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ABSTRACT

This t h e s is  d escr ib es  th e d esign  and t e s t  r e s u lt s  o f  a "true"  

random n o ise  g en era to r . Although designed  fo r  use w ith  th e  PDP-9 

d ig i t a l  computer, th e  design  i s  e a s i ly  adapted to  any other small 

contputer th a t u t i l i s e s  a p a r a lle l  I/O Bus.

Zener d iodes provide the analog n o ise  th a t i s  sampled, and 

then accumulated in  an in teg ra ted  c ir c u i t  s h i f t  r e g is t e r « The contents  

o f th e s h i f t  r e g is te r  are then a v a ila b le  to  th e computer upon execu tion  

o f th e appropriate I/O in s tr u c tio n .

T est r e s u lt s  do not d isprove th e  hyp oth esis th a t th e  n o ise  pro­

duced i s  uniform ly d is tr ib u te d  w ith  adjacent b i t s  b ein g  s t a t i s t i c a l l y  

independent and u n co rrela ted « The generator has been used su c c e s s fu lly  

in  op tim ization  programs using the creep ing random search tech n iq u e . 

Gaussian words can be produced a t h igh  speed by u sin g  th e generator  

output to  d r ive  a ta b le  look-up program.

v i i i



CHAETER 1 

INTRODUCTION AND BASIC DESIGN

1 .1  Introductory Remarks

A d ig i t a l  computer or a hybrid a n a lo g /d ig ita l in s ta l la t io n  

involved  w ith  Monte Carlo com putations, system s sim u lation , or s t a t i s ­

t i c a l  computations req u ires a h ig h -q u a lity  source o f random numbers, 

i . e . ,  a d ev ice  capable o f producing m u lt ib it , s t a t i s t i c a l l y  independent,, 

random or pseudorandom computer words a t h igh  r a t e s . Pseudorandom 

numbers generated  e ith e r  by softw are (programmed algorithm ) or hardware 

( feedback s h i f t  r e g is te r )  have been used, but are not always s a t i s ­

fa c to r y . When generated by softw are, con siderab le  e f fo r t  i s  required, 

to  t e s t  the pseudorandom numbers fo r  randomness p ro p erties; the  

computer time required fo r  the softw are gen eration  o f pseudorandom 

numbers may in te r fe r e  w ith  or preclude rea l-tim e  and hybrid computations 

and, la s t  but not l e a s t ,  the use o f some typ es o f  pseudorandom numbers 

may lead  to  in correct r e s u lt s  in  sim ulating  system s w ith  t in e  con stan ts  

th a t are long w ith  resp ect to  the cy c le  tim e o f the s h i f t  r e g is te r  or 

in  n o n -lin ea r  systems because h igh ef-order d is tr ib u t io n s  do not have 

d esira b le  s t a t i s t i c a l  p ro p er tie s  (Korn 1966, and White 1967).

To avoid th e problems a sso c ia ted  w ith  pseudorandom number

gen erators, a "true" random-noise generator producing uniform ly d is -
' , 

tr ib u ted  18 b i t  words d erived  from analog n o ise  (n o isy  d iod es) was

developed. This report d escr ib es  the design  o f an a l l  s o l id - s t a t e



2
n o ise  generator designed  as an accessory  fo r  the D ig ita l Equipment 

Corporation PDP-9. d ig i t a l  computer; e s s e n t ia l ly  s im ila r  m u lt ib i t • 

n o ise  generators would vrork . with, other d ig i t a l  computers having  

p a r a lle l  I/O b u sses .

1 .2  D esign Requirements -

The b a s ic  d esign  requirement was fo r  random words on 18 p a r a lle l  

data l in e s  (see  F ig . 1 .1 )  in to  a  d ig i t a l  computer, w ith  a new word 

b eing a v a ila b le  every 30 -  idyi& see. The 30 -  40 yS&see. word r a te  was 

assumed to  b e , adequate since- the computation tim e a sso c ia te d  w ith  each  

n o ise  word exceeds t h i s  30 ~ 40^&&sec. fo r  most a p p lic a tio n s . The 

n o ise  generator was designed  fo r  th e  PDF—9 .computer b u t th e design  i s  

e a s i ly  adapted fo r  use on oth er computers. HECL (M otorola Em itter 

Coupled L og ic) in te g r a te d -c ir c u it  lo g ic  elem ents were s e le c te d  fo r  

th e  n o ise  generator lo g ic  because o f  th e ir  low  co st and ready ava il-, 

a b i l i t y ,  and because o f  th e  low le v e l  o f d ig i t a l  n o ise  th a t th ey  produce. 

However, D ig ita l  Equipment Corporation (DEC) s e r ie s  E lo g ic  cards were 

s e le c te d  fo r  implementing th e  I/O in te r fa c e  lo g ic  ( i . e . ,  I/O b u s g a tes  

and d ev ice  s e le c to r  lo g ic  shown in  F ig . 1 .1 ) ,  so th a t the necessary  

o o m p a tib ility  a t th e PDP-9 I/O Bus cou ld  be m aintained. The n o ise  

generator was designed to  operate in  a ty p ic a l  computer environment 

and, s in c e  th e  n o ise  generator was to  be housed in  a cab in et w ith  

-other d ev ices  u sin g  DEC lo g ic  elem ents and sharing th e  same power 

su p p lie s , th e  design  was lim ite d  t o  u sin g  on ly  th e  standard DEC v o l­

ta g es  o f  +10 and -1 5  v .  •
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Table 1 .1

Table o f  N oise Generator S p e c if ic a t io n s

General Requiremente S o lid - s ta te  d ev ices  on ly; P lug- 
com patible w ith  DEC PDP-9 I/O Bus

Word Rate S t a t i s t i c a l l y  independent, uniformly- 
d is tr ib u te d  words a v a ila b le  every  
30 ~ 40 ^ a se c .

Word Length 18 b i t s

Temperature 70° ~ 85° F. f  T ypical computer
< operating  environ-

Humidity 3 0 %8 0 % I  xaeni

Power Supply V oltages -1 5  v . (+ 0 .5  v . ,  - 1 .5  v . )  
+10 v . (+ 1 .5  v . ,  —0 .5  v . )
DEC standard v o lta g es  and to lera n ces



1 .3  B asic  O rganization

Prelim inary t e s t s  on th e  inexp en sive tr a n s is to r -ju n c t io n  

n o ise  source in d ica ted  a sampling period  o f 5 JA, s e c . would, y ie ld  

e s s e n t ia l ly  u n correlated  b inary n o is e . A i 1 8 -b it  s h i f t  r e g is te r  w i l l  

accumulate a n o ise  word for. transm ission  on the I/O Bus. To accumulate 

a  f u l l  word w ith  a s in g le  s e r ia l- in p u t  s h i f t  r e g is te r  would then  

req u ire 90 JLA, s e c . , which i s  a  long  p eriod  fo r  th e  PDP—9 which has a 

1 j j .  s e c . memory cy c le  t in e  and a 4 JU. s e e . I/O in s tr u c tio n  execution  

t i n s . A n o ise  c ir c u i t  fo r  each b i t  in  th e  word would be required  fo r  

optimal computer performance, but t h i s  was considered  to  be unnecessary  

fo r  most o f th e intended a p p lic a tio n s ; t h i s  i s  true because the pro­

gram u s u a lly  req u ires some 30 to  50 .y?/.sec. b efore  new n o ise  words are 

needed. Three n o ise  c ir c u i t s  were chosen as a reasonable compromise. 

Each n o ise  c ir c u i t  feed s a 6 b i t  MECL s h i f t  r e g is t e r ,  so  th a t a complete 

new n o ise  word i s  a v a ila b le  in  30 ^ t s e c . F igure 1 .1  i s  a b lock  diagram  

o f  th e n o ise  generator, which c o n s is t s  p rim arily  o f th e  th ree  n o ise  

sources and a sso c ia te d  s h i f t  r e g is t e r s ,  18 g a te s  fo r  d r iv in g  the I/O  

Bus and a reco g n itio n  gate  used  by th e  computer to  s e le c t  the n o ise  

generator and to  tim e th e  I/O  tr a n s fe r . The programmer u sin g  the n o ise  

generator i s  resp o n sib le  fo r  assu rin g  th a t  th e  a ccess  p eriod  i s  g rea ter  

than 30 JA .sec . or a t l e a s t  r e a l iz in g  in  h is  use o f th e  n o ise  th a t th e  

3 s h i f t  r e g is t e r s  s h i f t  a t  200 KHz: th ere  i s  no lo g ic  in ter lo ck  th a t  

would prevent fa s te r  computer a ccess  to  th e  n o ise  gen erator.

The use o f  "Program C on tro lled  Transfer" mode fo r  data tran s­

fe r s  in to  th e  PDP-9 req u ires th a t each I/O dev ice  have assign ed  to  i t



a d ev ice  code (D ig it a l  Equipment Corporation, 1967b)= The device  code 

assign ed  to  the n o ise  generator i s  64= Therefore r the machine language 

in s tr u c tio n  th a t reads a n o ise  word in to  th e  accumulator i s  706412 and 

th e  corresponding MACRO-9 mnemonic i s  RSID =



. CHAPTER 2 

NOISE-SOUECE DESIGN'

2 .1  A Sampling-Type K oise Source

The n o ise  source d escribed  in  t h i s  paper i s  o f th e  "sampling" 

type which can employ a n o ise -g en era tin g  d ev ice  whose s t a t i s t i c a l  

c h a r a c te r is t ic s  are not known in  d e t a i l ,  except th a t la rg e  bandwidth 

i s  d e s ir a b le . The p o la r ity  o f the n o ise  source i s  sampled a t a 

sampling .frequency sm all 1 /10} compared to  the n o ise  ~ 3 db bandwidth. 

The s t a t i s t i c a l  p ro p ertie s  o f  the b inary n o ise  thus generated  w i l l  ■ 

depend on the sampling frequency, but not on 'the s t a t i s t i c a l  p ro p erties  

o f th e  o r ig in a l analog n o is e . This "sampling" type n o ise  generator has 

been d escrib ed  by Kohne, L i t t l e  and Soudak (1965) and. has been fu rth er  

developed fo r  use in  ASTRAC II  (Handler 1967) and LOCUST (Conant 1968). 

Ho Kohne e t  a l  have shown th a t th e  s t a t i s t i c s  o f th e b in ary n o ise  

(bein g accumulated in  the s h i f t  r e g is te r )  are e s s e n t ia l ly  independent 

o f  changes in  th e  s t a t i s t i c s  o f the n o ise  source and d r i f t  in  the t r ig ­

g er in g  le v e l  o f  th e  Schm itt tr ig g e r . The key to  t h i s  s t a b i l i t y  i s  th e  

fa c t  th a t th e b inary n o ise  i s  taken from th e output o f a tr ig g e r  f l i p -  

f lo p , FFrp, which has p r o b a b ility  o n e -h a lf o f  being in  e ith e r  s ta te  0 or 

s ta te  1 , reg a rd less  o f  input p r o b a b ility  v a r ia t io n s , when th e  f l i p -  

f lo p  input i s  sampled p e r io d ic a lly  w ith  a s u f f ic ie n t ly ,  la rg e  number o f  

in terven in g  s ta te  changes. S p ectra l bandwidth o f th e o r ig in a l n o ise  

source has been s a c r if ic e d  in  t h is  arrangement, because th e f l i p - f l o p  

d iv id e s  th e mean z ero -cro ss in g  ra te  by two.

' ■ 7 - . ■



Consider the b lock  diagram o f th e  n o ise  source in  F ig . 2 .1 .

The n o ise  dev ice c ir c u i t  d r iv es  a Schm itt tr ig g e r  th a t fo llo w s  the  

p o la r ity  changes (w ith  sm all h y s te r e s is ,  l e s s  than 100 mv. ) .  The 

Schm itt tr ig g e r  feed s  a tr ig g e r  f l i p - f l o p  which i s  then sampled by 

the f i r s t  s h i f t  r e g is te r  f l i p - f l o p  under con tro l o f th e c lo ck .

Figure 2 .2  shows ty p ic a l waveforms corresponding to  p o in ts  la b e led  

in  th e  b lock diagram. ■ F ig u re-2’.2a shows the -output v o lta g e  o f the n o ise  

d ev ice  w ith  th e Schm itt tr ig g e r  th resh o ld  v o lta g e , Sa , superimposed. 

Figure 2.2b shows th e  output o f  th e  Schm itt tr ig g e r , and F ig . 2 .2c  

shows the output o f  the tr ig g e r  f l i p - f l o p  th a t changes s ta te  fo r  each  

p o s it iv e  tr a n s it io n  o f the Schm itt t r ig g e r .  The sairrpling-clock wave­

form i s  presented  in  F ig . 2 .2d , and the output o f the f i r s t  s h if t  

r e g is te r  f l i p - f l o p  i s  shown in  F ig . 2 .2 e .

2 .2  N oise Device C ircu it

A sem i-conductor diode operating  in  avalanche mode near the  

knee o f th e  c h a r a c te r is t ic  curve was s e le c te d  as th e  b a s ic  n o ise  

elem ent, s in ce  th e  d esign  requirement was fo r  an a l l  s o l id - s t a t e  

system  u sin g  on ly  th e  DEC lo g ic  v o lta g e  o f -15  v . and +10 v . Other 

-d ev ice s  such as G eiger tu b es, gas d ischarge tu b es, h igh  frequency  

o s c i l la t o r s ,  e t c .  (Shreider e t  a l ,1964) have been used as n o ise  sources  

in  other d es ig n s . An inexpensive s i l i c o n  tr a n s is to r  (PSI 2N1410) was 

found t o  have th e  h ig h est n o ise  bandwidth o f the sem iconductors tr ie d ,  

and was adopted as th e  b a s ic  n o ise  e lem en t.

The c ir c u i t  diagram o f  the n o is e  source i s  shown in  F ig . 2=3.

Dj_ i s  the b a se -em itter  ju n ction  o f  th e PSI 2N1410 tr a n s is to r  b iased



9

S h ift  
R egister  
B it  1

T rigger
F l ip - f lo p
FFm

N oise
D evice

Clock

Schm itt
Trigger

F ig . 2 .1  N oise Source Block Diagram

a _

b *A 

i  

0

c A 

1

0 —

d A 

1 

0

A
[<— T —

n

N oise Device  
/  Voltage

Schm itt
T rigger

—Output

T rigger  
F lip - f lo p  
Output

Clock

t  r-------

S h if t  
R egister  
B it  1

t  -

F ig . 2 .2  T ypical N oise Source Waveforms



Vse %s 3.1 k a
O—?----W V  -

.̂3 U
— V W

A stable M ulti-V ibrator C L O C K

Clock

To S h ift  R egister  
F lip -f lo p s

Clock

Clock System Located on

I " J L S J j

the MECL Power Supply Card
Vsc Vss ]

Soc/rce ; 
\ M C  S & f  \

•/i'v'O

,5 2/, a

Psr /?, Soo^

: 'JUPS 65-/2 p /  6fZL

^ 7 ^

Schmitt Triggez<9 -  250 K*-

To 6 S h if t  
R eg ister  FF's 
On Same Card

z I 
I_____

S h if t  R egister  Front End
i
I

N oise Source C ircu it; 3 on Card

F ig . 2 .3  N oise Source C ircu it Diagram
o



11

in to  avalanche mode to  produce n o ise -  The 0-25OK .ohms v a r ia b le  

r e s is to r  ad ju sts avalanche current fo r  maximum n o ise . The n o ise  . 

v o lta g e  i s  am p lified  in  th e  next s ta g e  (Q^), which then d r iv es  an 

em itter  fo llo w er  c ir c u i t  (Qg). The em itter  fo llo w er  provides a low - 

impedance source fo r  th e  Schm itt t r ig g e r ,  thus m inim izing pick-up  

of s ig n a ls  which could  a f f e c t  n o ise  s t a t i s t i c s .

2 .3  Schm itt T rigger and Clock C ircu it

The lo g ic  elem ents chosen to  implement the n o ise  generator  

were MECL elem ents (M otorola Em itter Coupled L ogic} . I t  i s  p a r ticu la r ­

l y  easy  to  b u ild  th e  Schm itt tr ig g e r  and clock  c ir c u i t s  u sing  standard

MECL gates w ith  on ly  a few ad d itio n a l ex tern a l components. A c ir c u it

diagram o f the Schm itt tr ig g e r  i s  shown in  F ig . 2 .3 . The two r e s is t o r s ,  

and Eg, form a feedback network which g iv e s  th e  NOR g a te  i t s  

la tc h in g  a c tio n . When any input i s  a lo g ic  "I", th e  c ir c u i t  la tch es  

to  a "1" output, and when a l l  inputs are lo g ic  "0", th e  c ir c u i t  output

i s  an "0". However, when a l l  inputs are lo g ic  "0" excep t one which

connected to  the n o ise  c i r c u i t , then a sm all n o ise  v o lta g e  excursion  

can cause the Schm itt tr ig g e r  to  to g g le  foecuase the h y s te r e s is  i s  

sm all due to  th e feedback network.

A c ir c u i t  diagram o f the c lo ck  c ir c u it  i s  a ls o  shown in  F ig .

2 .3 . The c ir c u i t  c o n s is t s  o f two NOR g a te s  cross-cou p led  w ith  capa­

c i t o r s .  The two r e s is to r s  b ia s  th e  g a te  input tr a n s is to r s  in to  th e ir  

a c tiv e  r eg io n s , so  th a t th e  c ir c u i t  has h igh  loop g a in . One o f the  

g a te s  then sw itch es and turns the other one OFF through th e  coupling  

ca p a c ito r . The cap acitor  v o lta g e  decays w ith  time con stan t EC, and



then th e  o th er  ga te  sw itch es ON, Thus th e  c ir c u i t  i s  an a sta b le  

f l i p - f l o p ,  whose p eriod  i s  c o n tr o lle d  by the K3 tim e co n sta n t.



CHAPTER 3 

THE COMPLETE NOISE GENERATOR

3 .1  C ircu it Design.

The Schm itt tr ig g e r , tr ig g e r  f l i p - f l o p ,  s h i f t  r e g is t e r s ,  end 

s h i f t  c lock  were implemented w ith  MECL in teg ra ted  c ir c u i t  lo g ic  e le ­

m ents. For c ir c u i t  co m p a tib ility  a t th e  I/O Bus, DEC s e r ie s  R lo g ic  

cards were used to  implement th e I/O  in te r fa c e  lo g ic  = This arrange­

ment req u ires a lo g ic  le v e l  conversion  c ir c u it  from th e  MECL s h if t  

r e g is te r s  to  the DEC I/O Bus d r iv ers  = MECL lo g ic  l e v e l s  are nom inally  

—0.75 v . , and -1 .5 5  v . w h ile  DEC le v e l s  are nom inally .0 v . and - 3 ,0  v .  

Figure 3 .1  i s  a c ir c u i t  diagram o f  th e conversion c i r c u i t .  The c ir c u i t  

uses a d if f e r e n t ia l  a m p lifier  input because o f  the sm all MECL v o lta g e  

swing and t h is  a m p lifier  d r iv es  the output through a v o lta g e  divider, 

network in  order to  g e t 0 v . when Qg i s  ON. A w p rst-case  d~c d esign  

a n a ly s is  i s  found in  Appendix I .  The conversion c ir c u i t s  are lo ca ted  

on th e  same p r in ted  w irin g  boards w ith  th e MECL s h i f t  r e g is t e r s .

The MECL c ir c u i t s  require a power supply o f approxim ately -5  v . , 

so a power supply operating on th e a v a ila b le  -15  v .  DEC lo g ic  vo lta g e  

supply was designed . Figure 3 .2  i s  a  c ir c u it  diagram o f  th e  power 

supply which i s  sim ply an em itter  fo llo w er  c ir c u it  where th e  base 

v o lta g e  and thus the output v o lta g e  i s  s e t  by a Better d io d e ,

13
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The lo g ic  design  o f  the n o ise  generator was s tr a ig h t  forward 

and c o n s isted  p rim arily  o f m eeting th e  a p p lica tio n  s p e c if ic a t io n s  

fo r  the MECL and DEC lo g ic  elem ents (D ig ita l  Equipment Corporation^ 

1967a, and Motorola Corporation, 1966). Figure 3 = 3 shows th e p r in ted  

c ir c u i t  board lo c a t io n s  in  th e n o ise  generator and th e  board and pin  

number id e n t if ic a t io n  system  th a t i s  used in  the lo g ic  diagrams.

Figure 3 .4  i s  th e  lo g ic  diagram o f  the n o ise  sources and s h i f t  r e g is ­

t e r s  and F ig . 3 .5  i s  th e lo g ic  diagram o f  the I/O in te r fa c e  lo g ic .

T his in ter fa c e  lo g ic  can e a s i ly  be changed to  adapt th e  n o ise  generator  

to  o th er computer system s s in ce  i t  c o n s is t s  sim ply o f a s e t  o f 1 /0  

Bus d r iv ers  and a reco g n itio n  gate  (W-103 device s e le c t o r ) .



Pin Ho. Pin No.

rt

Looations

g ; ■■IfI eN) | : o .CO | C o  II .

# w|1 fH0 ' . y .0 1 0 g.
P y Hy Ii - H rr

H - CDH
(D CDH  | H

A1 A2 A3 AS

HO6»

rh

H
S i
T K

» P

s $
" v

i iG g

f K

e  es
u

'—

I/O Cable Connections

F ig . 3 .3  N oise Generator P rin ted  C ircu it Board Locations C7>



Section 1 

Section 2 

Section 3 

Fig. 3.4 Logic Diagram of oise Generator Shift Registers 



DSO 

DS-1 

0 !3tJI E G9on-..;.._o ___ ..;..B ..;..tf_K-..~ 

- ~6K G~M 

Dsz 

DS3 

~:na..:F ____ ...;;I3::;...if:...;P___., 

<) i3b P K f'>"u-~::r_..:;.B.:..lf s.;;......a Device 
Selector 

DS£/ 

DSS 

IoPZ """'" /l(:,J/ AI/D 

0 

18 

Pulse 
Shaper 0£ 
\1-640 

R3 F 

7J" 

Pulse 
/., 

Shaper J 
\·l-640 

M B3 
-;_-p 

RF/ID \'l-103 R Pulse os 
~R.=~~G,v=~~s~r~~~4~6~S~ ___ H_nc~ ez~o_________ A4 ,B4 Shaper 

"' --t----------l--<1--~ r- H-64~3 
'"----~ 
~v 

Fig. 3.5 I/0 Interface Logic Diagra~ 



' - CB8PTEE : 4

• TEST PROGRAMS AND RESULTS

4 .1  Contingency Table T est fo r  S t a t i s t i c a l  Independence o f Adjacent 

B its

Adjacent b i t s  .accumulated in  th e n o is e  generator s h i f t  r e g is te r s  

should be s t a t i s t i c a l l y  independent =' A PDF-9 program th a t u se s  a 

con tin gen cy-tab le  technique (Cramer 1946, and Korn and Korn.1968), 

fo r  t e s t in g  th e  n o ise  generator fo r  s t a t i s t i c a l  independence was 

w r it te n . Let x  be th e value (0 or 1) o f  a n o ise  generator b i t ,  and 

l e t  y  be th e  value o f the next h igher order b i t .  Then th e  2 x 2  

contingency ta b le  i s  shown in  F ig . 4 .1 .  The corresponding s t a t i s t i c ,  

f 2 (mean square con tin gen cy), i s  g iven  by the fo llo w in g  equation;

- _ (nl l n22 -  n i2 n2 l ) 2f  2 as --- ——--- —---    . '
n i - n2 - l n "2 (1 )

The t e s t  s t a t i s t i c ,  nf^ , i s  computed se p a r a te ly .fo r  each o f  the th ree  

•noise generator s e c t io n s  u sin g  an n o f 10,000 b i t  sam ples. B its  12 -* 17

o f  th e  n o ise  word correspond to  the f i r s t  s h i f t  r e g is te r  s e c t io n , b i t s  

.6 -  11 correspond to  th e  second, and b i t s  0 -  5 correspond to  th e  th ir d .  

Nf^ i s  then compared to  JCj_ ( ch i-squared d is tr ib u tio n  w ith  one degree 

o f freedom ), and i f  nf% i s  l e s s  than DC* a t the required  le v e l  o f  s ig ­

n if ic a n c e , then the hyp oth esis o f s ta t is t ic a l.in d e p e n d e n c e  i s  accepted . 

Table 4 .1  conta in s f iv e  runs o f the computer program from, which i t  i s  

"seen th a t  the. la r g e s t  n f 2 i s  approxim ately 2 ,6 1 . Comparing t h is

19



F ig . 4 .1  Contingency Table



Table 4.1
F ife  S e ts  o f  Computed T est S t a t i s t i c s

1 . GM 1 STATISTIC; HF21='^.92502
GEN 2 STATISTIC; HP22- 0.95113  
GEN 3 STATISTIC; NF23- 0.19181

2 . GEM 1 STATISTIC; NF21= 1.63820
GEN 2 STATISTIC; NF22= 0.24205
GEN 3 STATISTIC; NF23= 2.60998

3 . GEN 1 STATISTIC; NF21= 0.15054
GEN 2 STATISTIC; NF22= 1.13151
GEN 3 STATISTIC; NF23= 0.19321

4 . GEN 1 STATISTIC; NF21 
GEl'J 2 STATISTIC; NF22 

. GEN 3 STATISTIC; NF23

5 . GEN 1 STATISTIC; NF21= 0.19622
GEN 2 STATISTIC; MF22= 0.00963
GEN 3 STATISTIC; NF23= 0.06441

= 1.-03784 
»  0.71904  
~ 2.43494



s t a t i s t i c  to  a «Z”£ table. (Korn 1966), th e hyp oth esis o f  s t a t i s t i c a l  

independence would, be accepted  a t 10% s ig n if ic a n c e  l e v e l .

Appendix I I  con ta in s a l i s t i n g  o f  th e  PDP~9 .MACfiO-9 s t a t i s t i c  

gath erin g  program, STATIN, and th ree  FOKERAN-.4 subroutines, C10UT,'

C2QUT and C30UT, which compute and p r in t th e  t e s t  s t a t i s t i c ,  n f2 , for. 

each o f th e  th ree  n o ise  generator s e c t io n s . A ll four programs should  

be loaded to geth er  p r io r  to  execu tion .

4 .2  A djacent-B it C orrelation  T est

Adjacent b i t s  accumulated in  t h e .n o ise -g en era to r  s h i f t  r e g is t e r s  

should be s t a t i s t i c a l l y  independent and thus un correlated  i f  the n o ise  

generator i s  fu n ction in g  p rop erly . A program th a t computes the sample 

co rre la tio n  c o e f f ic ie n t  o f  adjacent b i t s  fo r  each o f th ree  s h i f t  

r e g is te r  se c t io n s  was w r itten  to  t e s t  th e  n o ise  generator,. The sample 

c o rr e la tio n  c o e f f ic ie n t ,  r ,  i s  g iven  by:

r _  ^
■ f W W '

where

h 2 n i 2
i « l  i —1

For a sample s iz e  o f  n , l e t  nc  be number o f  co in c id en ces o f adjacent 

b i t s  and then n-nc «= number o f a n ti-co in o id en ces  o f  adjacent b i t s .

Then, fo r  binary n o ise
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r  is' conrouied fo r  each o f  the th ree  n o ise  generator s e c t io n s  using  a 

sample s iz e  of. 10,000 b i t s .  B it s  12 — 17 o f  the n o ise  word correspond  

to  th e  f i r s t  s h i f t  r e g is t e r  s e c t io n , b i t s  6 — 11 correspond to  the  

• second; - and b i t s  0 ™ 5 correspond to  th e  th ir d .

r  g iv e s  some q u a lita t iv e  measure o f  the n o ise  generator per­

formance. although i t  i s  not used in  a h yp oth esis t e s t .  F igure 4-2  

i s  a graph o f  r  versus a v a r ia b le  sampling p eriod , T, fo r  one o f  th e  

th ree  n o ise  generator s e c t io n s . From t h i s  data i t  i s  seen that. T 

should c e r ta in ly  he  s e t  g rea ter  than 2 J& s e c . , or th e  n o ise  b i t s  w i l l  

be s ig n if ic a n t ly  co rr e la te d . This program was a lso  used to  s e t  th e  

n o ise -d io d e  current which i s  ad justab le  on th e  n o ise  source c ir c u i t  

card. The diode current i s  adjusted , w h ile  running th e program, u n t i l  

minimum r i s  obtained.

Appendix I I I  co n ta in s  a l i s t i n g  o f  the EDP-9 MACKO-9 s t a t i s t i c  

gath erin g  program, BITCOE, and a FOKERM-i subroutine. Of?OUT, which 

computes and p r in ts  r  fo r  each o f  th e th ree  n o ise  generator se c t io n s  =

4 .3  A C orre la tion  D isp lay  T est

A computer in s t a l la t io n  u sin g  a n o ise  source needs a sim ple 

operating  t e s t  on th e  n o ise  generator to  determine whether th e  gener­

ator  i s  op eration a l b e fo r e .proceeding w ith  more e lab ora te  t e s t s  { i f  

req u ired ), or w ith  i t s  u se  as. input to  a program. .With an X-Y cathode-

ray tu be d isp la y  in  th e  computer- system , a n o ise  d isp la y  scheme was
■ ( : - ' ' ‘ ■ 

t r i e d  in  an attempt to. g iv e  th e  operator a quick v is u a l in d ica tio n  o f

th e  n o ise  generator o p era tion , The program reads 1024 .words from th e  

n o ise  generator in to  a b u ffer  area in  memory, Then one o f  the th ree



F ig . 4 .2  Graph o f r P lo tte d  as a Function o f T
to



25

6 b i t  sec tio n s  i s  used  as the X -coordinate and another s e le c te d  

6 b i t  se c t io n  i s  used as th e  Y -coordinate o f th e  cathode-=ray tube 

d isp la y . Thus 1024 d ots are displayed, on th e  screen . P rov ision s .are 

made to  provide arb itra ry  b i t  and word d elays between X se le c te d  and 

. Y s e le c te d .n o is e  generator sec tio n s  by u sin g  th e accumulator sw itches  

on th e  PDP-9 co n so le . This s e le c te d  delay  corresponds to  th e  ( tg  -  

t]_) delay  between th e  X and Y sam ples. Sw itches 15 ~ 17 s e le c t  n o ise  

-generator s e c t io n  (1 -3 ) to  be used as X -coord inate. Sw itches 12 -  14 

s e le c t  n o ise  generator sec tio n  (1 -3 ) to  be used as Y -coord in ate . 

Sw itches 9 - 1 1  s e le c t  b i t  delay  (0 -6 ) between X and Y d ata . Sw itches 

0 - 8  s e le c t  word d elays (0 -  512;words o f  6 b i t s  each) between X and 

Y d ata . . A p u rely  random pattern  on th e  screen would in d ic a te  no 

c o rr e la tio n  and any c lu s te r in g  o f d ots in d ic a te s  c o r r e la t io n . F igures

4 .3  and .4 .4  show photographs o f  the d isp la y  in form ation , Figure 4 . 3a, 

shows an apparently u n correlated  pattern? namely, s e c t io n  2 as X— 

coord inate , s e c t io n  3 as Y -coordinate w ith  a 0 b i t  d e la y . Figure 4 .3b  

shows a com pletely co rre la ted  p a ttern ; namely, s e c tio n  2 as both X and 

Y -coordinate w ith  0 b i t  d e la y . Figure 4 .4 a  shows a correlated , d isp la y  

w ith  o n ly -!  b i t  in  common; se c t io n  2 i s  used fo r  X and T -coord inate  

w ith  5 b i t s  d e la y . The co rr e la tio n  can s t i l l  be observed. Figure  

4 .4b  shows a co rre la ted  d isp la y  r e su lt in g  from a n o ise  diode not b ia sed  

properly  to  produce s u f f i c ie n t ly  f a s t  n o ise  fo r  th e 5 s e c . sampling 

p eriod . Note the c lu s te r in g  o f d isp la y  d o ts . The r  computed fo r  t h i s  

case i s  0 ,3 4 5 .



F ig . 4 .3a  Photograph of Display with Generator 1 versus
Generator 2 with 0 B it Delay

Fig. 4.3b Photograph of Display with Generator 2 versus 
Generator 2 with 0 Bit Delay



F ig . 4.4a Photograph of Display with Generator 2 versus
Generator 2 with 5 B it Delay

Fig. 4.4b Photograph of Display with Generator 1 versus 
Generator 1 with 1 Word Delay. Noise diode is 
not properly biased.
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This t e s t  does not g iv e  q u a n tita tiv e  inform ation, but i t  i s  

su rp risin g  how good a human observation  i s  at determ ining problems 

w ith  the use o f  a v is u a l d isp la y . Appendix IV con ta in s a l i s t i n g  o f  

th e  PDP—9 MACEO-9 C orrelation  D isp lay  Program, COED I S .

4 .4  User R esu lts

E. M cClellan and I .  L iebart (M cClellan and L iebsrt 1969) 

developed a computer program which measures th e mutual inform ation  

content o f  two se c t io n s  o f  th e  n o ise  generator. They measured a very  

low  mutual inform ation o f  approxim ately 3 x  10“ '? b i t s .  This i s  an 

in d ica tio n  o f s t a t i s t i c a l  independence o f  d if fe r e n t  6 b i t  s e c tio n s  

in  th e  n o ise  gen erator,

E. C. W hite, J r . ,  developed a computer program which i s  a 

ch i-squared  g o o d n ess-o f~ fit  t e s t  fo r  a uniform d is tr ib u t io n . I f  

adjacent b i t s  are s t a t i s t i c a l l y  independent, then th e  n o ise  generator  

should produce a uniform d is tr ib u t io n  o f  b in ary words. The ch i-squared  

t e s t  r e s u lt s  o f  B, C. W hite, J r . ,  g iv e  no ev idence t o  d isprove the  

hyp othesis th a t the n o ise  generator output i s  not uniform ly d is tr ib u te d  

a t a confidence le v e l  o f  95% u sin g  a sample s iz e  o f  2 ,000 words.

Gaussian n o ise  i s  e a s i l y  generated  from th e uniform ly d i s t r i ­

buted n o ise  by u sin g  the output o f  th e generator as a  tab le-look u p  

address o f a Gaussian d is tr ib u t io n  (Korn and Aus, 1969}. This req u ires  

about 50 j a  s e c . per Gaussian word. In terp o la tio n  may or may not be 

required  depending upon th e  a p p lic a tio n .
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The n o is e  generator has been s u c c e s s fu lly  used as a random 

■ number source fo r  two d if fe r e n t  ereeping-random -search op tim ization  

programs (Gonzales 1969) and (White 19695«

4 .5  C onclusions

- The n o is e . generator d esign  p resen ted  here performs w e ll as a

random n o ise  generator fo r  the Analog/Hybrid Computer Laboratory.

The generator produces a uniform d is tr ib u t io n  o f  b inary words where the  

adjacent b i t s  are e s s e n t ia l ly  s t a t i s t i c a l l y  independent and u n correlated . 

Expanding lab oratory  a p p lica tio n s  and requirem ents may d ic ta te  th e  h eed  

fo r  a fa s te r  n o ise  gen era tor . In t h i s  c a se , e ith e r  a h igh er  bandwidth 

n o ise  source must be developed to  permit fa s te r  sampling r a te s  or the  

" n o ise  generator w i l l  have to  be re-d esign ed  to  include a separate n o ise  

source fo r  each b i t . in  ' th e  generated n o ise  word.



APPENDIX I

MECL TO DEC LOGIC LEVEL CONVERSION CIRCUIT 

WDBST-CflSE DESIGN AI'IALISIS

Design Problem

The n o ise  generator s h i f t  r e g is te r s  use MECL lo g ic  elem ents 

w ith  nominal lo g ic  v o lta g e s  o f —0.75  v . and —1.55  v . The n o ise  

generator must work w ith  th e  EDP-9 I/O  in te r fa c e , where DEC s e r ie s  R 

lo g ic  c ir c u i t s  are used . These s e r ie s  R c ir c u i t s  use nominal lo g ic  

v o lta g e s  o f 0 v . and - 3 .0  vv Thus, a lo g ic - le v e l  conversion  c ir c u it  

i s  required  to  convert from MECL to  DEC lo g ic  l e v e l s .

The general c ir c u i t  design  o b je c t iv e s  were; 1 . )  s im p lic ity ;

2.") r e l i a b i l i t y ;  3 . )  operating  speed com patible w ith  DEC lo g ic  to  

assure proper I/O in te r fa c e  operation; and, 4 . )  t o  use standard DEC 

lo g ic  v o lta g e s  only  to  minimize power supply requirem ents.

Design

A d if fe r e n t ia l-a m p lif ie r  input scheme (F ig . A .l )  was chosen fo r  

two rea so n s. F ir s t ,  th e  input v o lta g e  swing i s  so sm all (nom inally  

800 m v.) th a t i t  preclu des th e  s e le c t io n  o f a grounded em itter  sw itch . 

Second,, both  th e  tru e  and complement lo g ic  s ig n a ls  th a t  are needed by 

the d if f e r e n t ia l  a m p lifier  are a v a ila b le  from the MECL f l i p - f l o p s  in  

th e  n o ise  generator s h i f t  r e g is t e r .

The c ir c u i t  output must provide a lo g ic  s ig n a l w ith  nominal 

v o lta g e  le v e l s  o f —3 .0  v , and 0 v . In th e  c ir c u it  o f  F ig . A .l ,  the

30
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- 3 .0  v . i s  e a s i l y  obtained w ith  Qg OFF, s in ce  th e c o l le c to r  r e s is t o r ,

Rc , i s  returned  to  -1 5  v . However, ob ta in in g  0 v« out when i s  ON

i s  not p o s s ib le  s in ce  the base o f Qg i s  a t -1 .5 5  v . and even vxith Qg 

sa tu rated , i t s  c o lle c to r  cannot reach 0 v . To e lim in a te  t h is  problem  

in  th e  s im p lest way, a v o lta g e  d iv id er  m s  added to  th e output (F ig . A .2 ) .

T his simple approach i s  not g e n e ra lly  good, s in c e  th e d iv id er  

rep resen ts  fr a c tio n a l current ga in , thus reducing fan -out c a p a b ility  

o f  th e  c ir c u i t .  However, in  this" ca se , th e  output d r iv e s  only  a s in g le  

lo g ic  load , and the current requirem ents o f  th a t load are q u ite  sm all, 

namely 0 mA a t - 3 .0  v . ( diode leakage cu rren t) and 1 mA a t 0 v . , nom­

in a l ly .  A lso , th e  n o ise  generator i s  p h y s ic a lly  compact, so th a t th e  

stra y  capacitance th a t has to  be driven by the output i s  sm all.

Worst-Case Design

The fo llo w in g  n o ta tio n  i s  used fo r  a w o fst-case  d -c  design  

a n a ly s is  o f the c ir c u i t  proposed in  F ig . A .2.

R in d ic a te s  maximum value o f v a r ia b le  R.

R in d ic a te s  minimum value o f v a r ia b le  R.

For example, i f  R i s  a 510 ohms 5% r e s i s t o r ,  then R = 535 ohms and 

R — 485 ohms.

From the D ig ita l  Equipment Corporation Small Computer Handbook, 

(1967c), th e  -15  v . supply can have w o rst-case  va lu es o f  -1 4 .5  to  

-1 6 .5  v . and the +10 v . supply has output o f  4-11.5 to  4 9 .5  v .  The use 

o f 5% r e s is to r s  was then assumed.
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With Qg OFF, th e •worst-case equ iva len t c i r c u i t ,  r e la t iv e  to  the

co n stra in t th a t .Vou.t. i s  l e s s  than -  3 .0  v .,'  i s  shorn in  F ig . A .3. This

c ir c u it  assumes, th a t 0% b a se -em itter  ju n ction  i s  reverse  b ia sed  and 

th a t Qg i s  a s i l i c o n  tr a n s is to r  so  th a t leakage current in  c o l le c to r  ' 

i s  n e g lig ib le  compared to  d iv id er  cu rren ts . A co n stra in t equation

0

( 1 )

( 2 )

(3)

With Qg ON, th e  w orst-case  eq u iva len t c ir c u i t  r e la t iv e  to  th e  

con stra in t th a t V0ut St 0 v . w h ile  i out  ”  1 mA i s  shown in  F ig . A .4 ,

where YG i s  th e c o lle c to r  v o lta g e  o f Qg w ith  Qg ON.

A second con stra in t equation i s  then developed from the equi­

v a len t c ir c u i t  o f  F ig . .A.4,

9 .5  — igBg " ( tg  — 1) Kj — Vq 1=5 0 (4)

-V0xxt ”9 ,5  — igFg > 0  (5 )

Combining equation (4) w ith  th e  co n stra in t in e q u a lity  (5)

y ie ld s :

e2 <  9 -5%
_  El - l o  (6 )

At t h is  p o in t , two in e q u a lit ie s ,  (3 ) and (6) have,, been developed th a t  

contain  four v a r ia b le s , so the d esign  w i l l  proceed by su ccessiv e  t r i a l s  

While con siderin g  l im ita t io n s  due to  tr a n s is to r  s p e c if ic a t io n s .

i s  then developed as fo llo w s :

. ^ 11 .5  + 14 .5  v .
%  + Ro + 2%

V0ut <= 11-5 v .  -  i  E2 <  3 v .

Combining equations (1 ) and (2 ) g iv e s

1 1 .5  R2 ^  14 .5  (%  -5- R0 )
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-14.5V.

R ,

R1

‘  °  V o u t

R ' o u t  " 0

6  + 1 1 -5 v .

F ig . A .3 E quivalent C ircu it w ith  Q2 OFF

Ri 
V\AAA - o v o u t

V c _ + 0 < i o u t = 1 m a .

+ 9-5v.

F ig . A .4 Equivalent C ircu it w ith Q2 ON
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In F ig , A ,5, graphs o f  equations (3 ) and (6) have been p lo t te d

w ith  % as a fu n ction  o f  % w ith  Ec and Yc as param eters. Nominal 

v a lu es  o f  Ej_ and Eg must be chosen so th a t  rectangular area  represent­

in g  p o ss ib le , v a lu e s  o f  E% and Eg due t o  t o t a l  to lera n ces  l i e s  below  

curve o f equation (6 ) and above curve o f  equation ( 3 ) .  Based on t h is  

c r it e r io n , th e  fo llo w in g  va lu es were chosen;

..above c ir c u i t  v a lu es and then th e  tr a n s is to r  s p e c if ic a t io n s  must be 

checked aga in st th e t r i a l  d esig n . F igure A, 6 i s  an eq u iva len t c ir c u it  

w ith  Qg ON from which i_c , the c o l le c t o r  current, can be c a lcu la te d .

S o lv in g  sim ultaneous equations (7 ) and (8 ) w ith  s e le c te d  va lu es  

from above y ie ld s ;

1) Ec — 0.51 K Eq = .48 K; Ec = .54 K

2) ?c s  —2 v .
3) E i = 1 ,5 . K =& Ei = 1 .5 8  K

4) Eg = 3 .3  & =>Eg = 3 .13  K; Eg = 3.47 K

N ext, th e em itter  r e s is to r .  Eg, must be s e le c te d  based on th e

9 .5  -  igEg -  ( ig  -  1) Ei -  ( i e  + ig  -  1) &  + 1 6 .5  = 0 (7 )

Zc -  (1c + 1% -  I )  5 C + 16 .5  -  0 ( 8)

9 .5  -  Ve + Ei ® 9 .5  -1- 2 -t 1 .4 2 = 2 .64 mA
3.47  + 1 .4 2

now so lv in g  (8) fo r  i c y ie ld s ;

V + 1 6 .5  -  ( i?  -  1) EO 6 -~Q 2 + 16 .5  -  (1 .6 4 )( .4 8 )-  »  28 .6  mA
0.48

th u s i c > 28,6 mA (9 )



k n

V r = “ 2  V

- - O

Solu tion :  
Rc= 510 
Vc= -2  v . 
Rl= 1 .5  K

3-02-0
Ri k n

F ig . A .5 Graphs o f C ircu it Equations Shovdng S o lu tion  Space
03O)
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F ig . A .7 C ircu it for  Computing Emitter R esis to r  Value
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Assiraiing b ase -em itter  drop o f  Qg ON i s  approxim ately 0 .5  v .  and 

th a t minimum hpg % 60, then ij?S5 i c + 0 ,5  mfi. or _ig% 29.1  la& and u sin g  

eq u iva len t c ir c u i t  o f F ig . A .7:

9 .5  -  !£%  ~ 0.50 + 1 .55  »  0

or

R 10 .5  _  10 ,5
$ ,361 K ohms

ip  ^  29.1 -  

Thus Rg -  340 ohms was p icked .

The tr a n s is to r  s e le c te d  fo r  t h i s  c ir c u i t  i s  the Motorola MPS 

6522. s i l ic o n  PHP. I t  was s e le c te d  because o f  i t s  a v a i la b i l i t y ,  low- 

c o s t ,  and because i t s  s p e c if ic a t io n s  s a t i s f y  the c ir c u i t  requirem ents, 

namely: -

C o llec to r  Em itter Breakdown V oltage

( I , -0 ,5  mA d~c, Ig  ~ 0)

D*=C Current Gain
( I c “ -2mA d~c, Vqp ~ -1 0  v . )

( I c »  -100mA d -c , Vqp — —10 v . )

Current Gain Bandwidth Product
( I , -10mA d -c , Vgp — —10 v . )

D evice d is s ip a t io n  @ T^ = 60°C

BVqpq -2 5  v . min.

hpp 200 min.

90 min^

f j  420 FEg typ  

Pp 210 rnv’L

T ran sistor  power d is s ip a t io n  estim ation  i s  Pw t f  ig  

Pw ^  (2 8 .8mA)(-2  v .  + 1 v . ) ^  30 i # .  'sdiidh i s  w e ll below  210 rsM capa­

b i l i t y  @ 60° C. S in ce duty cy c le  i s  low  (maximum 200 Kc ) th e  average 

d is s ip a t io n  due to  sw itch ing  should not cause any problem.



No tr a n s ie n t  a n a ly s is  was made on th e  c ir c u i t  because th e  . 

speed requirem ents were not severe end because the s e le c te d  tr a n s is to r  

was q u ite  f a s t .  The c ir c u i t  was con stru cted  and found to  fu n ction  

.c o r r e c t ly  w ith  a r i s e  tim e p lu s  delay tim e o f l e s s  than 50 nanosec.



APPENDIX I I

PDP-9 PROGRm LISTINGS .

STATIN, CIOUT, C20NT, C30UT

Contingency Table T est Programs

T his appendix con ta in s computer l i s t i n g s  o f th e  MACRO-9 

program, STATIN, and the th ree  FOETRAN-4 programs, CIOUT, C20UT 

and C30UT, which are used to  compute th e  contingency ta b le  t e s t
9

s t a t i s t i c ,  n f  The s t a t i s t i c  i s  computed on a sample s iz e  o f  

10,000 .b its  fo r  each o f the th ree  n o ise  generator s e c t io n s » A ll- 

four programs are loaded p r io r  to  ex ecu tio n .

40



STATI N 41

/ J .E.BELT 3 - 2 7 - 6 9  
/PROGRAM TO TEST STATISTICAL 
/INDEPENDENCE OF ADJACENT 
/BITS (CONTINGENCY TABLE TEST) 
.TITLE STATIN 
. GLOBL Cl OUT 
.GLOBL C2 O UT 
. GLOBL C3 OUT 

START LAC ( N i l  0-1 /CLEAR STATISTICS 
DAC* (10 . /ACCUMULATORS
.DEC
LAC ( - 1 8  
.OCT
DAC STRCTR#
CLA
DAC* 10 
ISZ STRCTR 
JMP . - 2  
.DEC
LAC ( - 2 0 0 0  
DAC WDCTR#
.OCT 

REWD LAC ( - 5
DAC SHFTCR# .
706412 /READ NOISE WORD
CLL
RAR

RECYC1 SZL /COMPUTE GEN1 STAT
JMP X1EQ1
RAR /XI IS ZERO
SZL
JMP OX0Y1 
DAC NTEMP#
LAC N110 _./Xl IS 0,Y1 IS 0
ADD (1 
DAC N110 
LAC NTEMP 

BEGN2 ISZ SHFTCR 
JMP RECYC1 
DAC NTEMP 
LAC ( - 5  .
DAC SHFTCR 
LAC NTEMP
RAR /COMPUTE GEN2 STAT

RECYC2 SZL f
JMP X2EQ1
RAR /X2 IS 0
SZL



-STATIN

JMP TX0Y1
; " DAC NTEMP

LAC NUT
ADD (1
DAC NUT
LAC NTEMP

BEGN3 ISZ SHFTCR
JMP RECYC2
DAC NTEMP
LAC ( - 5
DAC SHFTCR
LAC
RAR

NTEMP.

RECYC3 SZL
JMP
T?AR
SZL

X3 EQ1

JMP DX0Y1
DAC NTEMP
LAC N1 1 D
ADD (1
DAC NI ID
LAC NTEMP

BEGN4 ISZ SHFTCR
JMP RECYC3
ISZ WDCTR
JMP REWD
LAC Nl 1 0
ADD N120
DAC Nl . 0
LAC Nl 1 0
ADD N2 1 0
DAC N.l  0
LAC NUT
ADD N12T
DAC NUT
LAC NUT
ADD N21T
DAC N.1T
LAC Nl ID
ADD Nl 2 D
DAC Nl .D
LAC Nl ID
ADD N21D
DAC N.1D
JMS* Cl OUT
JMP .+ 7

/X2 IS 0 , Y2 IS 0

/COMPUTE GENS STAT 

ZX3 IS 0

/X3 IS 0,Y3 IS 0

/COMPUTE MARGINAL 
/STATISTICS FOR GEN 
/NO. 1

/COMPUTE MARGINAL 
/STATISTICS FOR GEN 
/NO.  2

/COMPUTE MARGINAL 
/STATISTICS FOR GEN 
/NO. 3

/PRINT SUBROUTINE
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®DSA NI.2 0 
c DS A fElO 
.DSA m z o  
.DSA No 10 
.DSA N1.0 
JMS* 02 OUT 
JMP .+7 
.DSA NUT 
.DSA NT 2 T 
.DSA N2 1T 
.DSA N22T 
.DSA . N . 1T 
.DSA Nl .T  
JNS* 03 OUT 
JMP .4-7 
. DSA N1 ID 
.DSA N12D 
.DSA re ID 
.DSA N22 D 
.DSA N.1D 
.DSA N1 .D 
HIT
JMP S T A R T  

OX0 Y1  DAO NTEMP  
LAC N2 1 0  
ADD ( 1
d a c  re 10
LAC NTEMP  

- J MP  B EGN2  
X 1 EQ1  PAR  

SZL
J MP  0 X1  Y1 
DAC NTEMP 

. LAC N12  0  
ADD Cl  
DAC N 1 2  0  
LAC NTEMP  
J MP  B EGN2  

0 X 1 Y1 DAC NTEMP
LAC r e 2  0  
ADD Cl  
DAC r £ 2 0  
LAC NTEMP  

' J MP B EGN 2
T X 0 Y 1  DAC NTEMP

. LAC N 2 1 T
ADD Cl  
DAC N2 1 T

/XT IS 0,  Y1 IS 1

/XI IS 1s Y1 IS 0

/XI IS 1,Y1 IS 1

/X2 IS 0 , Y2 IS 1
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X2EQ1

TXT Y1

DX0Y1

X5 EQ1

DX1Y1

N1 10
N12 0 
N2 10  
N 2 2 0  
N . 1 0  
N1 «0  
N1 IT 
N12T 
N2 IT 
N22T

LAC NTEMP
■ JMP BEGN3
RAR
SZL
JMP. TX1Y1
DAC NTEMP
LAC N12T
ADD Cl
DAC N12T
LAC NTEMP
JMP BEGN3
DAC NTEMP
LAC N22T
ADD Cl
DAC N22T
LAC NTEMP
JMP BEGN3
DAC NTEMP
LAC N2 1D
ADD Cl
DAC. NE ID
LAC NTEMP
JMP BEGN4
RAR
SZL
JMP DX1Y1
DAC NTEMP
LAC N12D
ADD Cl
DAC N12D
LAC NTEMP
JMP BEGN4
DAC NTEMP
LAC ®2D
ADD Cl
DAC N22D
LAC NTEMP
JMP BEGN4

/ X 2  I S  1 , Y 2  I S  0

/ X 2  I S  1 s Y2 I S  1

/ X 3  I S  0'j Y3 I S  1

/ X 3  I S  1 , Y 3  I S  0

/ X 3  I S  1 , Y 3  IS" 1
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NclT 
NUT  
N1 ID 
N12D 
N2 1D 
N22D 
No ID 
NloD

.END START



o 
o 

o 
o

Cl.OUT

SUBROUTINE FOR COMPUTING 
NFSQ FOR CONTINGENCY TABLE 
TEST FOR STATIN AND PRINTING 
RESULTS* J * EoBELT 3 - 2 7 - 6 9  
SUBROUTINE C 1 0UT( N1 1 0, N1 2 0 ,

1 JE10,N2.2 0,-.NP10,N1PO)
X110=N110 
XI2 0= N1 2 0 •
X210=N2i0  
X22 0 = N2 2 0 
XPlOrNPIO 
X1P0 = N1 PO
XNF1SQ=( 1 0 0 0 0 . *  (.(XI 10*X22 0-X12 0' 

1 * X 2 1 0 ) * * 2 ) ) / ( X 1 P 0 * ( 1 0 0 0 0 . -X IPO)
1 *XP10*( 1 0 0 0 0 o-XP10) )

WRITE ( 5 , 1 0 )  XNFTSQ 
10 FORMAT (* GEN 1 STATISTIC; NF21 =

1 *FSo5)
RETURN
END



o 
o 

o 
o

C2 OUT 47

SUBROUTINE FOR COMPUTING 
NFSQ FOR CONTINGENCY TABLE 
TEST FOR STATIN AND PRINTING 
RESULTS, JoEoBELT 3 - 2 7 - 6 9  
SUBROUTINE C2 OUT ( NT1 T, NI2.T,

1 N2 1T,N22T,NP1T,N1PT)
X I 1 T = N1 IT 
X12T = N12T 
X2tT=-N2 IT 

■ X22T = N22T 
XPlTrNPIT 
XlPTrNl PT
XNF2SQ-( 10000„* ( (X1.1 T*X22T-Xl2 T 

1 * X 2 1T ) * * 2 ) ) / ( X r P T * ( 1 0 0 0 0 o-XIPT)  
1 *XPi T*( 1 0 0 0 0 , -XP1T ) )

WRITE ( 5 , 1 1 )  XNF2SQ 
11 FORMAT (* GEN 2 STATISTIC; NF22 =

1 * FS c 5)
RETURN
END



o 
o 
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C5 OUT

SUBROUTINE FOR COMPUTING 
NFSQ FOR CONTINGENCY TABLE 
TEST FOR STATIN AND PRINTING 
RESULTS. JsE.BELT 3 - 2 7 - 6  9 
SUBROUTINE C3 OUT C N1 1 D s N1 2DS 

1 N2 lDjN22D,NPlD,N!PD)
XI1D=N1ID 
X12D=N12D 
■X21D=N2 1D 
X22D= N2 2 D 
XP1D-NPID 
X1PD=N1 PD
XNF3SQ= ( 10000 0* (  (XI 1D*X22D-X12D 

1 * X 2 1 D ) * * 2 ) ) / ( X 1 P D * ( 1 0 0 0 0 O-X1PD) 
1 *XP1D*(1 0 0 0 0 . -XP1D))

WRITE ( 5 , 1 2 )  XNF3SQ 
12 FORMAT (* GEN 3 STATISTIC; NF23 =

' 1 * F 8 . 5 )
RETURN
END
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' APPEHDIX I I I  .

PDP~9 PfiOGMi LISTINGS 

BHCOE & CMPOOT

C orrelation  C o e ff ic ie n t  T est Programs

This appendix con ta in s computer l i s t i n g s  o f the MACRO-.9 

program, BIRCOR, and th e  FORTRAN—# subroutine, CMPOOT, which are 

used t o  compute the sample c o rr e la tio n  c o e f f ic ie n t , r .  This t e s t  

s t a t i s t i c  i s  computed on a sample s iz e  o f  10,000 b i t s  fo r  each o f  

th e  th ree  n o ise  generator s e c t io n s . Both programs are loaded p rior  

t o  execu tion .

49



BITCOR 50

/ J o  Eo BELT 3 - 1 0 - 6 9  
/BIT CORRELATION PROGRAM 

oTITLE BITCOR 
oGLOBL CMPOUT 

START DZM'NCORl#
DZM NC0R2#
DZM NC0R3#
.DEC
LAC ( - 2 0 0 0  
DAC WDCTR#
.OCT 

REWD LAC ( - 5
DAC SHETCR#
706412
CLL
RAR

RECYC1 SZL
JMP BIT11 

’ RAR 
SZL
JMP NOMAT 1 

MATCH 1 DAC NTEMP#
LAC NC0R1 
ADD (1 
DAC NCORi 
LAC NTEMP 

N0MAT1 ISZ SHETCR 
JMP RECYC1 
DAC NTEMP 
LAC ( - 5
DAC SHETCR /START OF GEN: 2
LAC NTEMP
RAR

RECYC2 SZL
■JMP BIT! 2
RAR
SZL
JMP N0MAT2 

MATCH2 DAC NTEMP 
LAC NC0R2 .
ADD (1 -
DAC NC0R2 
LAC NTEMP 

N0MAT2 ISZ SHETCR 
JMP RECYC2 
DAC NTEMP 
LAC ( - 5  '
DAC SHETCR
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RECYC5 

MATCH3 

NO MATS'

BIT1 1 

BIT12 

BIT13

LAC NTEM?
RAR
SZL
JMP BIT13
RAR
SZL
JMP NO MATS •
DAC NTEMP 
LAC NC0R3 
ADD (1 
DAC NCQR3 
LAC NTEMP 
ISZ SHFTOR 
JMP RECYC3 
ISZ WDCTR 
JMP REWD
JMS* CMPOUT /COMPUTE PRINT SUBR
JMP 6+4
0DSA NCOR1
cDSA NC0R2
.DSA NC0R3
HLT
JMP START
RAR
SNL
JMP N0MAT1 
JMP MATCH1 
RAR
SNL •
JMP N0MAT2 
JMP MATCH2 
RAR 
SNL
JMP N0MAT3 
JMP MATCH3 
.END START



o 
o 

o 
o

CMPOUT 52

JEB 3 “9 - S 9
SUBROUTINE FOR COMPUTING 
CORRELATION COEFFICIENTS 
AND PRINTING RESULTS 
SUBROUTINE CMPOUT C NCOR1-,

1 ' NC0R2, NCOR3)
XCOR1=NCORl 
XC0R2=NC0R2 
XC0R3 = NC0R3
R l = ( ( 2 o* X C 0 R l ) / 1 0 0 0 0 . ) - l . 
R 2 - C ( 2 0* XC0R2 ) /1 0 000  „) -  1 .
R3‘ = ( C2 XC0R3 ) /  1 0 0 0 0  e ) -  1 .

. WRITE ( 5 , 1 0 )  R1
10 FORMAT (* GENERATOR 1 BIT

2 CORRELATION COEFFICTENT*FS03)  
WRITE ( 5 ,  1 1) R2

11 FORMAT <* GENERATOR 2 BIT
3 CORRELATION COEFFICIENT*F663 ) 

WRITE-( 5 , 1 2 )  R3
12 FORMAT (* GENERATOR 3 BIT

4 CORRELATION C0EFFICIENT*F6.3)  
R ET UR N
END



APPENDIX 17 . 

PDP-9 PKOGEAM LISTING 

CORDIS

C orrelation  D isp lay  T est Program

This appendix co n ta in s a computer l i s t i n g  o f  th e  MACRO-9 

program, CORDIS, which i s  used to  d isp la y  th e  outputs o f two o f  the  

n o ise  generator s e c t io n s  as the X- and Y -coordinate v a lu es on the X-Y 

cathode-ray tuba d isp la y . The accumulator sw itches on th e PDP-9 con­

so le  are used to  co n tro l th e  operation o f  t h i s  program. Sw itches 15-17 

..se lect th e  n o ise  generator s e c t io n , 1 -3 , to  be used as th e  X -coord inate, 

and sw itches 12-14 s e le c t  the n o ise  generator s e c t io n , 1 -3 , to  be used  

as the Y -coord inate. Sw itches 9-11 s e le c t  the b i t  d e lay , 0 -6 , between 

th e  X and Y data, w hile  sw itch es 0-8 s e le c t  the word d e la y s , 0-512  

words o f 6 b i t s  each, between th e  X and Y data .
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CORDIS

START

REPT

RECYC

NEWORD

EXT!

ENTR1

TITLE CORRELATION DISPLAY
/OF. RANDOM NOISE GENERATOR
/JcEoBELT 
.DEC 
LAC (1 
DAC 
JMP 
LAC 
DAC 
.OCT
LAC (N1ADR 
DA C* (10  
706412  
DAC* 10

STFLG# 
I N PAR 
( - 1 5 3 6  
WDC'TR#

LAC
DAC
ISZ
JMP
ISZ
JMP
LAC
DAC*

( —6
DELCTR#
DELCTR
. - 1
WDCTR 
RECYC 
(N1 ADR- 

( 10
1

CCFLG#
( 0 00030
3
( - 1

EXT 1 
( - 1

EXT2 
EXT3 

LAC* 10 
AND ( 00 0077  
DAC TEMPI# 
TAD ( - 4 0 0

2 —1 0 - 6 9

/SET 'WDTAU,TAU,& 
/CCFLG FROM SWT'S

/SET AUTO INDEX 
/REG FOR NOISE WD 
/DISTRIBUTION

-ADD WDTAU# 
DAC* (11 
DAC* (12  
LAC* 12 
.DEC
LAC ( - 1 0 2 4  
.OCT
DAC WDCTR 
LAC (DABADR+2 
DAC* (13 
CLL 
CLQ 
LAC 
AND 
LRS 
TAD 
SNA 
JMP 
TAD 
SNA 
JMP 
JMP



CORDIS

EXT2

EXT3

CONVRG

EXTY1

ENTRYl

SHFT1

S NA
JMP o+5 
LAC TEMPI 
LESS 14 
DAC NTEMP#
JMP CONVRG 
LAC TEMPI 
ADD Cl 
LLSS 14 
DAC NTEMP 
JMP CONVRG 
LA OK 10 
AND ( 0 0770 0  
LRSS 6 
-DAC TEMPI 
JMP ENTR1 
LAC* 10 
AND ( 7 7000 0  
LRSS 14 
DAC TEMPI 
JMP ENTR1 
CLQ 
CLL
LAC CCFLG 
AND (000003  
TAD (-1  
SNA
JMP EXTYl 
TAD (-1  
SNA
JMP EXTY2 
JMP EXTY3 .
LAC* 11 
AND ( 0000 77  
DAC TEMPI 
LAC* 12 
AND ( 00 00 7 7  
DAC TEMP2#
LAC TAU#
AND ( 000007  
ADD (LRSS 
DAC SHFT1 
LAC TEMP2 
LLSS 6 
ADD TEMPI 
XX /LRSS TAU 
AND (000077  
LLSS 3



CORDIS

ADD NTEMP 
JMP YCNVRG 

EXTY2 LAC* 11
AND ( 0 07 70 0  
LRSS 6 
DAC TEMPI 
LAC* 12 
AND ( 0 0 7 7 0 0  
LRSS 6 
DAC TEMP2;
JMP ENTRY1 

EXTY3 LAC* 11
AND ( 7 70 0 0 0  
CLL
LRS 14 
DAC TEMPI 
LAC* 12 
AND ( 7 70 000  
LRS 14 
DAC TEMP2 
JMP ENTRY1 

YCNVRG DAC* 13
ISZ WDCTR /WORD INTO BUFFER 
JMP NEWORD 
LAC DABADR+3 

r DAC .DABADR+1 
LAC STFLG 
SZA
JMP SERVST 

INPAR CLA 
LAS
DAC TEMPI 
AND ( 000033  
DAC CCFLG 
LAC TEMPI 
CLL 
LRS 6
AND ( 00 0007  
DAC TAU 
LAC TEMPI 
LRS 11 
AND ( 0 00 77 7  
DAC WDTAU 
JMP REPT ,

SERVST DZM STFLG 
J MS DCH 
JMP INPAR

DCH



CORDIS

DCHI N

I NT •

DABADR

N1 ADR

CAL.
IS
700621  
INI  
DBK 
.DEC
LAC ( - 1 0 2  7 
.OCT .
DAG* (36  
LAC ( DABADR-1 
DAC* (37 
LAC ( 400
700622 _ /START DATA CHANNEL
LAC SAV#
ION
DBR
JMP* DCH 
DAC SAV 
700501  
LAC* (0 
DAC DCH 
JMP DCHIN ,
40 0000
XX
4 00200
.DEC
.BLOCK 1023 
.OCT 
400000  
.DEC
.BLOCK 153 6 
.OCT
.END START
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