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ABSTRACT 

I t i s p o s s i b l e to obtain, the best ( i n the minimum 

mean-square e r r o r sense) l i n e a r model of a c o n t r o l system by 

s o l v i n g a convolution-type i n t e g r a l f o r the impulse response 

of the system* This t h e s i s presents a method f o r o b t a i n i n g an 

approximate s o l u t i o n f o r the impulse response by s o l v i n g a 

system of l i n e a r equations which i s s t a t i s t i c a l l y e q u i v a l e n t 

to the c o n v o l u t i o n i n t e g r a l . An analogue computer which can 

solve the system of equations i s d e s c r i b e d . 

The computer samples the s i g n of the input s i g n a l at 
i . • 

an a d j u s t a b l e r a t e and s t o r e s t h i s i n f o r m a t i o n i n a s h i f t 

r e g i s t e r * The output s i g n a l s from the s h i f t r e g i s t e r are then 

used to compute f u n c t i o n s s t a t i s t i c a l l y r e l a t e d to the 

c o r r e l a t i o n f u n c t i o n s of the system s i g n a l s * A set of l i n e a r 

equations r e l a t i n g these f u n c t i o n s i s solved u s i n g an 

arrangement s i m i l a r to the Gauss-Seidel I t e r a t i o n method. The 

computer u t i l i z e s a time-sharing technique and the step response 

of the system can be generated as a r e p e t i t i v e waveform; 

The o v e r a l l o p e r a t i o n of the computer i s d e s c r i b e d 

i n b l o c k diagram form. The i n d i v i d u a l c i r c u i t s are d e s c r i b e d 

and the r e s u l t s of a computational t e s t are given* 
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A REAL-TIME ANALOGUE COMPUTER FOR 

THE ESTIMATION OF SYSTEM DYNAMICS 

1. INTRODUCTION 

In the study of complex c o n t r o l systems i t i s o f t e n 

extremely d i f f i c u l t , or even imp o s s i b l e , to determine system 

dynamics a n a l y t i c a l l y * An estimate of system dynamics must then 

be made e x p e r i m e n t a l l y . In c e r t a i n cases i t i s p o s s i b l e to record 

the system*s response to v a r i o u s types of input t e s t s i g n a l s . 

In t h i s way a complete set of system c h a r a c t e r i s t i c s can be 

obtained* L e n d a r i s ^ ^ has d e s c r i b e d a method f o r i d e n t i f y i n g 

the t r a n s f e r f u n c t i o n of a system from the response to an impulse 

or step i n p u t . An evident disadvantage of t h i s c l a s s of methods 

i s t h a t the o p e r a t i o n c o n t r o l l e d by the system i s u s u a l l y 

d i s t u r b e d by the t e s t s i g n a l . An a d d i t i o n a l o b j e c t i o n i s that 

the output may be i n f l u e n c e d by e x t e r n a l d i s t u r b a n c e s which are 

u n c o r r e l a t e d with the i n p u t . A p r a c t i c a l method f o r determining 

system dynamics should t h e r e f o r e have the f o l l o w i n g p r o p e r t i e s : 

1. I t should not d i s t u r b the normal o p e r a t i o n of 

the system. 

2. I t should d i s c r i m i n a t e between the e f f e c t s 

produced by input s i g n a l s and e x t e r n a l d i s t u r b a n c e s . 

For a l i n e a r system with a s i n g l e input x ( t ) , an 

output y ( t ) , and u n i t impulse response h ( t ) , the f o l l o w i n g 

* An exce p t i o n i s the a p p l i c a t i o n of L e n d a r i s ' method to 
sampled—data systems, where the input i s converted to a sequence 
of impulses. 



r e l a t i o n i s v a l i d : 

c o 

y ( t ) = J*x(t-u) h(u) du . . . ( l - l ) 

O 

I f Equation ( l - l ) i s m u l t i p l i e d by x ( t - f ) and a time average i s 

taken, the r e s u l t i s 

oo 
0 y x ( r ) = j 0 x x ( r - u ) h(u) du ...d-2) 

o 

where 0 y x ( f ) = y ( t ) x ( t - r ) 

and 0 (T-u) = x(t-u) x (t-7~) . . . ( l - 3 ) 

are the c r o s s - c o r r e l a t i o n and a u t o - c o r r e l a t i b n f u n c t i o n s of the 

input—output and input s i g n a l s r e s p e c t i v e l y * Use of 

Equation ( l — 2 ) r a t h e r than Equation ( l - l ) f o r the s o l u t i o n of 

h ( t ) e l i m i n a t e s the e f f e c t of any noise d i s t u r b a n c e s not 

c o r r e l a t e d with the input s i g n a l . In the case of n o n - l i n e a r 
(2) 

systems Woodrow ' has shown that the s o l u t i o n of Equation ('1-2) 

r e s u l t s i n the best ( i n the minimum mean-square e r r o r sense) 

l i n e a r model of the system. 
(3) 

Reswick has d e s c r i b e d a method f o r determining the 

impulse response, h ( t ) , from Equation ( l - 2 ) . The auto­

c o r r e l a t i o n and c r o s s - c o r r e l a t i o n f u n c t i o n s are determined using 

a d i g i t a l computer by a n a l y s i s of recorded input and output data, 

and the impulse response i s approximated by a sequence of 

impulses of the form 
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n 
h ( t ) = ^ h k ^ ( t " T k ) '...(1-4) 

k = 1 

I f E quation ( l - 4 ) i s s u b s t i t u t e d i n t o Equation (1-2)-, a l g e b r a i c 

equations f o r the unknowns, h^, can be obtained, and these can 

be determined e x p e r i m e n t a l l y using Beswick's Delay Line 
(4) 

S y n t h e s i z e r . Gabor has d e s c r i b e d a l a r g e s c a l e analogue 

computer which operates on recorded data and could be used to 

generate a polynomial approximation to h ( t ) . Both methods 

r e q u i r e p r o c e s s i n g the recorded input-output data before 

a n a l y s i s and t h e r e f o r e would be s a t i s f a c t o r y f o r use.-only with a 

t i m e — i n v a r i a n t system. This may not be adequate. The use of a 

d i g i t a l computer to determine system response i n r e a l - t i m e has 

been d e s c r i b e d by C onn^^. From the p o i n t of view of c o s t , 

however, a simple o n - l i n e analogue computer would be more 

s u i t a b l e . This t h e s i s d e s c r i b e s such a computer,- i n which the 

d e t e r m i n a t i o n of system response i s based on a method suggested 

by B o h n ^ . 
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2 . THEORY OP COMPUTER SOLUTION FOR IMPULSE RESPONSE 

Consider again Equation ( l - l ) . I f i t i s m u l t i p l i e d by 

v ( t — T ) and a time average i s taken, the r e s u l t i s 

c o 

0 y v ( r ) = J 0 x v(r-u) h(u) du . . . ( 2 - 1 ) 

o 

I f 0 (T) i s not to v a n i s h , v ( t ) must be r e l a t e d to x ( t ) by a 

f u n c t i o n a l o p e r a t i o n . Y a t t s has shown t h a t i f v ( t ) represents 

a general amplitude q u a n t i z a t i o n of x ( t ) and x ( t ) i s a Gaussian 

random process, then t 

0 y v ( r ) = c 0 y x ( r ) • . . . ( 2 - 2 ) 

where C i s some constant. In the computer to be d e s c r i b e d 

v ( t ) = sgn x ( t ) ...(2-3) 

where 

+1 , x ( t ) ^ 0 
sgn x ( t ) - ( 

- 1 , x(t)«=0 ...(2-4) 

0 (T) and 0 (T) are then d e f i n e d as the switched c r o s s -^ y v x y x v ' 
c o r r e l a t i o n and a u t o - c o r r e l a t i o n f u n c t i o n s r e s p e c t i v e l y . 

Consider now the i n t e g r a l 
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oo 
I = j*0 x v(r-u) h(u) du ( r^T) ...(2-5) 

For a s t a b l e l i n e a r system I i s f i n i t e and l i m 1=0. However, 
T-~oo 

i t i s not known a p r i o r i how l a r g e T should be to make I 

n e g l i g i b l e . . I t i s expected that the maximum value of w i l l 

occur when T «= T because 0 (T), and cor r e s p o n d i n g l y 0 (T) , 
X X X v 

are u s u a l l y small f o r l a r g e values of T. Note that f o r 

T « T, 

I « 0 (r-T) g ...(2-6) 
'xv v ' s n 

where 

oo 
0 x v(T-u) h(u) du 

g n = ' 0 (0) 
...(2-7) 

xv 

The i n t e g r a l I w i l l now be approximated by Equation (2-6) i n 

which form i t can be handled by the computer. Equation (2-l) 

can then be w r i t t e n 

T 

0 y v ( r ) = J 0 x v(r-u) h(u) du + 0 x v(r-T) g n ...(2-8) 
o 

The time i n t e r v a l 0...T i s now d i v i d e d i n t o n equal 

s u b i n t e r v a l s as shown i n Fig u r e 2-1, i n which i t i s assumed 

that x ( t ) v a r i e s slowly over each s u b i n t e r v a l . 



Equation (2-8) can then be w r i t t e n 

n 
0 (r, ) = 0 (0) g. + V 0 (T, -u ) g .,..(2-9) 
>yv v k/ p x v v y e k /_, p x v v k m' &m • m = 0 

where 

g. m 

Um+1 
= J"h(u 
u 
m 

) du , Ozm = n - l ...(2-10) 

and the prime a f t e r the summation s i g n i n d i c a t e s that the term 

m = k i s not to be i n c l u d e d . 

0 ( r ) 
*xv ' 

u0 U l U2 u3 U4 • " u u n—1 n 
t-

t 0 ^1 T 2 r3 T4 
F i g u r e 2-1. S u b d i v i s i o n of Time S c a l e . 

E q u a t i o n (2—9) i s now rearranged i n t o the form 

T n ~ l T n 

n 
0 X T ( O ) g k - 0 (Tk) - Y. 0xv< Tfc-^l ) « m ...(2-11) 

m = 0 

Note t h a t 0 (T. -u ) has been r e p l a c e d by 0 ( \T, - U ) . 
xv k m xv I K. m 

(7) Thi s i s j u s t i f i e d by W a t t s w 7 who has shown that 
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0 (r) = 0 (-r) 
*xv v 7 'xv x ' 

... (2-12) 

holds f o r Gaussian-type s i g n a l s JEquation (2-=-12) a c t u a l l y 

f o l l o w s from Equation ( 2 — 2 ) J and i s a gorid approximation f o r 

many other types of s i g n a l s . 

The q u a n t i t y 0 (0) i s simply the time average of the 

magnitude of the system input s i g n a l x ( t ) . I t i s assumed t h a t 

the s i g n a l s x ( t ) and y ( t ) are normalized* so,that 

0 (0) = 1 ..... (2.-13) 

Combining Equations (2-11) and (2-13) y i e l d s 

T, -u ) g k m I ' s m m = 0 
...(2-14) 

A s i m p l i f i e d b l o c k diagram of a computer which solves 

Equation (2—14) f o r g k i s shown i n F i g u r e 2—2. Switch S^ i s 

swept through p o s i t i o n s 0, l,...,m, m + 1,..,, n f o r each 

p o s i t i o n of S^, For each m, g^ i s sampled and then weighted 

by v ( t - T, ~u 
k m 

) i n b l o c k 1. The q u a n t i t y v ( t — r, -u 
k m 

) g i s ' tom 

*.Thi.s n o r m a l i z a t i o n procedure i n v o l v e s a d i v i s i o n , which i s 
r e l a t i v e l y d i f f i c u l t to r e a l i z e e l e c t r o n i c a l l y and would 
accomplish only a t i m e - v a r i a b l e adjustment of the x and y scale 
f a c t o r s . For these reasons i t has been omitted from the . 
computer. Instead, a c o n t r o l has been i n c l u d e d f o r manual , 
adjustment of these s c a l e f a c t o r s f o r the purpose of t e s t i n g 
the computer. . 
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n 

0 

n 

0 

n 
j v ( t - r n - u I) 
I v k m I ' 

*k~ 
F k ~*k *k~ 

I 
~*k 

1 
1 ' / 

F 
/ 

m m in S m 
i 

in S 
2 

0 I 

x ( t ) 1 
1 V 

1 
M 

2 

Sum & 
1 •* 
1 

V 
1 

M 
2 Hold 3 

Beset 

y ( t ) 

F i g u r e 2—2. S i m p l i f i e d Computer Block Diagram. 

m u l t i p l i e d by x ( t ) i n b l o c k 2 , and the r e s u l t i s added to the 

contents of b l o c k 3 . Switch S^ i s opened f o r the i n t e r v a l 

m = k, so t h a t the term i n c l u d i n g g, i s not i n c l u d e d i n the 
n t 

sum. The output of b l o c k 3 i s t h e r e f o r e x ( t ) ) v ( t -
m — O 

k m ) 8 m . 
The q u a n t i t y y ( t ) i s weighted by v ( t - T k ) i n block 4 . The 

outputs of blocks 3 and 4 are passed to b l o c k 5 which y i e l d s 

n 
\ =.y(t) v ( t - r k ) - x ( t ) ^ ' v ( t - | r k - u m | ) g m . . . ( 2 - 1 5 ) 

m 0 

At the end of a complete c y c l e by S^i i s sampled by S^ and 

the r e s u l t i s a p p l i e d to F^. The sum h e l d by b l o c k 3 i s r e s e t 

to zero, and k i s stepped by one. F represents a time-averaging 

o p e r a t i o n . The output of F^ i s t h e r e f o r e 
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_ n 
G k = y ( t ) v ( t - r k ) - x ( t ) ^ ' v ( t - | r k - u m | ) ^ 

m = 0 ...(2-16) 

Since 0^( 7~-u) = x(t- u ) v ( t - T ) = x ( t ) v ( t - T+u), 

i t f o l l o w s t h a t 

Grk = g k ....(2-17) 

The e n t i r e process d e s c r i b e d above i s repeated f o r -

successive v a l u e s of k. In t h i s way the computer solves the 

n + 1 equations f o r gQog-^,...,gn i n a f a s h i o n s i m i l a r to 
(8) 

of the Gauss—Seidel I t e r a t i o n ' method. The important 

that 

d i f f e r e n c e i s that an averaging procedure i s used here. 

The f o l l o w i n g chapters d e s c r i b e the computer c i r c u i t s 

and operations i n d e t a i l . 
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3. BLOCK DIAGRAM REPRESENTATION OP THE COMPUTER 

This chapter d e s c r i b e s i n bl o c k diagram form the 

o r g a n i z a t i o n and fundamental concepts of the computer and i t s 

o p e r a t i o n . The d e s c r i p t i o n i s i n two p a r t s . F i r s t the ti m i n g 

arrangement i s d i s c u s s e d and waveforms are shown. Then the 

o v e r a l l o p e r a t i o n of the computer i s d e s c r i b e d . 

3-1. Timing Arrangement. 

The number of s u b d i v i s i o n s of the time s c a l e , n, i s 

chosen to be 9. A complete i t e r a t i o n c y c l e t h e r e f o r e i n c l u d e s 

10 k c y c l e s (k = 0, 1, , . . . 9 ) . (A k c y c l e i s d e f i n e d as the 

time r e q u i r e d to compute, sample, and stor e each G ). Each 
k 

k c y c l e i n c l u d e s 11 c l o c k periods |l0 m per i o d s (m = 0, 1. .......9) 

and one sample-store and c l e a r p e r i o d j . A t y p i c a l k cycle i s 

shown i n Fig u r e 3-1. 

t 

Clock 

and CU 

-<*-r-
— — u u - u UU u LI 

—7* i 

o / 2 3 .¥ 5 7 8 9 1 

I o 

(5 
<- ' 
e 

Figure 3-1. T y p i c a l k C y c l e . 

The o v e r a l l t i m i n g c o n t r o l c i r c u i t i s shown i n bl o c k 

diagram form i n Fig u r e 3-2. The f o u r waveforms at the output 

of the c l o c k pulse generator are shown i n F i g u r e 3-3. 
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C loc k 
Pulse . 

Cn enS r o t or 

F i g u r e 3-2. Block Diagram of Timing C i r c u i t . 
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F i g u r e 3-3« Master Timing P u l s e s * 

Consider f i r s t the o p e r a t i o n of the m counter. Assume 

FFO i s OFF and the m counter i s i n p o s i t i o n 0. T^ pulses are 

passed by and t r i g g e r FF^, which d r i v e s the m counter. T£ 

pulses are a p p l i e d to FFO keeping i t OFF. Each T^ pulse 

t h e r e f o r e i n c r e a s e s m by one u n t i l m = 9. The next T£ pulse i s 

passed by G^ and turns FFO ON. This i n h i b i t s the subsequent 

T^ pulse i n G^ and F F m i s riot t r i g g e r e d . The f o l l o w i n g 

pulse turns FFO OFF again, and the next T^ pulse t r i g g e r s m to 

p o s i t i o n 0. The c y c l e i s thus complete. Note that m = 9 f o r 

two c l o c k p e r i o d s . The second of these i s used as the sample-

store and c l e a r p e r i o d . (See Figure 3—1) • 

At the c o n c l u s i o n of each k c y e l e ^ as d e s c r i b e d above, 

the p o s i t i v e — g o i n g edge of the pulse from FFO t r i g g e r s FF-^* 

i n c r e a s i n g k by one. Ten such k c y c l e s c o n s t i t u t e an i t e r a t i o n 

c y c l e . 

* Note t h a t C i s the l o g i c a l complement of C. This 
nomenclature i s used throughout the t h e s i s . 
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R e c a l l Equation (2-15). Note t h a t f o r each k,> the 

sequence k y k - l , . , . j , 2 , 1, 0, 1. ...,9—k must be generated to 

c o n t r o l the s e l e c t i o n of v ( t - J T ^ - U ). This sequence i s 

generated by the a counter and b counter. 

Refer again to F i g u r e 3—2. Assume t h a t a l l counters 

are s e t to p o s i t i o n 0, a l l f l i p - f l o p s are OFF* and the f i r s t 

T^ pulse a r r i v e s before the f i r s t pulse**' Since a = 0 ; 

and m £ '9, P a s s e s t h i s f i r s t T£ pulse which turns FF1 ON. 

The negative-going ( l e a d i n g ) edge of the s i g n a l from FF1 turns 

FF2 ON, enabling Gj to pass the f o l l o w i n g T^ pulses to FF^. The 

b counter i s t h e r e f o r e stepped by these T^ p u l s e s . A l s o , FF1 

blocks the ' f i r s t T-̂  pulse i n Gg so that the a counter i s not 

stepped. The next pulse turns FF1 OFF. This opens G^ and 

s u c c e s s i v e T^ pulses step the a counter,**except f o r the T^ 

pulse which appears while FFO i s on. (FFO blocks pulses i n 

G 6 ) * This T± pulse i s passed by &3 and turns FF2 OFF. The C 

pulse which appears while FFO i s ON i s passed by Gg and r e s e t s 

FF^ and the b counter. The b counter i s h e l d i n p o s i t i o n 0 

u n t i l FF2 i s once again turned ON by FF1* The waveforms 

f o r the f i r s t two k c y c l e s (k = 0, k = l ) are shown i n Figure 3-4. 

The sequence k, k-1, 1, 0, 1, 9-k i s obtained: from the 

b counter when FF2 i s ON, and from the a counter when FF2 i s 

OFF. This can be expressed i n l o g i c a l form as f o l l o w s ? . 

Q. - b..FF2 + A-.FF2 . . . ( 3 - l ) 
~ i i i 

* For d e s c r i p t i o n of the Reset C i r c u i t , see Chapter 5. 
Note t h a t the a counter counts down, while the b, m, and k 

counters count up. 
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Figure 3-4» Timing Waveforms (k = 0, l ) 



where 

Q i represents the b i n a r y state ( l = ON, 0 = OFF) of 

the sequence term i , 

a^ and b^ represent the b i n a r y s t a t e s of the i - t h 

outputs from the a counter and b counter r e s p e c t i v e l y , 

FF2 represents the b i n a r y s t a t e of FF2 ( i f FF2 i s 0N> 

FF2 = 1 , FF2 = 0; i f FF2 i s OFF, FF2 = 0, FF2 = l ) , 

+ represents the l o g i c a l OR o p e r a t i o n , 

. represents the l o g i c a l AND o p e r a t i o n . 

The sequences thus obtained can be seen: i n F i g u r e 3-4 to be 

f o r k = 0, 0, 1, 2, ..., 8, 9 

and, 

f o r k = 1, 1, 0, 1, ..., 7, 8. 

The waveforms as shown i n F i g u r e 3-4 can be continued f o r the 

remainder of the i t e r a t i o n c y c l e . The r e s u l t f o r k = 9 i s 

shown i n F i g u r e 3-5. The T£ pulses c o i n c i d e n t w i t h the switching 

of the k count from 8 to 9 and 9 to 0 are i n h i b i t e d from t u r n i n g 

FF1 ON by the a c t i o n of the m^ pulses i n G^, A l s o , the T^ pulse 

immediately f o l l o w i n g the s w i t c h i n g of the k count from 9 to 0 

i s i n h i b i t e d from stepping the a counter by the a c t i o n of the 

FF3 pulse i n G^. 

I t i s evident from F i g u r e 3—5 t h a t at the c o n c l u s i o n 

of the kg c y c l e the computer begins another i t e r a t i o n c y c l e . 

3-2. Block Diagram Representation of Computing C i r c u i t s . 

The o v e r a l l computer i s shown i n b l o c k diagram form 

i n F i g u r e 3—6, e x c l u s i v e of c i r c u i t s which c o n t r o l the f o u r 

counters. 
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The input s i g n a l to the c o n t r o l system under t e s t , 

x ( t ) , i s f e d i n t o the x - a m p l i f i e r to produce the two s i g n a l s 

x ( t ) and — x ( t ) . These s i g n a l s are then f e d to the |x| c i r c u i t 

to generate |x(t)| and - | x ( t ) | which i n turn, are passed to the 

+ |x| and — |x| gates r e s p e c t i v e l y . ( G + | x | and G |x| ̂  ^ e 

v o l t a g e x ( t ) i s a l s o passed to a s i g n d e t e c t o r (S.D. x), the 

b i n a r y output of which represents the s i g n of x ( t ) . This 

output, sgn xf i s passed to the S h i f t R e g i s t e r , which samples, 

s t o r e s , and s h i f t s the q u a n t i t y at a rate determined by the 

S h i f t Pulse Generator. (The time between successive s h i f t 

p ulses i s equal to T/9 '. See Figure 2-1). The outputs from 

the S h i f t R e g i s t e r are sampled according to the sequence 

k,: k—1,...,1^ 0, 1,..., 9-k, and the s i g n a l v ^ m = v ^ " " | f k ~ U m l ^ 

i s passed to the x-Gate S e l e c t o r . Also f e e d i n g i n t o the x—Gate 

S e l e c t o r are sgn x and a c o n t r o l s i g n a l from the g-Pulse 

Generator* This l a t t e r s i g n a l i s dependent upon the s i g n of g m < 

The combined a c t i o n of the three c o n t r o l s i g n a l s causes the 

x-Gate S e l e c t o r to remove the i n h i b i t s i g n a l from e i t h e r 

G + j x | or G__ | x| • The s e l e c t e d gate i s then opened by a pulse 

from the g—Pulse Generator f o r a time i n t e r v a l p r o p o r t i o n a l to 

y\»• A v o l t a g e p r o p o r t i o n a l to (t) i s thus a p p l i e d to e i t h e r 

of the c u r r e n t generators +G.G. or -C.G. f o r a time p r o p o r t i o n a l 

to *m • The r e s u l t i s that the v o l t a g e on the summing 

c a p a c i t o r j V Q , changes by 
s 

< A VC >m,x = -P g m *<Hrk-*uJ> ..-(3-2) 
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where (3 i s a scal e f a c t o r . The process i s executed f o r 
m = Of I , . * . , 9, except t h a t G x i s blocked f o r the i n t e r v a l 

m = k.* 

The output s i g n a l from the c o n t r o l system under t e s t , 

y ( t ) . i s operated upon i n a very s i m i l a r manner. The c i r c u i t s 

and operations of blocks y-Amp., |y|, and S«D« are i d e n t i c a l 
y 

to those of blocks x-Amp., |x|, and.S.D, r e s p e c t i v e l y . The 

outputs from the S h i f t R e g i s t e r are sampled i n the v ^ Generator 

by the k counter, and the s i g n a l v ^ = v ( t — T ^ ) i s passed to the 

y-Gate S e l e c t o r . The s i g n a l s sgn y and v^. cause the y-Gate 

S e l e c t o r to remove the i n h i b i t s i g n a l from e i t h e r G +|y| or 

G j y j • The s e l e c t e d gate i s then opened by the m^ p u l s e . The 

r e s u l t of t h i s a c t i o n i s th a t changes by 
s 

(AV ) = a y ( t ) v ( t - r k ) . . . ( 3 - 3 ) 
s y 

where a i s a sc a l e f a c t o r . The t o t a l v o l t a g e change on C over 
S 

a complete k c y c l e i s t h e r e f o r e 

(AV) C = a y ( t ) v ( t - r k ) -0 x ( t ) £ g m v ( t - | r k ^ m | ) 
m = 0 . . . ( 3 - 4 ) 

When the sc a l e f a c t o r s are p r o p e r l y s e l e c t e d so that a =pj, 

(AV) C =aG; k . . . ( 3 - 5 ) 
; S '. 

* This i s accomplished by i n h i b i t i n g G x by the s i g n a l (a A)»(bQ). 
F i g u r e s 3—4 and 3 -5 demonstrate that a A and b n are both ON only 
when m = k« 
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At the c o n c l u s i o n of a k c y c l e the sample pulse S blocks G 

and G , thereby h o l d i n g Yn constant, and opens the gate G, 
S 

a l l o w i n g aQ^ to be store d i n the storage c a p a c i t o r s e l e c t e d 

by the k counter. The c l e a r pulse CL r e s t o r e s V̂ , to i t s 
• s 

i n i t i a l value i n p r e p a r a t i o n f o r the next k c y c l e . F i g u r e 3—7 

shows the waveforms f o r a t y p i c a l k c y c l e * 

The o r g a n i z a t i o n and o v e r a l l o p e r a t i o n of the computer 

have now been described.. The i n d i v i d u a l c i r c u i t s w i l l be 

d i s c u s s e d i n the f o l l o w i n g chapters. 



F i g u r e 3-7. Computing Waveforms f o r a T y p i c a l k C y c l e . 
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4. TIMING CIRCUITRY 

In t h i s chapter the v a r i o u s s e c t i o n s of the Timing 

C i r c u i t are d e s c r i b e d . They are the f o l l o w i n g ? 

1, Clock Pulse Generator 

2» Counters and F l i p - F l o p D r i v e r s 

3. C o n t r o l F l i p - F l o p s 

4, C o n t r o l Gates. 

4-1. Clock Pulse Generator. 

The Clock Pulse Generator c i r c u i t i s shown i n 

F i g u r e 4—1, The c l o c k generator i s a standard a s t a b l e 

m u l t i v i b r a t o r producing symmetrical square wave s i g n a l s C and C. 

These s i g n a l s are d i f f e r e n t i a t e d and c l i p p e d to produce the 

t r i g g e r puises T^ and r e s p e c t i v e l y . The waveforms are 

shown i n F i g u r e 4-2. SW1 i s pa r t of a double—pole switch.used 

f o r s t a r t i n g and r e s e t t i n g the oomputer. (The Reset C i r c u i t i s 

d e s c r i b e d i n Chapter 5). 

4-2. Counting C i r c u i t . 

There are fo u r i d e n t i c a l counting c i r c u i t s i n the 

computer., the a, b, k. and m counters, Ea;ch counter u t i l i z e s 
(Q) 

a BX1000 decade counting tube., which i n d i c a t e s i t s s t a t e by 

a -15 v o l t s i g n a l at one of ten output p i n s . The count i s 

advanced by a l t e r n a t e l y a p p l y i n g negative t r i g g e r pulses of at 

l e a s t 50 v o l t s magnitude to two i n p u t s . These t r i g g e r pulses 

are generated by the a s s o c i a t e d d r i v e r f l i p - f l o p . Applying a 



R e s i s t o r s . Ŵ, 10$ 

C a p a c i t o r s : 75V, 10$ 

T r a n s i s t o r s : 2N404 

Fi g u r e 4-1, Clock Pulse Generator. 
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F i g u r e 4-2. Clock Pulse Generator Waveforms. 
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-5 v o l t pulse to a t h i r d i n put r e s e t s the counter to a pr e ­

d e f i n e d O-state. 

The counter c i r c u i t i s shown i n F i g u r e 4-3. The 

output s i g n a l s are taken from the p o i n t s marked C> 1,.*., 8, 9. 

The d r i v e r f l i p - f l o p c i r c u i t i s shown i n Fi g u r e 4-4. The 

s i g n a l s at the t r a n s i s t o r c o l l e c t o r s , square1; waves of 

approximately 75 v o l t s amplitude, are d i f f e r e n t i a t e d by the 

co u p l i n g networks (200 pf c a p a c i t o r s and 100 K r e s i s t o r s ) of 

the counter. This provides the negative t r i g g e r pulses r e q u i r e d 

f o r s tepping the counter. The p o s i t i v e trigger, pulses formed., 

by the d i f f e r e n t i a t o r s have no e f f e c t on the c i r c u i t . 

Whenever the counter i s r e s e t , i t i s necessary t h a t 

the d r i v e r f l i p - f l o p be i n the s t a t e such t h a t the next count 

pulse to the f l i p - f l o p r e s u l t s i n a negative t r i g g e r pulse 

being a p p l i e d to the c o r r e c t counter i n p u t . I f t h i s i s not 

done, the counter may l o s e the f i r s t count* A FF Reset pulse 

i s a p p l i e d as shown i n F i g u r e 4-4 f o r t h i s purpose. 

4-3. C o n t r o l F l i p - F l o p s . 

The f o u r f l i p - f l o p s FFO, FF1, FF2,r,and FF3 are 

i d e n t i c a l . F i g u r e 4-5 shows the c i r c u i t diagram. Negative 

t r i g g e r p u l s e s a p p l i e d to e i t h e r of two inputs, turn the f l i p -

f l o p ON or OFF as shown. I f a Reset pulse i s a p p l i e d to the 

t h i r d i n p u t the f l i p - f l o p i s turned OFF/by the negative-agoing 

edge. The output l e v e l s of the f l i p - f l o p are nominally 0 v o l t s 

and —12 v o l t s . 

4-4* C o n t r o l Gates. 

The Timing C i r c u i t i n c l u d e s e i g h t c o n t r o l gates, 

G , G 0,».,f G R. The o p e r a t i o n of these gates i s i n d i c a t e d by 
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Figu r e 4-3. BX-1000 Counter C i r c u i t . r o 
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the c i r c u i t diagrams and waveforms shown i n Fi g u r e s 4-6 to 

4-13. Gates G^, G^ and G^ are standard diode AND gates and 

r e q u i r e no f u r t h e r e x p l a n a t i o n . Gate G£ i n c l u d e s a t r a n s i s t o r 

used to i n v e r t the m̂  pulse to achieve an i n h i b i t a c t i o n . The 

remainder of the c i r c u i t i s a standard diode AND gate. Gates 

G^, G^.and G^ use s i n g l e t r a n s i s t o r s to gate the t r i g g e r pulses 

and a l s o to i n v e r t and amplify them, p r o v i d i n g sharp p o s i t i v e -

going l e a d i n g edges to t r i g g e r the counters. G^ uses an 

a d d i t i o n a l t r a n s i s t o r i n a NOR* c o n f i g u r a t i o n to provide the 

r e q u i r e d i n h i b i t a c t i o n . Gg i s a s i m i l a r NOR gate. 

This completes the d e s c r i p t i o n , o f the t i m i n g c i r c u i t s . 

The next chapter d e s c r i b e s the c i r c u i t s of the remainder of 

the computer. 

* The output D of a NOR gate which has two inputs A and B i s 
expressed l o g i c a l l y as f o l l o w s . 
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F i g u r e 4-9. C i r c u i t Diagram and Waveforms For G^, 
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5. COMPUTING CIRCUITRY 

In t h i s chapter the c i r c u i t s of the computer hot 

i n c l u d e d i n the Timing C i r c u i t are d i s c u s s e d . For ease of 

r e f e r e n c e * the block diagram of the computer, Figure 3—6, i s 

reproduced as Figure 5—1• The f o l l o w i n g major s u b d i v i s i o n s , 

which comprise t h i s p a r t of the computer, are d e s c r i b e d as 

uni t s { 

1* Input C i r c u i t 

2*. S h i f t R e g i s t e r 

3*. Weighting F a c t o r Generators 

4 . g-Pulse Generator 

5. x—Term C i r c u i t 

6. y—Term C i r c u i t 

1* C a p a c i t o r Summing. C i r c u i t 

8. Sample and C l e a r Pulse Generator =-• 

9 * Storage and Averaging C i r c u i t 

10. Reset C i r c u i t 

5-1• The Input C i r c u i t . 

The system s i g n a l s x ( t ) and y ( t ) are f e d i n t o 

i d e n t i c a l i n put - c i r c u i t s . F igure 5-2 shows the c i r c u i t diagram 

of the x Input C i r c u i t . I t i n c l u d e s the x—AMP., x f and S.D. 

c i r c u i t s i n d i c a t e d i n Fig u r e 5-1. The potentiometer R^ i s 

ganged to the corresponding potentiometer i n the y Input C i r c u i t 

to provide a manual adjustment of the,system s i g n a l l e v e l s . 

i s a g a i n c o n t r o l which i s adjusted to provide u n i t y g a i n i n 

the i n v e r t i n g a m p l i f i e r . R« i s a d-c adjustment to remove the 
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e f f e c t of small v o l t a g e drops i n the i n v e r t i n g t r a n s i s t o r . 

The output s i g n a l s + x ( t ) | a n d — j x ( t ) j are a v a i l a b l e as 

shown. Potentiometer i s adjusted so t h a t the output s i g n a l 

sgn x switches p r e c i s e l y when x ( t ) changes s i g n , Sgn x 

assumes the l e v e l -12 v o l t s ( r e p r e s e n t i n g the b i n a r y s t a t e l ) 

when x ( t ) i s negative and 0 v o l t s ( r e p r e s e n t i n g the b i n a r y 

s t a t e 0) when x ( t ) i s p o s i t i v e . The output represents sgn x 

only f o r l e v e l s of x ( t ) exceeding a few tenths of a v o l t . 

This i s s u f f i c i e n t l y accurate f o r the a p p l i c a t i o n , 

5-2, The S h i f t R e g i s t e r . 

I t i s necessary to store the ten most recent values 

of sgn x = v ( t ) f o r use as the weighting f a c t o r s v ( t — 7 ^ ) 

and v ( t — Tj t- ,u m ). This i s the purpose of the S h i f t R e g i s t e r , 

I t c o n s i s t s of ten NOR f l i p - f l o p s i n a cascade arrangement, 

with each u n i t separated from the previous one by a s h i f t 

gate* F i g u r e 5—3 shows the c i r c u i t diagram. The q u a n t i t y 

sgn x i s i n v e r t e d by the f i r s t t r a n s i s t o r to produce sgn x. 

Each s i g n a l i s then a p p l i e d through a 150K r e s i s t o r to a 

.Oluf c a p a c i t o r . The s i g n a l s on the c a p a c i t o r s are gated 

by the s h i f t pulse and passed on to the input r e s i s t o r s of 

the f i r s t NOR f l i p - f l o p . The outputs from t h i s f l i p - f l o p are 

i n t u r n passed to i d e n t i c a l RC networks where they are gated 

by the s h i f t pulse and f e d to the f o l l o w i n g f l i p - f l o p . The 

RC time constant of the c o u p l i n g network i s 1.5 msecs, much 

longer than the 20 usee width of the s h i f t p u l s e . The 

purpose of the RC combination i s to h o l d each output of the 

previous f l i p — f l o p f o r the d u r a t i o n of the s h i f t pulse so t h a t 

the value of sgn x passed on to ( f l i p - f l o p ) . i s independent 



Figure 5-3. C i r c u i t Diagram of S h i f t R e g i s t e r . o> 
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of the new value being s t o r e d i n ( f l i p - f l o p ) . 

The c i r c u i t diagram of the s h i f t pulse generator i s 

shown i n Fig u r e 5-4. AM2 i s a standard a s t a b l e m u l t i v i b r a t o r 

with a p e r i o d a d j u s t a b l e from 0.06 sec to 1.5 sec. I t s 

output i s used to t r i g g e r MM2, a monostable m u l t i v i b r a t o r 

which provides the 20 u-sec s h i f t pulse f o r the s h i f t r e g i s t e r . 

With the above range of adjustment of the s h i f t i n g 

p e r i o d , i t i s p o s s i b l e to vary the time i n t e r v a l T (see 

Figu r e 2-1) over the range 0.5 sec to 14 sec. An adjustment 

of t h i s type i s necessary i n order to expand or compress the 

time s c a l e to cover the s i g n i f i c a n t p a r t of the impulse 

response of the system under t e s t . 

5-3. Weighting F a c t o r Generators. 

These c i r c u i t s , represented i n Fi g u r e 5-1 by the v^ 

Generator and v^ m Generator b l o c k s , are shown i n . F i g u r e s 5-5 

and 5-6. The v^ Generator i s a simple g a t i n g c i r c u i t i n which 

the outputs of the S h i f t R e g i s t e r are sampled by the k counter. 

The diode gate outputs are f e d to a NOR gate which i s f o l l o w e d 

by an i n v e r t e r to produce the s i g n a l s v ^ and v̂ .,' where v^. i s 

given by the l o g i c a l equation 

V k = ko°( s§ n x^0 + °°" + k q - ( s g n x)o, ••••(5-1) 

In the v ^ m Generator the b counter samples the outputs of the 

S h i f t R e g i s t e r - i n one set of AND gates and the r e s u l t s are 

combined i n an OR gate, producing the s i g n a l H. H i s thus 
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giv e n by the l o g i c a l equation 

H = b Q . ( s g n x ) Q + . ... + b^»(sgn x ) ^ ...(5-2) 

The a counter a l s o samples the outputs of the S h i f t R e g i s t e r 

i n an i d e n t i c a l manner to produce the s i g n a l J . Therefore* 

J = a n . ( s g n x ) n + .. * + a^.(sgn x ) 9 ...(5-3) 

H and J are f e d i n t o separate AND gates with FF2 and FF2 

r e s p e c t i v e l y , and the r e s u l t s are combined i n a NOR gate and 

an i n v e r t e r to produce v, and v, » where 

^ k ym tr .my 
k»m ! 

v, = FF2, k,m b n . ( s g n x ) Q +•... + b 9 . ( s g n x ) 9 

+ FF2. a Q . ( s g n x ) Q + ... + a 9.,(sgn x ) 9 

•.(5-4) 

5-4. The g—Pulse Generator. 

The purpose of t h i s c i r c u i t i s to generate, d u r i n g 

each m p e r i o d j a pulse p r o p o r t i o n a l i n width to the q u a n t i t y 

|g m|. The c i r c u i t diagram i s shown i n F i g u r e s 5—7 and 5-8. 

The c i r c u i t waveforms f o r two t y p i c a l m periods are shown 

i n F i g u r e 5—9. 

The output from the c a p a c i t o r storage i s . equal to 

- V / - N + "tf'-'g v o l t s where - V _ i s a constant such that + Tf.g «=0, 0 °m - 0 . 0 m 

and 3" i s a s c a l e f a c t o r . ( A d d i t i o n of - V Q permits the use of 
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simpler storage and g a t i n g c i r c u i t s ) . The v o l t a g e -V A + # g m 

i s the input to the g-Pulse Generator. A double emitter 

f o l l o w e r arrangement at the input provides a very high 

impedance to the c a p a c i t o r storage output. At the beginning 

of each m p e r i o d , the c l o c k s i g n a l C t r i g g e r s the monostable 

m u l t i v i b r a t o r MM3. This a p p l i e s a -12 v o l t r e s e t pulse of 

approximately 10 usee d u r a t i o n to the sweep c i r c u i t . The 

output s i g n a l of the sweep generator i s shown i n Fig u r e 5-9. 

This s i g n a l and the s i g n a l -V A
 +^S,m

 a r e summed by the 100K 

r e s i s t o r s and the r e s u l t i s a p p l i e d through an emitter 

f o l l o w e r to the Schmidt T r i g g e r (ST). 

The sweep s i g n a l can be expressed i n the form 

V g = -12 + c t ( t S l 2 / c ) ...(5-5) 

where c i s the sweep slope and t i s the time from the 

beginning pf the sweep. The input to ST i s t h e r e f o r e 

\-Yn + tgJ -12 + c t 
V. i n = L_2 sJ : ...(5-6) 

ST i s set to switch when V. reaches -6 v o l t s . Suppose i t 
i n " 

switches at time t ^ a f t e r the beginning of the sweep. 

Equation (5r»6) can then be w r i t t e n as 

f-V n + tfgJ -12 + c t, 
-6= 1 0 ' m J : - i ...(5-7) 

I t f o l l o w s t h a t 



46 

t x = ^ ...(5-8) 

FP5 i s turned ON at the beginning of the sweep and i s turned 

OFF.-when ST switches. I t i s t h e r e f o r e ON f o r the time i n t e r v a l 

t-^. The monostable m u l t i v i b r a t o r MM4 a l s o i s turned ON at 

the beginning of the sweep. I t i s adjusted to turnllQFF ".... 

a f t e r a time i n t e r v a l 

t 2 = — ...(5-9) 
c 

I t f o l l o w s t h a t a pulse d e f i n e d as 

g = FF5. MM4 ...(5-10) 

has a width equal to 

( A t ) _ = t 1 - t. 

f / c ) g m (gm=Q) ...(5-11) 

and a l s o t h a t a pulse d e f i n e d as 

g + = FF5, MM4 ...(5-12) 

has a width equal to 
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( A t ) + = t 2 - t x 

= ( V c ) g m ( g m ^ 0) ...(5-13) 

The pulses g u and g + and t h e i r l o g i c a l complements are 

generated by the c i r c u i t r y shown i n Fig u r e 5—8 which c o n s i s t s 

of two NOB gates and two i n v e r t e r s . The output l e v e l s have 

been s h i f t e d from 0 and -12 v o l t s to +6 and ~6 v o l t s f o r use 

i n the x-»Term C i r c u i t , which i s d e s c r i b e d i n the f o l l o w i n g 

s e c t i o n , 

5-5, The x—Term C i r c u i t , 

This c i r c u i t generates a c u r r e n t , p r o p o r t i o n a l to 

x ( t ) v-^ m #' which i s d i r e c t e d i n t o or out of the summing 

c a p a c i t o r C g f o r a time p r o p o r t i o n a l to Jg^j » The g a t i n g 

arrangement i s such that the r e s u l t i n g v o l t a g e change on C 
s 

i s equal to 

(AV P ) = H3x(t) v, g ,,,(5-14) 
v C 'x f \ / v m e m / 

s ' 

where (3 i s a p o s i t i v e s c a l e f a c t o r . 

Consider the f u n c t i o n 

v, x ( t ) k,m v ' .....(5-15) 

Equation (5—15) can be expressed i n l o g i c a l form as f o l l o w s % 

z, = v, .sgn x ( t ) + v, .sgn x ( t ) k,m k,m 6 x ' k*m 6 . 
...(5-16) 
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Fi g u r e 5—10 shows the c i r c u i t r y which generates z and 

z, • Three NOR gates and two i n v e r t e r s are used and the k,m 

output l e v e l s are s h i f t e d from 0 and —12 v o l t s to +6 and -6 

v o l t s * 

Consider now the c i r c u i t shown i n Figure 5-11• 

T r a n s i s t o r T^ i s i n the grounded base c o n f i g u r a t i o n w i t h the 

c o l l e c t o r connected to C . The vo l t a g e on C i s always 
S S 

n e g a t i v e * Thus the emitter of T^ i s h e l d v e r y c l o s e to 

ground p o t e n t i a l , provided t h a t the a s s o c i a t e d c i r c u i t r y 

can supply the emitter c u r r e n t as shown* This l a t t e r 

requirement i s s a t i s f i e d by the r e s i s t o r network R6, through 

which a constant c u r r e n t , I , i s provided by the +12 v o l t 
C X 

supply* The r e s i s t o r networks R^ and R^ are adjusted so t h a t 

R 4 = R 5 = R x *.*(5-17) 

The combined a c t i o n of the g a t i n g s i g n a l s , .^y z k m ' 

g—f g+t and g^, causes s a t u r a t i o n of one of the t r a n s i s t o r s 

T 1, T2* T-j* or T^ f o r a time p r o p o r t i o n a l to g m + reducing 

the c o l l e c t o r — e m i t t e r v o l t a g e of t h i s t r a n s i s t o r to almost 

zero* The cur r e n t through the t r a n s i s t o r i s t h e r e f o r e 

approximately equal to 

I = i * i ± U ...(5-18) 
R 
x 

This c u r r e n t i s added to the cur r e n t I , and the sum i s 
cx' 

passed through Tg. The r e s i s t a n c e s are so adjusted t h a t 
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I - r 5 - ! f ensuring that there i s always c u r r e n t through i n 

the proper d i r e c t i o n . Resistance network R̂ . and t r a n s i s t o r 

provide a constant c u r r e n t , I , through T 7 as shown.- The 

r e s u l t i s t h a t the net c u r r e n t (ln ) i s equal to + I • 
• °s x ~ x 

T h i s causes a v o l t a g e change on C equal to 

(± I r ) At 

s "C~ 
(AV C ) x = „ X ...(5-19) 

s 

Combining Equations ( 5 - l l ) , (5-13), (5-18) and (5^-19) y i e l d s 

(Wc ) x = ± x ( t ) g r c R C A V V ' em . x s 
...(5-20) 

I f now the s e l e c t i o n of T^ t T 2 , T^, or T^ by the g a t i n g s i g n a l s 

i s c o n s i d e r e d , i t can be seen t h a t (&V„ ) i s given by the 
\j x 
s 

f o l l o w i n g equations 

(AV C ) x = -!3 x ( t ) v .••(5-21) 

where 

P = I R~i ...(5-22) 
X s 

T r a n s i s t o r s T^ and Tg are employed to b l o c k ( i ^ ) dur i n g the 
s 

i n t e r v a l f o r which m = k and a l s o d u r i n g the Sample i n t e r v a l , 

(See Chapter 3)« This b l o c k i n g a c t i o n i s c o n t r o l l e d by the; 

c i r c u i t shown i n Fi g u r e 5-12. During e i t h e r of these i n t e r v a l s 

a -12 v o l t s i g n a l and a 0 v o l t s i g n a l are produced at p o i n t s A 
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and B r e s p e c t i v e l y of the c i r c u i t s shown;in F i g u r e s 5-12 and 

5-11. This has the e f f e c t of c u t t i n g o f f t r a n s i s t o r s T^ and Tjt 

and b l o c k s (ln ) . 
\J x 

s 

5-6. The y-Term C i r c u i t . 

The o p e r a t i o n of t h i s c i r c u i t i s v e r y s i m i l a r to t h a t 

of the x—Term C i r c u i t . A c u r r e n t p r o p o r t i o n a l to | y ( t ) | i s 

gated i n t o or out of the summing c a p a c i t o r f o r the d u r a t i o n 

of the mQ p e r i o d , causing a v o l t a g e change on C equal to 

(AV C ) = oc y ( t ) v ...(5-23) 
s 

where a i s a p o s i t i v e s c a l e f a c t o r . 

The f u n c t i o n w, i s d e f i n e d as foll o w s ? k 

A 
w k = sgn v v y ( t ) ..(5-24) 

Equation (5—24) can be expressed i n l o g i c a l form as f o l l o w s : 

w k = v k . s g n y ( t ) + v^.sgn y ( t ) ...(5-25) 

Fig u r e 5—13 shows the c i r c u i t used to produce "ŵ.. The s i g n a l 

w^ i s a l s o produced but not used. However, the e x t r a p a r t of 

the c i r c u i t serves to provide the +6 and -6 v o l t sources. 

A d d i t i o n a l c o n t r o l s i g n a l s are r e q u i r e d f o r g a t i n g 

the c u r r e n t d u r i n g the p e r i o d . These are d e r i v e d from the 

m^ pulse by the c i r c u i t shown i n Figure 5—14. The c i r c u i t , ' 

c o n s i s t i n g simply of two i n v e r t e r s , produces the s i g n a l s and 
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Mg, which are l o g i c a l l y e q u i v a l e n t to nig and nig r e s p e c t i v e l y . 

However* the l e v e l s have been s h i f t e d from 0 and —12 v o l t s to 

+6 and —6 v o l t s . The signalsvw^, Mg and Mg are used as shown 

i n F i g u r e 5—15. The o p e r a t i o n of t h i s p a r t of the c i r c u i t i s . 

v e r y s i m i l a r to t h a t of the corresponding p a r t of the x-Term 

C i r c u i t , The r e s i s t a n c e s R^ and R 2 are adjusted so t h a t 

R± = R 2 t R y ,,.(5-26) 

The c o l l e c t o r s of t r a n s i s t o r s T, 0 and T, A are connected to C . 

13 14 s* 

the summing c a p a c i t o r . The base of T^^ i s grounded, and 

emitter c u r r e n t i s s u p p l i e d through R^ from the +12 v o l t supply. 

The emitter of T ^ i s t h e r e f o r e very c l o s e to ground p o t e n t i a l . 

The combined a c t i o n of Mg, Mg, and w^ s a t u r a t e s one of the 

t r a n s i s t o r s T^.A or T-^ f o r the d u r a t i o n of the mg p e r i o d . 

reducing the c o l l e c t o r - e m i t t e r v o l t a g e of t h i s t r a n s i s t o r to 

almost zero* The c u r r e n t through the t r a n s i s t o r i s t h e r e f o r e 

approximately 

I ...(5-27) 
y 

The c u r r e n t through T^^ i s t h e r e f o r e l c y + t^.. R^ i s a d j u s t e d 

so that I i s equal to the constant c u r r e n t through T ^ as 

shown. The net current (ln ) i s t h e r e f o r e equal to + I . 
°s y " y 

This causes a v o l t a g e change on C equal to 
s 

+ I A 
(AV C )„ = v

? j ...(5-28) 
s y s 
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where A i s the width of the nig p e r i o d . Combining Equations (5-27) 

and (5-28) y i e l d s 

(47c >y - ± 
s J 

R C 
y s 

...(5-29) 

C o n s i d e r a t i o n of the g a t i n g a c t i o n s of M^, M^, and w^ shows 

t h a t (AV P ) i s g i v e n by the f o l l o w i n g equations C 'y 
s J 

(AV C ) = a y ( t ) v k ...(5-30) 
s ^ 

where 

a A 
R C 
y s 

...(5-31) 

T r a n s i s t o r s T, ~ and T, c are used to b l o c k ( l~ , ) 1 2 15 C g y 

d u r i n g the. sample p e r i o d S. The s i g n a l s S and S are generated 

by c i r c u i t s d e s c r i b e d i n s e c t i o n 5—8. These s i g n a l s * a p p l i e d as 

shown i n F i g u r e 5—14, have the e f f e c t of c u t t i n g o f f T ^ a n < i 

T 4 . This b l o c k s ( l c ) . 

s ^ 

5-7« The C a p a c i t o r Summing C i r c u i t . 

T h i s c i r c u i t i s shown i n Figure 5—16. At the 

c o n c l u s i o n of each Sample i n t e r v a l , a c l e a r p u l s e * CL* i s a p p l i e d 

as shown. This causes the v o l t a g e on the base of t r a n s i s t o r T^ 

to change from 0 v o l t s to —6 v o l t s and the v o l t a g e on the base 

of T^ to change from -12 V o l t s to -6 v o l t s . The summing c a p a c i t o r 
C i s thus e i t h e r charged or d i s c h a r g e d , depending upon i t s s 
previous v o l t a g e , to -6 v o l t s . A f t e r the CL pulse has been 
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removed, T~ and T. are cut o f f . The currents (l„ ) and .(I,-, ) 7 3 4 C x s s * 

are then d i r e c t e d i n t o or out of C , so that at the end of the 
s 

computing p e r i o d the v o l t a g e on C i s given by 
S 

= -6 + a y ( t ) v k - J ' p x ( t ) v gm ...(5-32) 
m = 0 

I f a = 0, i t f o l l o w s that 

V c = -6 + pc 
•. s 

n , 
y ( t ) v, - \ x ( t ) v, g J > ' k v ' k,m sm 

m = 0 
= ̂ •6 + a G , ...(5-33) 

The Sample pulse blocks (ln ) and (lp ) , and gates the s i g n a l 
O X l . \r 

C 7 y ! 

s J 

as shown, producing V " Q U ^ , 

s 

5-8. Sample and C l e a r Pulse Generator. 

This c i r c u i t , shown i n Figure 5-17, generates the 

pulses S, S, and CL which are r e q u i r e d i n the preceding c i r c u i t s . 

FF4 i s normally OFF. I t i s turned ON during the FFO 

pulse by the T^ p u l s e , and turned OFF again by the next T-̂  

p u l s e . The output FF4 i s gated with FFO i n a NOR gate to 

produce the Sample pulse S which i s given by the l o g i c a l 

equation 

S = FF0.FF4 ...(5-34) 

The NOR gate i s f o l l o w e d by an i n v e r t e r which produces S. The 

s i g n a l s FFO and FF4 are combined i n a second NOR gate to 
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produce the c l e a r pulse CL, which i s given by the l o g i c a l 

equation 

CL. = FF0.FF4 .... (5-35) 

Fig u r e 5—18 shows the waveforms. 

5-9. Storage C i r c u i t . 

The storage c i r c u i t , i n c l u d i n g i n put and output 

gates, i s shown i n F i g u r e 5-19. The sampled s i g n a l , VQU.j.» 

from the C a p a c i t o r Summing C i r c u i t i s a p p l i e d to an input 

bus i n the Storage C i r c u i t . This bus s i g n a l i s then sampled 

by the k counter and the s i g n a l i s a p p l i e d through an 

emitter f o l l o w e r to the storage c a p a c i t o r C^, which has been 

c l e a r e d d u r i n g the previous k p e r i o d . The low-»pass f i l t e r 

( j ^ , C 2 * C3) smoothes the v o l t a g e so t h a t the output 

(from C^) i s approximately constant over the complete i t e r a t i o n 

p e r i o d * and i s p r o p o r t i o n a l to the time average of the i n p u t . 

The output s i g n a l i s sampled by the m counter and i s passed 

through a diode OR gate to the g-Pulse Generator. 

5-10. The Reset C i r c u i t . 

This c i r c u i t provides a means of s e t t i n g the v a r i o u s 

counters and f l i p - f l o p s to t h e i r proper s t a t e s a f t e r t u r n i n g 

on the computer. I t a l s o permits r e s e t t i n g the computer i f , 

f o r any reason* the proper time r e l a t i o n s h i p between the v a r i o u s 

u n i t s i s l o s t . The c i r c u i t i s shown i n F i g u r e 5—20. 

*This i s a s u f f i c i e n t l y long p e r i o d f o r the t e s t s performed on 
the computer. For slowly v a r y i n g system s i g n a l s * x ( t ) and y ( t ) , 
the f i l t e r must have a much l a r g e r time constant. 
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Depression of switch SW1'closes SWl^, causing a 

p o s i t i v e t r i g g e r pulse to be a p p l i e d to the monostable m u l t i ­

v i b r a t o r MM1, t u r n i n g i t OFF, At the same time, the Clock 

Pulse Generator i s blocked (by the a c t i o n of SWl^ - See 

Fig u r e 4—1) • The 40 [isec pulse from MM1 i s a p p l i e d to the 

Reset inputs of FFO, FF1, FF2, and FF3 (see Figure'4-5) and 

i s a lso i n v e r t e d and a p p l i e d to the Reset inputs of FF , FF, .* 
a K. 

and PP m* (See Figure 4-4). The Count Reset Pulse i s 

obtained from MM1 as shown,: and i s a p p l i e d to the common Count 

Reset i n p u t of the a, k, and m counters. (See Figure 4—3). 

The waveforms are shown i n Fi g u r e 5-21. The v a r i o u s p i r c u i t s 

are r e s e t by the t r a i l i n g edges of the r e s p e c t i v e p u l s e s . 

This completes the d e s c r i p t i o n of the computer c i r c u i 

The performance of the computer i n a simple t e s t i s d e s c r i b e d 

i n the f o l l o w i n g chapter. 
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6. ,TEST RESULTS 

Th i s chapter d e s c r i b e s a simple t e s t of the 

computer rs accuracy* A r e p r e s e n t a t i v e set of equations i s 

so l v e d u s i n g the computer and the s o l u t i o n s are compared with 

c a l c u l a t e d v a l u e s * 

In Chapter 5 i t was shown t h a t the v o l t a g e on the 

summing c a p a c i t o r at the c o n c l u s i o n of a k c y c l e should be 

n 
( T c ) k = -6 4 - a y ( t ) v ^ ^ ' p x ( t ) v f c > m g m ***(5-32) 

s m = 0 

When the computer i s being used to compute g-^jr a must equal l3j 

so t h a t 

(V c ) k = - 6 + a G k ...(5-33) 
s 

For the purpose of the computational t e s t , any s&ale f a c t o r s 

may be chosen. 

L e t p k k (V c ') + 6 ...(6-1) 
s 

I t f o l l o w s from Equations (5—32) and ( 6 — l ) t h a t 

n -

P k = oc y ( t ) v k . £ ' A x ( t > vk,m Pm ..,(6-2) 
m = 0 

(k ~ 0, 1,, * * •. j 8, 9, 0,1,..*) 

where P i s the time average of p , and X i s a s c a l e f a c t o r 
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which i n c l u d e s the a t t e n u a t i o n i n the low—pass f i l t e r . The 

vo l t a g e s x ( t ) and y ( t ) are s e l e c t e d as follow s ? 

x ( t ) •= X v o l t s 

y ( t ) =( 
Y v o l t s , k = 0 

0 v o l t s , k / 0 

...(6-3) 

' . • . • ( 6 - 4 ) 

where X and Y are co n s t a n t s . Note t h a t y ( t ) can be obtained 

from p i n 0 of the k counter* Prom Equations (6^»2), (6-3)* and 

(6-4), i t f o l l o w s t h a t 

Pm = pm- ( m = °> i f * 8 * 9) ..(6-5) 

The computer can t h e r e f o r e solve the f o l l o w i n g system of 

equations f o r P Q , p^, . . .,p^: 

P 0 + X | x j p-ĵ  + X|x| p 2 + ... + X |x j pg = ocYsgn X 

X | X | p Q + P 1 + X |x | p 2 +'*... + X | X | Pg = 0 

X |x I P Q + X | x | p^ + i ... + p k + ... +.X|x|pg = 0 

X l x ^ 9 9 9 9 9 9 9. • O" « © 0" O * 9 9 O O O * • .9 9 9 H" Pc 0 

...(6-6) 

I t can e a s i l y be shown that the s o l u t i o n td., Equations 

(6-6) i s 
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P Q = oc X sgn X 1 + 

•••••• — PQ — 

(1+9X|.X|)(1-X|x;|) 

-(ocX) YX 
(l+9X | x|)(l-X | x | ) 

..,(6-7a) 

...(6;-7b) 

Computer s o l u t i o n s to Equations (6-6) were obtained f o r the 

f o l l o w i n g c o n d i t i o n s : 

X = 0.2. 
8 = 0.05 v o l t s " " 1 

X = 10j 6, 2, -2, -6, -10 v o l t s 

Y = -10, -8,-4 v o l t s . .(6-8) 

In F i g u r e 6r-l the s o l u t i o n s f o r P Q are compared with the 

corresponding v a l u e s of P Q as c a l c u l a t e d from Equation (6—7a)« 
The maximum disc r e p a n c y between observed v a l u e s and 

c a l c u l a t e d v a l u e s i s approximately Q.2 v o l t s , as found at 

p o i n t s A and B i n Fig u r e 6-1. This represents an e r r o r of l e s s 

than 6 per cent of f u l l s c a l e . 

These r e s u l t s are qu i t e encouraging,' and i t i s f e l t , 

t h a t the accuracy could be c o n s i d e r a b l y i n c r e a s e d by us i n g 

d i f f e r e n t storage f a c i l i t i e s i n place of the c a p a c i t o r storage 

u n i t s . Recommendations as to such changes are d i s c u s s e d i n 

Chapter 7* 

P r o v i s i o n f o r performing the t e s t d e s c r i b e d above 

cou l d e a s i l y be b u i l t i n t o the computer f o r the purpose of 

maintenance and adjustment. The r e s u l t s could be compared with 
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an acceptable standard to give an i n d i c a t i o n of the c a l i b r a t i o n 

of the computer. 

Two a d d i t i o n a l t e s t s were performed on the computer. 

In the f i r s t of these t e s t s , the input s i g n a l s to the 

computer, x ( t ) and y ( t ) , were chosen as f o l l o w s ? 

x ( t ) = a s i n <ot . 

y ( t ) = b s i n (o>t~p) ...(6-9) 

(6) 

Bohn ' has shown that the s o l u t i o n f o r the impulse response 

i n t h i s case must be 

h(t) = I C(t - f) ...(6-10) 

Observations of the computer s o l u t i o n f o r ĝ . i n d i c a t e d a peak 

which changed p o s i t i o n as p/w was v a r i e d . This agreed 

q u a l i t a t i v e l y w i t h what was expected. 

In the second t e s t , a random s i g n a l was f e d to a 

simple RC c i r c u i t , and the input andvoutput s i g n a l s were f e d 

to the computer. The computer s o l u t i o n should then have 

i n d i c a t e d the step response of the t e s t c i r c u i t . However, 

the c a p a c i t o r storage proved inadequate f o r proper averaging 

of the s i g n a l s , and no meaningful r e s u l t s were obtained. 
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7. CONCLUSIONS 

The d e s i g n of a r e l a t i v e l y simple analogue computer 

f o r use i n the r e a l - t i m e e s t i m a t i o n of system dynamics has been 

d e s c r i b e d . Test r e s u l t s have i n d i c a t e d t h a t the obtainable 

accuracy i s s u f f i c i e n t f o r system design purposes. 

However, a more s u i t a b l e method of time averaging 

and storage i s r e q u i r e d before the computer can be used to f u l l 

advantage. In a s a t i s f a c t o r y arrangement the a t t e n u a t i o n 

f a c t o r s and time constants of the i n d i v i d u a l storage and time 

averaging c i r c u i t s should be uniform. A l s o , m o d i f i c a t i o n of 

the time constants should not a f f e c t the a t t e n u a t i o n f a c t o r s . 

In the present c a p a c i t o r — s t o r a g e and low—pass f i l t e r c i r c u i t s 

i t i s very d i f f i c u l t to match the a t t e n u a t i o n f a c t o r s and time 

constants u n l e s s p r e c i s i o n components are used, A l s o j very 

l a r g e f i l t e r capacitances would be r e q u i r e d f o r averaging 

s i g n a l s over a p e r i o d of s e v e r a l seconds, 

A magnetic drum could be used f o r the storage and time 

averaging. Small drums, designed s p e c i f i c a l l y f o r data 

p r o c e s s i n g ^ are now a v a i l a b l e at reasonable p r i c e s , A method 

f o r s t o r i n g analogue i n f o r m a t i o n on a magnetic drum us i n g a 

pulse p o s i t i o n - c o d e has been d e s c r i b e d ^ 1 ^ . The f o l l o w i n g 

d i s c u s s i o n i n d i c a t e s how a modified computer u s i n g t h i s code 

could solve f o r g k (where g k i s as d e f i n e d i n Chapter 2). 

Let 

n 

e k ( t ) = y ( t ) v ( t - r k ) - £ x ( t ) v ( t - | r k - u j ) f m 

m = 0 ...(7-1) 
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Now l e t 

df. 
dTT = * - e k ( t ) 

..(7-2) 

I f f , ( t ) i s f i n i t e , i t f o l l o w s that 

: k ( t ) = l i m 1 y * e k ( t ) d t 

X — co 

= l i m 
T —'o<> 6 

= 0 

1 fdf, 
KtJ k 

..(7-3) 

Therefore, 

n 
y ( t ) v ( t - r k ) - £ x ( t ) v ( t - T, -u k m ) f: = 0 ...(7-4) 

m m = 0 

Equation (7—4) i s i d e n t i c a l to Equation (2-11) except t h a t g m 
has been r e p l a c e d by f ^ . 

"Therefore, 

l i m f = g m sm 
...(7-5) 

I t i s evident that the s o l u t i o n of Equations (7—1) and (7-2) 

r e s u l t s i n the generation of. g m (m= 0,l,.,.,n.)». The 

computation of e ^ f t ) as given by /Equation (7-1) could be done 
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u s i n g the computer c i r c u i t s d e s c r i b e d i n t h i s t h e s i s * Note that 

there i s no prime a f t e r the summation s i g n i n Equation (7-1). 

This would permit s i m p l i f i c a t i o n of the computer c i r c u i t s i n 

t h a t the diagonal term where k = m need no longer be b l o c k e d . 

The s o l u t i o n of Equation (7—2) can be achieved as shown i n 

F i g u r e 7—1, The q u a n t i t i e s A f ^ and f ^ are s t o r e d on separate 

t r a c k s of the drum u s i n g the pulse p o s i t i o n r e p r e s e n t a t i o n 

mentioned above. The contents of the coarse s c a l e are used 

f o r the computation of each e ^ ( t ) . This q u a n t i t y i s s t o r e d i n 

the counter* and i s used to change the p o s i t i o n of the A f ^ 

pulse to correspond to the new increment as shown* A c a r r y 

obtained from the counter i s used to s h i f t the f^. pulse 

forward or backward. I t f o l l o w s that 

The f o l l o w i n g code i s the most convenient f o r s t o r i n g 

the i n f o r m a t i o n on the drum: 

Suppose x i s the q u a n t i t y to be s t o r e d * Let z, the 

computer r e p r e s e n t a t i o n of x, be d e f i n e d as f o l l o w s : 

/ 

A f k « Hi e k ( t ) At ...(7-6) 

x, x = 0 

2+x,. x«= 0 * « • (7-7) 

where x i s s c a l e d so t h a t |x|-=l. I f x-=0, set 

z = 1 + y . . . (7-8) 
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where the 1 represents a s i g n pulse and y. represents the 

q u a n t i t y which appears i n coded form i n the v a r i o u s counters and 

on the drum. Therefore, 

y = 1 + x ...(7-9) 

Since -l«=x-=0, i t f o l l o w s t h a t 0 < y < l . The contents of the 

counters and the drum w i l l represent y, where 

I 
x, x J O 

y =< 
l+x, x«=0 ... (7-10) 

and the s i g n of x i s i n d i c a t e d by a separate s i g n p u l s e . This 

code could e a s i l y be used with the c i r c u i t s suggested i n 

Figure 7-1. 

There are s e v e r a l important advantages i n the use of 

a magnetic drum as d e s c r i b e d : 

1. The storage i s permanent. 

2. The averaging timd-constant can be modified 

simply by changing the s c a l i n g f a c t o r of the f i n e s c a l e . 

3. The computing c i r c u i t r y i s s i m p l i f i e d . 

I t i s b e l i e v e d t h a t m o d i f i c a t i o n of the present 

computer to i n c l u d e a magnetic drum storage as d e s c r i b e d would 

g r e a t l y enhance the accuracy and f l e x i b i l i t y of the computer. 
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