n t i a l d a t a - a c q u i s i t i o n p r o g r a m was w r i t t e n 

t o p r o c e s s m e a s u r i n g d a t a i n o u r f o r e g r o u n d ; numerous p rog rams were 

w r i t t e n f o r b a c k g r o u n d o p e r a t i o n , i n c l u d i n g an e l a b o r a t e d a t a - c h e c k i n g 

p r o g r a m f o r m e a s u r i n g d a t a . T h i s t h e s i s r e c o u n t s t h e s e deve lopmen t 

e f f o r t s . 



I i . THE HARDWARE 

1, The c o n t r o l compu te r 

T h i s s y s t e m has been d e v e l o p e d a r o u n d a DDP-116 c o m p u t e r , manu­

f a c t u r e d by t h e ' C o m p u t e r C o n t r o l C o r p . (now t h e Computer C o n t r o l D i ­

v i s i o n o f H o n e y w e l l , i n c . ) . The mach ine i s a t y p i c a l s m a l l , g e n e r a l -

pu rpose c o m p u t e r , p o s s e s s i n g 12 ,288 1 6 - b i t wo rds o f m a g n e t i c c o r e mem­

o r y w i t h a memory c y c l e t i m e o f 1.7 m i c r o s e c o n d s ; t h e i n i t i a l c o n f i g ­

u r a t i o n i n c l u d e d t h i s m a c h i n e , two T e l e t y p e s , and a m a g n e t i c t a p e u n i t . 

T h i s c o m p u t e r , when o b t a i n e d , had many o f t h e d e f i c i e n c i e s o f s i m i l a r 

s m a l l mach ines - l i m i t e d i n s t r u c t i o n s e t , meager s o f t w a r e , i n a d e q u a t e 

d o c u m e n t a t i o n - w h i c h we h a v e , i n p a r t , r e m e d i e d . The h a r d w a r e r e ­

q u i r e d t o do t h i s , w h i l e n e i t h e r d e s i g n e d no r c o n s t r u c t e d by t h e a u t h o r , 

has been l a r g e l y s p e c i f i e d by h im as a p a r t o f t h e t o t a l s ys tem d e s i g n , 

and i s t h e r e f o r e d e s c r i b e d h e r e . 

2 . Computer m o d i f i c a t i o n s 

A v a r i e t y o f h a r d w a r e m o d i f i c a t i o n s t o t h e compu te r were n e c e s s a r y 

t o a c h i e v e t h e o b j e c t i v e s o f t h i s p r o j e c t : 

a ) A s i m p l e c l o c k s o u r c e was r e q u i r e d t o e n a b l e t h e compu te r t o m o n i t o r 

e v e n t s a t f i x e d t i m e i n t e r v a l s , and t o m a i n t a i n t i m e - o f - d a y . T h i s 

c l o c k t i m e i s d e r i v e d f r o m t h e power l i n e as f r e q u e n c y s o u r c e , u s i n g 

a s m a l l t r a n s f o r m e r , a g a t e , and a r i p p l e c o u n t e r ; by i n i t i a l i z i n g 

t h i s c o u n t e r t o and d e t e c t i n g o v e r f l o w a t Sk, one second can be 
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e a s i l y t i m e d . T h i s o n e - h e r t z i n t e r r u p t s o u r c e and a modest amount 

o f s o f t w a r e p r o v i d e s t h e r e q u i r e d c a p a b i l i t i e s . 

b) S p e c i a l h a r d w a r e was r e q u i r e d t o p r e v e n t u n t e s t e d b a c k g r o u n d p r o ­

grams f r o m h a l t i n g compu te r o p e r a t i o n o r a c c i d e n t a l l y d e s t r o y i n g 

t h e m e a s u r i n g c o n t r o l p r o g r a m s . S i m p l e h a r d w a r e was d e v i s e d w h i c h 

c o n s t r a i n s b a c k g r o u n d p rog rams t o a f i x e d 8 1 9 2 - w o r d a r e a o f s t o r a g e 

and p r e v e n t s c o m p u t e r h a l t s ; a t t e m p t s t o v i o l a t e t h e s e c o n s t r a i n t s 

a r e d e t e c t e d and r o u t e d t o r e c o v e r y s o f t w a r e b e f o r e any damage o c c u r s 

c ) No p r o v i s i o n had been made by t h e compu te r d e s i g n e r s f o r c o n v e n i e n t 

i n i t i a l l o a d i n g o f s y s t e m p rog rams i n t o t h e mach ine f o l l o w i n g power -

on o r s y s t e m c o l l a p s e ; t h e o p e r a t o r was r e q u i r e d t o e n t e r a s m a l l 

p rog ram i n t o t h e c o m p u t e r memory d i r e c t l y t h r o u g h t h e c o n s o l e s w i t ­

c h e s . We have d e v e l o p e d a c i r c u i t w h i c h t r a n s f e r s a p rog ram r e c o r d ­

ed on a bank o f t o g g l e s w i t c h e s i n t o t h e compu te r memory and e x e ­

c u t e s i t , u n d e r c o n t r o l o f a s i n g l e b u t t o n on t h e compu te r c o n s o l e . 

T h i s d e s i g n has p e r m i t t e d a s i m p l e , f i x e d o p e r a t i n g p r o c e d u r e t o be 

t a u g h t t o o u r u s e r s , w h i l e c o m p l e t e f l e x i b i l i t y i s r e t a i n e d t o a l t e r 

t h e p r o g r a m r e c o r d e d i n t h e s w i t c h e s , 

d) A s i n g l e p u s h - b u t t o n was added t o t h e compu te r p a n e l t o p e r m i t t h e 

b a c k g r o u n d u s e r t o t e r m i n a t e h i s p r o g r a m a t w i l l w i t h o u t m a n i p u l a t ­

i n g t h e s w i t c h e s o f t h e compu te r c o n s o l e . T h i s t e c h n i q u e , w h i c h 

o p e r a t e s c o m p l e t e l y t h r o u g h s o f t w a r e , e l i m i n a t e s t h e danger o f d e s ­

t r o y i n g t h e m e a s u r i n g p rog rams o r h a l t i n g t h e compu te r by i m p r o p e r 

o p e r a t i o n o f t h e c o n s o l e . 



3. The b a t c h p e r i p h e r a l s 10 

Two p e r i p h e r a l d e v i c e s w e r e added t o t h e DDP-116 t o s e r v i c e b a c k ­

g round u s e r s . The f i r s t , a c o n v e n t i o n a l c a r d r e a d e r , p r o v i d e s p r o g r a m 

and da ta i n p u t ; t h e s e c o n d , a c a r d p u n c h , i s a v a i l a b l e t o b o t h b a c k g r o u n d 

and f o r e g r o u n d u s e r s . 

To a l l o w t h i s j o i n t use o f t h e c a r d punch by two i n d e p e n d e n t u s e r s , 

we have p r o d u c e d an i n t e r f a c e o f r a t h e r unusua l d e s i g n t o o p e r a t e t h e 

c a r d p u n c h . T h i s i n t e r f a c e i s u n i q u e i n i t s c a p a b i l i t y f o r au tonomous 

e r r o r r e c o v e r y - punch e r r o r s p r o d u c e a u d i b l e a l a r m s v i a compu te r i n t e r ­

r u p t ; t h e o p e r a t o r , summoned by t h e a l a r m i s g u i d e d t h r o u g h a sequence 

o f c o r r e c t i v e a c t i o n s u n t i l v a l i d c a r d s have been p u n c h e d . By remov ing 

t h e e r r o r r e c o v e r y f u n c t i o n f r o m t h e compu te r t o t h e punch i n t e r f a c e , 

many s o f t w a r e d i f f i c u l t i e s a r e a v o i d e d ; s i m p l e s o f t w a r e can o v e r l a p d a t a 

p u n c h i n g and punch e r r o r c o r r e c t i o n w i t h d a t a c o l l e c t i o n and b a c k g r o u n d 

c o m p u t i n g , w i t h o u t r i s k o f d a t a l o s s o r o p e r a t o r c o n f u s i o n . 

k. The d a t a a c q u i s i t i o n sys tem 

We have d e v i s e d a s i m p l e , g e n e r a l d a t a a c q u i s i t i o n sys tem w h i c h i s 

l a r g e l y i n d e p e n d e n t o f t h e d e t a i l e d c h a r a c t e r i s t i c s o f o u r f i l m and mea­

s u r i n g p r o c e s s . Two i n t e r r u p t s o u r c e s a r e p r o v i d e d f o r each m e a s u r i n g 

m a c h i n e , a f o o t peda l and a pane l o f p u s h - b u t t o n s ; two d a t a i n p u t s a r e 

a c c e p t e d , an a r r a y o f d e c i m a l thumbwhee ls and a g r o u p o f d a t a l i n e s c o n ­

n e c t e d t o t h e s h a f t p o s i t i o n e n c o d e r s o f t h e m e a s u r i n g m a c h i n e . (These 

may be i n t e r p r e t e d as p e r f e c t l y g e n e r a l s i g n a l s o u r c e s , r e a d i l y a d a p t ­

a b l e t o o t h e r s i t u a t i o n s ; h o w e v e r , i n a l l subsequen t d i s c u s s i o n s we s h a l l 

i n t e r p r e t them as used i n o u r m e a s u r i n g s y s t e m . ) The push b u t t o n s a r e 



used t o e n t e r c o n t r o l commands ( b e g i n f r a m e , e r a s e p o i n t , e t c . ) , s u p p l e ­

mented by t h e thumbwhee ls f o r a s s o c i a t e d n u m e r i c i n p u t s ( f r a m e number , 

measurer i d e n t i f i c a t i o n ) ; t h e f o o t peda l r e q u e s t s t h e r e c o r d i n g o f p o i n t 

c o o r d i n a t e s g e n e r a t e d by s h a f t p o s i t i o n e n c o d e r s o f t h e m e a s u r i n g ma­

c h i n e . Each o f t h e s e i n p u t s has been b u f f e r e d and i n t e r f a c e d t o t h e mea­

s u r i n g m a c h i n e ; each p o r t i o n o f t h e sys tem has been a d j u s t e d f o r i m p r o v ­

ed r e l i a b i l i t y , n o i s e i m m u n i t y , and ease o f o p e r a t i o n as o u r e x p e r i e n c e 

has i n c r e a s e d . 

5 . The o p e r a t o r d i s p l a y 

In a d d i t i o n t o t h e measure r i n p u t d e v i c e s d e s c r i b e d a b o v e , a mea­

s u r e r o u t p u t d e v i c e i s r e q u i r e d t o d i s p j a y c o m p u t e r - g e n e r a t e d e r r o r mes­

s a g e s . A d i s p l a y box was a c c o r d i n g l y c o n s t r u c t e d f o r each m e a s u r i n g ma­

c h i n e , b e a r i n g two d i g i t a l r e a d o u t s ( " N i x i e t u b e s " ) and an a u d i b l e a l a r m . 

A c o m p u t e r - g e n e r a t e d e r r o r message a p p e a r s as a t w o - d i g i t e r r o r code and 

a c o n t i n u o u s a l a r m ; i n a d d i t i o n , t h e a l a r m i s sounded b r i e f l y a f t e r each 

a c c e p t e d measu re r a c t i o n as a c o m p u t e r - g e n e r a t e d a c k n o w l e d g e m e n t . 

T h i s equ ipment " , w h i l e p r o v i d i n g t h e s t i mu 1 u s - a n d - r e s p o n s e f a c i l i t i e s 

r e q u i r e d f o r smooth c o m m u n i c a t i o n between compu te r and m e a s u r e r , p r o v e d 

i n a d e q u a t e i n s e r v i c e ; i t has been r e p l a c e d by a d i s p l a y b e a r i n g f i v e 

d i g i t s o f a d d i t i o n a l , d a t a - d e p e n d e n t s t a t u s i n f o r m a t i o n . T h i s a d d i t i o n ­

a l d a t a , c o n t i n u a l l y r e v i s e d as measurement p r o g r e s s e s , a s s u r e s t h e mea­

s u r e r t h a t h i s a c t i o n s a r e c o r r e c t l y i n t e r p r e t e d ; t h i s has l e d t o i n ­

c r e a s e d c o n f i d e n c e and e f f i c i e n c y . 



I I I . THE SOFTWARE 

1 , Gene ra l i n t r o d u c t i o n 

The n o v e l t y o f t h i s s y s t e m l i e s i n i t s s o f t w a r e . H a r d w a r e , a 

r i g i d medium, s l o w and e x p e n s i v e t o m o d i f y , has been s e l e c t e d f o r s i m ­

p l i c i t y , g e n e r a l i t y , and ease o f c o n s t r u c t i o n ; s o f t w a r e , t h e more f l e x ­

i b l e medium, g i v e s f a r g r e a t e r f r e e d o m f o r e x p e r i m e n t a t i o n t o meet t h e 

d i v e r s e , o f t e n c o n f l i c t i n g , g o a l s d e s c r i b e d i n t h e p r e c e d i n g c h a p t e r s . 

The c o n c e p t o f an o p e r a t i n g s y s t e m - a c o l l e c t i o n o f p rog rams a l ­

l o w i n g a compu te r t o manage i t s own r e s o u r c e s i n a c c o r d a n c e w i t h p r e ­

d e t e r m i n e d g o a l s - p l a y s an e s s e n t i a l r o l e i n modern compute r s y s t e m de 

s i g n . T h i s s o f t w a r e shapes t h e a r c h i t e c t u r e o f t h e mach ine as v i e w e d 

by t h e p rog rammer ; t h e ease o r d i f f i c u l t y o f a p rog ramming t a s k i s as 

much d e t e r m i n e d by t h i s s o f t w a r e as by t h e p h y s i c a l c a p a b i l i t i e s o f t h e 

h a r d w a r e . Ten y e a r s ' e x p e r i e n c e has s u b s t a n t i a l l y e s t a b l i s h e d d e s i r ­

a b l e g o a l s f o r l a r g e - m a c h i n e s y s t e m s ; t h e m a j o r m a n u f a c t u r e r s a r e deep ­

l y c o m m i t t e d t o e v e r - i n c r e a s i n g s o f t w a r e c a p a b i l i t i e s a t t h e expense o f 

e v e r - i n c r e a s i n g s i z e and c o m p l e x i t y o f o p e r a t i n g s y s t e m s . Modern l a r g e 

mach ine o p e r a t i n g sys tems a r e c h a r a c t e r i z e d by e l a b o r a t e schemes f o r 

s h a r i n g t h e r e s o u r c e s o f t h e compu te r s y s t e m ( p r o c e s s o r t i m e , s t o r a g e , 

t a p e d r i v e s , e t c . ) among s e v e r a l c o n c u r r e n t u s e r s ; u t i l i z i n g some p r e ­

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

f o r t h e s e v e r a l u s e r s . T h i s g o a l , w i t h t h e accompany ing n e c e s s i t y t o 
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p r o t e c t each u s e r f r o m damage by t h e o t h e r s w h i l e s t i l l p r o v i d i n g h im 

w i t h v i r t u a l l y a l l t h e c a p a b i l i t i e s i n h e r e n t i n t h e m a c h i n e , has l e d t o 

sys tems o f g r e a t c o m p l e x i t y ; u n f o r t u n a t e l y , t h e s e have t h e m s e l v e s b e ­

come s u b s t a n t i a l consumers o f t h e c o m p u t i n g r e s o u r c e s w h i c h t h e y a l l o ­

c a t e . 

On s m a l l m a c h i n e s , t h e r o l e o f t h e o p e r a t i n g sys tem i s l e s s c l e a r ­

l y e s t a b l i s h e d . The g o a l s o f t h e l a r g e - m a c h i n e sys tems a r e s t i l l sound 

r e s o u r c e s h a r i n g , e r r o r r e c o v e r y , t h e e x e c u t i o n o f d i v e r s e t a s k s w i t h o u t 

human i n t e r v e n t i o n - b u t t h e r e s o u r c e s o f t h e s m a l l m a c h i n e , e s p e c i a l l y 

a v a i l a b l e s t o r a g e , a r e so l i m i t e d t h a t each new o p e r a t i n g sys tem f e a t u r e 

consumes c r i t i c a l l y needed f a c i l i t i e s . M o r e o v e r , s m a l l mach ine i n s t r u c ­

t i o n s e t s a r e so l i m i t e d , and s m a l l mach ine i n p u t / o u t p u t gea r so d i v e r s e 

i n n a t u r e , t h a t l a r g e p rog rams a r e o f t e n r e q u i r e d t o p e r f o r m s i m p l e f u n c 

t i o n s ; t h e s e l a r g e p rog rams a r e l u x u r i e s t h e s m a l l - m a c h i n e u s e r c a n n o t 

a f f o r d . T h i s c o n f l i c t o f h i g h l y d e s i r a b l e g o a l s w i t h h a r s h r e a l i t i e s 

has l e d t o a g r e a t d i v e r s i t y o f sma11-mach ine s y s t e m s , each a t t e m p t i n g 

t o u t i l i z e i t s mach ine t o t h e u t m o s t f o r some p a r t i c u l a r g o a l . Compact­

ness has been a c h i e v e d by c l e v e r c o d i n g , s a c r i f i c e o f g e n e r a l i t y , and 

e l a b o r a t e schemes f o r m u l t i p l e u t i l i z a t i o n o f a s i n g l e s t o r a g e a r e a by 

p rog ram o v e r l a y s . 

2 . M o t i v a t i o n f o r o u r s o f t w a r e 

Our d e s i g n g o a l s r e q u i r e d t h e c o n s t r u c t i o n o f a m u l t i p r o g r a m m i n g 

sys tem - one w h i c h a p p e a r s t o p e r f o r m more t h a n one f u n c t i o n s i m u l t a n e ­

o u s l y ; t h e n a t u r e o f o u r a p p l i c a t i o n p e r m i t t e d a l i m i t e d v e r s i o n o f such 

a s y s t e m , t h e f o r e g r o u n d / b a c k g r o u n d c o n f i g u r a t i o n d e s c r i b e d i n C h a p t e r I 

T h i s s i m p l i f i c a t i o n o f t h e s y s t e m t o o n l y two c o n c u r r e n t u s e r s has had 



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

r e s o u r c e a l l o c a t i o n ( t o t h e f o r e g r o u n d , whenever demanded) and a f i x e d 

o r d e r o f c o n t r o l f l o w . In such a s y s t e m , t h e f o r e g r o u n d , a r o u s e d by an 

e x t e r n a l s i g n a l , s h o u l d p r o c e s s d a t a so l o n g as i s r e q u i r e d , t h e n r e ­

l i n q u i s h c o n t r o l t o t h e b a c k g r o u n d , w h i c h a b s o r b s a l l a v a i l a b l e t i m e 

u n t i l f o r e g r o u n d p r o c e s s i n g i s a g a i n r e q u i r e d . I d e a l l y , a l l f o r e g r o u n d 

i n p u t / o u t p u t o p e r a t i o n s s h o u l d be o v e r l a p p e d i n t i m e w i t h b a c k g r o u n d 

p r o c e s s i n g ; b a c k g r o u n d i n p u t / o u t p u t can r e q u i r e c o n t i n u a l a t t e n t i o n , 

s i n c e t h e b a c k g r o u n d has no l o w e r - p r i o r i t y u s e r t o a b s o r b i t s u n p r o d u c ­

t i v e wa i t t i me. 

T h i s a r r a n g e m e n t demands s o f t w a r e and ha rdware c a p a b l e o f r e s p o n d ­

i n g t o e x t e r n a l s i g n a l s , o f s w i t c h i n g c o n t r o l r a p i d l y be tween two d i f ­

f e r e n t f u n c t i o n a l t a s k s , and o f r e s o l v i n g c o n f l i c t s be tween t h e t a s k s 

f o r t h e c o m p u t e r ' s r e s o u r c e s . The ha rdware n e c e s s a r y t o a c h i e v e t h e s e 

g o a l s i n o u r e n v i r o n m e n t has been d e s c r i b e d above - memory p r o t e c t i o n 

( t o p r e v e n t t h e b a c k g r o u n d u s e r f r o m i n a d v e r t a n t l y d e s t r o y i n g t h e f o r e ­

g r o u n d u s e r ) , e x t e r n a l i n t e r r u p t s o u r c e s f r o m t h e m e a s u r i n g a p p a r a t u s 

( t o demand s e r v i c e when r e q u i r e d ) , and an e l a b o r a t e c a r d punch i n t e r f a c e 

( t o o v e r l a p f o r e g r o u n d p u n c h i n g w i t h b a c k g r o u n d c o m p u t a t i o n , t o p e r m i t 

sha red use o f t h e punch by b o t h f o r e g r o u n d and b a c k g r o u n d , and t o p r o ­

v i d e e r r o r r e c o v e r y w i t h minimum s o f t w a r e i n t e r v e n t i o n ) . The s o f t w a r e 

w i l l be d e s c r i b e d i n t e rms o f i n d e p e n d e n t l o g i c a l u n i t s , each p e r f o r m ­

i n g a s p e c i f i c g r o u p o f f u n c t i o n s ; t h e n a t u r e o f each u n i t w i l l be d i s ­

c u s s e d , as w e l l as i t s r o l e i n t h e o v e r a l l s y s t e m . 



. D e t a i l s o f o u r s o f t w a r e 

) The m o n i t o r . T h i s s m a l l p i e c e o f pe rmanen t 1 y - r e s i d e n t code p r o v i d e s 

a v a r i e t y o f e s s e n t i a l s e r v i c e s t o b o t h f o r e g r o u n d and b a c k g r o u n d 

u s e r s . A l l i n t e r r u p t s f r o m e x t e r n a l d e v i c e s a r e d i r e c t e d t o t h e 

m o n i t o r ; some a r e c o m p l e t e l y p r o c e s s e d by m o n i t o r c o d e , w h i l e o t h e r s 

must be d i r e c t e d e l s e w h e r e . A v a r i e t y o f b a c k g r o u n d s e r v i c e s a.re 

p r o v i d e d v i a a s m a l l " m o n i t o r c a l l " s u b r o u t i n e , w h i c h p r e s e n t s a 

coded r e q u e s t f r o m t h e b a c k g r o u n d p r o g r a m t o t h e m o n i t o r ; i n t h i s 

manner , t h e u s e r p r o g r a m , w h i c h c a n n o t d i r e c t l y a c c e s s t h e m o n i t o r 

p rog ram due t o t h e memory p r o t e c t i o n , may o b t a i n a number o f u s e f u l 

s e r v i c e s , r a n g i n g f r o m f e t c h i n g a p r o g r a m f r o m t h e sys tem t a p e t o 

o b t a i n i n g t h e d a t e and t i m e - o f - d a y . I n a d d i t i o n , f a c i l i t i e s a r e p r o 

v i d e d t o a l l o w a f o r e g r o u n d p r o g r a m t o be e n t e r e d and t o assume e x ­

e c u t i v e c o n t r o l o f p r o c e s s o r o p e r a t i o n s ; t h e s o f t w a r e r e q u i r e d t o 

sha re t h e c o m p u t e r be tween two u s e r s i s l oaded w i t h t h e f o r e g r o u n d , 

and i s t h u s p r e s e n t i n t h e mach ine o n l y when r e q u i r e d , s u b s t a n t i a l ­

l y r e d u c i n g t h e s i z e o f t h e r e s i d e n t m o n i t o r . 

A v a r i e t y o f i n t e r r u p t s i s g e n e r a t e d by v a r i o u s components o f t h e 

sys tem - memory p r o t e c t i o n , t h e c l o c k , t h e c a r d p u n c h , e t c . ; each 

i s i n i t i a l l y p r o c e s s e d by t h e m o n i t o r . On e n t r y f r o m t h e ( s i n g l e ) 

i n t e r r u p t l i n k a g e p r o v i d e d by t h e h a r d w a r e , t h e memory p r o t e c t i o n is 

d i s a b l e d and t h e mach ine s t a t u s i s saved t o p e r m i t r e s t o r a t i o n o f 

t h e i n t e r r u p t e d p r o c e s s w i t h o u t damage; t h e i n t e r r u p t i s t h e n a n a l ­

yzed and r o u t e d t o an a p p r o p r i a t e s e r v i c e p r o g r a m ; upon r e t u r n f r o m 

t h i s p r o g r a m , t h e mach ine s t a t u s i s r e s t o r e d and t h e u s e r p r o g r a m 



resumed . Memory p r o t e c t i o n v i o l a t i o n s , h a l t s , and manual i n t e r r u p ­

t i o n s f r o m t h e " c a n c e l " b u t t o n r e s u l t i n t h e t e r m i n a t i o n o f t h e b a c k ­

g r o u n d j o b ; t h e s c h e d u l e r i s l oaded t o p r i n t an a p p r o p r i a t e message 

and r e a d t h e n e x t j o b . Punch i n t e r r u p t s a r e used t o m a i n t a i n an i n ­

t e r n a l r e c o r d o f t h e p r e s e n t " o w n e r s h i p " o f t h e c a r d p u n c h , r e q u i r e d 

f o r t h e a s s i g n m e n t o f t h e punch be tween f o r e g r o u n d and b a c k g r o u n d , 

and t o d e t e c t any punch e r r o r s ; i f a f o r e g r o u n d i s p r e s e n t , punch 

i n t e r r u p t s a r e p r e s e n t e d t o i t so t h a t i t may punch c a r d s f r o m i t s 

o u t p u t q u e u e , and so i t may c a l l t h e m e a s u r e r s ' a t t e n t i o n t o any need 

f o r manual e r r o r c o r r e c t i o n a t t h e p u n c h . C l o c k i n t e r r u p t s a r e p r o ­

cessed t o m a i n t a i n t i m e - o f - d a y . In a d d i t i o n , a s p e c i a l c l o c k e x i t 

n o t e s b a c k g r o u n d a c t i v i t y a n d , a f t e r a f i x e d i d l e p e r i o d ( p r e s e n t l y 

30 s e c o n d s ) s c h e d u l e s t h e r u n n i n g o f ha rdwa re d i a g n o s t i c p rog rams 

i n t h e b a c k g r o u n d as t h e most p r o f i t a b l e use o f i d l e t i m e ; on each 

s u b s e q u e n t c l o c k i n t e r r u p t , t h e c a r d r e a d e r i s checked f o r t h e a v a i l ­

a b i l i t y o f j o b i n p u t , a n d , i f any w o r k i s p r e s e n t , t h e d i a g n o s t i c i s 

t e r m i n a t e d . A l l o t h e r i n t e r r u p t s a r e passed t o t h e f o r e g r o u n d , i f 

p r e s e n t , o r a r e p r o c e s s e d as ha rdwa re f a i l u r e s . 

A v a r i e t y o f s e r v i c e s a r e p r o v i d e d t o t h e b a c k g r o u n d p rog rams by 

t h e m o n i t o r . The u s e r may, by p r e s e n t i n g a coded r e q u e s t , o b t a i n 

t h e l o a d i n g o f a p r o g r a m f r o m t h e s y s t e m t a p e ( t h e F o r t r a n c o m p i l e r , 

t h e a s s e m b l e r , e t c . ) , r ead and w r i t e a common p a r a m e t e r t a b l e s h a r e d 

by v a r i o u s s y s t e m p r o g r a m s , t e r m i n a t e h i s j o b , r e q u e s t t h e a s s i g n m e n t 

o f t h e c a r d p u n c h , e t c . ; a s p e c i a l f a c i l i t y i s p r o v i d e d he re f o r 

l i n k i n g a f o r e g r o u n d t o t h e m o n i t o r , a l l o w i n g t h e f o r e g r o u n d t o be 



b r o u g h t i n t o t h e sys tem as a b a c k g r o u n d j o b ( f r o m c a r d s , f o r e x a m p l e ) , 

g r e a t l y s i m p l i f y i n g t h e p r e p a r a t i o n and t e s t i n g o f f o r e g r o u n d p r o g r a m s . 

S p e c i a l code i s p r o v i d e d t o i n i t i a l i z e t h e m o n i t o r ; i f i s n o t p e r ­

m a n e n t l y r e s i d e n t , and i s so p l a c e d i n memory t h a t i t can be d e s t r o y ­

ed by any j o b n e e d i n g i t s s t o r a g e . T h i s code i s l oaded f r o m t h e s y s ­

tem tape v i a t h e l o a d c i r c u i t r y d e s c r i b e d i n t h e ha rdware c h a p t e r ; i t 

i n t u r n r e a d s t h e m o n i t o r i n t o memory and o b t a i n s f r o m t h e o p e r a t o r , 

v i a d i a l o g u e o v e r t h e c o n s o l e t y p e w r i t e r , t h e d a t a and c u r r e n t t i m e -

o f - d a y ; t h e s e f o r m t h e b a s i s f o r a l l i n t e r n a l t i m e k e e p i n g . The i n i ­

t i a l i z a t i o n code t h e n s i g n a l s e n d - o f - j o b , a l l o w i n g t h e m o n i t o r t o o b ­

t a i n t h e - " n e x t " ( i . e . , f i r s t ) j o b f r o m t h e c a r d r e a d e r , 

b) The s c h e d u l e r . T h i s t r a n s i e n t p rog ram i s b r o u g h t i n t o memory by t h e 

m o n i t o r - w h e n e v e r c o n t r o l c a r d s a r e t o be r e a d . I t reads t h e s e c a r d s , 

p r e p a r e s t a b u l a r d a t a e x t r a c t e d f r o m t h e m , and r e q u e s t s ( v i a m o n i t o r 

c a l l ) t h e l o a d i n g o f r e q u e s t e d p r o g r a m s ; i t p r e p a r e s a t y p e d r e c o r d 

o f e s s e n t i a l c o n t r o l c a r d s ( i n c l u d i n g p r o c e s s i n g t i m e s ) , and p r o v i d e s 

e r r o r c h e c k i n g and r e c o v e r y . 

Upon a r r i v a l , t h e s c h e d u l e r d e t e r m i n e s f r o m t h e p a r a m e t e r l i s t 

passed by t h e m o n i t o r , w h e t h e r a j o b has f a i l e d ; i f s o , an a p p r o p r i a t e 

d i a g n o s t i c message i s p r e p a r e d and t y p e d ( f o r e x a m p l e , 

PROTECT VIOLATION AT OCTAL XXXXX, 

where XXXXX c o n t a i n s t h e a d d r e s s o f t h e o f f e n d i n g i n s t r u c t i o n ) . I f a 

j o b i s t e r m i n a t i n g , a l i n e o f s t a t i s t i c s i s t y p e d g i v i n g t h e run t i m e 

o f t h e j o b . In a l l i n s t a n c e s , t h e n e x t a c c e p t a b l e c o n t r o l c a r d i s 

f o u n d and p r o c e s s e d . P a r a m e t e r s a r e e x t r a c t e d f r o m t h e c a r d s and t a b ­

u l a t e d f o r f u r t h e r p r o c e s s i n g ; p r o g r a m c a l l c a r d s , such as F o r t r a n , 



18 
r e s u l t i n a m o n i t o r c a l l f o r p r o g r a m l o a d i n g , w h i l e o t h e r s (comment 
c a r d s , pause r e q u e s t s , v a r i o u s p a r a m e t e r c a r d s , e t c . ) a r e p r o c e s s e d 
s o l e l y by t h i s p r o g r a m . P r o c e s s i n g c o n t i n u e s u n t i l a p r o g r a m i s r e ­
q u e s t e d o r t h e i n p u t deck i s d e p l e t e d . The m o n i t o r may, d e p e n d i n g u p ­
on t h e s t a t u s o f v a r i o u s i n t e r n a l p a r a m e t e r s , f e t c h t h e s c h e d u l e r back 
i n t o memory a f t e r a p r o c e s s i n g p r o g r a m t e r m i n a t e s ( e . g . , a f t e r a F o r ­
t r a n c o m p i l a t i o n ) ; i f no f u r t h e r c o n t r o l c a r d s a r e r e q u i r e d , h o w e v e r , 
t h e m o n i t o r w i l l sequence t h r o u g h s u c c e s s i v e s t e p s w i t h o u t r e l o a d i n g 
t h e s c h e d u l e r ; f o r e x a m p l e , t h e sequence 

$J0B * * * EXAMPLE * * * 
$F0RTRAN GO 

. (FORTRAN SOURCE) 

/ * (END OF F ILE ) 

\ (USER DATA) 

/ * (END OF F ILE) 

c o m p i l e s , l o a d s , and e x e c u t e s a F o r t r a n p r o g r a m w i t h o u t f u r t h e r s c h e d ­

u l e r l o a d s a f t e r t h e $F0RTRAN c a r d i s r e a d . 

Thus u n i f o r m i t y o f i n p u t p r o c e s s i n g s i m p l i f i e s a v a r i e t y o f p r o g r a m ­

ming f u n c t i o n s . Any sys tem p r o g r a m i s a v a i l a b l e by d i r e c t c a l l f r o m 

t h e s y s t e m t a p e ; any sys tem o r u s e r p r o g r a m may t e m p o r a r i l y a l t e r e d 

v i a s t a n d a r d c o n t r o l c a r d s ( f o r t h i s run o n l y ) . Thus even such spe ­

c i a l i z e d p rog rams as o u r d a t a c o l l e c t i o n f o r e g r o u n d may be l oaded and 

a l t e r e d i n a l o g i c a l manner : 



From c a r d s • ] g 
$J0B 
$ABS GO 

• 
( a b s o l u t e b i n a r y deck ) 

/* 
$PATCH 2 0 1 3 ^ , 0 0 0 0 0 0 
$JUMP 20000 

w i l l l o a d t h e deck and a l t e r a s i n g l e l o c a t i o n i n memory a f t e r l o a d ­

i n g . From t a p e , t h e f o l l o w i n g p e r f o r m s t h e same f u n c t i o n : 

$J0B 
$EXECUTE FGND 
$PATCH 2013^ ,000000 
$JUMP 20000 

By e l i m i n a t i o n o f any r e a l d i s t i n c t i o n be tween p r o c e s s i n g p rograms and 

u s e r p r o g r a m s , s i m p l i c i t y o f o p e r a t i o n i s a c h i e v e d , and t h e f u l l p r o ­

t e c t i o n and d e b u g g i n g f a c i l i t i e s o f t h e sys tem a r e a v a i l a b l e t o b o t h , 

c ) The f o r e g r o u n d . T h i s l a r g e , t r a n s i e n t p rog ram imp lemen ts o u r d a t a 

c o l l e c t i o n s y s t e m ; i t i s r e s i d e n t ( o c c u p y i n g o n e - t h i r d o f t h e mach ine ) 

whenever we a r e o p e r a t i n g m e a s u r i n g mach ines o n - l i n e . For ease o f d e ­

v e l o p m e n t and m a i n t e n a n c e , i t has been d i v i d e d i n t o two p o r t i o n s ; one 

p o r t i o n i s l a r g e l y i n d e p e n d e n t o f o u r d a t a , p r o v i d i n g common s e r v i c e s 

such as t y p i n g and c a r d p u n c h i n g , w h i l e t h e o t h e r Is h e a v i l y d a t a -

d e p e n d e n t , v e r i f y i n g t h e sequence and success o f manual o p e r a t i o n s . 

The f o r e g r o u n d Is i n i t i a t e d as a b a c k g r o u n d j o b ; by a m o n i t o r r e ­

q u e s t , i t l i n k s i t s e l f t o c e r t a i n I n t e r r u p t - p r o c e s s I n g e x i t s i n t h e 

m o n i t o r , a c t i v a t e s t h e memory p r o t e c t s y s t e m , a n d , t h e n t e r m i n a t e s as 

a b a c k g r o u n d j o b ; t h i s p e r m i t s t h e s c h e d u l i n g o f f u r t h e r b a c k g r o u n d 

j o b s , w h i l e t h e memory p r o t e c t i o n and d i r e c t m o n i t o r l i n k a g e s e c u r e 
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t h e f o r e g r o u n d f r o m p h y s i c a l damage and p r o v i d e i n t e r r u p t i n p u t . 

F o r e g r o u n d i n t e r r u p t s a r e passed t o a c l o s e d s u b r o u t i n e i n t h e f o r e ­

g r o u n d by t h e r e s i d e n t m o n i t o r ; n o n - m e a s u r i n g i n t e r r u p t s a r e p r o c e s s e d 

e n t i r e l y t h e r e - t e l e t y p e i n t e r r u p t s cause t h e t y p i n g o f t h e n e x t c h a ­

r a c t e r on t h e l o g g i n g t e l e t y p e , c a r d punch " g o o d c a r d " i n t e r r u p t s 

cause t h e p u n c h i n g o f t h e n e x t c a r d on t h e o u t p u t q u e u e , c a r d punch 

" b a d c a r d " i n t e r r u p t s cause t h e s o u n d i n g o f a l a r m s t o o b t a i n manual 

i n t e r v e n t i o n . M e a s u r i n g i n p u t i n t e r r u p t s ( d a t a i n p u t s v i a f o o t p e d a l , 

command i n p u t s v i a p u s h b u t t o n s ) r e q u i r e more e x t e n s i v e p r o c e s s i n g ; f o r 

t h i s , a s p e c i a l f o r e g r o u n d j o b i s s t a r t e d . T h i s j o b s w i t c h i s 

a c h i e v e d by a s i m p l e c o r e move; t h e m o n i t o r ' s i n t e r r u p t save a r e a i s 

c o p i e d i n t o t h e f o r e g r o u n d and new c o n t e n t s a r e p r o v i d e d . When t h e 

m o n i t o r resumes t h e i n t e r r u p t e d p r o g r a m a f t e r t h e f o r e g r o u n d i n t e r ­

r u p t s u b r o u t i n e t e r m i n a t e s , i t w i l l u n w i t t i n g l y p e r f o r m a j o b s w i t c h . 

The v a r i o u s p o s s i b l e f o r e g r o u n d f u n c t i o n s a r e r e p r e s e n t e d by p o s i t i o n s 

i n a t a b l e , t h e " c o m m u t a t o r " ; when t h e f o r e g r o u n d j o b i s s t a r t e d , t h i s 

t a b l e i s s e a r c h e d u n t i l an a c t i v e e n t r y i s f o u n d and p r o c e s s e d . Each 

t i m e a f u n c t i o n i s c o m p l e t e d , t h e t a b l e i s s e a r c h e d a g a i n f o r f u r t h e r 

w o r k ; when no f u r t h e r w o r k i s f o u n d , t h e b a c k g r o u n d ' s r e g i s t e r s a r e 

a g a i n p l a c e d i n t h e m o n i t o r ' s save a r e a and an i n t e r r u p t e x i t i s t a k e n 

and t h e m o n i t o r u n w i t t i n g l y s w i t c h e s back t o t h e b a c k g r o u n d j o b a t t h e 

p o i n t o f i n t e r r u p t i o n . 

[ T e c h n i c a l n o t e : By t h i s means, f o r e g r o u n d i n t e r r u p t s a r e p r o c e s s e d 

v e r y q u i c k l y , i n t h a t t h e y m e r e l y r e - d i s p a t c h t h e c o m p u t e r . F o r e g r o u n d 

m a i n - l i n e c o d e , r u n n i n g e n a b l e d f o r f u r t h e r i n t e r r u p t s , a c t u a l l y p r o ­

c e s s e s f o r e g r o u n d d a t a ; t h i s code may w a i t f o r r e s o u r c e s i f n e c e s s a r y . 
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m e r e l y s u s p e n d i n g t h e b a c k g r o u n d w i t h o u t d i s a b l i n g t h e i n t e r r u p t s f r o m 
c a r d punch o r t e l e t y p e , w h i c h w i l l f r e e s t o r a g e by p e r f o r m i n g o u t p u t . 
S a f e g u a r d s a r e p r o v i d e d t o p r e v e n t t h e a c c e p t a n c e o f a second i n t e r ­
r u p t f r o m any g i v e n s o u r c e b e f o r e t h e f i r s t f r o m t h a t s o u r c e has been 
p r o c e s s e d . ] 

S t o r a g e management has p r o v e d t o be a most c r i t i c a l a s p e c t o f o u r 

f o r e g r o u n d d e s i g n . Of t h e ^ 0 9 6 words a l l o c a t e d t o t h e r e s i d e n t m o n i ­

t o r and t h e f o r e g r o u n d , a p p r o x i m a t e l y 1^00 a r e a v a i l a b l e f o r d a t a b u f ­

f e r s ; i n t h i s a r e a , i n p u t d a t a queues a r e m a i n t a i n e d f o r two m e a s u r i n g 

mach ines and o u t p u t queues f o r t h e c a r d punch and l o g g i n g t y p e w r i t e r . 

Maximum e f f i c i e n c y has been o b t a i n e d by s u b d i v i s i o n o f t h i s a r e a i n t o 

a c o l l e c t i o n o f c h a i n e d b u f f e r s ( i . e . , d a t a b l o c k s o f f i x e d s i z e , each 

c o n t a i n i n g a p o i n t e r t o t h e n e x t b l o c k o f i t s q u e u e ) , w h i c h a r e used 

i n common by a l l q u e u e s ; w i t h t h i s d e s i g n , t h e s y s t e m may a l l o c a t e 

s t o r a g e t o a r e a s o f h i g h demand a t t h e expense o f f u n c t i o n s n o t p r e s ­

e n t l y r e q u i r i n g s t o r a g e . Common s u b r o u t i n e s have been w r i t t e n t o a l ­

low t h e p r o c e s s i n g s e c t i o n s o f t h e f o r e g r o u n d t o c o n v e n i e n t l y o b t a i n 

and r e l e a s e t h e s e b u f f e r s f r o m t h e common p o o l , t o m a i n t a i n t h e i r p r i ­

v a t e b u f f e r q u e u e s , and t o w a i t u n t i l o u t p u t o p e r a t i o n s f r e e a d d i t i o n ­

a l s t o r a g e i n p e r i o d s o f b u f f e r s h o r t a g e ; t h u s a b u f f e r c r i s i s l e a d s 

t o a u n i f o r m and r e c o v e r a b l e p e r f o r m a n c e d e g r a d a t i o n , r a t h e r t h a n t o t ­

a l c o l l a p s e . 

A number o f d e v i c e - d e p e n d e n t ( b u t n o t d a t a - d e p e n d e n t ) s u b r o u t i n e s 

a r e p r o v i d e d t o o p e r a t e ou r r e a l - t i m e d e v i c e s . A c a r d punch r o u t i n e 

queues o u t p u t f o r p u n c h i n g , a n d , d r i v e n by punch i n t e r r u p t s , a c t i v a t e s 
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b r i e f l y a t t h e c o m p l e t i o n o f each c a r d t o sound a l a r m s i n case o f f a i l ­
u r e o r t o p r e p a r e t h e n e x t c a r d f o r p u n c h i n g . A l o g g i n g c o n s o l e d r i v e r 
r e c e i v e s messages t o be t y p e d , appends d a t e and t i m e - o f - d a y t o e a c h , 
and queues them t o be t y p e d when t h e t y p e w r i t e r becomes a v a i l a b l e ; i n 
a d d i t i o n , i t p e r m i t s t h e e n t r y o f a few c o n t r o l commands on t h e t y p e ­
w r i t e r k e y b o a r d . S p e c i a l p rog rams read o u r m e a s u r i n g mach ines and c o n ­
v e r t t h e i r i n v o l v e d code t o b i n a r y , w h i l e o t h e r s read and decode o u r 
p u s h - b u t t o n p a n e l f o r measu re r i n p u t o f commands; each o f t h e s e p r o ­
grams c o n t a i n s e x t e n s i v e e r r o r checks and p r o v i d e s i n f o r m a t i o n ( v i a t h e 
t y p e w r i t e r c o n s o l e l o g ) on any ha rdwa re f a i l u r e s d e t e c t e d , t h e r e b y a i d ­
i n g m a i n t e n a n c e o f i n t e r m i t t e n t f a i l u r e s . A d d i t i o n a l p rog rams o p e r a t e 
o u r e r r o r d i s p l a y and m e a s u r i n g mach ine l amps ; v a r i o u s m i s c e l l a n e o u s 
p rog rams ( d a t e and t i m e - o f - d a y c o n v e r s i o n , b i n a r y t o d e c i m a l c o n v e r s i o n 
d o u b l e - p r e c i s i o n i n t e g e r a r i t h m e t i c , e t c . ) , p r o v i d i n g s e r v i c e s t o t h e 
e n t i r e f o r e g r o u n d c o d e , c o n s t i t u t e t h e r e m a i n d e r o f t h e d a t a - i n d e p e n d ­
e n t f o r e g r o u n d c o d e . 

The r e m a i n i n g f o r e g r o u n d code p r o c e s s e s d a t a i n p u t by o u r m e a s u r e r s . 

To do t h i s i t c o n t a i n s d e t a i l e d know ledge o f f i l m f o r m a t and m e a s u r i n g 

s e q u e n c e ; t h i s i s t h e o n l y f o r e g r o u n d code e x p l i c i t l y dependen t on 

t h e s e d e t a i l s . For t h e p u r p o s e s o f t h i s c o d e , each m e a s u r i n g mach ine 

s t a t u s i s c o m p l e t e l y d e s c r i b e d by a s i n g l e da ta b l o c k . In i t a r e r e ­

c o r d e d v a r i o u s i n t e r n a l p o i n t e r s ( i n p u t b u f f e r q u e u e , s t o r a g e a r e a f o r 

n e x t d a t a p o i n t , e t c . ) p l u s a c o m p l e t e s t a t u s d e s c r i p t i o n o f t h e measur 

i n g o p e r a t i o n c u r r e n t l y i n p r o g r e s s . The m e a s u r i n g mach ine i s c o n s i d e r 

e d ' t o be o p e r a t i n g i n one o f f o u r modes - i n a c t i v e (be tween f rames o f 



23 
f i l m ) , m e a s u r i n g " p r i n c i p a l f i d u c i a l s " ( i . e . , r e g i s t r a t i o n m a r k s , o f 
w h i c h t h e r e a r e a f i x e d number i n a f i l m f r a m e ) , m e a s u r i n g o p t i o n a l 
c a l i b r a t i o n f i d u c i a l s , o r m e a s u r i n g p a r t i c l e t r a c k s ; measure r i n p u t i s 
i n t e r p r e t e d i n t h e c o n t e x t o f t h e c u r r e n t mode. The f o r e g r o u n d p r o ­
g r a m , i n i t i a t e d a f t e r an i n t e r r u p t , o b t a i n s t h e s t a t u s b l o c k f o r t h e 
i n t e r r u p t i n g m a c h i n e ; t h e i n p u t i s checked f o r c e r t a i n p o s s i b l e h a r d ­
ware f a i l u r e s , t h e n f o r l o g i c a l c o n s i s t e n c y ( e . g . , p o i n t e r a s u r e r e ­
q u i r e s r e c o r d e d p o i n t s ) . I f t h e d a t a i s a c c e p t e d l o g i c a l l y , i t i s r e ­
c o r d e d i n t h e s t a t u s b l o c k o r t h e m e a s u r i n g i n p u t queue and t h e mea­
s u r e r i s n o t i f i e d o f a c c e p t a n c e . I f t h e d a t a i s n o t a c c e p t e d , t h e mea­
s u r e r r e c e i v e s a coded e r r o r message on h i s d i s p l a y box and t h e i n p u t 
i s n o t r e c o r d e d . In e i t h e r case t h e s t a t u s d i s p l a y i s u p d a t e d t o r e ­
f l e c t t h e r e v i s e d s t a t e o f t h e m e a s u r i n g o p e r a t i o n on t h i s m a c h i n e . 
When t h e measu re r has r e c o r d e d one c o m p l e t e " v i e w " ( o n e - h a l f o f a f i l m 
f r a m e ) , h i s a c c u m u l a t e d d a t a i s t r a n s f o r m e d i n t o c a r d images and que­
ued f o r p u n c h i n g ; a t t he end o f a f r a m e , l o g g i n g r e c o r d s a r e p r i n t e d 
and p u n c h e d , 

d ) D a t a c h e c k i n g and v a l i d a t i o n . To a c h i e v e t h e d e s i r e d r e l i a b i l i t y and 

d a t a a c c u r a c y o f t h i s m e a s u r i n g s y s t e m , more e x t e n s i v e d a t a c h e c k i n g 

i s r e q u i r e d t h a n i s p e r f o r m e d by t h e f o r e g r o u n d p r o g r a m s ; t h i s need 

i s f i l l e d by o u r b a c k g r o u n d c h e c k i n g s y s t e m , w h i c h checks one ba t ch o f 

d a t a as t h e n e x t i s b e i n g r e c o r d e d . The n e c e s s a r y p rograms were w r i t ­

t e n i n F o r t r a n by two members o f o u r r e s e a r c h g roup ( D r . A l a n S t e v e n s 

and Mr. Mark H o p k i n s ) , u t i l i z i n g p rog ramming f a c i l i t i e s p r e p a r e d by 

t he a u t h o r ; t h e s e p rograms p r o v i d e i m m e d i a t e , d e t a i l e d v a l i d a t i o n o f 

t h e d a t a punched by t h e f o r e g r o u n d , n o t i n g m i s - i d e n t i f i c a t i o n o f r e f e r ­

ence p o i n t s ( f i d u c i a l s ) , i n a c c u r a t e measurements ( e x c e s s i v e d e v i a t i o n s ) 
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and o t h e r e r r o r s t o o i n t r i c a t e t o be r e a d i l y d e t e c t e d by o u r f o r e g r o u n d 

w i t h i n i t s memory and t i m e c o n s t r a i n t s . R e g u l a r l y s c h e d u l e d c h e c k i n g 

r u n s made t h r o u g h o u t t h e w o r k i n g day p r o v i d e r o u t i n e e r r o r d e t e c t i o n 

and a l l o w s c h e d u l i n g o f c o r r e c t i o n ; a d d i t i o n a l r u n s , made whenever d e ­

s i r e d , a l l o w r a p i d l o c a t i o n o f ha rdwa re f a u l t s , s i m p l i f y t r a i n i n g o f 

new m e a s u r e r s , and a l l o w r a p i d i n v e s t i g a t i o n o f any " s u s p i c i o u s " c i r ­

cums tances r e p o r t e d by any m e a s u r e r o r t e c h n i c i a n . 

) Backg round s o f t w a r e s u p p o r t . In a d d i t i o n t o t h e o p e r a t i n g and measur ­

i n g sys tem d e s c r i b e d a b o v e , much s e r v i c e s o f t w a r e has been o b t a i n e d o r 

w r i t t e n . The m a n u f a c t u r e r ' s F o r t r a n c o m p i l e r . Dap a s s e m b l e r , F o r t r a n 

l i b r a r y , and l o a d e r were e x t e n s i v e l y m o d i f i e d t o f i t o u t o p e r a t i n g e n ­

v i r o n m e n t and n e e d s ; h i s i n p u t / o u t p u t p rograms were a l t e r e d , and o t h e r s 

we re d e v e l o p e d t o s u p p o r t o u r l o c a l l y - c o n s t r u c t e d d e v i c e s . U t i l i t y 

p rograms were w r i t t e n t o b u i l d and m o d i f y sys tem t a p e s , t o h a n d l e a 

v a r i e t y o f c o n v e n i e n t mach ine language f o r m a t s on t a p e and c a r d s , and 

t o p e r f o r m v a r i o u s c o n v e r s i o n and copy o p e r a t i o n s be tween d e v i c e s ; s c i ­

e n t i f i c r o u t i n e s were o b t a i n e d ( e . g . , t h e IBM S c i e n t i f i c S u b r o u t i n e 

Package) o r d e v e l o p e d ; h a r d w a r e d i a g n o s t i c p rog rams were p r e p a r e d f o r 

o u r l o c a l l y - c o n s t r u c t e d d e v i c e s . The p r o g r a m s , t o g e t h e r w i t h t h e 

s p e c i a l p rog rams d e s c r i b e d i n d e t a i l a b o v e , c o m p r i s e o u r s o f t w a r e s y s ­

t e m . 



IV . SUMMARY AND RESULTS 

The m e a s u r i n g sys tem has been i n o p e r a t i o n f o r a b o u t s i x m o n t h s . 

D u r i n g t h i s t i m e i t has been s u b s t a n t i a l l y r e v i s e d , i n b o t h h a r d w a r e and 

s o f t w a r e , i n t h e l i g h t o f o u r o p e r a t i n g e x p e r i e n c e ; m o r e o v e r , we have 

l e a r n e d much a b o u t human b e h a v i o r i n a c o m p u t e r - r e g u l a t e d s y s t e m . Des­

p i t e t h e many p r o b l e m s w h i c h have p l a g u e d o u r sys tem d u r i n g i t s d e v e l o p ­

m e n t , we a r e now r e a l i z i n g s u b s t a n t i a l s a v i n g s i n o p e r a t i n g c o s t and com­

p l e x i t y ; we a r e b e g i n n i n g t o show improvements i n e q u i p m e n t m a i n t e n a n c e 

and c l e r i c a l s u p p o r t as w e l l . Each o f t h e s e a s p e c t s o f o u r r e s u l t s w i l l 

be d e t a i l e d b e l o w : 

1 . O p e r a t i o n a l r e s u l t s 

Our e l e c t r o m e c h a n i c a l m e a s u r i n g s y s t e m , w h i c h t h i s s y s t e m r e p l a c e s , 

has a v e r a g e d f o u r f r ames o f f i l m measured p e r hou r o f o p e r a t i o n p e r mea­

s u r i n g m a c h i n e . These f r ames r e c e i v e o n l y t h e most p r i m i t i v e checks d u r ­

i n g t h e i r measuremen t ; d e t a i l e d checks a r e made by a s e r i e s o f compu te r 

p rograms on v a r i o u s m a c h i n e s , w i t h a t i m e d e l a y o f a p p r o x i m a t e l y t e n days 

b e f o r e a g i v e n f rame has been f u l l y v a l i d a t e d by a l l p r o g r a m s . T h u s , t h e 

r e s p o n s e t i m e t o human e r r o r i s v e r y l o n g , t o o l o n g t o be u s e f u l i n t r a i n ­

i n g o f new o p e r a t o r s . The response t i m e t o m e a s u r i n g mach ine f a i l u r e i s 

i n t o l e r a b l y l o n g , p e r m i t t i n g t h e l o s s o f many d a y s ' w o r k t o m e a c h a n i c a l 

f a i l u r e s . 

Our c o m p u t e r - b a s e d s y s t e m i s now a v e r a g i n g s i x t o e i g h t f r ames o f 

f i l m measured pe r hou r pe r m e a s u r i n g m a c h i n e , a 50-100% i n c r e a s e i n o u t p u t 
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The d a t a i s v a l i d a t e d e x t e n s i v e l y d u r i n g measuremen t , and i s r o u t i n e l y 
checked s e v e r a l t i m e s a day by o u r b a c k g r o u n d c h e c k i n g p r o g r a m ; any d u ­
b i o u s measurement o r s u s p i c i o u s c i r c u m s t a n c e may be i n d i v i d u a l l y checked 
i n a m a t t e r o f m i n u t e s . F u l l v a l i d a t i o n i s a c h i e v e d w i t h i n h o u r s r o u t i n e ­
l y , and m i n u t e s i f d e s i r e d . In t h i s w a y , t h e vo lume o f d a t a w i t h i n t h e 
" c h e c k i n g c y c l e " a t any i n s t a n t i s k e p t manageab ly s m a l l and t h e r e s u l t ­
i n g b o o k k e e p i n g i s m i n i m i z e d ; a l s o , f a i l i n g f r a m e s may be remeasured be ­
f o r e t h e r o l l o f f i l m has been d i s m o u n t e d and s t o r e d . The q u i c k d e t e c ­
t i o n o f e r r o r s improves o u r p e r s o n n e l t r a i n i n g e f f o r t and m i n i m i z e s t h e 
impac t o f h a r d w a r e f a i l u r e s on o u r d a t a p r o d u c t i o n . 
2 . O p e r a t i o n a l p r o b l e m s 

Our d i f f i c u l t i e s have f a l l e n i n t o two b r o a d c a t e g o r i e s - t h e p u r e l y 

t e c h n i c a l p r o b l e m s o f h a r d w a r e and s o f t w a r e , and t h e human p r o b l e m s a s s o ­

c i a t e d w i t h c o m p u t e r - r e g u l a t e d c o n t r o l s y s t e m s . The t e c h n i c a l p r o b l e m s 

have p r i m a r i l y c o n c e r n e d h a r d w a r e r e l i a b i l i t y and r e p r o d u c i b i l i t y . Spe­

c i f i c a l l y , each p i e c e o f o u r e q u i p m e n t has r e q u i r e d i n d i v i d u a l e f f o r t 

t o p r o v i d e a c c e p t a b l e m e c h a n i c a l s t a b i l i t y and n o i s e i m m u n i t y . 

Our p r o b l e m s w i t h human o p e r a t i o n o f t h e m e a s u r i n g sys tem have p r o ­

ven more d i f f i c u l t . Measu re r s have d i s p l a y e d e x c e p t i o n a l f l e x i b i l i t y and 

p a t i e n c e as t h i s s y s t e m has e v o l v e d ; t h e y have been f a c e d w i t h r e a l am­

b i g u i t i e s o f compu te r response and r e c o r d i n g . Some o f t h e s e a m b i g u i t i e s 

have been r e s o l v e d by h a r d w a r e m o d i f i c a t i o n - t h e f o o t p e d a l s , p u s h b u t ­

t o n s , and a s s o c i a t e d e l e c t r o n i c s have been e x t e n s i v e l y r e w o r k e d f o r i n ­

c r e a s e d r e l i a b i l i t y and c e r t a i n t y o f o p e r a t i o n . O t h e r s have been s o l v e d 

by s o f t w a r e checks and s t i l l o t h e r s v a n i s h e d w i t h t h e improved o p e r a t o r 

d i s p l a y , w h i c h p r o v i d e s d e t a i l e d v i s u a l s t a t u s i n f o r m a t i o n ; e v e r y manual 
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o p e r a t i o n now p r o d u c e s a n o t i c e a b l e change i n t h e d i s p l a y e d v a l u e , g r e a t ­
l y r e d u c i n g m e a s u r e r u n c e r t a i n t y . Each r e f i n e m e n t has l e d t o i n c r e a s e d 
measu re r c o n f i d e n c e , w i t h a s s o c i a t e d i n c r e a s e d p r o d u c t i v i t y . We a r e c o n ­
t i n u i n g t o e x p e r i m e n t w i t h new t y p e s o f manual c o n t r o l s i n an a t t e m p t t o 
s e l e c t e q u i p m e n t most s u i t a b l e a c r o s s o u r range o f m e a s u r e r s , and w i t h 
v a r i o u s h a r d w a r e and s o f t w a r e d e l a y s , i n an a t t e m p t t o a d o p t t h e sys tem 
t o t h e i r n a t u r a l w o r k r h y t h m s . 
3 . Cone 1 u s i o n s 

T h i s s y s t e m i s now i n o p e r a t i o n on two m e a s u r i n g m a c h i n e s , 14-16 

h o u r s p e r d a y , seven days p e r w e e k . An immed ia te i n c r e a s e i n p r o d u c t i v ­

i t y o f a p p r o x i m a t e l y 50% has r e s u l t e d , and more may be e x p e c t e d as we 

grow more f a m i l i a r w i t h t h e e q u i p m e n t and r e f i n e o u r o p e r a t i n g p r o c e d u r e s . 

Our f o r e g r o u n d / b a c k g r o u n d c o n f i g u r a t i o n has made 95% o f t h e c o m p u t i n g 

t i m e o f t h e DDP-116 a v a i l a b l e f o r c h e c k i n g and g e n e r a l c o m p u t a t i o n ; t h e s e 

f a c i l i t i e s w i l l a l l o w f u r t h e r improvements i n c h e c k i n g , a u t o m a t e d book ­

k e e p i n g , and d a t a p r o c e s s i n g , as w e l l as g e n e r a l p r o g r a m d e v e l o p m e n t f o r 

o u r r e s e a r c h g r o u p . Backg round f a c i l i t i e s a r e a l s o u t i l i z e d f o r d i a g n o ­

s i s and t e s t i n g o f b o t h t h e c o m p u t e r and i t s p e r i p h e r a l s , t h u s c o n t r i b u ­

t i n g t o t h e o v e r a l l r e l i a b i l i t y o f t h e s y s t e m . 



APPENDIX I - SAMPLE OUTPUT 

The f o l l o w i n g pages show sample o u t p u t f r o m o u r m e a s u r i n g l o g 

and o u r d a t a c h e c k i n g p r o g r a m . Each e n t r y on t h e l o g i s o f t h e f o r m 

MM/DD/YY HH:MM:SS MX - - message, 

whe re MM/DD/YY = d a t e 

HH:MM:SS = t i m e 

X = m e a s u r i n g mach ine number ; 

n o t e e s p e c i a l l y t h e e r r o r messages f o r i n t e r m i t t e n t ha rdwa re f a i l u r e s 

a t 1 8 : 3 5 : 0 4 , 1 8 : 5 8 : 2 3 , and 1 9 : 1 3 : 0 1 . The c h e c k i n g run shows t h e p r o ­

c e s s i n g o f 13 f r a m e s , 3 o f them c o n t a i n i n g e r r o r s ; r un t i m e f o r t h e 

c h e c k i n g was a p p r o x i m a t e l y 6 1/2 m i n u t e s . 
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s i • 

a • 

1 5 : 0 3 : 5 3 S J 0 3 
FRAME 4 1 6 9 8 2 . GOOD 

FRAME 4 1 6 9 8 6 . GOOD 

FRAME 4 1 7 0 0 1 . GOOD 

FRAME 4 1 7 0 1 5 . GOOD 

FRAME 4 1 7 0 4 6 . GOOD 

FRAME 4 1 7 0 5 7 . GOOD 

FRAME 4 1 7 0 5 7 . GOOD 

* * * C H E G K I N G PROGRAM*** 

THE X - O P T I O N HAS 4 FRONT F I D U C I A L S AND 5 REAR F I D U C I A L S I N CHAMBER 1 3 -
THE X - O P T I O N HAS 4 FRONT F I D U C I A L S AND 3 REAR F I D U C I A L S I N CHAMBER 1 6 . 
BAD X - O P T I O N I N FRAME 4 1 7 0 1 4 . V IEW 2 

THERE ARE 0 FRONT F I D U C I A L S AND 1 REAR F I D U C I A L S I N CHAMBER 
THERE ARE 3 FRONT F I D U C I A L S AND 2 REAR F I D U C I A L S I N CHAMBER 
FRAME 4 1 7 0 7 2 . e H A S 2 ERRORS I N VIEW 1 

FRAME 4 1 7 0 8 1 . GOOD 

THERE ARE 1 FRONT F I D U C I A L S AND 0 REAR F I D U C I A L S I N CHAMBER 8 . 
FRAME 4 1 7 0 9 0 . HAS 1 ERRORS I N VIEW 1 

THERE ARE 0 FRONT F I D U C I A L S AND 1 REAR F I D U C I A L S I N CHA?^BER I > 
THERE ARE 1 FRONT F I D U C I A L S AND 0 HEAR F I D U C I A L S I N CHAMBER 3< 
FRAME 4 1 7 0 9 0 . HAS 2 ERRORS I N VIEW 2 

© 

FRAME 4 1 7 0 9 2 . GOOD 

FTIAME 4 1 709 6 . GOOD 

SUMMARY OF FRAMES 

GOOD 
BAD 

DELETED 

TOTAL 

10 
3 
0 

13 

W. 

I 
I 

l 

L I S T OF BAD FRAMES 
4 1 7 0 1 4 . 
4 1 7 0 7 2 . 
4 1 7 0 9 0 . 

STOP AT OCTAL 0 1 6 2 0 

1 5 : 1 0 : 2 9 EOJ - - ELAPSED T IME 0 0 : 0 6 : 3 6 . 

D . 0 0 0 0 1 0 P.OOOOOO L - l 7 0 4 0 
D . 0 0 0 0 1 0 P.OOOOOO I . . 1 7040 



APPENDIX I I - TECHNICAL NOTES 

A number o f f e a t u r e s o f t h e s o f t w a r e d e v e l o p e d f o r t h i s p r o j e c t 

a r e o f s u f f i c i e n t g e n e r a l i t y t o m e r i t some d e t a i l e d t e c h n i c a l comment; 

t h e d i s c u s s i o n b e l o w , d i r e c t e d t o w a r d t h e e x p e r i e n c e d p rog rammer , i s 

n o t e s s e n t i a l t o t h e u n d e r s t a n d i n g o f t h e r e m a i n i n g t e x t o f t h i s t h e s i s 

and demands some know ledge o f c u r r e n t s o f t w a r e t e r m i n o l o g y . 

1 . The d i s p a t c h i n g t e c h n i q u e used t o s w i t c h be tween f o r e g r o u n d and back 

g round i s u n i q u e , so f a r as t h e a u t h o r has been a b l e t o a s c e r t a i n . The 

m o n i t o r e n t e r s t h e f o r e g r o u n d a t a c l o s e d s u b r o u t i n e whenever an u n ­

r e c o g n i z e d i n t e r r u p t o c c u r s ; t h e s t a t u s o f t h e mach ine a t t h e t i m e o f 

t h e i n t e r r u p t i s r e c o r d e d i n t h e m o n i t o r ' s save a r e a , whose a d d r e s s i s 

known t o t h e f o r e g r o u n d . T h i s a s y n c h r o n o u s s u b r o u t i n e , o p e r a t i n g d i s ­

a b l e d , c l a s s i f i e s t h e i n t e r r u p t and b r a n c h e s t o t h e a p p r o p r i a t e s e r v i c e 

r o u t i n e . Some o f t h e s e r o u t i n e s can c o m p l e t e l y p r o c e s s t h e i r i n t e r r u p t 

a t t h i s t i m e ; t h e p u n c h , f o r e x a m p l e , may be l oaded w i t h n e x t c a r d i m ­

m e d i a t e l y . O the r i n t e r r u p t s r e q u i r e p r o c e s s i n g by s y n c h r o n o u s c o d e , 

and must t h e r e f o r e e f f e c t a d i s p a t c h o f t h e f o r e g r o u n d p r o g r a m ; a mea­

s u r e r p u s h b u t t o n i n t e r r u p t , f o r e x a m p l e , may r e q u i r e t h e a c q u i s i t i o n 

o f d a t a b u f f e r s a t t h e r i s k o f a w a i t , an i n t o l e r a b l e r i s k f o r d i s a b l e d 

c o d e . A r e d i s p a t c h , i f r e q u i r e d , i s a c h i e v e d by t h e s i m p l e e x p e d i e n t 

o f swapp ing t h e c o n t e n t s o f t h e m o n i t o r ' s save a r e a w i t h t h o s e saved 
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f o r t h e t a s k t o be d i s p a t c h e d . A normal e x i t i s now t a k e n f r o m t h e 
c l o s e d s u b r o u t i n e and t h e m o n i t o r r e s t o r e s mach ine s t a t u s f r o m i t s save 
a r e a t o resume norma l p r o c e s s i n g ; i f t h e c o n t e n t s o f t h i s save a rea have 
been swapped, a r e d i s p a t c h r e s u l t s . 

2 . S u b t a s k s e l e c t i o n w i t h i n t h e f o r e g r o u n d i s a c c o m p l i s h e d v i a a s i m p l e 

commuta to r o f t h e f o r m 

d i s a b l e i n t e r r u p t s , 

s e r v i c e r o u t i ne #1 

s e r v i c e r o u t i ne #2 

e x i t t o b a c k g r o u n d 

The i n t e r r u p t s e r v i c e s u b r o u t i n e opens t h e g a t e c o r r e s p o n d i n g t o h i s s y n ­

ch ronous s e r v i c e r o u t i n e b e f o r e d i s p a t c h i n g t h e f o r e g r o u n d ; t o do t h i s , 

t h e s k i p (SKP) i n s t r u c t i o n i s changed t o a n u l l (NOP) i n s t r u c t i o n , a l l o w ­

i n g t h e b r a n c h (JMP) f o l l o w i n g t o be t a k e n . When t h e f o r e g r o u n d i s d i s ­

p a t c h e d , c o n t r o l passes t o l o c a t i o n FGND; t h e s k i p s a r e s u c c e s s i v e l y e x ­

e c u t e d u n t i l a NOP i s e n c o u n t e r e d , and t h e a p p r o p r i a t e s e r v i c e r o u t i n e 

i s a c t i v a t e d . The r o u t i n e s , o p e r a t i n g e n a b l e d , may w a i t f o r r e s o u r c e s 

i f n e c e s s a r y . 

When t h e s e r v i c e r o u t i n e t e r m i n a t e s , i t b r a n c h e s t o FGND. I f any 

o t h e r r e q u e s t s a r e p e n d i n g , t h e y a r e s e r v i c e d i n t h e o r d e r o f t h e c h a i n ; 

e v e n t u a l l y , a l l r e q u e s t s w i l l be c o m p l e t e d , and c o n t r o l w i l l pass t o IDLE 

t o d i s p a t c h t h e b a c k g r o u n d j o b . 

FGND INH 
XI SKP 

JMP XIA 
X2 SKP 

JMP X2A 

JMP IDLE 
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3 . S t o r a g e management f o r t h e f o r e g r o u n d , w h i c h must o p e r a t e w i t h 1.5K 
o f b u f f e r s i n 3 .5K t o t a l s t o r a g e (16 b i t w o r d s ) , i s p a r t i c u l a r l y demand­
i n g . F o r maximum e f f i c i e n c y , a l l a v a i l a b l e f o r e g r o u n d s t o r a g e i s d i v i d ­
ed i n t o f i x e d - l e n g t h b u f f e r s ; b u f f e r s f r o m t h i s p o o l a r e used f o r i n p u t 
d a t a , o u t p u t c a r d s , and l o g g i n g t y p e w r i t e r o u t p u t as needed . B u f f e r s 
a r e e x t r a c t e d f r o m t h i s p o o l by s y n c h r o n o u s c o d e , t o r e c e i v e measu re r 
i n p u t o r d a t a o u t p u t . They a r e added t o t h e u s e r ' s p r i v a t e queue ; t h e y 
a r e removed f r o m t h i s queue by e x t e r n a l i n t e r r u p t s ( f o r punch and t y p e ­
w r i t e r b u f f e r s ) , o r by measu re r a c t i o n ( f o r i n p u t d a t a ) . When no l o n g e r 
needed , t h e y a r e r e t u r n e d t o t h e common p o o l f o r r e u s e . A t t h e end o f 
a v i e w on a m e a s u r i n g m a c h i n e , 5 - 1 0 i n p u t b u f f e r s c o n t a i n i n g b i n a r y 
d a t a a r e p r o c e s s e d t o y i e l d 2 5 - ^ 0 c a r d b u f f e r s t o be punched and two 
l i n e s o f l o g t o be t y p e d , w h i l e 5 - 1 0 o t h e r b u f f e r s c o n t a i n i n g d a t a f r o m 
t h e o t h e r m e a s u r i n g mach ine must be p r e s e r v e d ; w i t h l e s s t h a n kO t o t a l 
b u f f e r s a v a i l a b l e , t h e r e s u l t i n g d e l a y se ldom exceeds f i v e s e c o n d s . 

k. W i t h o v e r 99% o f CPU t i m e a v a i l a b l e f o r b a c k g r o u n d p r o c e s s i n g , t h e 

b a c k g r o u n d i s i d l e much o f t h e t i m e . To make most e f f i c i e n t use o f t h i s 

t i m e , t h e s y s t e m o c c u p i e s t h i s i d l e t i m e i n r u n n i n g memory d i a g n o s t i c s . 

The l o a d i n g and e x e c u t i o n o f t h e d i a g n o s t i c i s s c h e d u l e d by a s p e c i a l 

c l o c k e x i t . When t h e b a c k g r o u n d i s n o t p r o c e s s i n g a j o b , t h e e x i t mon­

i t o r s t h e i d l e t i m e ; when t h i r t y seconds have e l a p s e d w i t h o u t b a c k g r o u n d 

a c t i v i t y , a r e q u e s t f o r t h e l o a d i n g and e x e c u t i o n o f t h e d i a g n o s t i c i s 

s i m u l a t e d . As t h e d i a g n o s t i c r u n s , t h e c a r d r e a d e r i s t e s t e d a t each 

c l o c k i n t e r r u p t (once p e r s e c o n d ) ; when t h e r e a d e r i s r e a d i e d , i n d i c a t ­

i n g t h e p r e s e n c e o f a j o b , t h e d i a g n o s t i c i s c a n c e l l e d t o s c h e d u l e t h e 

n e x t j o b . 



APPENDIX I I I - SOFTWARE SUMMARY 

The f o l l o w i n g s o f t w a r e was d e v e l o p e d f o r t h i s s y s t e m : 

MONITOR - t h e r e s i d e n t m o n i t o r f o r t h e s y s t e m c o n t a i n i n g u s e r s e r v i c e 

and i n t e r r u p t c o d e . 

SCHEDULER - t h e c o n t r o l c a r d a n a l y z e r f o r t h e s y s t e m s . 

FOREGRND - t h e p h o t o - m e a s u r i n g s y s t e m and t h e f o r e g r o u n d / b a c k g r o u n d c o d e . 

OS-EDIT - t h e s y s t e m t a p e w r i t e r . 

SERVICE - a c o l l e c t i o n o f s m a l l u t i l i t y p rog rams w h i c h t r a n s f e r b i n a r y 

f i l e s . 

LDR-PCH - a p r o g r a m t o r ead and punch a b s o l u t e ( c o r e - i m a g e ) b i n a r y d e c k s . 

UTIL ITY - a p r o g r a m t o t r a n s f e r d a t a among v a r i o u s p e r i p h e r a l d e v i c e s , 

w i t h s i m p l e r e f o r m a t t i n g c a p a b i l i t i e s . 

I$CA, l$CB, C$CARD - p rog rams t o o p e r a t e t h e c a r d r e a d e r . 

0$CA, 0$CB, C$PUNC - p rograms t o o p e r a t e t h e c a r d p u n c h . 

BREAD, BPUNC - b l o c k e d b i n a r y c a r d r o u t i n e s . 

DLDA, e t c , - d o u b l e p r e c i s i o n i n t e g e r a r i t h m e t i c . 

TYPE - c o n s o l e t y p e w r i t e r d r i v e r . 

BLOCK/DBLOCK - p rograms t o p r o c e s s compact m a g n e t i c t a p e f o r m a t s . 

F$TAPE, RDTAPE - p rog rams f o r F o r t r a n m a g n e t i c t a p e o p e r a t i o n s . 

F$ER, ERRSET, EXIT - F o r t r a n e r r o r / s t o p s e r v i c e r o u t i n e s . 

F$W1, F$R5, F$W6, F$W7, F$R8, F$W8 - improved F o r t r a n I/O d r i v e r s . 
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The f o l l o w i n g d i s t r i b u t e d s o f t w a r e was m o d i f i e d t o s u i t o u r o p e r a t i n g 
e n v i r o n m e n t : 

FORTRAN^, F 4 - I 0 S - F o r t r a n c o m p i l e r . 

DAP-16, I0S-16B - Dap a s s e m b l e r . 

LDR-APM - r e l o c a t i n g l o a d e r . 

ASR-DUMP - c o r e dump p r o g r a m -

In a d d i t i o n , numerous F o r t r a n l i b r a r y s u b r o u t i n e s were a l t e r e d f o r 

a c c u r a c y o r e f f i c i e n c y , and d i a g n o s t i c p rograms were d e v e l o p e d f o r o u r 

s p e c i a l h a r d w a r e . 



APPENDIX IV - GLOSSARY 

To c l a r i f y t h e t e c h n i c a l t e r m i n o l o g y used i n t h e t e x t , t h e f o l l o w -

p a r t i a l g l o s s a r y i s i n c l u d e d : 

b a c k g r o u n d - an a r e a r e s e r v e d f o r g e n e r a l - p u r p o s e c o m p u t a t i o n , t o be 

p e r f o r m e d a t low p r i o r i t y d u r i n g t i m e n o t r e q u i r e d by more u r ­

g e n t p r o g r a m s . 

c o n t r o l s y s t e m - a c o l l e c t i o n o f e q u i p m e n t w h i c h r e g u l a t e s a p r o c e s s 

a c c o r d i n g t o a p r e d e t e r m i n e d s t r a t e g y . 

f o r e g r o u n d - an a r e a r e s e r v e d f o r s p e c i a l - p u r p o s e c o m p u t a t i o n , p e r ­

f o r m e d a t h i g h p r i o r i t y i n r esponse t o demand; n o r m a l l y t h i s 

code c o n t r o l s an e x t e r n a l p r o c e s s r e g u l a t e d by t h e c o m p u t e r . 

f o r e g r o u n d / b a c k g r o u n d s y s t e m - compu te r s o f t w a r e w h i c h e n a b l e s t h e 

c o n c u r r e n t o p e r a t i o n o f a b a c k g r o u n d p r o g r a m and one ( o r more) 

f o r e g r o u n d p r o g r a m s ; p r i o r i t y i s g i v e n t o f o r e g r o u n d p r o c e s s ­

i n g when r e q u i r e d , w i t h b a c k g r o u n d p r o c e s s i n g d u r i n g f o r e g r o u n d 

i d l e t i m e , 

i n t e r r u p t - a mechan ism whe reby an e x t e r n a l d e v i c e r e q u i r i n g compu te r 

a t t e n t i o n may r e q u e s t t h e compu te r t o suspend i t s normal p r o c e s s 

i n g sequence t o s e r v i c e t h a t d e v i c e . The a s s o c i a t e d compu te r 

h a r d w a r e suspends t h e c u r r e n t p r o c e s s , saves t h e s t a t u s o f t h e 

c o m p u t e r , and e x e c u t e s p r e - s e t " i n t e r r u p t c o d e " ; when t h i s code 

t e r m i n a t e s s o f t w a r e n o r m a l l y resumes t h e suspended p r o c e s s . 
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memory p r o t e c t i o n - compu te r ha rdwa re w h i c h p r e v e n t s u s e r p rograms 

f r o m d e s t r o y i n g memory b e l o n g i n g t o t h e s y s t e m o r o t h e r u s e r s . 

m o n i t o r - s o f t w a r e w h i c h m a i n t a i n s a c t u a l c o n t r o l o f a c o m p u t e r , d u r ­

i n g t h e e x e c u t i o n o f u s e r j o b s ; t h i s code o v e r s e e s t h e u s e r 

j o b , d e t e c t i n g and r e c o v e r i n g a v a r i e t y o f u s e r e r r o r s , s c h e d ­

u l i n g i n p u t / o u t p u t o p e r a t i o n s , and p e r f o r m i n g a v a r i e t y o f s e r ­

v i c e s f o r t h e u s e r . 

m u l t i p r o g r a m m i n g - t h e s h a r i n g o f a compu te r among s e v e r a l i n d e p e n d ­

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

o f t h e s e p a r a t e p rog rams by r a p i d l y s w i t c h i n g t h e compu te r 

among t h e m . 

o n - l i n e - d i r e c t compu te r o p e r a t i o n o f a d e v i c e o r p r o c e s s d u r i n g i t s 

o c c u r r e n c e , w i t h r esponse s u f f i c i e n t l y r a p i d t o g u i d e i t s b e ­

h a v i o r . 

o p e r a t i n g s y s t e m - a c o l l e c t i o n o f s o f t w a r e w h i c h e n a b l e s a compu te r 

t o a l l o c a t e i t s own r e s o u r c e s among c o n f l i c t i n g demands u s i n g 

some p r e - d e t e r m i n e d s t r a t e g y . 

o v e r l a y - a mechanism w h e r e b y a s e c t i o n o f compute r memory i s used f o r 

a v a r i e t y o f p u r p o s e s s u c c e s s i v e l y , w i t h c o n t e n t s s u p p l i e d f r o m 

some e x t e r n a l d e v i c e ; i n t h i s w a y , p rog rams l a r g e r t h a n t h e mem­

o r y c a p a c i t y o f t h e c o m p u t e r may be run i n segments s m a l l enough 

t o f i t . 

p e r i p h e r a l - an e x t e r n a l d e v i c e c o n t r o l l e d by a c o m p u t e r , such as a 

p r i n t e r o r t a p e d r i v e , 

r e a l - t i m e c o n t r o l - r e g u l a t i o n o f a p r o c e s s on t h e t i m e s c a l e o f t h a t 



p r o c e s s ; t h a t i S j a l l n e c e s s a r y c o m p u t a t i o n s must be p e r f o r m e d 

as f a s t as t h e p r o c e s s i n o r d e r t o r e g u l a t e i t s f l o w . 

r e s i d e n t - t h a t p o r t i o n o f a p r o g r a m w h i c h i s c o n t a i n e d i n t h e com­

p u t e r memory t h r o u g h o u t t h e e n t i r e e x e c u t i o n o f t h e p r o g r a m ; 

opposed t o " t r a n s i e n t . " 

r e s o u r c e - any o f t h e f a c i l i t i e s o f a c o m p u t e r sys tem a v a i l a b l e f o r 

a l l o c a t i o n by t h e o p e r a t i n g s y s t e m , such as memory, t a p e d r i v e r 

o r c o m p u t i n g t i m e . 

s c h e d u l e r - t h a t p o r t i o n o f an o p e r a t i n g s y s t e m w h i c h i n t e r p r e t s u s e r 

c o n t r o l i n p u t and s e l e c t s u s e r j o b s f o r p r o c e s s i n g on t h e b a s i s 

o f t h a t i n p u t . 

t a s k - an i n d i v i d u a l u n i t o f w o r k t o be p e r f o r m e d by a c o m p u t e r . 

d i s p a t c h - t o d i s c o n t i n u e compu te r p r o c e s s i n g o f one f u n c t i o n and i n i 

t i a t e p r o c e s s i n g o f a n o t h e r under m o n i t o r c o n t r o l . N o r m a l l y , 

t h i s d e s c r i b e s a s o f t w a r e d e c i s i o n t o s w i t c h between j o b s i n a 

m u l t i p r o g r a m m i n g s y s t e m . 



APPENDIX V MEMORY LAYOUT 

27777 

27000 

2^700 

RESIDENT MONITOR 

F o r e g r o u n d B u f f e r s 

12287 

11776 

10688 

FOREGROUND 

20000 
4^, P r o t e c t Boundary 

( a r e a above h e r e i s 
p r o t e c t e d a g a i n s t b a c k g r o u n d 
memory r e f e r e n c e s ) 

08192 

BACKGROUND 

00000 
( O c t a l ) 

L6gati6h5 baiow IUU 
r e s e r v e d f o r s y s t e m 
c o m m u n i c a t i o n s w o r d s , 

00000 
(Dec ima1) 

T h i s d i a g r a m shows t h e l o c a t i o n o f t h e v a r i o u s components o f 

o f o u r s y s t e m i n t h e memory o f t h e DDP-116 c o m p u t e r . 
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APPENDIX Vj^ - BIBLIOGRAPHY 

For a g e n e r a l i n t r o d u c t i o n t o c o m p u t e r - r e g u l a t e d c o n t r o l s y s t e m s : 

J . MARTIN, Programming R e a l - T i m e Computer S y s t e m s , P r e n t i c e - H a l l , 

New Y o r k (1965). 

For a d e s c r i p t i o n o f t h e DDP-116 c o m p u t e r : . . . • t 

Programmers R e f e r e n c e Manual f o r t h e DDP-116 Gene ra l Purpose Compu te r . 

Computer C o n t r o l C o r p o r a t i o n , F ramingham, Mass. ( I 9 6 6 ) 

For a d e s c r i p t i o n o f sys tems w h i c h have i n f l u e n c e d t h e d e s i g n o f 

s s y s t e m : 

1 . IBM 7090 - 70^0 D i r e c t Coup le O p e r a t i n g Sys tem Systems P r o g r a m m e r ' s 

G u i d e . IBM f o r m C 2 8 - 6 3 8 2 . 

2 . IBM 1130 D i s k M o n i t o r S y s t e m , V e r s i o n 2 . Programming and O p e r a t o r ' s 

G u i d e . IBM f o r m C 2 6 - 3 7 1 7 . 

3 . Data A c q u i s i t i o n M u l t i p r o g r a m m i n g Sys tem (DAMPS). V e r s i o n 2 , A p p l i ­

c a t i o n D e s c r i p t i o n M a n u a l . IBM f o r m W20-Qk3k. 

k. The Hasp Sys tem. V e r s i o n 3 . 0 , IBM f o r m 3 6 0 D - 0 5 . 1 . 0 1 4 . 

5 . SDS Sigma 5 /7 B a s i c C o n t r o l M o n i t o r . SDS f o r m 9 0 - 0 9 - 5 3 B . 



APPENDIX V I I — FLOWCHARTS 

The f o l l o w i n g pages c o n t a i n f l o w c h a r t s o f s e v e r a l i m p o r t a n t 

r o u t i n e s i n t h e r e s i d e n t m o n i t o r and t h e f o r e g r o u n d , ' i n d i c a t i n g 

t y p i c a l p a t h s f o r p r o c e s s i n g o u r r e a l - t i m e d a t a . 



MONITOR INTERRUPT SERVICE 

{/O I n t e r r u p t ) 

Save 
Mach i ne 

S t a t u s 
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FOREGROUND INTERRUPT SERVICE 

Command > • 11 Y e s 

Yes 

Read 
Command 
I n p u t 

Read 
Mach i ne 
Encoders 

Yes Send 
Next 
Card 

E r r o r 3 
Send 
Nex t 
C h a r a c t e r 

P rocess 
t o s e t 
v a r i ous 
f l a g s 

S c h e d u l e 
F o r e g r o u n d 
Process Ing 

C R e t u r n 
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FOREGROUND PROCESSING 

A 

No 

P rocess 
Command 

Command 

Yes 

Deact i v a t e 
f o r e g r o u n d 

p r o g r a m 

Data P rocess 
Data 

Yes Pe r f o r m 
F o r e g r o u n d 
I n i t i a l i z a t i p n 

No 

Load r e g i s ­
t e r s f o r 
b a c k g r o u n d 

C E ) 
( i n i t i a t e 
b a c k g r o u n d 
p r o c e s s i ng) 



FOREGROUND DATA INPUT 
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TYPICAL COMMAND PROCESSING - -

The "ERASE POINT" S e r v i c e R o u t i n e s 


