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iii. 

PREFACE 

OBJECTIVES 

This course provides a systematic in t roduc t ion  t o  d i  ~i t a l  systems, and 

computers. I t  i s  intended f o r  mechanical engineers involved i n  the design 

and u t i  1 i z a t i o n  o f  instrumentat ion and con t ro l  systems invo lv ing  d i g i t a l  l o g i c  

o r  dedicated computers. I t  i s  a lso appropr iate f o r  the i nd i v i dua l  who has had 

h igh- leve l  lanauaqe programing experience and would l i k e  greater in-depth 

knowledge o f  computer' operations. 

The course beqins w i t h  the basic concepts o f  the swi tching element and 

develops from tha t  the p r i nc i p l es  involved i n  the design o f  complex l o g i c  

systems. This leads t o  the u l t ima te  d i g i t a l  system, the computer. Both t he  

hardware and software aspects o f  computer technology w i l l  be covered. 

PREREQUISITES 

Undergraduate in t roductory  course i n  e lec t ron ics  o r  equ iva lent  experience. 

TEXTS 

H. V. Malmstadt and C. 6. Enke, " D i g i t a l  E lec t ron ics  fo r '  Sc ien t i s ts , "  

and Soucek, B., "Minicomputers i n  Data Processing and Simulation." 

4CKNOW LEDGMENTS 

These notes were w r i t t e n  t o  accompany the above t ex t s  f o r  a s i ng le  semester 

course (25 one-hour lec tu res )  i n  the Continuing Education Program a t  the 

Lawrence Livermore Laboratory. The notes f o l l ow  the basic organizat ion o f  
the course t e x t s  and amount t o  a condensation o f  the o r i g i n a l  mater ia l  contained 
therein.  Some add i t i ona l  mater ia l  has been added, and the bas ic  sources are 

referenced where appropriate. 

"Reference to a company or product. 
name does not imply approval or 
recommendation of  the product by 
the U~rivenity of  Califorilia or the 
U.S. Atomic Energy Commission to 
the exclusion o f  others that may be 
suitable." 
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'1 1 1 . 2  Number Systems ' 
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CONVERSION TO BASE 10 

To convert any number t o  base 10,  mult iply each d i g i t  by i ts  base ra i sed  

t o  the power N where N is the  d i g i t s  pos i t ion  

BINARY: - 0 1 1 1  1 0 1 1 ,  

OCTAL : 

BCD : 0 0 0 1  0 0 1 0  0 0 1 1  BCD - ......... .! - 



1.2.3 D i g i t a l  Measurement Concepts (! Z 
9 s  tern Bui 1 d ing  Blocks 

REF 1 COMPARATOR 

GATE C 
-A \ 

A 
CLOCK 



I CNT 

-1 COUNTER L .-..- 

1 
CLR 

CLK- 
(strobe) $ 

CHT +I  - 

A 2  .-,I i i REGISTER I- CLK 1 1 * - - 7  i- 

. -- 
i I 

r 
I 

! A 2 
+1- 

A1 .----++I DISPLAY I 

I 

'A1 +! DATA 1- B 1  
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EXAMPLE 1-1 Frequency Meter (Freq a Counts/~T) 

+ 1 I 
I/ -' @---.I ' START 

START I 
-.-- . . - .- -. 

CLK 

CLR I 
. . . -. . . - - L---. . .- A - . . . - . . . . 



EX 1-2 I n t e r v a l  Timer (Period a. ATICount) 

START 1 I4 

CLR I A .- 

I 



2 .  SWITCHING CONCEPTS 
(1 1 

2.1 I d e a l  and R e a l  S w i t c h e s  

I d e a l  - 

O p e r a t i n g  points  : 
V = 0, S w i t c h  c l o s e d  

I 

a nd 
V = E,  S w i t c h  open 

0 

Rea 1 - 

Load l i n e  t 
L - - 



S t a t i c  A n a l y s i s  - 
L o a d  l i n e  : 

T = E - V  

O p e r a t i n u  P o i n t s  t 

V = I R s o ,  s w i t c h  open 

5 I Rsc, s w i t c h .  closed 

D y n a m i c  A n a l y s i s  
- 

17* Opcrat ing \ i Poin t s  

O p e n i n g  transient : 

w h e r e  - Rso 
vso 

- 
R + RSO 

C l o s i n g  transient r -t/ Ysc 
V = V + (VsO - VsC) e 

SC 

Rsc RI, w h e r e  Zc = ( ) C % RscCs RSC 4 < R ~  
R s c  + R~ 



2.2 Swi tchi  ng Devi ces 

2.2.1 Diodes (6 1 
Diodes a r e  a semiconductor device formed by the  junction between 

N- and P.-type materials  

Semi conductors t Donor atoms 
= N T y p e  Ge, Si ( I " )  ] < P ,  A s ,  Sb (PI j 

I+ Acceptor atoms \ 
Gay In (m) = P Type 

P- type 

o+ 0- 
-I- I 0," 

Major Mi nor - - 
Holes Electrons 

N-  type 

- -@ 
3 - 

Mi nor Major - 
%I es  Electrons 

) I  ' , M i n o r r  ' 1 rl 1 Majy  
El ectr%ns Electrons 

Potenti 

- I I +  / i : :  
a1 bar 
V 'Ge) 
V S i )  

P & N  
Materi a1 s 
with Bias 
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w i t h  Dias 

PN Junction 
Unbiased 

--- 
Space Charge 



Reverse Bias Forward Bias 

Typical Diode 

I -V Curve 

Ge 
Reverse - ----t Foxward 

S i  
Bias 

Breakdown a +-%- 
. . . . .  Diode Rbles uf '1 (" t 

P N 
1. Anode is + (P) material 

2 .  Cathode . . is - (N) material 

3.  Diode coricluc'ts whenever P i s  biased 1iluz.e 

posi t ive with respect t o  N than bar r i e r  potent ial .  



Diode Clipping Circuit 

Diode Switch 

NOTE : (-)  input signals are  
not  allowed as D2 
becomes reverse biased and 
can not  be switched o f f .  



2 . 2 . 2  Transistor (6 1 
Junction Trans i s  tor Operati on : 

NPN Transistor, Common Base Configuration 

NOTE: 

1. Emitter-base junction is forward biased and collector-base junction is 
reverse biased in normal operation. Bias polarity depends on transistor 
type (N?N or PNP) . 

2.  Important p a r a t e r s  : 

NPN - - B PNP 



'OLPEWOS W 1RAWIS10R. TERMINATIONS, CTC 

JUNCTION TRANSISTOR CIRCUIT CONFI GURATIONS(-6, 

9 

COMMON BASE (r.r.1 COMWON EMITT t n  (CE ) COMMON COLLECTOR (CC) 

I 

TRANSISTOR 
AS A DEVICE --- 

(ARROWS INDICATE 
ELEC IRON CURRENT 
FLOW. LOAOS WT a  . r s * o * ( ~ ~ ~  TEXT 1 
SHOWN l 

"re = '&'I, 

p-S l C . - T R A . N z z  

c _ I N S  
SHOWING SIGNAI. 
SOURcE AND WAD (RL) 

Ic  = IE - I h  
h F r * S * I c / I B  I c a I E - 1 .  $ c * l E / I B  I c a I E - r B  

8 ' 
2 
$ 

YES 
YES (APP40X. SAME CE) 
NO ( L I'SS THAN UNITY 1 

LOWLST ( a son t 
HIGHEST I P 1.0 MtG. 
NO 

WWFN ~ l l r *  
VOI 1 ~ G L  GAIN ' 
CURR,NI ~4llN' 
WPUI IMPEDANCE * 
OIITWT IMPEDbNCE " 
PHASF INVERSION ----. -. --- - 

SIHP,t T -EQUIVALENT 
NETWORK OF TRANSISTOR --- 
(DC ONLY - SEE CHAPTCR 
2 FOR SM4U-SIGNAL O 

j MI34 FREQ. EWU URCUITS) 
0- 

Y€S (HIGHEST) 
YES 
YES 
INTERMEDIATE ( a I.OK 
INTERMEDIATE ( 3  50K)  
YES 

----A 

YES 
NO (LESS THAN UNITY) 
YES 
HIGHEST (s 3OOK I 
LOWEST (a 3 0 0 n 1  
NO 



Common Emitter Configuration: 

I c 
(ma ) 

Saturation 1 
'LY 125 pa ./ 

/ 
/--- 

C = 10U pa 
..#----- 

Cutoff 
"CE 

Typical Characteristic Curve, Common-haitter Configuration. 



Conanon Emitter NPN Switch : 
Switched C i r c u i t  

I -  
- -- --.-- . 

I 
Actuating C i r c u i t  

r 
0 

- - - .. - IB 
I / 
I 

Load line 7 - , , 

__CC 
'. --. -.- --- .<- ----"- - 

. -- 

"CE ,I_'~~ 
"OFF ' 

Load line superimposed on CE characteristic curves. 

2- 9 



\ I J 
Field Effect Transistor 

The f ie ld  effect transistor (FET) i s  a unipolar device i n  that eSther 
holes or act as current carriers, b u t  not both as i n  the junction transis- 
tor.  Both P and N materials are present, but one serves as the current 
carrier  (channel ) and the other as the "gate." 

"" 
S ace 
cRarge 

I I 

Gate 

In the N-channel FET device shown here, the voltage VG controls the space 
charge and therefore the effective channel size. The characteristics of this 
dwice are as follows: 

I 

1'1, drain voltage Vn, volts 



2 . 2 . 3  Electro-optical and electro-magnetic switches. (-1 1 

Electro- optical : 

Light sources 

Source 

Incapdes cent lamp 

Neon lamp 

LED * 

* Most commonly found combined i n  digi ta l  sys tem in  the form of 
photo isolators. 

Characteris t i c s  

100 ms response, broad spectrum. 

-. ps response, limited spectrum. - ns response, l ine spectrum. 

(a) Limited i n  application i n  digi ta l  circuits  due t o  slow speed, 
contact bounce. 

1 

Detector 

CdS, CdSe 

Photovoltaic 

Photodiode * 

(b) Reed relays most often used for switching low-level analog 
signals, armature relay for high parer applications. 

Characteristics 

1 m s  response, inexpensive . 
No voltage supply needed.. 

* 10- n s  response 

Armature ' Rel-ay ,/&!I 
Switched c i r a i t  

, Reed ,-- ----.... - ..,, -.. -...-,__ b - - _J 

R?_l_ay_ Switched circuit  



3. Cmbinatorial Logic 

3.1 Basic Logic Functions 

FUNCTION 

OR 

i Am 

I 

NOT 

:?///,,',,:, ., J' :'.(,',/.. . , /;:/:.' ,;,,,:,.(, .I::.: /,,az.'..',.,. 1 .:?i :. , 
B .' :," .. . . , . I ,  , . . .  , . :  . . .  

----- ---.- -.------- .- 

SYIJBOL 
- -- 

TRUTH TABLE TIMING DIAG.M1 

A 

B I . .  

C = A + B  1 1 

1 1 C 

--- 

C = . A ' '  B 

= $3 

- 

A+- B 

8 = K 

t a  
---------- 

A 

B L 
C 

t -  
-. - - - 

A Pjl 

- 

C 

0 

0 

0 

1 

A ' B  

0 

0 

1: 

1 

-- 

0 

1 

0 

1 



3.2 k s i g n  of Combinational Circ~itry 

3.2.1 Boolean Alzebra 

Table of Basic Reorems 

AND Operation 13) 

A ' O = O  

A a 1 = A  

A ' A = A  

No. 

1 

2 

3 

4 

s 

6 '  

7 

8 

/ 9 
10 

11 

Name 

I Simgle- Vari ab l e  Theore- - 

OR Operation (a) 

- - 
A = A  

A + O = A  

A + l = l  

A + A = A  

A + A =  1 

Multiple-Variable Theorems ... 

Cornnutation 

Absorption 

DeMorgan's 

hirsociation 

D i s  tr ibgtion 

Auxiliary . 

I 
A ' A = O  

A + B = B + A  

A + A B = A  

A + B = A m B  

A + (B + C) = (A +. B) - C 

A + BC = (A + B) (A + C: 

A + % = A + B  

AB = BA 

A(A + B) = A 

B = X + B  

A(BC) = (AB)C 

A(B + C) = AB+ AC 

A @  + B) = AB 



APPLICATIONS OF BOOLEAN ALGEBRA TO CIRCUIT SIEPLIFICATION 
I 

Ex 3-1 

What's the  simplest implementation of the function F1 = A(X + R )  ? 

Boolean manipulation: 

F1 = AG + B) 

= f i + A B  (theorem 10 b)  

= ,W (theorem 5 b) 

Check re su l t  using t ru th  table:  

Implementation: 

A - - - - - - - D - . F ~  = i \ ~  Reduced 
B c i r c u i t  

1 cost = 3 

Original 
I c i r c u i t  

* Cost is  approximately proportional t o  the number of gate leads (input and output). 



What's the simplest implementation of the functi.on F1 = A + 3J3 ? 
Boolean manipulation: 

F 1 = A + A B  +-- 
= A + A B + m  

- .  
(Theorem 7a) 

= A + B ( A + A )  (Theorem lob) ' 

= A + B  (Theorem Sa, 3b) 

Check resu l t  using truth table: 

Implementation: 

c i rcu i t  

Cost = 8 

A 
reduced 

B c i rcu i t  

Cost = 3 1 



You a r e  an observer on a s t r e e t  corner. A car  approaches t he  in te r -  
section s ignal ing a left-hand turn. Design a c i r c u i t  t o  p red ic t  whether 
o r  not the d r ive r  w i l l  come t o  a s top  before making the turn. As' i n p u t  da ta ,  
you have information t o  indicate  

(1)  whether the  t r a f f i c  signal is red o r  green 

( 2 )  whether o r  not- the in te r sec t ion  i s  c l e a r  
. . 

( 3 )  whether the d r ive r  i s  sober o r  intoxicated.  

( a )  Assign variables 

Inputs 
A = 1 ,  green l i g h t  

= 0,  red l i g h t  
B = 1 ,  in te r sec t ion  c l ea r  

'= 0 , .  oncoming t r a f f i c  

C = 1 ,  intoxicated (always tu rns )  
= 0,  sober 

(b)  Generate t r u t h  t ab l e :  

- 
= A B C  

= ABC 
= ABT 
= ABC 

O u t p u t  

D = 1 , dr iver  turns 
immediately 

= 0,  d r i ve r  s tops  



(4  
D = ABc + ABC + ABC + A B ~  + ABC 

= C[AB + AB + AB] + AB(c + C )  (Theorem 10 b )  

= C[A(B + 0 )  + AB] + AB (Theorem 5a, 10 b )  

= C[A + AB] + AB (Theorem 5a) 

= c[A + B ]  + AB (Theorem 11 a )  

= Cm] + AB (Theorem 8b) 

= C + A B  (Theorem I l a )  

( d )  Tmpl ~ m ~ n % :  

A. 
. . 

D = A B + C  
C BY=- Cost = 6 



Ex. 3-4 

Derive a circuit  for a half adder (adds two binary digits ,  pr.avides for 
carry- out but not carry- in) . 
(a) Assign variables: ----.-L a l l  possible combinations - -\ 

A 0 0  1 1 

B 0  - 1 - 0 - 1 - 
Co, D . o o  01 '  0  1. 10 

(b) Generate truth table: 

(c) Derive logical express ion: 

(d) Implement: 

A - 

B 

A 

D = AF~ 9 XB 

- 

+-* 

Cost = 16 

Co = AB 



(e) Minimize c i r c u i t  : 

(Theorem l lb )  

(Theorem lob) 

(Theorem 8b) 



3 . 2 . 2  Karnaugh Map ( 3') 
7 

.. Tne Karnaugh map is  a c i r cu i t  reducttoll procedure based 

on- simplifying recognition of the Boolean ident i ty  

+;a' = A 

Whenever we have two ANDings of the same group of variables,  and a s ingle  

variable appears i n  the NOTed form i n  jus t  one' of ' them (such as B above) , the 

t.echni.que applies. For instance, the technique would prove useful i n  analyzing 

the function 

but not the function 

The Karnaugh map is a graphical procedure fo r  recognizing these combinations 

i n  functions of up t o  four variables. 
. 

The map is  constructed by. taking data from a t ru th  table 

and "mapping" it onto a grid,each square of which represents one - row i n  the 

t m t h  table.  The square contains the value of the output variable fo r  tha t  raw. 

2 'Vjriab les  



3 Variables 

4 Variables 



, 
.. 

Any two adjacent squares i n  the tab le  (up-down or  across) 

correspond t o  a change i n  just  one variable. Therefore adjacent logic  1 ' s  

imply tha t  the ident i ty  discussed above can be applied t o  the reduction of the 

Boolean expression fo r  the function. Adjacent logic 1's i n  groups of 2 ,  4 ,  or 

8 are  referred t o  as two-square, four-square, or eight-square implicatits. 

Because of the way the map is  constructed, the extreme left-hand row of squares 

is  "adjacent" t o  the r igh t ,  as is the top row "adjacent"' t o  the bottom. The 

variables which d i f f e r  between the squares drops out of ttle Boolean expression 

fo r  the square involved. Consequently greatly simplified Boolean exnressions can 

be .derived direct ly  from - the Karnaugh map. 

EX. ' 3 - 5  

Derive the Boolean expression fo r  the following t ru th  table:  

By Karnaugh Nap: 

'one term f o r  each 
essent ial  implicant. 

By Boolean Reduction:_ 

Dot marks an "essential" 
implicant, i . c .  , one which 
includes a 1 not covered by . 
any other implicant . 



Ex. 3-6 

Derive the Boolean expression fo r  the following truth table:  

= &c 

= ATjC 

= lac 
= ABC 

= ABC 

By Boolean reduction: 

D = &3C: + A% + aC: + ARC + ARC 
. 

= BC [A + A) + AC(B + B) + ABc 

= BC + AC + ABC 

= C(B + ~ 5 )  ,:- AC 

= C(B + A) + A t  

= C B +  C A + A C  

= C B + A  

By Karnaugh map: 

D = A + B C  



Ex. 3-7 

The following t ru th  tables and maps fur ther  i l l u s t r a t e  the.  technique: 

Completely isolated logic one's must be 
included a s  usual. 



C 
/m 

o o j o  f 0 1  o j  0 j 

( I n  some instances the essent ia l  
implicants do not include one o r  
more logic. I t s ,  Terms should be 
added to  the f i n a l  function f o r  
the nonessential implicants required 
t o  cover each logic  one jus t  once. 



Therefore, for  the above t ru th  table and map, 

E = &c + ACD + ABD 

- Nonessential or  - - implicants . 
E = + ACD + BCD 

To summarize the Karnaueh maD ~rocedure :  

1. Map the t ru th  table  onto the Karnaugh, matrix. 

2. Circle a l l  implicants of 2 ,  4 ,  or  8 blocks. 

3. Mark a l l  essent ial  implicants and completely isolated logic 1's. 

4. Write the Boolean expression fo r  the  function 'as the UR'ed expressions for  

each of the essent ial  implicants and any isolated logic 1's. 

5.  OR t o  th i s  function expressions fo r  as many nonessential implicants as 

necessary t o  cover a l l  remaining logic 1's just  once. 



3.3 XOR, NAND, NOR Gates 



3.3.1 Use of XORGates . . 
. '. . 

?he exclusive OR function (XOR) has the b&ic form 

AB + a = A 0 B  

As the t ruth table for  t h i s  function shows, A @ B is logic one when A or  B 

'is logic one, but not both. 

Ex. 3- 8 - Full Adder - Previously w e  studied the half-adder for  summing two 

single-digi t  binary numbers. For multiple d ig i t  nunhers, we must consider 

the possibi l i ty of a carry-in from a preceeding column: 

Functionally, th i s  binary addition process is equivalent t o  the c i rcu i t  

\ - * - 

F u l l  Adders Ha If 
Adder 

?he Eull adder, therefore, performs the function of adding together 

three s ingle-digi t  binary numbers, one of which is the carry-out from the 

previous column. The tryth table for  this operation is as follows: 



In terms of XOR gates: 

and 

= C(AB + AB) + L(AB + a) . , 

= c (a) (BA) + c (b + a) 

D = &C + SC + ABC + ABC 

Implementing i n  hardware : 

. . 
. . .: 

Karnaugh Map: .From the Karnaugh.map for  D ,. . . . . 

we get the reduced equation 



Although ,the "S" map contains no implicants, it can be shown tha t  the pat tern 

of 1's present (equal number' o f  1 Is and 0 I s  i n  a checkerboard pattern) is 

charac ter i s t ic  of the XOR function and the f ina l  equation fo r  S can a lso  be 

written d i rec t ly  fron the Karnaugh map 

The use of the Kanaugh map i n  recognizing the XOR function with larger  numbers 

of variables is not very straightforward, however, and we w i l l  not go in to  it 

any deeper. I t ' s  suf f ic ien t  t o  say tha t  the XOR function is available,  the 

Karnaugh map can be useful i n  applying i t ,  and when the XOR function is used 

it can r e su l t  i n  considerable c i r cu i t  simplification. For the above f u l l  

adder, implementation &ing AND/OR logic  has a re la t ive  cost c = 43 versus 

the c = 16 f o r  XOR 'logic. 

3 . 3 . 2  Use of NAN'D/NOR b g i c  c3 1 
Our techniques t o  date have dea l t  primarily with AND and OR 

gates. However, the gates most commonly available f o r  implementing d i g i t a l  

systems (see section 3.4)  are of the NAND, NOR type. TO implement a c i r c u i t  

i n  NAND or  NOR logic,  the procedure is as follows: 

a) Obtain a minimized Boolean expression fo r  the function i n  terms of 

AND'S and OR's. 

b) Draw the c i r c u i t  using AND'S, OR' s  and NOT functions. 

c) Substitute fo r  each AND gate the symbol f o r  the "ANDW:type represen- 

ta t ion  of NAND o r  NOR gates t o  be used, and f o r  each OR gate sub- 

s t i t u t e  the symbol fo r  the "OR" -type representat ion .  

Symbol t o  be 
. . Substituted 

Original NAND NOR 
Gate Logic Logic 

n' I-> .q-)-. 
- 



d) Now. check the resul t ing inversion and add whatever inverters are  

necessary t o  make the c i r c u i t  functionally equivalent t o  i t s  AND/OR 

counterpart. Remember, f a and A + B f m. 

Ex. 3- 9 

Referring back t o  Ex. 3-3 ,  the f ina l  c i r c u i t  implementation using AND/OR 

logic  w a s  

D = A B + C  

c = 6  

a) To convert t h i s  c i r c u i t  t o  NAND logic,  we f i r s t  subst i tute  the ap- 

propriate "AND- " and ,"OR- " type representations 

and add whatever inverters  a re  necessary t o  get  the correct f i n a l  resu l t .  

b) To convert the original  c i r c u i t  t o  NOR logic ,  w e  f i r s t  subs t i tu tc  

the appropriate "AND-" and "OR-" type representations. 



and then add inverters as necessary. 

Ex. 3-30 

For the half-adder of Ex. 3- 4,  the f ina l  c i rcui t  implementation was 

a) By substituting the NAND logic "AND-" .md "OR-" type representations 

we get 



and a f t e r  correcting the inversions we get 

b) By subs t i tu t ing  the NOR log ic  "AND-" and "OR-type" rcpresentatiolls . . 

we get  

and with the inversion corrected t h e  c i r cu i t  becomes 



3.4 Hardware Logic Families 

3.4.1 Gate Structures ( 3 )  

The designer has a number of logic  families t o  choose from.in 

building a system. The family names refer  t o  the general s t ructure of 

the devices - 

RTL : Resistor- t ransis  t o r  logic  

DTL : Diode- trans is t o r  logic 

kITL : High threshold logic  

TTL : Transis tor- t ransis tor  logic  

ECL : Emitter-coupled logic 

CMOS : Complementary metal-oxide semiconductor 

&nerally speaking, RTL and D T L  represent 01 d technology, HTL and TTL 

represent current technology, and ECL and CMOS represent more advanced technology. 

Although TTL is currently by f a r  the most available logic  type, the CMOS 

- family is  expanding rapidly and may soon overtake TTL. The basic  gate 

s t ructure fo r  a l l  s i x  logic  types is i l l u s t r a t ed  on the following page. 

3.4.2 Performance Characteris t i c s  (7)  

The basic  performance character is t ics  by which logic  devices are  

specified are  as follows : 

Speed - The frequency tha t  a f l i p - f lop  (see section 4.0) can be toggled) 

Threshold voltage - That voltage which when applied to  a l l  the inputs 

of a NAND, NOR, o r  NOT gate produces the same output voltage. 

For Texas Instruments (TI) 54/74 TTL logic,  VT = 1.5 v 

t- 
Logic levels - The actual voltages which are  considerd t o  be "logic 1" and 

"logic 0". These are generally related t o  input voltages required . 

t o  produce these voltages a t  the outputs. For instance fo r  TI 'S 

54/74 TTL logic  



CMOS 

RTL - - 

TTL - - 

12 kn 
A* 

B--tO----cl 

Node - 

. U ~ t l e r e n t ~ a l  Heterence E m ~ t t e r  
gmplifip. vol!gge followerc 
h-- 

HTL - - 

ECL - 

Typical Ga ta ruc tu res  (3 



I 
- - -~ 

Output Volt ages 1 

Noise immunity - Refers t o  the  amount of noise tha t  can be picked up on 

the wire connecting the output of one gate t o  the input of a 

second without causing a s t a t e  t rans i t ion  on the second. This 

value is therefore d i f fe rent  depending on whether the second gate 

is  a t  logic  1 or  0 ,  and can be calculated a t  dc conditions as 
Logic 1 dc noise immunity = logic  1 output - VT 

Logic 0 dc noise i m i t y  = VT - logic  0 output 

Noise immunity is also a dynamic consideration, and as shown 

i n  the accompanying charts ,  larger  noise pulses can be tolerated 

i f  they are of shorter  duration. 

Fanout - The n u h e r  of gates inputs that  can be driven by a s ingle  gate 

and s t i l l  maintain the "guaranteed" logic  outputs. The fanout 

f o r  a gate is often s t a t ed  i n  terms of arbi t rary load un i t s ,  as 

are  the loadings imposed by a driven gate input on the driving 

gate. That is  , a NAND gate may have a fanout of 10 load un i t s ,  

whereas each NAND input may be 2 load uni ts .  Therefore the 

output of one such gate could be used t o  drive the inputs of 

5 others. 

Propagation delay - In a gate,  the delay between t rans i t ion  of the input 

t o  t rans i t ion  of the output. Typical propagation delays are i n  

t e r n  of nanoseconds. For comparison purposes, a bare 

wire delays a s ignal  approximately 1 ns per  foot  of length. 

Power consumption - The different  logic l ines  have widely varying power 

consumptions, from the minimum of CMOS t o  the maximum of ECL. 

Power consumptions are generally s t a t ed  f o r  each IC device, 

Temperature Range - Specifications generally s t a t e  the recommended 

operating temperature. For example, i n  TI ' s  54/74 TTL logic  

the operating temperatures are : 

' 5400 Series - -55°C t o  125°C 

7400 Series - 0°C t o  70°C 

Gate Input 

< .8 V 

> 2.0 V < .4 V . 2  V,  logic 0 

Guaranteed 
Min/Max 

> 2.4 V 

Typical 
Value 

3 . 3  V, logic  1 



TTL Ioqtc och#eves good intern01 noise ~ m m u n ~ t y  only i f  switching 
t r n n r i ~ n l q  on the power supply line ore Ioco11y su~pressed w i th  one 
0.01 - pF copocilor per e ~ q h t  in leqro ted  circui t  pockaqes 

'Power dbss~pot#on proporlionol to frequency down t o  2 pW. . 

Cliaracteristics of diffcrcnt logic lincs. (7 ) 
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~hreho ld  

\ .  

v 

2.0 v 

1.1 v 
\ 
\ '  

\ \ ,  O_Vc 0 v 
HTf CMOS DTL . TTL RTL '\::\ ECL 

-0.75 V ' - 1.17 V 
-1 .58V . 

(7)  Typical output and threshold voltages for six logic types. 

Signal line noise immunity. The threshold noise level as cs Ground line noise immunity. Voltage plot o f  noise 
function of noise pulse width on signal lines is plotted in A for each threshold vs. pulse width for noise injected into the ground terminal 
logic family. The ener u meawrcd at the knee o f  each voltage is shown in  A. The worst-case conditions of g ou d'line noise 
r u n e  is p l o t t d  in B. b . 

energy for each given family is graphed in B. t7 9 

0 50 100 150 200 250 
Pulse width, nanosec 

0 50 100 150 200 250 
Pulse width, nanosec 

Energy, Joules X lo-* Energy, Joules X lo-' 



Sone Typical  I C  Costs - LLL Stock 

TTL Chips : 

I C  Cescr ip t ion  
Approx. 
C o s t  

Quad 2-input NAND $ .17 

Quad 2-input  NO^ .22 

Quad 2-input AND .25 

Quad 2-input 09 .27  

Quad 2-input XCIR 

Dual j-K ~ a s t e r / ~ l a v ' e  F-F 

4-Bit  S h i f t  R e g i s t e r  

Decade counter  

F u l l  adder 

Non-TTL Chips r 
I 

DTL Quad 2-input NAND 

~ T L  Dual 2-input MOY 



3.5 DOT- AND/ORing (3)  

Since they are active devices, the outputs of gates are  not normally 

connected together. In the case of the TTL family, tying the outputs together 

would r e su l t  i n  a low impedance path t o  ground whenever one output is  low and 

the other gate is trying t o  reach logic one: 

Effect of tying gate outputs together. (a) Tying ut uts of two gates together; (b)  
not recommended for TTL gates; (c )  fine fur DTL gates. P3 9 

For a DTL gate,  however, the same s i tua t ion  resu l t s  i n  a 2 k-ohm impedance 

to  ground, and no harm is  done, although the output stays low. Since the output 

can come high only when the outputs of both gates are  attempting t o  come high, 

the connected .gates perform the function: 



F = A B + C D  

and are  represented symbolically as 

A 
- 
v /vvG-.+5 

B 
. .- F = A B + C D  

This i s  referred t o  as the DOT-AND/OR function. When gates are used i n  t h i s  

fashion, they a re  modified by leaving out the internal  2 k-ohm pull-up re- 

q i  qtnr n f  each gate. A s ingle  external r e s i s to r  serves the ,en t i re  group. 

Such gates are sa id  t o  be i n  an open col lec tor  configuration, as indicated 

by the label ,  "OC" . Specially made open col lector  TTL gates fo r  use i n  

DOT- IU\JD/ORing are  also avai lab l e  : 

. , 
Modified TTL gate with open-collector output. (a) 11s structure; ( b )  its US. 

Tilt. DOT-ND/OPSng tcdmiquc is  almost uniarersally ~ ~ c d  i n  small  rnm- 

puter  systems fo r  c o ~ c a t i o n  between peripheral devices and the central  

processing uni t  (CPU) over a d a t a  hir . .  When a computer wishes t o  get data -----. 
from a par t icu lar  device, i t ' s ends  out the same device number and control 

command t o  every peripheral. Unly the peripheral corresponding ,Lu L11al device 

code responds by se t t ing  X t o  logic one. The signal X is NANDcd w i t h  each 
data b i t  t o  be input by tha t  device, and i f  the data b i t  is  high, the cor- 

. responding. input bus l ine  i s  pulled l a v .  Because only one peripheral - 
device a t  a time ever responds, the output data l i nes  of each device can 



be D6+AND/ORed  onto a common data bus, thus eliminating the need for a 

separate se t  of input lines for each peripheral. 

Dot-AND/ORing on an input bus to a small computer. 

3.6 LLL Logic Packaaing Techniques 
A t  LtL, there are two logic packaging systems currently available: 

Modular Packaging - This system is based on the use of stock, standardized, 
preloaded logic boards which are intended to be used as system 

building blocks. The individual boards are plugged into a llcage", 
and the back plane of thc cage i s  wim-wrapped to provide the needed 

module interconnections. Computer codes to  assist in  the wire-wrap 

fabrication are available. Special module boards can be designed and 

analog components are easily accomnodated. The basic vendor for this 
system i s  Control Logic Corp. + \m,,b,L n - *< , , + r , ; p -  *-n ' ',.&; r; q, ,A-a, *3 s$t - -q;~-+Yl ,J,. , .- - L:li-fiki 

$3 . c t 3 4 , 1  - v u -, A a :, . - - 4 2 ,  nn..- 

< '  -y 
L.4- 3 31 
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LED69- 901403 
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L E D69-901104 ;;;;:.;; ELECTRONIC8 ENGINEERING UNIVERSITY 

S T A N D A R D  OF LABORATORY CALIFORNIA 

L E D69-901104 
LIVBRYORL. CALIPORNIA 

I 
DATE 

7/24/70 
REV. 

CLC LOGIC MODULES 
LOADED BOARDS $ N E E 1  1 11 2 A 

I nrrln our T p r s  q t. t'. Holbc- I I OAT€ v 1-1, 170 1 REV. - 

EIGHT )+-INPUT NAND GATES CNG-154~ 
LRL STOCK NO. : 5975-56518 

DECAL NO. : 5975-56567 

Description 

The CNG-154~ NAND gate card supplies eight 4-input gates f o r  control and 
logica l  gating. They operate f'rom dc t o  10 Hz with pulse or  l eve l  inputs. 

The BAND gate is  equivalent t o  a diode AM) network followed by an inverting 
amplifier. Logically t h i s  gate performs the  AND-NOT function with posit ive 
t rue  inputs (+3 V = logic  1 )  and tbe OR-NOT function with negaBive t rue  i n ~ u t  s 
(0  V = log ic  1 ) .  I 

Specifications 

~requency 
Out put Drive 
Input Loading 
Delay (s ingle  gate) 

. (gate pa i r )  
Power Requirements 

dc t o  10 MHz 
10 loads 
1 load 
45 ns maximum 
75 ns maximum 
30 mA maximum @ +5 V 

I C  Specifications 

EE Standards Manual, Sect ion 11, " ~ i c r o c i r c u i t s "  
~ ~ 4 2 0 ~  see ~31>68-902113 _ 

Logic Diagram 



VOLTAGE 
CONNECTlONS 

E j i  @-, C A W  OUTLINE 

B*- D 

A 0 'm ~~ 0 
I 

C 
0 1 I 
0 

-r bw-' 
1 lJszL -+w 
3LC/a - Chl 

G 5 4 ~  = ~ ~ 7 4 2 0 ~  
CQNTIWL ~ I C .  IK. 

MtZM 't$Q aE 1- Rz CCWRDt = I . ,  /K DPRMNG h0, 

@ZG EIYJLLCS(IIEM S) m i w  1-0 er wmn (051. IAC ~ W I K -  m taws 
Z.TE5I.lERNILUL SVYIKK )- 
L pin cawccicrton mm C)- 

nom: 

6 S Y  (D C\O 

\ 0 
r0 -4 I-' 

0 I-' 
0 
C 



INTEGRATED CIRCUITS, DIGITAL, TTL, 

DUAL 4-INPUT NAND GATE 
LRL PRIME TYPE: ~ ~ 7 4 2 0 ~  
LRL STOCK N O . :  5961-53222 

DECALNO.: 7510-58043 

SCHEMATIC (each gate) 

RECOMMENDED OPERATING CONDITIONS MIN. NOM. MAX. UNIT 
S u p p l y  Voltage .(v,,) : 4.75' 5.0 5.25 V 
Ope r a t i n g  Tempe ra tu re  Ra.nge : 
Fan-Out from each output  ( N ) :  1 t o  10 

ELECTRICAL CHARACTERISTICS: (over operating temperature range unless otherwise noted) 

3. Not more than one output should be shorted at one time. 



.. . 

Planar Packaging - This system i s  jus t  now being introduced a t  LLL, although 

it has been i n  use by computer ~~lalufacturers  fo r  a fcw years. In t h i s  

packaging sys tem various s ty l e s  of blank, general-purpose DIP (dual in- l ine  

packaging) socket cards a re  combined i n  a frame to  form a logic plane. 

This plane is  then wire-wrapped as a whole. Frames may be stacked up 

and hinged s o  tha t  they can be "paged" l ike  a book fo r  easy maintenance. 

Analog components a re  less  easi ly  accommodated than i n  the modular 

packaging sys tem. Computer codes for  semi- automatic wire-wrapping the 

frames are available.. The vendor fo r  t h i s  system i s  Standard Logic, 

Inc. 

Specification sheets and drawillgs i l lustl-ating the two packaging systems are 

contained on .rhe Sulluwirlg pages. 



D.I.P.  
I C 

Wire 
P i  

P lanar  Packagi n q  



4. FLIP- FLOPS and PULTI -VIBRATORS 

m 4.1 Flip-Flops (1 1 
4.1.1 Trans is t o r  and logic- gate memories 

A b is tab le  device i s  one which has two s tab le  s t a t e s .  In the 

case of the t rans is tor  bis table  memory shown below, these s t a t e s  correspond t o  

outputs of logic "1" or  "0". The output s t a t e  Q is s e t  by pulses on the "set" 

or  "clear" inputs, whichever occurred most recently. 

1 I 
I kR I I 1 kR 

a Q - 
output 0u:put 

3.3 kQ 

11 

I 
- set b &clear --L 

- - - 
inputs 

Basic transistor bistable memory. (1 i 

As an al ternat ive t o  discrete  components, a memory c i r c u i t  can 

also be constructed using logic  gates as il1ustra:ted below: 

(R l a s t  0) 

(S l a s t  0) 

Logic-Gate Memory ( "La t ch " )  

4- 1 



For timing purposes it is generally desirable tha t  a f l i p - f lop  

respond t o  i t s  inputs only during a spec i f ic  interval  such as a clock "on" pulse. 

To accomplish t h i s ,  a clock signal is  NANDED with the R and S inputs to  get a 

clocked R- S f l i p -  f lop : 

R-S Clocked Flip-Flop 

4.1.2 R-S Master Slave Flip- flop (1 ) 

The clocked f l i p -  flop responds t o  j t s  R-S j.npl.its during the 

clock ON period. In a complex c i r c u i t  it is  often possible for  the outputs of 

a f l i p - f l o p  t o  feed back s o  as t o  affect  its am bputs  during the clock "on" 
time. . In order to  prevent any 'ambiguity i n  the operation of the f l ip - f lop ,  i t  

i s  broken up into two stages- - a master stage t o  hold the input data a t  the s t a r t  

of the clock pulse, and a . s l a v e  stage which holds the current output during the 

clock pulse and i s  updated with the master-stage data a t  the end of the pulse. 

- - - - - - - - - - - - - - - - 
master flip-flop 1 



The operating sequence and t ruth table  fo r  the f l ip - f lop  is  as follows: 

Inputs, t ii 

1 
n ii Q 

.. . . - .. S R ! !  tn + 1 
I .  , - - .- .. -- -. - 

0 0 ;; Q + 
- L. 

1) Gates 3 and 4 close, isolat ing slave stage. ' 0 '  1li 0 "  

2) Gates 7 and 8 open master stage t o  inputs. 1 i 0 1 :  1. 
I/ 

3) Gates 7 and 8 close, isolat ing master stage 1 j 111 ~ n d .  
from inputs. I! 

4) Gates 3 and 4 open slave stage . t o  master stage . 

except tha t  the 

action whenever 

a re  also genera 

J- K Mas ter-Slave Flip- flop (1 1. 

The J-K master-slave f l ip- f lop  is  s imilar  t o  the R-S f l ip - f lop  

outputs are connected back t o  the inputs t o  provide a toggle 

both inputs are 1 simultaneously. Direct s e t  and clear  inputs 
. . 

----- 

The symbol and t ru th  table  for  the J-K f l ip- f lop  are  as follows: 

Complementary 
outputs 

"0" on e i the r  input forces 
Output regardless of clock s t.ate . 

4- 3 



(1 4.1.4 D- type Master Slave Flip- flop 

The D- type f l ip- f lop  is sj .mi lar  to  the R-S except tha t  the 

s ingle  D input i s  inverted t o  drive the R input while the D drives the S direct ly .  

As a r e s u l t ,  whatever data i s  on the input l ine  a t  the clock pulse is simply 

t ransferred t o  the output. 

Clk D ~ ~ L .  _ 

3' s -- 
4.1.5 '1'-type MaSter Slave (1 ) 

A toggle o r  T-type f l ip - f lop  simply complements i ts  output 

whenever T i s  high during a clock pulse. 



. 4  .l. 6 Edge T r i g g e r i n g  (1 1 

A second s o l u t i o n  t o  t h e  f l i p - f l o p  t i m i n g  a m b i u u i t y  

problem is t h e  u s e  of , e d g e  t r i g g e r i n g .  I n  t h i s  t y p e  of 

d e v i c e  t h e  i n p u t  s i , g n a l s  a r e  "sampled." a t  a    articular i n s t a n t  

o f  t i m e  and t h e n  locked o u t  u n t i l  t h e  n e x t  c l o c k  p u l s e .  The 

f o l l o w i n g  D-type e d g e - t r i g g e r e d  f l i p - f l o p  i s  t y p i c a l  of t h e s e  

d .evices :  

set 
I 

u 
D-type edge-triggered flip-flop. (1)  

 his f l i p - f l o p  h a s  a  t i m i n a  d iagram which a p p e a r s  a s  f o l l o w s :  

k-- 
, It shou ld  be no ted  t h a t  t h e  d a t a  C was sampled o n  t h e  l e a d i n g  

edge of t h e  c l o c k  p u l s e  and t h e  r e s u l t  t rans3ferre.d t o  t h e  



o u t p u t s  immedia te ly  ( a l m o s t ) .  The o u t p u t  i s  u n a f f e c t e d  by  t h e  

1-0 t r a n s i t i o n  of D w h i l e  t h e  c l o c k  i n p u t  i s  s t i l l  h igh .  

4.2 M u l t i - v i b r a t o r s  (MV) (1 1 

4.2 .1  Monostable  M u l t i v i b r a t o r s  (one-sho t )  

A monos tab le  m u l t i v i b r a t o r s  i s  a  d e v i c e  which  h a s  o n l y  one  

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

r e t u r n s  t o  i t s  o n l y  s t a b l e  c o n d i t i o n .  A monos tab le  MV c a n  be s i m p l y  

c o n s t r u c t e d  f r o m  logic qates and a n  RC network : 

t u -  out 

- - I ~ ~ = H c  
- 

RC delay monostable. (1 1 

T h i s  d e v i c e  i s  g e n e r a l l y  u s e f u l  for  a e n e r a t i n ~  c l e a r  or u p d a t e  

p u l s e s ,  c l o c k i n g ,  and o t h e r  a p p l i c a t i o n s  r e q u i r i n g  p u l s e s  of 

short and r a l a t i v c l y  i m p r e c i s e  durat ion .  

4.2.2 A s t a b l e  MV. 

The a s t a b l e  MV h a s  no s t a b l e  o u t p u t  - it c o n t i n ~ o ~ ~ l y  

o s c i l l a t e s  back and  forth between t h e  0 and 1 logic states a t  

a  rate f i x e d  by i t s  i n t e r n a l  RC components. It c a n  be used i n  

any a p p l i c a t i o n  where an  oscillator :of mMera te  precision i s  

r e q u i r e d .  . . 

4.2 .3  S c h i t t  T r i g g e r  

The Schmi t t  t r i u g e r  i s  a b i s t a b l e  d e v i c e  i n  which t h e  logic 

leilel o u t p u t  s w i t c h e s  from 0 t o  1 whenever t h e  a n a l o g  i n p u t  



voltage exceeds a l e v e l  Eon. and switches back t o  0 when the  

f l i p f  lops can be cascaded to obtain a frequency divisior$ircuit r 

input voltage drops below Eof (Eon> Eoff) . 

Q2 -+ [*, 
,._. -- --.4.". . I _ . I  - .,.- I-'! 

T 
cc vcc 

2 RU 
Rc 

'" 
'OFF 

l 
a ( I  0 

",&"pp-~ 
i ' , 1 

4 I 
I 

t I 

P h - - l  -- -A- 
RE - - - - t- - - 

E x .  3-11 The following simple c i r c u i t  i l l u s t r a t e s  how 



EX. 4-1. The fol lowing c i r c u i t  i l l u s t r a t e s  t h e  canbination of  

a Schmjtt t r i g g e r ,  monostable MV, J-K f l i p - f l o p ,  and same gates  

i n  a c i r c u i t  which performs the  function of gat ing  a s i n g l e  l o g i c  

pulse  which i s  synchronized with a chain of analog pulses  - 



5. Sequen t i a l  C i r c u i t r y  

5.1 Clock 

A wclockw i s  any  c i r c u i t  w h i c h  serves a s  a r e l a t i v e  

se for a d i g i t a l  system by e m i t t i n g  a cont inuous stream 

f pu l ses .  Clocking p u l s e s  are c h a r a c t e r i z e d  by their frequency, 

du ra t ion ,  and rise t i m e .  Maximum f requenc ies ,  minimum p u l s e  

du ra t ion ,  and r equ i red  waveshape a r e  s p e c i f i e d  by each manufact- 
. 6 7 -  

u r e r  f o r  h i s  logic l i n e .  For  T I  54/74 l o g i c ,  
2' d :  

F , .,: 
Max. frequency - 1 5  MHz .- - 

Durat ion  - 20 ns,  mine 

R i s e  t i m e  - dc + ? 

The c l o c k  s i g n a l  may be de r ived  from a n  e x t e r n a l  source such 

as  s h a f t  r o t a t i o n  or AC p o w e r  l i n e  frequency, or from same 

independent i n t e r n a l  source.  The t w o  most common examples of 

the latter a r e  the  a s t a b l e  m u l t i v i b r a t o r  (see Sec, 4.2.2) and 

t h e  c r y s t a l  oscillator - +s- 
I 

RLC Equiv. 

I I 

Crystal Oscillator 
(1 1 

Counters  come i n  many v a r i e t i e s .  They a r e  g e n e r a l l y  



Characterized by t h e i r  (1) output code (binary or Bm), (2) direction 

of  count (up/down), (3) timing (asynchronous or  synchranous), and (4) 

modulus (nuniber of pulses t o  math full scale). 

5.2.1 Binary / BCD [I1 

A counter c i r c u i t  counts pulses and accumulates the 

resu l t  i n  e i ther  a binary or BCD number code. The basic binary 

counter cons i s t s  of a chain of f l ip - f lops  i n  which the output 

of each successive stags toqgleo the  next, Such a graup af 

f l ip-f  lope i s  tarmcd a reqister, and kach piece UP output 

binarydata i s  referred t o a s  a - bit .  Typicalbinaryand 

BCD counters are a s  f o l l o w s  r 

Binary 2'(8) 2'(4 2Y2) 2O(1) 

:w [ r D , + c , + B  ,qFA, 
output count 

input 
T T T -n: 

clear clear claw clear 

U lnput 

0 ' 0  
0 1 

A0.t u U - m  
1 a 1 
1 1  

Bout 1 1 I 1 I I. ' 
0 1  0 C out 0 1 J I 



BCD - 

Both of the  previous counters were "up" counters.  A 

(2) (1) 

e o n  variat ion i s  t h e  down counter (bi.nary shown here) : 
2" 22 2' 2 O  

Cnt D C B A 

0  0 0 0 0  
1 1 1 :'1 1 
2 1 1 1 0  
3 1 1 0 1  
4 1 ' 1 0 0  
5 1 0 1 1  

B 

1 )  

FF B 

O D  0 C OB 9 A  
FF D FF C FF B  FF A 

,- I I count 
-Q -Q - Q  input 

T  - T  - T -n: 
Q clear CL Q clear Q  clear clear 

t - t 
input 

OA 

FF A 

1611 0 1  0 l . 0 ' 1  0  1- 
D O J  

A s i n g l e  binary counter may be made to  serve  a s  an "up" 

J -  

T-1 

J 

T  - T -  
- 

-:a clear 
K Q  clear K 

or  "6ownW counter by gating e i t h e r  t h e  Q o r  8 outputs between 

input 

n 
. 

1. 1 - 1 

t r Q .  

- 
Q  clear 

1 v- 
clearQ 

1cQ J 

T  
- 
Q clear K- 



s u c c e s s i v e  s t a g e s  : 
logic 

1 count 

logic 
1 UD 

(1 1 
F .  

logic . 
5.2.3 Synchrorious  synchronous o down 

I n  a l l  t h e  c o u n t e r s  up t o  t h i s  point t h e  coun t ing  was 

asynchronous - i.e., the  f l i p - f l o p s  change s t a t e  for each  

count  a t  s l i g h t l y  d i f f e r e n t  times as  t h e  ou tpu t  changes r i p p l e d  

from one s t a g e  t o  t h e  n e . h  (wors t  casc 0111-+1000). T h i s  can  

cause  count  errors a t  v e r y  h i g h  d a t a  r a t e s  due t o  missed coun t s ,  

so under t h e s e  c o n d i t i o n s  a synchro nous coun te r  i s  r equ i r ed .  

I n  such a coun te r  t h e  i n p u t  c o n d i t i o n s  to each stags are setup 

on t h e  J-K i n p u t s  before t h e  c l o c k  p u l s e ,  and a l l  f l i p - f l o p s  

respond t o g e t h e r  a t  t h e  clock p u l s e  - 

ij - 1  K, K , U  K, 
K3 K3 KS 

clr 
input 

clk clr lclk cIr Iclk clr P l k  J-L - - - 
- d A - - - " '1 

clc 
Synchronous binary counter. 

Cnt 

0 

2 

D C 

1 0 0 0 1  

3 
4 
5  
6 
7 
8 
9 

1 0  
11 

B 

n o o o  

0 0 1 0  

A 
- 

12 
1 3  1 

1 
0 
1 

O l O 1 . 1  

1 

0 1 0 0  
0 1 0 1  
0 1 1 0  
0 1 1 1  
1 0 , O O  
1 ' 0 1 0  
1 0 1 1  

O i l  
O 
1 

1 l j O  
1 -11  0 



5 . 2 . 4  Fixed- and V a r i a b l e -  Modulus C o u n t e r s  (1 1 

The modulus of a c o u n t e r  i s  t h e  number of c o u n t s  t o  r e a c h  

f u l l - s c a l e  o u t p u t .  A b i n a r y  c o u n t e r  . w i t h -  n f l i p - f l o p s  h a s  a  
n  

modulus o f  2 . A c o u n t e r  of modulus N fo l lowed  by a  c o u n t e r  

of '  modulus M r e s u l t s  i n  a n  o v e r a l l  modulus of NxM. 

A l l  t h e  c o u n t e r s  d i s c u s s e d  t o  d a t e  have  b e e n  f ixed-modulus 

t y p e s  i n  which logic a a t e s  and t h e  J-K i n p u t s  were u t i l i z e d  

t o  c o n t r o l  t h e  c o u n t i n g  sequence .  A c o u n t e r  of v i r t u a ' l l y  any  

moflulus c a n  be o b t a i n e d  by  g a t i n a  t h e  l o q i c  o n e  s t a t e s  a t  t h e  

d e s i r e d  maximum c o u n t  t o  t h e  d i r e c t  c l e a r  i n p u t s  such  a s  i n  t h i s  

.modulo-11 c o u n t e r  : 

V a r i a b l e  modulus c o u n t e r s  a r e  u e n e r a l l y  based  on  c i r c u i t  

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

d iagram on t h e  f o l l o w i n g  page. A c o u n t  c o n t r o l  from some 

e x t e r n a l  sou.rce f i x e s  t h e  modulus of t h e  c o u n t e r  by e n a b l i n g  a  set 



counter count input 
1 0 

stop or  
reset input 

count control inputs 

af gates w h i c ? !  acL a s  s comparator and detect when t h e  c n u n t  r e a c h e s  
*- . - 

t h e  p r e s e t  v a l u e .  I n , t h e  c o u n t e r  shown below, the  c o u n t e r  i s  

s i m p l y  s topped  when the  c o u n t  i s  reached., I n  f u r t h e r  s o p h i s t i c a t i o n s  

of this t e c h n i q u e  the  compara to r  c i r c u i t  o u t p u t  i s  used t o  

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

a u t o m a t i c  r e c y c l i n g  of t h e  c o u n t e r .  

control inputs 

Preset Binary Up Counter (1 1 
I n  p r e s e t  c o u n t e r s  a n  i n i t i a l  c o u n t  i s  set i n t o  t h e  f l i p - f l o p s  

and the c o u n t  b e g i n s  t h e r e .  A v e r y  common a p p l i c a t i o n  i s  i n  

a n  i n t e r v a l  t i m e r  where t h e  d e s i r e d  p e r i o d  (number of c l o c k  

5- 6 



p u l s e s )  i s  i n i t i a l l y  set i n t o  t h e  f l i p - f l o p s  of a  down c o u n t e r .  

Clock p u l s e s  a r e  t h e n  counted  u n t i l  a l l  z e r o s  a r e  d e t e c t e d  on 

t h e  c o u n t e r  o u t p u t s .  A l o g i c  zero is then generated, indicating 

t h e  end of t h e  t imed  i n t e r v a l .  

counter outputs 

FF D FF C FF B FF A 

count 
C 

1 set clrl set clr ( set clrl set clear 
1 1 - I - * - 

zero 

L 

preset 
control 

I,. n: 
\ Y 

J 

preset inputs 

Preset BCD down-counter. 
(1  1 

5.3 S h i f t  Registers (1 

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

m a t h e m a t i c a l  or logical m a n i p u l a t i o n  of d a t a .  For  i n s t a n c e ,  

s u c c e s s i v e  d i v i s i o n s  b y  2 c a n  be accompl ished by s i m p l y  s h i f t i n g  

t h e  b i n a r y  dec imal  p o i n t  t o  t h e  l e f t  o n e  b i t  ?or e a c h  d i v i ~ i o n .  

T h i s ,  of c o u r s e ,  i s  e q u i v a l e n t  t o  s h i f t i n g  t h e  whole b i n a r y  

number t o - t h e  r i g h t  o n e  p l a c e  and  d i s c a r d i n g  t h e  r i q h t m o s t  b i t .  



S h i f t  r e g i s t e r s  a l s o  f i n 2  wide a p p l i c a t i o n  i n  p a r a l l e l / s e r i a l /  

p a r a l l e l  d a t a  convers ion ,  d a t a  b u f f e r s ,  and de lay  devices .  

The i n p u t s  and outputs  of a sh i f t  register can be virtually 

any  combination of  s e r i a l  (one b i t  a t  a t i m e )  and/or p a r a l l e l  

( a l l  b i t s  a t  once) d a t a .  A b a s i c  s e r i a l  i npu t ,  s e r i a l / p a r a l l e l  

ou tpu t  c o n f i g u r a t i o n  i s  i l l u s t r a t e d  by t h i s  4-b i t  s h i f t  
parallel data outputs 

A 

r e s i s t e r :  

U-U--U 
(pulse form) 

1 
0 *=.-.-:. 3 

Basic 4h i t  shin register.(l 

Two N - b i t  s h i f t  resisters a r e  a l l  t h a t  i s  r equ i red  t o  

t r a n s m i t  a n  N - b i t  d a t a  word ove r  a  2-wire t r ansmiss ion  l i n e  : 



-11 CLK 

1, ;; ]-it - Data 
N-bit 
output  word 

N-bit 
i npu t  word 

The 4-bit shift register discussed above is a shift-left 

desiqn. Since left or riqht shiftinq is simply a aeometric 

consideration, a combination left/riaht shift register is obtained 

by gating the outputs of the preceedinq or followina flip-flops 

at any particular stage r 

parallel data outputs 
A 

/D C R A> serial output 
(shift right) 

serial output t I o 

1 shift left 
0 shift right 

shift  right/^ register. (1 I 

A circulating shift reqister is simply a shift reqister 

which has, optionally, the ability to use as inputs its own outputs 

or .a data input : 



I 10 read in 
new data 

1 circulate 
Circulating register.(.l ) 

.. 

* .  v 

output 
0 : '  

clock 

shift register 



5.4 Readouts 

D i a i t a l  readouts a r e  required i n  many systems t o  present  

t h e  r e s u l t s  of c a l cu l a t i ons  o r  da t a  manipulations t o  t h e  gper- 

a t o r .  The p r inc ipa l  advantaue of d i a i t a l  vs. analog displays 

i s  t h a t  they require  no. opera to r  i n t e rp re t a t i on .  The readout 

c o n s i s t s  of two main-par t s .  - t h e  alpha~numeric d i sp lay  which 

a c t u a l l y  presents  t h e  da t a ,  and t h e  decoder/driver which i n t e r -  

f a ce s  +he d i g i t a l  c i r c u i t  t o  t h e  display.  

5.4.1 Display 

The d i sp l ays  most o f t en  used i n  d i q i t a t l  systems. f a l l  i n t o  

t h r e e  c l a s se s  : 

I .Light  t r a n s f e r  d i sp lays  - I n  t h i s  c l a s s  of d i sp lay ,  

l i g h t  i s  projected,  t ransmit ted ,  o r  r e f l e c t ed  t o  form 

characters .  As such, t h e i r  r e adab i l i t y  i s  genera l ly  

adversely a f fec ted  by hiah ambient l f q h t i n u  (LC i s  exception) 

The fou r  bas ic  types  of l i g h t  t r a n s f e r  d i sp lays  a r e  a s  

follows r 

(1) Project ion-l ighted 

-. complex d i sp lays  poss ib le  

B u l b s  2 
a Lenses 

( 2 )  Seqmented - Transparancy 

- inexpensive 
e- 

, Engraved 
(3)  Edge l ighted  ,,. ' Character 

- e s t h e t i c  

P 
A c r y l i c '  
Plate 



( 4 )  L i q u i d  c r y s t a l  (LC) 

- l o w  power 

Light 

- short  l i f e  

- t e m p e r a t u r e  l i - i t e d .  

- s l o w  r e s p o n s e .  

I n c a d e s c e n t  b u l b s  a r e  w i d e l y  used i n  t h e  above t y p e s .  T h i s  

l e a d s  t o  a r e l a t i v e l y  short  l i f e  and l o w e r  mechan ica l  

r u g g e l n e s s  for  l i g h t - t r a n s f e r  Aiapl.ays.  

11. L i q h t  J W i t t i n g  - I n  light e m i t t i n g  d i s p l a y s  t h e  c h a r s e t e r a  

a r e  q e n e r a t e d  b y  luminous e m i s s i o n  f r o m  preformed c h a r a c t e r s ,  

c h a r a c t e r  segments ,  or a dot m a t r i x .  These t y p e s  of 

d i s p l a y s  r e l y  o n  f o u r  phenomenon - 
(1) Cold-ca thode gl;ow d i s c h a r g e  - L,,minosity of i o n i z e d  

ga s - NIXIE tubes; 

( 2 )  I n c a d e s c e n c e  - C h a r a c t e r  segments  a r e  a e n e r a t e d  by  

t u n g s t e n  f i l a m e n t s  which a r e  viewed d i r e c t l y  

( 3 )  L i q h t  e m i t t i n g  d i o d e  (LEE) - These  devices depend on 

t h e  l i g h t  e m i t t i n a  p r o p e r t y  of c e r t a i n  P-N j u n c t i o n s ,  

p r i m a r i l y  GaAsP and Gap. These  d e v i c e s  f e a t u r e  l o n g  

l i-fe,  l o w  power, h igh speed, and  rugged c o n s t r u c t i o n . .  

LED d i s p l a y s a r e  of b o t h  t h e  7-segment and d o t  m a t r i x  . d v  s 
t y p e s  : O a 

0 # 
# 

0 . B  o w  

Dotted : e 
I 

Segments I( ,' 0 
0 

8 0 6 . 0  

* rn....--R . 
*,..L . 4 Dot 14atrix 
0 8 . .,,.a 

LED d i s p l a y s  c a n  be d i f f i c u l t  t o  view over extended 

p e r i o d s  of t i m e ,  b u t  newer l i g h t - p i p e  t y p e s  o f f e r  

c o n s i d e r a b l e  improvement i n  t h i s  a r e a .  



111. Cathode r a y  t u b e  (CRT) - By f a r  t h e  m o s t  powerful ,  

and a l s o  t h e  m o s t  expensive,  t y p e  of d i s p l a y  i s  t h e  CRT. 

Large amounts of Informat ion  can  be d i sp l ayed  ' i n  a 

r e l a t i v e l y  compact fonn  and a t  h i g h  speeds.  The p o s i t i o n i n g  

of c h a r a c t e r s  i s  a r b i t r a r y ,  and alphanumeric d a t a  is 

o f t e n  c m b i n e d  w i t h  a  g raph ic  c a p a b i l i t y  t o  form a v e r y  

p o t e n t  madmachine i n t e r f a c e .  Cha rac t e r  g e n e r a t i o n  

hardware i s  o f t e n  used t o  i n c r e a s e  d i s p l a y  ra tes . ,  

5.4.2 ~ e c o d e r / b r i v e r s ( ~  - ) 

~ o s t  of t h e  d i s p l a y s  d i scussed  above r e q u i r e  some mea.ns of 

d e r i v i n g  from t h e  d i g i t a l  d a t a . t h e  in format ion  r equ i r ed  t o  l i g h t  

t h e  proper  c h a r a c t e r  segments, dots, f u l l  c h a r a c t e r s ,  etc. T h i s  

is  referred t o  a s  decoding.  S i n c e  t h e  a c t u a l  d i s p l a y  may requ* 

much h ighe r  c u r r e n t s  or v o l t a g e s  t h a h  t h e  l o g i c  type (e.g., TTL), 

a n  i n t e r f a c e  i s  r equ i r ed  t o  t r ans fo rm t h e  d i g i t a l  s i g n a l s  t o  t h e  

d e s i r e d  l e v e l .  This  i s  r e f e r r e d  t o  a s  a d r i v e r .  Manufacturers  

o f t e n  combine a  decoder and d r i v e r  i n t o  one package which i s  

s u i t a b l e  f o r  t h e i r  l i n e  o f  d i s p l a y s .  A t y p i c a l  decoder ,  used f o r  

d r i v i n g  NIXIE t u b e s  d i r e c t l y  f r o m  a  b i n a r y  count ,  i s  shown b e l o w .  



Binary-to-Decimal Decoding Table, Notuml Code 

Flip-Flop 
Outputs 

Logic 
Statement 

Decimal 
No. ------- 

0 
I 
2 
3 
4 
5 
6 

7 
8 
9 

D C B A  --------------- 
0 0 0 0  
0 0 0 1  
0 0 1 0  
0 0 1 1  
0 1 0 0  
0 1 0 1  
0 1 1 0  
0 1 1 1  
I 0 0 0  
1 0 0 1  

- - - -  
A H C D  
A E C B  

- 
A B C D  - - 
A B C D  - 
A H C D  - - 
A B C D  
A B C G  - - -  
A I3 C I) - - 
A B C D  

Minimized 
Statement 

- - -  
A _H C B 
A H C D  - 
A B T  - 
A B C  - - 
A B C  - 
A H C  - 
rz 11 C 
A B C .  - 
A  D 
I\ D 

Biquinary decoder-driver. ) 



6. HYBRID DEVICES 

For the purpose o f  t h i s  d iscussion,  the term h y b r i d  r e f e r s  t o  the 

t r a n s i t i o n  between some analog q u a n t i t y  (motion, pressure, and v o l  tage) and 

a d i g i t a l  s i g n a l .  

6.1 D i r e c t  Encoders 0, 3 )  

,D i rec t  encoders are devices which. combine the  func t ions  o f  t rans-  

d u c t i  on and anal og/di  g i  t a l  conversion. Such devices are commonly avai l a b l e  

f o r  displacement measurements, and l ess  commonly f o r  pressure and temperature. 

Since most o f  t he  schemes f o r  pressure and temperature sensing r e l y  u l t i m a t e l y  

on displacement measurements ; we w i  11 concentrate on t h a t  type. 

Incremental encoders - I n  a s imple incremental encoder, pulses are  gene- 

r a t e d  a t  p rec i se  increments o f  mechanical t r a n s l a t i o n  o r  r o t a t i o n .  

The s i g n a l  by i t s e l f  does n o t  i n d i c a t e  p o s i t i o n .  P o s i t i o n  must be 

determined - e x t e r n a l l y  by count ing the number o f  pulses from some 

mechani ca l  zero i n  the  encoder. 

I n  a b i d i r e c t i o n a l  incremental encoder a second stream o f  ou tpu t  

pulses i s  a v a i l a b l e  which i s  phased 90" w i t h  respect  t o  the  f i r s t .  

By determin ing which s ignal '  leads the o ther ,  the  d i r e c t i o n  o f  motion 

can be determined. When an encoder i s  se rv ing  as an i n p u t  t o  a sequen- 

ti a1 d i g i t a l  . c i  r c u i  t, i t i s  general l y  des i rab le  t o  syhchroni ze the  

count pulse f rom the  encoder w i t h  the system c lock.  Th is  i s  i l l u s t r a t e d  

by the  c i r c u i t  on the  f o l l o w i n g  page. 

Absolute encoders - Absolute encoders use a d i s c  o r  sca le  w i t h  many t racks  

t o  i n d i c a t e  the  absolute angle o f  r o t a t i o n  o r  physical '  displacement. 
N With N t racks ,  the  r e s o l u t i o n  can be as h igh  as one p a r t  i n  2 o f  f u l l  



5i di r e c t i  onal Incremental Encoder 

System C L K  
I 

I - - - - -  
'~~/down CTR I 

Shaft  I o r  o ther  
I 
I cw I synchronous 

------I c i r cu i t ry  
i- - - - _ I  

Synchroni.zi ng Decoder 
CLK 

i 



N sca le  (no b e t t e r  than an incremental encoder with 2 pulses per revolution).  
The output is  i n  the  form of N data l ines  which contain a count i n  some 
su i t ab l e  code, e .g . ,  binary,  B C D ,  gray, e t c .  The binary o r  BCD codes repre- 
sen t  a potent ia l  problem due t o  the  f a c t  t h a t  ce r ta in  t r an s i t i ons , .  say 710 t o  

Decimal Binary Gray 

0 0 0 
1' . 01 01 
2 10 1 1  
3 1 1  10 
4 100 110 
5 , . 101 1 1  1 
6 110 101 
7 1 1 1  100 
8 lo00 1100 
9 lo01 1101 

10 1010 1 1 1 1  
1 1  101 1 1 1  10 
12 1 100 1010 
13 1101 101 1 
14 1110 1001 
15 ,111 1 1000 
16 loo00 11OOO 

B l O ,  r e s u l t  i n  changes t o  every binary d i g i t .  I f  the  system were t o  be 
sampled during t h i s  t r a n s i t i o n ,  the r e su l t s  may be t o t a l l y  i n  e r r o r ,  e.g. , 

Some 
possible -- 4 0 1 0 0  1 
t r ans i t ion  
codes 

81 0 1 0 0 0  

The gray s ca l e  el iminates t h i s  problem because any t r an s i t i on  between two 
adjacent  numbers d i f f e r s  by only one b i t .  Thus any ambiguity caused by 

sampling during an encoder t r an s i t i on  i s  l imited t o  a maximum of one count. 
The gray code, however, i s  more d i f f i c u l t  t o  decode and is therefore  not as 
popular as binary or BCD. 

The advantages of the absolute encoder are  t h a t  i t  i s  l e s s  sensi -  

t i v e  t o  noise than the incremental type,  and does not " lose  i t s  place" d u r i n ~  
a power f a i l u r e .  However these advantages a r e  o f f s e t  by the  increased cost  
of the  encoder and associated e lec t ron ics  (about 2 x $).  



Various types o f  c o n s t r u c t i o n  are found i n  bo th  incremental and 

abso lu te  encoders. ~ e c h a n i c a l  l y  , they can be e i t h e r  1  i n e a r  o r  r o t a r y  motion. 

Geared stages may be present  i n  h igh  r e s o l u t i o n  r o t a r y  encoders. The ac tua l  

de tec to rs  can be magnetic, e l e c t r o - o p t i c a l  (both LED and f i l a m e n t  bu lbs)  , o r  

sw i t ch  contacts.  The task  of s e l e c t i n g  an encoder must consider  a l l  o f  t h e  

. above features i n  terms of the requirements o f  t h e  a p p l i c a t i o n ,  and no simple 

s e l e c t i o n  procedure i s  poss ib le .  

6.2 Op-Amp Review 

The term "ope ra t i ona l  a m p l i f i e r "  was t h e  name coined by analog com- 

p u t e r  designers t o  descr ibe  the  bas i c  a m p l i f i e r  module used t o ,  form summers, 

i n t e g r a t o r s ,  and o the r  "operators.  " Such ampl l f i  ers  , now found i n  many appl i - 
ca t i ons  i nc lud i  nq analog- t o - d i  g i  t a l  and, d i g i t a l  - to-analog devices , are charac- 

t e r i  zed by 
4 9 (a )  High dc vo l tage  ga in  (10 t o  10 ) 

(b )  Wide bandwidth (dc t o  100 k c )  

( c )  B i p o l a r  opera t ion  

(d)  High i n p u t  impedance 

6.2.1 I d e a l i z e d  Op-Amp Charac te r i s t i cs  (1 Y 8, 9) 

The i d e a l  ope ra t i ona l  ampl i f i  e r  i s  represented as a  d i f f e r e n t i a l -  

i npu t /  d i f f e r e n t i a l -  ou tpu t  ampl i f i e r  having - i n p u t  impedance, .. gain, and 0 

ou tpu t  impedance. Single-ended inpu ts  and/or outputs a re  a l s o  common. I n  

p r a c t i c e ,  op-amps are  o f ten  used w i t h  negat ive  feedback t o  improve t h e i r  gain 

s tab i1 i t . y  and t o  lower ou tpu t  impedance. Three bas i c  c i r c u i t s  and t h e i r  ou tpu t /  

i n p u t  r e l a t i o n s h i p s  a r e  shown below. I n  ana lyz ing  these c i r c u i t s  , the 

c a r d i n a l  r u l e s  are:  

(a)  E s s e n t i a l l y  no c u r r e n t  f lows i n t o  e i t h e r  i n p u t  te rmina l  o f  the 

i d e a l  op-amp, and 

(b) when negat ive  feedback i s  appl ied,  the d i f f e r e n t i a l  i n p u t  

vo l tage approaches zero. 



Voltaae follower I? 

Applying Kirchof f s' voltage law 

but 

then - - eo 
- .  A 

e2 - 50 = eo 
A 

but as A - t w ,  

Non-invertinq amplifier 
Rf 

Since no current flows into the Inverting input, the 

current through Rf = Ri an8 

so that 
ei + e2 - - - Aei - (el + e2) 



Then as  A -00 w e  have 

I n v e r t i n a  a m p l i f i e r  
I 

Again summina c u r r e n t s  a t  t h e  input  t o  z e r o ,  

b u t  

which l e a d s  to  ( a s  A *m), 

For the i n v e r t i n g  a m p l i f i e r ,  the input/output r e l a t i o n s h i p  

i s  e a s i l y  q e n e r a l i z e d  t o  d=-l 

where 2, r e p r e s e n t s  t h e  dynamic impedance of 

t h e  input  o r  feedback e l e m e n t s .  
6- 6 



6.2.2 Character is t ics  of Real Operational Amp1 i f i e r s  (1 ,  8, 9) 

~anufac ture r ;  specif icat ion f o r  op-amp performance can be 
qu i te  d i f f i c u l t  t o  evaluate as each manufacturer has his  own interpreta t ion 
of the various parameters. The principal  specif icat ions  of concern a re  as 
f o l l  ows : 

Open Loop Voltage Gain (Ao)--rat io of change in output voltage t o  
corresponding change in voltage a t  input terminals. Should 
be as high as possible s ince  the' pr?ma.ry function i s  t o  
amplify and, in general ,  the  higher the gain,  the be t t e r  
the  gain- accuracy. 

Open Loop Bandwidth (Bw0)--frequency where the  high frequency gain 
i s  3 dB l e s s  than the gain a t  a very low frequency. Probably 

responsible f o r  most operational ampl i f i e r  design problems. 
Many appl ica t ions  a r e  designed without a1 lowing f o r  closed- 
loop gain' e r r o r  due t o  a lower loop gain a t  the frequency of 
i n t e r e s t .  Problems a re  often encountered w i t h  ampl i f i  e r  
s tabi  1 i  ty due t o  inadequate o r  marginal frequency compensation. 

O u t p u t  Impedance (Zo)--impedance seen by a load a t  the ampli,fier 
output. Excessive output impedance reduces the  ampl i f i e r ' s  
loop gain s ince ,  i n  conjunction w i t h  the load and feedback 
r e s i s t o r s , ,  i t  forms an a t tenuator  network. 

A 
b 

Gain I 
I 

-J 3 db 
- - 

- Unity gain bandwidth 
,/ ( s m a l l s i g n a l )  

1 

f -  B W 
\ 



I n p u t  Impedance (z.  )--impedance seen by a  source l ook ing  i n t o  one 
1 

a m p l i f i e r  i n p u t  w i t h  the  o the r  i n p u t  grounded. Primary e f f e c t  

i s  t o  reduce amp1 i f i e r  l oop  gain, and consequently, a1 t e r  

ga in  accuracy and s  t a b i  1  i t y .  

Common-Mode Re jec t i on  R a t i o  (CMRR)--rati o  o f  change i n  ou tpu t  vo l tage 

t o  change i n  i n p u t  common-mode vo l tage  producing it, d i v i d e d  by 

the  c losed l oop  gain. I nd i ca tes  degree o f  c i r c u i t  balance o f  

t h e  amp1 i f i e r ' s  d i f f e r e n t i a l  stages, s i  nce a  common-mode i n p u t  

s i g n a l  a p p l i e d  t o  the  ' input .  te rmina ls  should be a m p l i f i e d  

i d e n t i c a l l y  i n  b o t h  sides o f  the  device dnd produce zero output  

s igna l  ,or a  numer ica l l y  i n f i n i t e  dec ibe l  r e j e c t i o n  r a t i o .  

1np11t  f l f f s n t  Vol tage iv j0 ) - -vo l taqe t h a t  must be app l i ed  a t  the i n p u t  

te rmina ls  t o  o b t a i n  zero ou tput  v o l  tage. I n d i c a t i v e  o f  matching 

to lerances i n  t he  d i f f e r e n t i a l  a m p l i f i e r  stages, i t  i s  a  ~ : : j ~ r  
source o f  o f f s e t  vo l t age  e r r o r  i n  low impedance c i r c u i t s .  

Averaqe Tempera.t$~re Cocffi c i e n t  o f  I npu t  Offset _\lo1 taqe (CT)- -  

v a r i a t i o n  i n  i n p u t  o f f s e t  vo l t age  w i t h  temperature, d i v i d e d  

by temperature change. 

Slew Rate (SR)--maximum r a t e  o f  change o f  ou tpu t  vo l  laye under l a r g e  

s i g n a l  condi t i ons .  



The performance c h a r a c t e r i s t i c s  o f  a number o f  common op-amps are shown i n  

  able 6-1. 

TABLE 6-1 - TYPICAL OP-AMP PARAMETERS (8) 

Parameter Symbol U n i t s  709 741C LMlOlA 747 748 740 

I n p u t  b i a s ,  
cu r ren t  IIB max 0.5 0.5 0.075 1.5 1.5 0.004 

I n p u t  o f f s e t  VIO mV max 5 6 2 6 6 30 
vo l tage 

I n p u t  o f f s e t  
I 1 0  

nA max 200 200 10 500 500 0.185 : 

c u r r e n t  

Open loop A~ V / V  min 25,000 20,000 50,000 25,000 25,000 25,000 
v o l  tage c&n 

Output vo l -  Vo Vpk min 10 10 10 10 10 10 
tage swing 

dc Voltage 'dc V - + 15 - + 15 - + 15 + 15 - + 15 - + 15 

U n i t  ga in  Fc M H z t y p  0.5 
1 1 1 1 1 

cross over  
frequency 

S l e w r a t e a t  SR V ~ V S  t y p  0.25 0.8 0.5 0.5' 0.5 6 
u n i t  ga in  --.-.- 
Tem~era tu re  " C - 55 O t o  -55 - - 5 5  -55 -55 
range t o 70 t o  t o  t o t o 

125 125 125 125 125 

6.2.3 Op-Amp Funct iona l  C i r c u i t s  

By s e l e c t i n g  the appropr ia te  i n p u t  and feedback elements, var ious  

f u n c t i o n a l  c i  r c u i  t s  can be created:  

I n t e g r a t o r  

1 - 



Sample-Hold (Track S tore )  

Logic I - - 
control 

U - 

By introducing diodes i n t o  the input o r  feedback path, many l imi t ing ,  recti.- 

fy ing,  and generally nonlinear functions a re  possible: 

Limiter 



6.3 DAC's and MDAC's Di gi ta l  

(1,  9) Data 
6.3.1 Design Types 

Analog 
Voltage or 
Current 

Digital - to-anal.og converters (DAC' s ) are used t o  convert 
digi ta l  data t o  analog voltages or currents. One common configuration i s  

based on the summation of weighted current components: 

As an exam~le,  l e t  b,b,b,b, = 

For a h i g h  resolution DAC, a large range of values of precision res i s tors  
are required fo r  the above design. This i s  very d i f f i c u l t  t o  fabricate  i n  

an integrated c i r cu i t  ( I C ) ,  so a res i s tor  ladder c i r c u i t  requiring only two 
different  res i s tor  values i s  often used: 



6 . 3 . 2  S p e c i f i c a t i o n  Parameters 

Many d i f f e r e n t  c h a r a c t e r i s t i c s  a r e  used t o  s p e c i f y  DAC's .  

The most impor tan t  o f  these a r e  as f o l l o w s :  

D i g i t a l  i npu t -code  - I f  the  DAC i s  un ipo la r ,  t h e  i npu t  d i g i t a l  code 

i s  e i t h e r  a b ina ry  o r  BCD f r a c t i o n a l  number. 

Decimal Fraction Binary 
Fraction 

0 0.0000 
1/16 = 2'4 (LSB) 0.0001 
2/16 = 118 0.001 0  
3/16 = 118 + 1/16 0.001 1  
4/16 = 1/4 0.0100 
s / ~ b =  i / 4+  1/10 0.8101 
6/16 = 114 + 118 0.01 10 
7/16 = 114 + 118 + 1/16 0.01 11 
8/16 = 112 (MSB) 0.1 000 
9/16 = 112 + 1/16 0.1001 

10116 - 112 + 118 0.1010 
11/1G= 1/2+ 1/8.1'1/16 0.1011 
12/16 = 112 + 114 0.1 100 
13/16 = 112 + 114 + 1/16 0.1 101 
1,4116 = 112 + 114 + 118 0.1 110 
15/16 = 112 + 114 + 118 + 1/16 0.1 11 1  

Cqde 

7- 
MSB Bit 2 Bit 3 Bit 4 
(~112) (~114) (~118) (~1116) . 

.O 0 0 0 
0 0 0 1 
0 0 1 0 
0 0 1 1 
0  1 0 0 
0 1 0 1 
0 1 1 0 
0 1 1 1 
1  0 0 - 0 .  
1 0 0 1 
1  0 1 0 
1 0 1 1 
1  1  0 0 
1 1  0 1 
1  1  1 0 
1 1  1  1 '  

Fractional Binary Codes (9 

When b i p o l a r  ope ra t i on  (bo th  p o s i t i v e  and negat ive  output  vo'l tages)  i s  requ i red ,  

seve ra l  codes are poss ib le .  Thc most  popu la r  a re  summarized below: 

Sign + magnitude = L i k e  b inary  excep t  t h a t  the m o s t  s i g n i f i c a n t  b i t  

(MSB) i s  a 1 f o r  negat ive  numbers. 

One's Complement = P o s i t i v e  numbers same as b i na ry .  ~ e ~ a r i v e  numbers 

obta ined by complementing each b i t  o f  t h e  p o s i t i v e  fonn. 

Two's Complement - Same as binary f o r  p o s i t i v e  numbers, Negat ive 

numbers ub,(;a,l rted by addirlg olle t o  t l ie one 's  complement. 

O f f s e t  b inary  - Rea l l y  a n a t u r a l  binary code f o r  f o u r  b l t s  w i t h  0 

a t  minus f u l l  sca le .  



The t a b l e  below shows each o f  t h e  f o u r  codes expressed f o r  a  4 - b i t  da ta  word: 

Decimal Fraction 
p o r i t l r e  N q a t i q  Sign + 

Number Referenck Reference 'Magnitude 
+7 +7/8 -718 0  1 1 1 
+6 +618 -618 0  1' 1 0  
+5 +5/8 -518 0  1 0  1 
+4 +4/8 -4/8 0  1 0  0  
+3 +3/8 -318 0  0  1 1 
+2 + a 8  - a 8  0  0  1 0  
+1 +1/8 -118 0  0. 0  1 
.O Oc CP 0 0 0 0  
0  CP 0, 1 0 0 0  - 1 -118 +I18 1 0  0: 1 
-2 -218 +2/8 1 0  1 0  
-3 - 318 +3/8 1 0 1 1  
-4 ' -418 +4/8 1'1 0  0  
-5 -518 +5/8 1 1 0  1 
-6 -618 +6/8 1 1 1 0  
-7 - j /8 +7/8 1 1 1 3 
-8 -818 +8/8 

Two's Offset One's 

Complement Binary Complement 

011.1 1 1 1 1  0 1 1 1  
0 1 1 0  1 1 1 0  0 1 1 0  
0 1 0 1  1 1 0 1  0 1 0 1  
0  r o o  1 1  0 0  0.1 0.0 
00'11 1 0 1 1  0 0 1 1  
0 0 1 0  1 0 1 0  0 0 1 0  
0 0 0 1  1001" 0 0 0 1  
000'0 1 0 0 0  0 0 0 0 "  

(0000) (1000) 1 1  1 1  
1 1 1 1  o t i , i  r i i o  
1,110 , 0 1 1 0  1 1 0 1  
.I101 0 1 0 1  1 1 0 0  

1 i . 0 0  o t o o  1 0 1 1  
1 0 1 1  '0011 1 0 1 0 '  
10,lO 0 0 1 0  r o o 1  
1 0 0 1  0 0 0 1  1 0 0 0  

(1 0  0  0) (0 0  0  0) 

Commonly-Used Bipolar Codes 
(9) 

Output Range - ~ ~ ~ i c a l  ly 10 v o l t s  f u l l  sca le  ( u n i p o l a r ) ,  o r  + 10 v o l t s  ( b i p o l a r ) .  

O f f s e t  E r r o r  - The d i g i t a l  i n p u t  code f o r  0 may n o t  r e s u l t  i n  e x a c t l y  0  i npu t .  

Ga in 'E r ro r  - The range f rom 0 t o  f u l l  sca le  may be something o the r  than as 

speci f ied. ,  
- .  

N o n l i n e a r i t y  - U n i t  ( incremental )  steps i n  the b ina ry  i n p u t  code may r e s u l t  

i n  vo l t age  steps o f  va ry ing  s ize .  

Nonmonotonicity - A forrn of n o n l i n e a r i t y  i n  which an increase i n  value o f  

t h e  d lgS ta l  code ac tua ' i i y  r e s u l t s  i n  a  decrease -in c u t p u t  vo l tage.  

Resolut ion - The output  o f  the  DAC i s  q u a n t i t i z e d  i n  steps p ropo r t i ona l  t o  

t he  value o f  t he  l e a s t  s i g n i f i c a n t  b i t  (LSB). For an n - b i t  DAC, t h e  

ou tput  i s  q u a n t i t i z e d  i n  steps o f  
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7/8 T IDEAL D/A CONVERSION 
/ 

000 081 -011) .C)11 100 ,  101 110 111 

0 1/8 2/8 3/8 4iti 5;s 2!8 7 / 8  8/8 
1/4 1/2 3 /4  1 

DIGITAL INPUT-CODE AND FRACTIONAL VALUE 

518 

418 
OFFSET 
ERROR 3'8 I 

I 
I 

b. Offset Error c. Scale Factor Error 

d. L inearil y Error e. Non-Mo(~otonicity 
(Due ru C A L C ~ U ~ U Z  Diffef- 
ential Nonlineariry) 

Conversion Retatinnship In a 3-Bit D/A convertedg) 

a. Ideal Relationship 
b, c, d. e. Typical Sources of Error 



Glitches - A t  places i n  the  d i g i t a l  input code where several b i t s  change 
a t  once, the output may exh ib i t  a large  t r an s i en t  swing due t o  unequal 
timing of the  conversion c i r c u i t s  f o r  each b i t .  These t r an s i en t  
spikes a r e  ca l led  "g l i t ches . "  

~i nary ' I  tipu,- 

Speed - The time t o  convert a d i g i t a l  data word t o  an analog output voltage. 
DAC' s a r e  q u i t e  f a s t ,  many operating i n  submicrosecond range. 

Accuracy - The overall  accuracy of a DAC i s  determined by a combination 
of the resolution and 1 inear i ty  spec i f i ca t ions .  

In the preceding discussion of DAC's the  reference voltage 
was considered t o  be a f ixed quanti ty.  In a mu1 t ip ly ing  DAC (MDAC) , an analog 
input serves as the reference and the 'device performs s imi la r  t o  a potentiometer. 

L--.,,, 
- Binary coeffi  c i e n t  

Depending on the design of the  device, i t  may be able  t o  accept - + digi.tal '  
coef f i c ien t s  (4-quadrant operation) as we1 1 as - + analog inputs (2-quadrant 
operat ion) .  

EX 6-1 -   he following c i r c u i t  i.1 lus t r a t e s  the appl ica t ion of DAC's and MDAC's 
i n  a waveform synthes izer :  



A 

S i n  w t n  
s i n  w t n  

4 1  

- eo = A S i n  wt ,  + B Cos wt,  

= X S i n  ( w t ,  + $) 

where X = 
-1 B $ = T a n  (K) 
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GENERAL DESCRIPTION 

The DAC-HI 12B is a 12 bit Digital to 
Analog converter featuring a state-of- 
the-art output settling time of 25 
nanoseconds combined with a 
*1/2LSB linearity and a temperature 
coefficient of k 2 0 ~ ~ r n / O ~ .  

Bipolar operation is  achieved by exter- 
nally pin strapping a built-in offsetting 
reference. Input coding can be straight 
binary for unipolar output, or a choice 
of offset binary or two's complement 
for bipolar output. 

The DAC-H 1 12B is completely self- 
contained, requiring only ?r15 volts 
D.C. power. Packaged in a 
2"x2"x0.375", low profile module, it 
is readily soldered or plugged directly 
into P.C. cards or other mother board 
hardware. Included in each module is 
digital interface logic, a precision re- 
sistor ladder network, high speed elec- 
tronic switches, and a temperature 
compensated precision voltage refer- 
ence source. 

One of the prime features is the unit's 
output flexibility with a 5 ma current 
output which can be fed directly into 
an external resistor to develop 3 1.2V 
maximum output or, by external pin 
strapping, a bipolar output of *I  .2V 
maximum can be generated across the 
output load resistor. The output cur- 
rent can also be fed into an opera- 
tional amplifier for those who require 
sign inversion, scaling etc. This ampli- 
fier can be selected to suit a particular 
application. 

Applications for the DAC-H112B in- 
clude high speed two quadrant multi- 
pliers, graphic generators, CRT dis- 
plays, high speed function generators 
and programmers. 

- 

DIGITAL -TO-ANALOG 
CONVERTER 

MODEL 
DAC-HI 12B 

r 

12 BINARY BIT I H 
25 NSEC OUTPUT SETTLI.,, .IME 

FEATURES 

a.4@!@A FAST SETTLING . . . . . . . . . . . . . . . . . . . . . . . .  25nsec to 0.1% of FS 
I lr - 

dnicRi RESOLUTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .12 BINARY BITS 

 SMALL SIZE. . . . . . . . . . . . . . . . .  2" x 2" x 0.375" MOUNTS ON PCBs WITH 

0.5" CENTERS 

0 LOW TEMPERATURE COEFFICIENT . . . . . . . . . . . . . . . . . . . .  + 20 PPMI'C 

1 l5V  - lW 

WTPUT 

GROUND 

DIGITAL 
INRJTS 

DTLnlL 
COUIATIBLE 

OFFSET . 

BLOCKDIAGRAM 
MODEL DAC-HI12B 



SPEC1 FICATIONS 
MODEL NUMBER DACW ~ Z B  

(Unipolar Output) 
CODING Offsot Binary 

Two's Complement (Note 1) 
(Bipolar Output) 

DATX~WU~ 
DTL or TTL Compatible 
Porithra Logic 
Loeding: 2 standard TTL 
loeds 

ANALOG OUTPUT (@25O~) 
ACCURACY Adj. to f0.01% 
~ r r r  Or d[JTPDT ~ ~ l r n n t  

5 ma BP +l.ZV mu.  I FULL SCALE OUTPUT I 

REQUIREMENTS - 1 5 v ~ c ;  -5%V @ 20 rrm 
POWER SUPPLY 
REJECTION RATIO .0086%/V 

MATING CONNECTOR DILs-2 2 per module 
$4.90 per pair 

PRICE (1-9) $149 en. 

INPUT CODING 

without fim ccwnpkrMin8 th 2's qm. mom akWic.m m* GO#PtWErn TO 
- *$. bit b&tya~idin&t  it W w  conyltbc, A f w  tthf9&$jl( 

i m ~ n d ,  the h.codurpphr a, ~Bm)al  offut tlimrY 
WFSBF801YARY 4XXUYERSWN (1) 



6.4 Analog-to-Digital  Conver te rs  (AGC' s )  

(.I 9 9 1 6.4.1 Design Types 

Analog- to-diqi ta l  conver ters  are used t o  convert analog 

vo l t ages  or c u r r e n t s  t o  r e p r e s e n t a t i v e  d i g i t a l  va lues .  

Analog D i g i t a l  
o u t p u t  

ACC*s  a r e  o f t e n  formed by i n c o r p o r a t i n g  a CAC i n  a feedback loop: 

R CLK 

4 1  TOP^ Counter 

D i g i t a l  
Output  

! I DAC I 
I n  t h e  above RDC , t h e  DAC o u t p u t  and the unknown analog 

v o l t a g e  s re  compared t o  c o n t r o l  t h e  coun te r  ope ra t ion .  P. ?TOP 

s i g n a l  I s  givcn  t o  t h e  coun te r  when t h e  comparator t r i p s .  The 

c o u n t e r  o u t g u t  a t  t h a t  p o i n t  i s  t h e  d i g i t a l  va lue  cor responding  

t o  t h e  unknown vo l t age .  The coun te r  must be reset t o  get a 

new read ing .  Although t h i s  t echn ique  i s  s l o w ,  it i s  a lso  

inexpens ive  and i s  o f t e n  used i n  d i g i t a l  v o l t  meters. 

Another t y p e  o f  ADC found i n  v o l t  meters is  t h e  dua l - s lope  

i n t e g r a t i n q  ADC. A t  t h e  s t a r t  of a convers ion  cycle t h e  unknown 

i n p u t  v o l t a g e  Ps i n t e u r a t e d  for  a f i x e d  per iod  of  t i m e  ( u s u a l l y  

a m u l t i p l e  o f  1 6  2/3 m s  = 1/60 hz). A t  t h e  end o f  t h a t  t i m e  

pe r iod  t h e  i n t e g r a t o r  i n p u t  is  switched t o  a n e g a t i v e  r e f e r e n c e  

v o l t a g e  and t h e  d i g i t a l  coun te r  beg ins  coun t ing  c l o c k  pu l se s .  



When t h e  c o m p a r a t o r  t r i p s ,  counting i s  stopped and. the. d i g i t a l  

c o u n t e r  o u t p u t  a t  t h a t  p o i n t  i s  p r o p o r t i o n a l  t o  t h e  unknown 

v o l t a g e .  Lona tern s t a b i l i t y  effects a r e  e l i m i n a t e d  s i n c e  t h e  

same c l o c k  an8 f n t e q r a t o r  a r e  used For i n t e q r a t i n a  up  a s  w e l l  as  

down. 

V y  Large D i g i t a l  . . 
Outpu t  

L " U  4 
fixed /' 

. comparator t r i p s  

t t m e  I n t s g r a t o r  i n p u t  
swi tcb .es  h e r e  

ADC* 3 I n  computer peripherals are aenera l . l y  of the successitre 

a p p r o x i m a t i o n  or p a r a l l e l  c o n v e r a i o n  t y p e .  Xn tbs s t i c c e s s i v e  

a p p r e x i m a t i o n  d e s i g n  each h i t  o f  a ErAC, S t a r t i n ?  w i t h  t h e  MSB, is  

t u r n e d  on i n  s u c c e s s i o n .  I f  t he  compara tor  does n o t  t r i p  for  

that bit, it is left  on and t h e  next moct ~ i g n i f i r a n t  b i t  i s  

t r i e d .  A f t e r  on3.y n compar i sons ,  the n - b i t  d i g i t a l  o u t p u t  i s  

a v d i l a b l e .  F o r  the  p u r p o s e  of t i m i n q  communicat ions w i t h  t h e  

computer ,  a s t a t u s  b i t  i s  t u r n e d  on when t h e  c o n v e r s i o n  is  

comple te .  



Digi ta l  \ .Frn-: 
Output  

S t a t u s  

Turn  
off 0 ( 

- .  

I Turn  on  
B i t  1 1 

etc. 

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

i n  speed and cost. Every  a n a l o g  l e v e l  i s  d e t e c t e d  u s i n g  a 

s e p a r a t e  compara to r  and a  r e f e r e n c e  v o l t a g e  b i a s i n g  network. 

F o r  n  Sits  of r e s o l u t i o n ,  2"-1 c o m p a r a t o r s  are r e q u i r e d .  The 

2"-1 compara tor  o u t p u t s  m d s t  be encoded b y  c o m b i n a t o r i a l  c i r c u i t r y  

t o  form t h e  n - b i t  o u t p u t  d a t a  word. A 2 - b i t  p a r a l l e l  AM3 is '  

i l l u s t r a t e d .  ,on t he  f o l l o w i n g  page .  



Digit81 Outpi.~t, 
Code 

e 
R 

Code conversion 
Logic 

I-- 
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6 . 4 . 2  Speci f icat ion parameters (9 

The def ini t ions  of the d i g i t a l  codes, off set error, 

gain error, nonlinearity,  .accuracy, etc,,used for  DAC's a l s o  

applies  to ADCes. Several of  these are i l lus trated  below. 
1 S ' A  .I. - - - -  ----------- 

! 
I 

-. 
! 

?;El 1 1  lL IDEAL 
A/D  

3 4 
z Z 
2 3  5 / 8  101 
u I 

1 / 2  4 / 8  100 I 
I 

31. O 1  \I NOMINAL 1 
\QUANTIZED I I , , A ,  llr 

OlOt &I LOB 1 

ERROR 

I 

------ - 7 - - - - - - -  

' :/lp7 ! MISSED DIFFCRCNTI COOLS 

c. Scale Factor Error 

100 

01 1 

010 

00 1 

000 
0 114 112 314 FS 0 114 112 314 FS 

d. Linearity Error e. Missed Codes 



MAXIMUM AVAIMELE 
RESOLUTION vs BINARY BITS (9) 

Equivale~~t Percent or 

Uinary 
Ditv 
(11) (2") 

. . . .. - ... .- 

2 50.0 - 506 000. 0.5 
4 25. 250 000. 0.25 
8 12.5 125000. 0.125 / 16 6.25 62 500. 0.062 5 

32 3.125 31 250. 0.031 25 
- . . -.- -. - -- 

64 1.562 5 15 625. 0.015 625 

128 0.781 25 7 812.5 0.007 81 2 5 

X 256 0.390.625 3 906.25 0.003 906 25 

Y 512 0.195 3 1 3  1953.13 0.001 953 13 

1 024 0.097 656 976.56 0.000 976 56 -- . . - . - 
2 048 0.048 828 488.28 0.000 488 28 

12 4 096 0.024 414 244.14 0.000 244 14 j 

1 :' 8 I92 0.01 2 207 122.07 0.000 122 07 : 
14 10 384, 0.006 104 61.04 0.000 06 1 04 

1 1 5  32 768 0.003 052 30.'52 0.000 030 52 
. -. ... .- 

5 6' 65 536 0.001 526 15.26 

! !7 I31 072 0.000 763 7.63 0.000 007 63 

18 

19 
20 

2 1 
27  
Z J  
24 

*Ma)  I J ~  limited Ily noise and other uncertainties in actual circ.tlit. 
1 

262 144 
' 524 288 

1048 576 
2097 152' 

4 IY4 304 
8 3nn 408 

16777 216 -- 

:,.I!UO 381 

Cl.oO0 191 
0.000 OY 5 
0.000 0'1X 
0.000 024 

O.iIlIIII)I% 

0.000 006 

3.X1 

1.91 
0.9 5 
0.48 
.lJ.24 

. I>.! 3 
0.00 

--.- 

11.000 003 81 

0.000 00 1 Y 1 
0.000 000 9 5 
0.000 000 48 
0.000 000 24 

0.000 000 I a 
0.000 000 06 - . - -. . - .- 



I n  a d d i t i o n ,  t he  f o l l o w i n g  t e r m i n o l o g y  i s  used  - 
Q u a n t i t f z a t i o n  error - S i n c e  the  A/D p r o c e s s  r e s u l t s  i n  

o u t p u t  t r a n s i t i o n s  which o c c u r  h a l f  -way between a n a l o g  

i n p u t  'steps*, t h e r e  i s  a n  i n h e r e n t  q u a n t l t i z a t i o n  

u n c e r t a i n t y  of f 9 LSB a s s o c i a t e d  w i t h  a n y  d i g i t a l  

o u t p u t .  

Missirlg c o d e s  - T h i s  i s  s i m i l a r  t o  t h e  m o n o t o n i c i t y  error 

i n  a DAC. Because  of l a r g e  d i f f e r e n t i a l  l i n e a r i t y  

errors (i .e., d e t e c t i o n  of unequal  a n a l o g  i n p u t  s t e p s ) ,  

c e r t a i n  o u t p u t  c o d e s  w i l l  never  a p p e a r .  

6.4 .3  Ana l o g - t o - d i g i t a  1 subsys tems (9 )  

Most d a t a  a c q u i s i t i o n  and /o r  c o n t r o l  system's a r e  

c h a r a c t e r i z e d  b y  many c h a n n e l s  of a n a l o g  i n p u t .  , I n  o r d e r  t o  

communicate t o  t h e  computer  over o n e  set of d a t a  l i n e s ,  it 

becomes d e s i r a b l e  t o  m u l t i p l e x  t h e  d a t a .  I n  a d d i t i o n  t o  p e r f o r m i n g  

t h e  m u l t i p f e x i n g ,  computer  p e r i p h e r a l  A/il  subsys tems  a l s o  f i l te r ,  

sample ,  and s c a l e  t h e  d a t a .  A t y p i c a l  system i s  shown b e l o w  : 

Var . gain/f ilt e r  

Analog 
Input s 
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GENEHAL D~E~RIPTIDN 
Rlltp$ewm ~ G C M ~ # W ~  medium iaonvsdan 
sgwad and rdatiwty low cost is the 
them $IleFrind t h  ADGD and K $aria. 
W k  ms the' sucomswe apprax~matlan 
mpmrsh~ technique. This encoding 
m t h d  is the most popular of al l  the 
N O  muwsjan tmhni;caum b w w  it 
offom a %vwo~&le loombination of a "full 
monotonic. conversion with exgellent 
timapity owr the fuCl scale input range, 

ADCD aid K wries have a total ;003.1- 
version speed of 2QKHz E50 @G). 
V~ltage Enput can twa un'ipolar (0 to 
*10W rrr bipolar (fSV)! by exwnal pin 
strapping. Output d i n g  can be straight 
binary, o H t  bin* or two's smple- 
ment with word Iergths of $1 0, and 12 
binary hits. 

Specified accuracy 69 fO.D5% far ARGD 
series and M.0296 for ADGK series. 
Model ADCD and ADCK faature 50 
p p n o f ~  and 30 ppmfC temperature 
coefYicients respecti~ely grid need not 
be adjusted w r  an operating tempera- 
ture range of o0 to +7O C. Digital 
outpuw include up to 12 parallel lines, 
serial output and an end of cairversion 
status. 

Overall dimensions are 2'W x 4"L x 
0.4"H. lnwt power requirements ate 
HSVDC and +!iVDC and all input 
mmI lines and digital are 
DTUTTL comwtibt.e. 
Basic Ingr~dients of each series Er a 
temperatwe compensated voltage refer- 
ence mum, successive approximation 
logia, output storage registerfpr* 
~srnmgtI a law noise vmlttqe snmwa- 
tor and a preklon .digi*Cal ta andog 
eonveyter. 

All models feature dual-in-line pinning 
aasnpotibilCty an .1W grld pin spacilng. 

centers. 
pinning. 

END 
OF 

~NVER$lON 



SPEC1 FlCATlONS 
Performance: 

ELECTRICAL Resobtion . . . . . . . . . . .  One part in 2" (max. resolution 

Inputs: 12 binary bits or 3 digit BCD). 
(n- number of binary bits). 

Analog input voltege rmga . . Standard ranges of OV to +10V . . . . .  FS, S V  FS via ext. pan strapping. Adracy ( @ Z ~ C )  ADC-D Swies 
Input Overvoltage . : . . . . .  t15V DC without damage of 8 Binary Bits - f 0.05% of FS f H LSB 

unit. 10 Binary Bits - f 0.05% of FS f Y LSB 
Input Impedance Standard 10K o h m  t l %  12 Binary Bits - f 0.026% of FS f W LSB . . . . . . .  

shunted with 10 pf single-ended ADCK Suies 
to ground. 8 Binary Bits 

Start of Conversion . . . . . .  2V min. to 7V max. positive f 0.025% of FS fW LSB 
pulse with duration of 100 nsec 12 Binary Bits 
min. 
"1" resets the converter. . . . .  Total Conversion Time 100 /Mc - ADC-D Series 
I ,  ., 0 initiates conversion. 50 psec - ADC-K Series 

Loading of one TTL load. lnput Power Requirements . *15VDC, t0.5VDC @ m35 ma (3, 
+5VDC, mO.5VDC @ 300 ma 

Outputs: 

Rral ld output data . . . . . .  Up to 12 parallel lines of data PHYSICAL-ENVIRONMENTAL 
held until next conversion 
command. Operating temperature 
Vout ("0") < +08V range . . . . . . . . . . . .  OOC to +70°c 
V uul("1") > +2.4V Stom temperature range . . -55'C Lu +8qc 
Each output capable of driving Relative Humidity . . . . . .  UP to 100% Non-condensing 
up to 6 TTL loads. Slza . . . . . . . . . . . . . . .  2 'W x 4"L x 0.4"H 

. . . . . . . .  . . . . . .  Coding . . . . . . . . . . . . .  Snalgtrt Binary (Unipolar input) Pins , 0.020" round gold plated 
O f f a  Dinery (Dipolar Input) 0.150" long 1ni91. . . . . . . . . .  Two's Complement (Bipolar Case Material. Black Diallyl Phthalate Per 
I n ~ u r )  MI L-M-14. . . . . . . . . . . . .  Serial Clutput . . . . . . . . .  MRZ rucaessive decision pulse Weight . 4  az. 
output generated during con- 
version, with MSB first. 

End of Convenion . . . . . .  Conversion Status Signal Model ADC-D and K Series AID converter modules are fully 
Vout ("O")< +0.8V conversion encapsulated and feature dual in-line pinning compatibility 

mmplp!s,, (i.e. 0.100" rid pin spacing and 2.800" or 3.800" between 
Vout ( 1 > +2AV during reset mwt of pin8 permitting direct plug-in to AUGAT, CAM- 
and conversion period. BION, EECO, etc., circuit boards. 

Note 3: See power supply catalog #&C 3-73-1 

- 



Multiplexer (MUX) 

I n  t h e  above system, t h e  mult iplexer is used t o  select one 

of many analog input  s igna l s .  I n  high speed, high l e v e l  systems, 

t h e  s e l ec t ing  is done w i t h  e l ec t ron ic  switches, whereas f ~ r  low- 

l eve l  medium-speed systems it is done with reed relays.  The 

important parameters t o  be considered i n  mult iplexers a r e  t 

Transfer accuracy - There should be p rec i se  agreement 

between input  and output  voltages. 

S e t t l i n g  t i m e  - The t i m e  between t h e  start of channel 

s e l ec t ion  and a r r i v i n g  a t  a s t a b l e  output voltage. 

Throughput r a t e  - Haw f a s t  can channels be se lected 

Cross ta lk  - The individual  channels should have no influence 

on each other .  

I n  high resolut ion,  high-speed systems, t h e  cos t  of t h e  

ADC is the dominating f a c t o r  and it is des i r ab l e  t o  mul t ip lex 

t h e  analog siqnals. For less accurate  systems, t h e  l e a s t  expensive 

design may be t o  have an  ADC per channel and d i g i t a l l y  mul t ip lex 

t h e  data  onto  a cararon da ta  bus t 



S c a l i n s  Amplif i e r / F i l t e r  

ADC's operate  over a f ixed fu l l - sca le  (FS) voltage range. 

Theref ore t o  u t i l i z e  the ava i l ab l e  resolut ion t becomes des rable 

t o  g a i n  s c a l e  each channel t o  a l e v e l  a t  l e a s t  50% of FS. The 

s c a l i n g  can be performed autamat ica l ly  wi thin  t h e  subsystem, o r  

under remote con t ro l  by t h e  computer. The f i l t e r i n g  operat ion 

i s  des i r ab l e  t o  avoid a l i a s i n g  efrers ( e r r o r s  caused by t h e  

presence of s i q n i f i c a n t  enerqy i n  the  data  a t  frequencies 

g r e a t e r  than 4 t h e  sampling frequency) and is  of ten  combined 

w i t h  the s c a l i n g  ampl i f ier .  The important c h a r a c t e r i s t i c s  of 

the sca l ing  ampl i f i e r  a r e  those t y p i c a l  of any ampl i f i e r  - gain 

s t a b i l i t y ,  s e t t l i n g  t i m e ,  maximum s l e w  r a t e ,  and small-signal 

bandwidth. 

Sample-Hold 

The sample-hold (s/H) module has t h e  job of f reez ing  fast-moving 

s i g n a l s  an? to a l s o  hold t h e  previous MUX output  for conversion 

while the next channel i s  being selected. I n  add i t i on  to the  

genera l  c h a r a c t e r i s t i c s  of a n  ampl i f ier ,  t h e  important S/H 

parameters are as follows. 

Acquietion t i m e  - The InCsrval between t h e  SAMPLE cornsnand 

and when the output  begins to track the i n p r t  wfthin 

some stated accuracy. 

Aperature uncer ta in ty  - The uncer ta in ty  i n  t r a n s i t i o n  between 

SAMPLE and HOLD modes, 

Decay r a t e  - The maximum r a t e  of change of t h e  output  

vo l tage  while i n  the HOLD mode. 



Feedthrough Rejection - The r a t i o  i n  db of a s p e c i f i c  

input s ignal  to the resultant output during HOLD. 

S/H Input 
and Output 
Volt ages output -IT7 Tracking 

.I 1.1'- ;t 'C, - output 

A c q u i s i t w j  b 
Time Aperture 

I I Uncertainty 
SAMPLE 

HO !L D 

decay 



GENERAL DESCRIPTION 
The SHM-3 Sample and Hold module 
features wry low cost and highly accu- 
rate transfer characteristics. It is de- 
signd to he used with one of the many 
Datel Systems Analog to Digital con- 
verter modules in the digitizing of fast 

- moving analqg signals. The SHM9 is 
normally connected taetwmn the analog 
signal source and an analog to digital 
converter, in order t o  freeze the signel 
during the digitizing period. 
A double inversion circuit in the SHM-3 
places the FET sampling switch near 
ground which means all variations 
of hold step and of aperture delay with 
input voltage are eliminated. The aper- 
ture delay of 40 nsec can then be 
wmpemated for, leaving an tincertainty 
ar jitter of less than a nanosecond. 

APPLICATION 
When digitizing an analog signal which 
w i m  with time and having a frequency 
spmtrum, it is difficult to determine 
what point of this signal is exactly 
represented by the resultant digital out- 
put. S i m  the maximum time 'hncer- 
tainty" of the conversion is the total 
conversion time of the converter which 
may be called "aperture time or ambi- 

'. gwity time"; therefore, the maximum 
error due to this u n o e m i n ~  is the 
difference of  two points of the analog 
signal under measurement from To to 
time, TI representing the tjrne required 
to canvert the changing analog signal. 
A faster converter will obviausly short- 
en the aperture and the error will be 
rsdud proportionately, but a device 
such as the SHMS with very narrow 
aperture characteristics, controlled by 
command, is far more useful in trying to 
determine the exact point of the chang . 
ing analog signal when converting. The 
purpose of SHM-3 is to "hold" upon 
command at the beginning of  the con- 
version (To time) the analog voltage 
applied at its input. The "held" value 
will remain constant during the conver- 
sion process. 
Relatianships of error due to  time uri- 
wminty versus input frequency b plot- 
ted on the reverse side of this sheet. 

8AmEmHOU) 

MODEL 

1 
SHM-3 



(Typical at 2S°C, * 15V 
SPEC'F lCATloNS unless otherwire noted) Hold t o  Sampk 

ELECTRICAL Acquisition Time (1 . . . . .  50 /J sec to  * .005% 
for a 20V step 

Analog Input output 
. . . . . . .  Input Voltage Range . . . . .  * lOV Max. Current * 5 mA 

. . . . . . . .  Max. Safe Input . . . . . . .  * 15V Impedance .06 ohm 
. . . .  Impedance . . . . . . . .  10' ohms in parallel with Short Circuit Protection Output to  GND indefinitely 

a 200 nA current source Input Power . . . . . . . .  +15VDC 0 14 mA 
Digital Inputs -15VDC 8 12 mA 

(TTL, DTL, CIMOS Compatible) Nominal Limits 
Sample W 0 to +.8V @ -1.5 mA PHYSICAL - ENVIRONMENTAL . . . . . . . . .  
Hold . . . . . . . . . . .  +4V +2 to +15V Q +O.l mA Operating Temperature Range . . .  @C to  +7@C 

. . .  Sample Storage Temperature Range -55' C to +8S0 C 
. . . . . .  Offset V, (Vout Win) @ Vin = 0 . . Ext. Adj. to 0 - 7, , . 

Relative Humidity Up to  100% non-condensing 
. . . . . . . . . .  Offset V over temp. range (1 1 . . .  * 30 p VP C :ip> -r , 

Size Y'Lx 1.5'Wx .375"H plug-in .. 
offset V vs Supply Voltage . . .  * '100 p VIV . , ,' ' 

8 8 

1 module 
. . . .  - . . . . .  Gain Error (offset V vs Vin) 2 .005% rl I 

Pins .020" round gold plated . . .  
Gain Error over temp. range *.001%17@C -' - 

.250" Long Min. . . .  . . . . . . .  Bandwidth, 3db, 20V pp (1) 10 KHz Case Material Black diallyl phthalate, . . .  
Bandwidth, 3db. 1V .pp (1) 100 KHz per MIL-M-14 . . .  . . . . . . . . .  SlewRate(11 O.5VIpsec Weight 3 02. . . . . . . .  
Settling Time, 20V step, to * .W5% (1 1 50 p sec . . . . . . .  Mating Socket DILS-2 2 req'd 

per module, $4/Pr. 
Noise, wideband, I100 KHz) . . .  100 /J V rms 

Prim (1-9). . . . . . . . .  $39.00 
Sample to Hold 
Hold Step (2) . . . . . . .  Int. Adj. to 0 Model SHM3 sample and hold module is fully encapsulated and fua- 
Peak Transient . . . . . . .  400 mV tures dual in-line pinning compatibility (i.e., 0.100" grid pin spacing 
Aperture Delay . . . . . . .  40 nsec and 1.3" between raws of pins), permitting direct plug-in to  AUGAT, 

Aperture Jitter . . . . . . .  1 naec CAMBION, EECO, etc., circuit boards. Module is fully repairable. 

Hold 
Droop . . . . . . . . .  2OpVlmsec NOTES: (1) Source resistance of 5K ohm or less 
Droop vs Temp. . . . . . . :  x2/1 O0 C I21 Adjust for hold offset at Vin=O Volts or with analog input 
Feedthrough attenuation . . . .  -8WB at ground. 
(within 100 KHz amplifier bandwidth) 



7. GENERAL PURPOSE COMPUTER HARDWARE 

7.1 A  Very Simple Computer 

Up t o  now we've been s t u d y i n g  t h e  var ious  components t h a t  a r e  used i n  

d i g i t a l  systems. Sy combining these components, we've been a b l e  t o  form va r i ous  

f u n c t i o n a l  c i  r c u i  t s  o r  sys tems f o r  measurement and/or da ta  man ipu la t ion .  We a r e  

now ready t o  beg in  t h e  s tudy  o f  t h e  u l  t i m a t e  d i g i  t a l  system, t he  computer. I t  i s  

impo r tan t  t o  keep i n  mind t h a t  t h e  computer i s  s imp ly  a  c o l l e c t i o n  o f  hardware 

t h a t  i s  capable o f  per fo rming  o n l y  very  mundane man ipu la t ions  o f  data,  b u t  a t  ve ry  

h i g h  speeds and w i t h  abso lu te  accuracy. 

I n  o r d e r  t o  i n t r o d u c e  some o f  t h e  concepts i n v o l v e d  i n  computers, con,-. 

s i d e r  t he  very  s imp le  computer (SC-1) i l l u s t r a t e d  on t h e  f o l l o w i n g  page. A l though 

t h i s  computer has very  l i m i t e d  c a p a b i l i t i e s ,  i t  embodies many o f  t h e  p r i n c i p l e s  

i n v o l v e d  i n  much l a r g e r  machines: 

General purpose - Although o n l y  a  few f u n c t i o n s  3 re  p o s s i b l e ,  

these f u n c t i o n s  can be executed i n  a  p e r f e c t l y  

a r b i t r a r y  sequence t o  s a t i s f y  var.yi ng compu- 

t a t i o n a l  r~eeds . 
Sto red  program - The sequence o f  da ta  mani .pu la t ion t o  be per formed 

and t h e  l o c a t i o n s  o f  t he  da ta  a re  "programedN and 

" s to red "  i n  t h e  hardware. I n  the  SC-1, t he  program 

steps ( i n s t r u c t i o n s )  a re  d e f i n e d  by a  s e t  o f  f o u r  

swi tches and then loaded i n t o  a  d b i  t -w ide  para1 lei- 

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

l l o rd  s i z e  - The number o f  b i t s  i n  the  i n s t r u c t i o n  word 

(e.  g. , f o u r  f o r  t h e  SC-1) . 
I n s t r u c t i o n  fo rmat  - The 4-bi  t i n s t r u c t i o n  word i s  f o rma t ted  i n t o  a  

2 - b i t  group f o r  d e f i n i t i o n  o f  t h e  f u n c t i o n ,  and a  

2 - b i t  group which de f i nes  t h e  l o c a t i o n  (address)  

o f  t h e  da ta  v a r i a b l e .  

OP Code - The i ' n fo rmat ion  con ta ined  i n  t h e  2 - b i t  group o f  

t he  i n s t r u c t i o n  word which de f ines  the  f u n c t i o n  t o  

b e  per formed i s  termed t h e   pera at ion code (OP code) .  

The a v a i l a b l e  OP codes f o r  the  SC-'1 a r e :  



Programming 
Switches 

Data Address 
Decoder/Selector 

4-hi t Instruction 
... 

OP Code Address 

* CEP MODEL SC-1 COMPUTER 



OP Code Func t ion  

0  0  C lea r  accumulator 

0  1  H a l t  

10 Increment  accumulator 

11 Add' s e l e c t e d  da ta  word t o  accumulator 

~ d d r e s s i n ~  - The r ightmos t 2-b i  t s  o f  t he  i n s t r u c t i o n  word con ta ins  

t he  address (when a p p r o p r i a t e )  o f  t he  da ta  r e g i s t e r  

which con ta ins  t h e  d e s i r e d  operand. I n  the  SC-1, the  

programmer can s e l e c t  from f o u r  da ta  r e g i s t e r s  which 

must be manual l y  loaded (say f rom thumb-wheel swi tches ) : 

Operand Address Data R e g i s t e r  

00 14 ' 

0  1  X 

10 Y 

: 11 z 
Con t ro l  Sec t ion  - That  p o r t i o n  o f  t he  hardware which sequences t he  

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

i t s  execu t i  on. 

A r i t h m e t i c  Sec t i on  - -Tha t  p o r t i o n  of  the  hardware. which per forms the  

da ta  man ipu la t ion .  

Computer Cycle - The t ime p e r i o d  and sequence o f  even ts  ove r  which 

an i n s t r u c t i o n  i s  r e t r i e v e d ,  decoded, executed, and t he  

r e s u l t s  s t r o b e d  i n t o  t h e  accumulator.  I n  the  SC-1, two- 

phase c l ock ing ,  as represen ted  by CLKl and CLK2 i s  used. 

C L K ~  n 

p . . . , . . . . -. - -- .- .- - - - - . 4 
One c y c l e  

The CLKl pu l se  causes a  new i n s t r u c t i o n  word t o  be 

s h i f t e d  i n t o  t h e  OP code decoder and t h e  ope ra t i on  t o  

be executed, whereas CLK2 s t robes  t h e  r e s u l t s  i n t o  the  

accumulator.  

7.2 Data Represen ta t ion  

' 7.2.1 Numbe.rSystem Conversions 

I n  ou r  s tudy  o f  d i g i t a l  l o g i c  we have a l r eady  i n t r o d u c e d  t he  

b i n a r y ,  o c t a l ,  and hexadecimal number systems and compared them t o  t h e  decimal 



system. P rev ious l y  we were concerned w i t h  conve r t i ng  the  b i n a r y  o r  o c t a l  number 

t o  i t s  base 10 e q u i v a l e n t .  I n  computer programming, we must a l s o  conver t  i n  the  

oppos i te  d i r e c t i o n :  

Binar-y t o  decimal 

4 3 2  1  0 - P o s i t i o n  

.1 1  0  1  0  4- Bina ry  number 

Decimal t o  b i n a r y  ( d i  v i s i o n  method) 

2 

2  1 1 3  - Remai nder - 
2 11 

0 

Octal t o  decinlal 
3 2  1  0 - P o s i t i o n  

1  3 2  7  -. Oc ta l  number 

Decimal t o  o c t a l  

8 1727 - Remai nder - 
8 12 I 



Hex t o  Decimal 

2 1  0- P o s i t i o n  

1  A 3- Hex number 

Decimal t o  Hex 

Remai nder 

7.'2.2 Binary A r i t hme t i c  

Rinary a d d i t i o n  fo l l ows  the  same r u l e s  t h a t  we are  accustomed 

t o  i n  decimal a r i t h m e t i c :  

1 0 1  0 0 1  

+ I 1 0  0 1 1  

1 0  1 1  1 0  o2 

Binar,v s u b t r a c t i o n  i s  accomplished by adding the  f i r s t  number 

t o  t h e  negat ive  o f  the  second. The negat ive  form i s  the  two 's  comnlement o f  t he  

p o s i t i v e  b ina ry  number. By d e f i n i t i o n ,  t he  two's  complement i s  t h a t  number which 

when added t o  t h e  o r i g i n a l  number w i l l  r e s u l t  i n  a  sum of u n i t y .  Th.e two's  com- 
plement o f  a p o s i t i v e  b ina ry  number i s  obta ined by adding one t o  i t s  one's 

complcmcnt. To sub t rac t  J I 0  from 5.,0 

3~ o = 0 1 1  

one's complement o f  310 = 1  0 0  ( j u s t  i n v e r t  b i t s )  

two's  complementof 3 1 0 =  1 0 1  

. slO = 1  0 1  

- 3 1 0 =  1 0 1  

Ignore  



Binary  mu1 t i p l i c a t i o n  again fo l lows the  same r u l e s  as decimal 

mu1 t i p l i c a t i o n :  
- 1 0 0  4 1 ~  - . 

It should be noted t h a t  t he  above ope ra t i on  amounts t o  no th ing  more than s h i f t i n g  . 

and adding. L a t e r  on we w i l l  w r i t e  a  computer program t o  do t h i s .  

B inary  d i v i s i o n  i s  a l s o  s i m i l a r  t o  r lec imal  r j i \ t i ~ i o n :  
- Zul0 ' Sl0 - 

1  0  0. 
1 0 1  1 1 0 1 0 0 .  = 4 1 ~  

1 0 1  

0 0 0  

7.2.3 Data Formats 

The rep resen ta t i on  of data i n t e r n a l  t o  a  computer can be broad ly  

d i v i d e d  i n t o  . f i x e d - p o i n t  numbers, f l o a t i n g - p o i n t  numbers,, o r  alphanumeric data. 

F ixed p o i n t  

For f i x e d  p o i n t  numbers, s t r a i g h t  b i n a r y  code i s  used f o r  p o s i t i v e  numbers 

and the  two's  complement form i s  used f o r  negat ive numbers. Note t h a t  the  MSB 

becomes a  "s ign"  b i t  and i s  r e a l l y  l o s t  as a means of reprcsent ing  magnitude 

0  = 0 0 0  0 0 0  0 0 0  0 0 0  
- 

- l lu 
- 1 1 1  1 1 1  1 1 1  1 1 1  
- -2 . , "  - 1 1 1  1 1 1  1 1 1  1 1 0  

F l o a t i n g  p o i n t  

F ixed p o i n t  numbers a re  l i m i t e d  i n  t h e i r  dynamic ranqe, i .e., f o r  an N - b i t  

data word, the  f u l l  range o f  numbers i s  
-2N-l, 0  ---c2N-'-l 

Therefore very l a r g e  o r  smal l  numbers are  represented by a  b ina ry  exponent ia l  

rep resen ta t i on  s i m i  l a r  t o  s c i e n t i f i c  no ta t i on .  This  rep resen ta t i on  i s  r e f e r r e d  

t o  as " f l o a t i n g - p o i n t "  and cons i s t s  o f  a  mantissa ( f r a c t i o n a l  p a r t )  and an ex- 

ponent t o  which t h e  base i s  ra i sed :  



S c i e n t i  f i  c: . 1  1  0  0  x 1 0  = lllo 

B ina ry  f l o a t i n g  p o i n t :  l 0 l l ~ 2 ~  1 
A f l o a t i n g  p o i n t  da ta  word i s  t h e r e f o r e . d i v i d e d  up i n t o  a  mant issa and an 

exponent. I t  shou ld  be no ted  t h a t  bo th  p a r t s  can be e i  t h e r  pos i  ti ve o r  nega t i ve  

( two ' s  complement used) 

IS(  EXP MANTISSA 

so a  s i g n  b i t  i s  needed f o r  each. 

A1 phanumeri c  

Often i t  i s  necessary t o  r ep resen t  charac te rs  such as A-Z, 0-9, o r  punc tua t i on  

marks. These must a l s o  be represen ted  i n  t h e  computer by a  b. inary code. Most 

commonly, t h e  codes used a r e  ASCII (USA Standard Code f o r  I n f o r m a t i o n  In te rhcange)  

o r  BCD. The ASCII codes a re  shown on t h e  f o l l o w i n g  page. I t  should be no ted  

t h a t  o n l y  6 b i t s  ( 6 - b i t  code) o r  8 h i t s  ( & b i t  code) a re  r e q u i r e d  f o r  each charac- 

t e r ;  t h e r e f o r e  more than  one cha rac te r  can be packed i n  a  s i n g l e  word. 

16- b i  t word 

I 1 I 

% - 
G a r a c t e r  1  s t  cha rac te r  

7.3 Computer Sys tern Organ i za t i on  

The f o l l o w i n g  b l o c k  diagram i 11 u s t r a t e s  t h e  fundamental o r g a n i z a t i o n  

( a r c h i t e c t u r e )  o f  a d i g i t a l  compui:er. The b a s i c  f u n c t i o n s  t h a t  must be performed 

a re  data i n p u t  and ou tpu t  ( X / O ) ,  di i ta  and i n s t r u c t i o n  s torage,  and da ta  rnanipu- 

l a t i o n .  The performance o f  these f u n c t i o n s  i s  r egu la ted  by t he  c o n t r o l  s e c t i o n .  

PERIPHERALS 
I '  i 

IGIIN CONTROL 
MEMORY SECTION 

i] t 

A R I T I D a I C  I S%CTION 



ASCIIn Chnractcr !?kt ( ) 

I -Uit  6-Bit 8-Bit 6-Bit 
Cli;~rnctcr Octal Octal Character Octal Octal 

9 

< 
- 
:2 

? 
0 
I 
\ 
1 
t 
t 

kader/Trailes 
LINK FEED 

Carriage RETURN 
GPACE 

RUBOUT 
Rlank 
BELL 
'1'AB 

FORM 

" AII ul~lvcviatiun for USA Slandatd Code for Int'ormation Interchange. 



1lin:iry Cdrd Drcininl Fnrmnt (10) 
l i c n n d y  1.100 1506 ASCII-IIC'D Cnnvcrsion 

I N  'D ASCl l Equivnlcnt 13CD ASCl 1 Icli~ivnlcnt 
Sylr~bol" (cxt;il coclc) (oclirl codc) S y ~ n b o l  (octal codc) (oct;~l codc) 

From "A Pockct Guidc to the Hewlett-Packard Computcrs." Hcwlctt-Packard Company, 
Palo Alto, Cal., 1970. 
'Other symbols which may bc represented in ASCII are convcrtcd to spaces in BCD (20) 



The mai la memory of a computer i s  organized as a sequence of N-bi t 
words, usually some multiple of 4 K ( K  = 2'' = 1024) words in length. Each word 

has a binary location or address referred t o  by i t s  octal or hex equivalent. 

Indi vidual Multiple of 4 K 
word 

--- 
Address . 

N- bi t s  

The actual storage medium i s  magnetic core or semiconductor arrays. The time 

required to  locate and retr ieve a single word i s  termed the memory access time. 

,Any location can be accessed a t  random. 

110 Peripherals 

The computer makes use of many different  peripheral devices for input, 

output, and storage. In summary, these devices are as follows: 

Input 

Tel et,ype 

O u t p u t  

Te 1 e type 

Storage 

Dr u t i ~  rnemory 

Paper tape reader Paper tape punch D i s c meniory 

Card reader Card punch Magnetic tape 

MagnetSc tape Magnetic tape 

Printer  

C RT 

Common computer peripherals wi 11 be discussed fur ther  in section 11.0. 



8.0 CENTRAL PROCESSOR 

8.1 Hardware Conf igura t ion  ( 2 )  

. The f i g u r e  on the  f o l l o w i n g  page represents a  f a i r l y  c lose  repre- 

sen ta t i on  o f  t he  hardware c o n f i g u r a t i o n  o f  a  r e a l  12-bi  t computer ( i  .e., 

DEC PDP-8). The items o f  no te  a t  t h i s  p o i n t  are: 

Memory - Both i n s t r u c t i o n  and data words are  s t o red  i n  memory. 

Storage l oca t i ons  are  numbered i n  sequence us ing o c t a l  

numbers. The o c t a l  number corresponding t o  a  g iven 

l o c a t i o n  (a 12-bi t word i n  t h i s  case) i s  r e f e r r e d  t o  as 

i t s  address. 

Memory Data Reg is te r  (MD) - Any data word r e t r i e v e d  from memo$-' 

passes through t h e  MD on i t s  way out .  

Memory Address Reg is te r  (MA) - This r e g i s t e r  conta ins the  

l o c a t i o n  o f  t h e  memory word being r e t r i e v e d .  

Program Counter (PC) - This r e g i s t e r  conta ins the memory 

address o f  t h e  n e x t  i n s t r u c t i o n  t o  be executed. Since 

i n s t r u c t i o n s  are general l y  executed i n  sequence as 

they are  l oca ted  i n  memory, the PC i s  au tomat i ca l l y  

incremented a f t e r  each i n s t r u c t i o n  i s  executed. 

~ n s t r u c t i o n  ~ e ~ i s t e r  ( IR)  - The 3 klSB's o f  an i n s t r u c t i o n  word 

conta in  the  OP CODE. Since the  MD may Se used again 

dur ing  ' t h e  execut ion o f  the i n s t r u c t i o n ,  i t i s  necessary 

t o  save the  0P.CODE.in the I R .  

Accumulator (A) - The A i s  a  storage r e g i s t e r  which conta ins the  

resu l  t s  o f  a1 1  a r i  thmet ic  and l o g i c a l  .opera t ions  performed 

i n  the  a r i  thmeti  c  sec t ion .  A1 1  programmed 110 t o  p e r i  - 
pheral  devices a l s o  pass. through the A. 

L i n k  (L )  - The L  i s  a  one-b i t '  r e g i s t e r  which operates \ c ~ i  t h  the 

a r i t h m e t i c  s e c t i o n  t o  a c t  as an extension t o  the  A. 

An over f low from the  A complements the  L i n k .  

I n s t r u c t i o n  Decoder - This device decodes the  OP CODE s to red  i n  

the  I R  and enables the  appropr ia te  gates throughout the 

system so as t o  per form the des i red  funct ion ,  
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Sta te  Generator - This device generates the  proper  c lock  pulses 

requ i red  by a  p a r t i c u l a r  i n s t r u c t i o n  f o r  i t s  execut ion.  

Per iphera ls  - Any device ou ts ide  the  main computer hardware i s  

r e f e r r e d  t o  as a  pe r iphe ra l .  The usual means o f  com- 

municat ion , is  over  t he  ' I / O  bus. 

8.2 Coding Easics 

8.2.1 Types o f  Mach,i ne-1 eve1 Codi ng 

The sequence o f  computer i n s t r u c t i o n s  r e q u i r e d  t o  per form 

a  s p e c i f i c  task  i s  r e f e r r e d  t o  as a  program. The on l y  form . o f  i n fo rma t ion  

which the  computer can understand i s  pure b ina ry .  Since t h i s  i s  r a t h e r  cum- 

bersome t o  the  programmer, var ious coding schemes a re  i n  use f o r  coding 

machine I n s t r u c t i o n s  : 

Binary Code - I n  a  t y p i c a l  12 b i t  i n s t r u c t i o n  word the 3 MSB's conta in  the  

0P CODE and the  9 LSB's con ta in  the memory address o f  t h e  word con- 

t a i  n ing  the  operand 

- \-- -1 

OP CODE ADDRESS 

As an example, t h e  OP CODE f o r  the  two's  complement add opera t ion  (ADD) 

i s  001, and the  i n s t r u c t i o n  word conta ined i n  memory l o c a t i o n  510 re -  

q u i r e d . t o  add the  contents o f  l o c a t i o n  9 t o  the  AC i s  10 
Address Contents 

000 000 000 101 001 000 001 001 

Octal - .  - Since the  1  I s  and 0 ' s  o f  b i n a r y  coding are  extremely cumber- 

some, o c t a l  coding i s  o f t e n  used t o  represent  the same in fo rma t ion  

Address Contents 
0005 1011 

It should be noted, however, t h a t  a  program coded i n  o c t a l  must s t i l l  

be reduced t o  the  f u l l  b i n a r y  code equ iva len t  be fore  i t  can be 

executed. 

Mnemonic Coding - A1 though o c t a l  coding i s  c e r t a i n l y  an improvement, i t  

s t i  11 requ i res  the  programmer t o  memorize the  r e l a t i v e l y  abs t rac t '  o c t a l  

equ iva len t  o f  each OP CODE. I n  mnemonic coding the  OP CODE i s  repre-  / , a  .; . 

sented by some e a s i l y  remembered symbol ic name, w h i l e  t he  address /- 

remains o c t a l  . For instance,  the  programmer would w r i  t e  the above 



i n s t r u c t i o n  as 

ADD 11 

Again, i t  must be no ted  t h a t  the  mnamonic coding has t o  

be expanded t o  i t s  b i n a r y  e q u i v a l e n t  b e f o r e  i t  can be executed by t h e  

computer. V i r t u a l l y  every  computer has a v a i l a b l e  a  s p e c i a l  

program f o r  do ing  t h i s  c a l l e d  an "Assembler." The assembler t r e a t s  

t he  mnemonic cod ing  as da ta  and generates as o u t p u t  the  execu tab le  

b i n a r y  equ i va len t .  The Assembler i t s e l f  i s  w r i t t e n  i n  b i n a r y  code. 

8.2.2 Flow Cha r t i ng  

As prugralrls brcolr~e r r lwr t !  coi l~plex,  'i t becurlles des i r a b l  e  t o  

r ep resen t  p i c t o r i a l l y  t h e  sequence o f  ope ra t i ons  and dec i s i ons  t o  be performed. 

The c h a r t  on t h e  f o l l o w i n g  page de f i nes  t h e  s e t  o f  f l o w  c h a r t i n g  symbol con- 

ven t i ons  which we w i l l  use. As an example, t h e  f l o w  c h a r t  shown represen ts  

t h e  cod ing  necessary t o  c a l c u l a t e  t h e  abso lu te  d i f f e r e n c e  between f i v e  p a i r s  

o f  numbers a'nd t ype  o u t  t h e  r e s u l t s .  

8 .3  I n s t r u c t i o n  Set  ( 2 )  

The c o l l e c t i o n  o f  a l l  p o s s i b l e  ope ra t i ons  t h a t  a  computer can per -  

form i s  c a l l e d  i t s  i n s t r u c t i o n  se t .  

8.3.1 N o t a t i o n  

I n  o r d e r  t o  co r i ven ie r~ t l y  de f ine  t h e  i n s t r u c t i o n  s e t  o f  our 

h y p o t h e t i c a l  computer, we r e l y  upon the  f o l l o w i n g  n o t a t i o n  

Symbol Meani n q  

A Accumulator 

L  L i n k  

PC Program coun te r  

M Address p o r t i o n  o f  an i n s t r u c t i o n  

1 Address f rom which i n s t r u c t i o n  i s  ob ta i ned  

(XXX) Cnntents n f  I n c a t i n n  (XXX) 
+-a=-- "Becomes" or " i s  ass iy r led t l i e  va lue"  

A Boolean AND - 
Boolean NOT (complement) 

W Designates t h e  sequence o f  i n s t r u c t i o n s .  

--e " I s  cop ied  i n t o "  



FLOW CHART SYMBOL CONVENTIONS 

Symbol Funct ion 

- .: .... .,.-. 
-_. 

/.- '\ 

ABSDIF ?, 
\ 
j Program t i t l e  

'. 
k, .__...._____ 

7-----'-. 

Statement l a b e l ,  connector 

i 
i Data i npu t /ou tpu t  
i i 

1 Z- X -Y  Ca l cu la t i on ,  processing 
i I 

Deci s i on 

Output t o  l i s t i n g  device 

--I" 



8.3.2 Basic ~ns t ruc t ion  Set C2 

Computer instructions can be classif ied according to  the 
part  of the computer hardware which i s  addressed, or as to  the type of function 

performed. 
Classified by hardware addressed 

- mem0r.y reference 
- reg is te r  reference 
- input/output reference 

Classified by function 
\ - Move data ,  arithmetic or logical instructions 

- control instructions 

- operate instructions 
- i  nput-output instructions 

From the programmer's viewpoint, the functional c lassif icat ion i s  the most 
useful and the following chart  defines the instruction s e t  of our 1,iypothetical 

, . 

computer using these groupings. 

Example 8-1 
' 

Write a program which will add two positive numbers X (=  22348) and 
Y ( =  l l l l 8 )  t o  ge t  Z 

Flow chart  -' 



Type Mnemor,ic . OP Code Descr ip t ion  ' In  B r i e f  
Move d a t a .  STORE M 3xxx Store (A) i n t o  M; k unchanged (A) - e M  
Ar i thmet i c  ADD M 1  xxx Add (M) t o  A; r e s u l t  i n  A - (MI + ( A )  -PA . . 
L0g.i c a l  AND M Oxxx " ~ n d "  (M) t o - A ;  r e s u l t  i n  A (M) A - ( A ~ - A  

.HALT 7402 H a l t   roara am 
8 ., 

JUMP H 5xxx Jump, uncond i t i ona l l y  t o  M * M  
SKIPP 751 0  Skip on p o s i t i v e  accumulator (A)  = + *I+ 2; (A) f + +I + 1 
SKI PZ 7440 Skip on zero accumulator (A) = O * I  + 2; (A) f 0  *I + 1 

Contro l  SKIPN 7550 Skip on negat ive accumulator (A) = - *I + 2; (A) f - *I + 1 
SEIPL 7420 Skip i f  l i n k  i s  s e t  t o  one (L )  = 1  *I + 2; (L )  = 0  *I + 1 
S K I P  741 0  Skip, uncond i t i ona l l y  *I + 2 
I S Z  M 2xxx Increment (M); s k i p  i f  r e s u l t  zero (MI + 1  -M . . 

(M) = O * I  + 2; (M) f 0 *I + 1 
Subrout ine JVS M 4xxx Jump t o  subrout ine,  save PC (PC) -M; -M + 1  . . 

1  inkage 
CLEAR 7600 Clear A 0  +A 
CLEARL 71:OO Clear 1  i nk 0  *L 
COMP L  7040 Complement A  ( A )  + A  

.S" 
COMPLL 7020 Complement L  (i) +L 

u Regis ter  IISCR 7001 Increment A by 1  (A) + 1  - A  
7004 Ref~erence . . ROTL Rotate A w i t h  L l e f t  1  b i t  

ROTR 761 0  Rotate A w i  t h  L  r i g h t  1 t j i  t 
CLEAR02 6XXO Clear  f l a g  i n  the  device (XX) 0  &FXX, 

Inpu t  SKI PO2 6XX1 Skip i f  f l a g  s e t  i n  the device (XX) (FXX) = 1 a 1  + 2; (FXX) = 0  *I  + 1  
Output READ02 6XX4 Read the  data from the  device (XX) i n t o  A (XX) -PA 

WRITE02 6XX5 Wr i te  the  data from A i n t o  the  device (XX) (A) t XX 
GOO2 6X.X6 Act iva tes  an output  of t he  s e l e c t o r  (XX) 
I ON 6001 Enables i n t e r r u p t  f l i p - f l o p  , , 



Coding - 
Con ten ts  

Octa l  Mnemoni c 

CLEAR 
CLEARL 
ADD 100 
ADD 101 
STORE 200 
ROTL 
CLEAR 
ROTL 
STORE 201 
HALT 

and L 3 A 

A = X + Y  
Z = A  

S to re  MSB o f  
A i n  LOC 201 

L 
ERR 

Example 8-2 

! k i t e  a program t o  sum up t h e  f i r s t  N d i g i t s  o f  the a r i t h m e t i c  s e r l e s  

1 , 2 , 3 ,  ..., N 

Flow ' c h a r t  - 

CNT - CNT + 1 I 



Coding - 
Con t e n t s  

Oc t a  1 Mne mon i c 

7600 CLEAR 
71 00 CLEARL 
31 00 STORE 100 
1101 ADD 101 
7040 COMP L 
7001 I NCR 
31 02 STORE 102 

-1100 . . ADD 100 
21 02. ISZ 102 

5007 JUMP . -3  

31 03 STORE 103 
7004 ROTL 
7600 CLEAR 
7004 ROTL 
31 04 STORE 104 ' 

7402 HALT 

Comment 

Clear  A, L, and 
LOC 100 

Get N froni 
LOC 101 , take  
2 ' s  complement and 
s t o r e  i n  LOC 102 

Increment (100) t o  
g e t  n e x t  tern in .series. 
Add term t o  A 
Bump index  and 
s k i p  i f  zero 
Jump back 3 locat' ions 

Put  sum i n  LOC 103 

Pu t  MSB i n  
LOC 104 

Term 
N 
CNT 
z 
ERR 



8.4  Addressing 

8.4.1 Paqing, Direct and Indirect Addressing (2, 5) 

For a memory reference instruction such as 
ADD M 

the 9 LSB1s contain the address of the operand 

\--J 

OP 
- _ _ C  -~ddress 

Code 

B u t  a 9-bi t  binary address would l imit  the s ize  of any program to only 512 

1 ocations , and many programs are  thousands of words long. To get around th is  

l imitat ion,  a scheme often used on 12-bi t or smaller machines i s  the "paged" 

memory. The actual memory i s  - not physically divided up  into pages--this i s  

jus t  a technique used in addressing the memory. The f i r s t .  two b i t s  of the 

Paye "0" 

Page "1" 

9-bi t  address are  referked to as the tag b i t s  and dLsignate how the paged 

memory i s  t o  be referenced, and the remaining 7 b i t s  are called the displacement D .  

Tag b i t s  
A 

C o c r e c t  = 0, di rec t  sr ;age b i t  
= 0, page 0 

= 1 ,  indirect  = 1 ,  current page 



Tag b i t s  = 00 

The e f f e c t i v e  address (ac tua l  address o f  the operand) i s  word D on page 0. 

Tag b i t s  = 01 

The e f f e c t i v e  address i s  word D on the c u r r e n t  page ( i  .e., page on which 

the  i n s t r u c t i o n  i s  l oca ted ) .  

Loca t i on Contents , Mnemonic Comment 

0050 01 01 - - - - 
200 1050 Add 50 A +0101 + A 

400 1250 Add 450' A - 0102 + .A 
450 . 0102 - - 
600 1250 Add 650 A -0103 + A 
650 0103 - - 

Tag b i t s  = 10 

The e f f e c t i v e  address i s  the  contents o f  word D on page 0. Note t h a t  

t h i s  i s  now a 1 2 - b i t  address, so the  f i r s t  4096 words o f  memory can be addressed 

i n d i r e c t l y  . 

Tag b i t s  = 1.1 

The e f f e c t i v e  address i s  the contents o f  word D on the  cu r ren t  page. 

Again the  e f f e c t i v e  address i s  12 b i t s ,  so the  f i r s t  4096 words can be addressed 

i n  t h i s  manner. 

When using the-  symbol ic assembler, the programmer i n d i c a t e s  i n d i r e c t  ad- 

dressing by the  .symbol I .  For instance, t h e  i n s t r u c t i o n  

ADD I 100 

would add t o  the  A t he  contents, o f  the  address conta ined i n  l o c a t i o n  100. 

EX 8-3 

Wr i te  a program to' add up a 1 i s t  o f  N da ta  values which are  s to red  i n 

sequent ia l  memory l oca t i ons .  The address o f  t h e  f i r s t  data value i s  conta ined 

i n  l o c a t i o n  150, and the  number o f  terms i s  conta ined i n 151. Store the resu l  t s  

i n  153. 



FLOW CHART 



Cod i ng 

Location Mnemon i c Comment 

r 1 0 0 .  CLEAR 1 Clear L and A 

101 CLEARL J 
102 ADD 151 Load number t o  be complemented 

103 JMS 140 and jump t o  subroutine 

/ 104. STORE 152 P u t  I i n t o  152 

I lo5  

CLEAR -Clear A 

, 1 106 ADD I 150 S t a r t  of loop--add term 

2 107 -1 SKIPN 

110 JUMP .+2 I Check f o r  e r ro r  

11 1 HALT 

11 2 ISZ 150 Increment. pointer  

113 ISZ 152 Increment I an'd 

114 JUMP .-6 check f o r  0 

1 115 STORE 153 

1116 HALT 

Return address stored here 

1 141 COMPL. Take two's complement 

1::: I NCR 

JUMP I 140 Return t o  main program 

(1 50 060.1 Address of data 
N 

I 

ANS 

(60, -- 1 s t  value 
2nd value 

e t c .  

(2, 5) 8.4.2 Symbolic Addressing , 

The memory reference ins t ruc t ion  as we have used i t  thus f a r  has always 

involved an octa l  address. More sophis t ica ted assemblers permit symbolic 

addresses whereby the programmer makes up names f o r  the various locations and 



t h e  computer keeps t r a c k  o f  these d u r i n g  t h e  assembly process by b u i l d i n g  

up a d i c t i o n a r y  o f  symbo l i c  addresses. The f i n a l  o b j e c t  code o u t p u t  by t h e  

assembler con ta ins  t h e  c o r r e c t  address. 

EX 8-4 

Using symbol ic  address ino,  w r i t e  a program t o  add two numbers, X = l o 8  
and Y = 178 t o  g e t  Z 

-----Object Code---- 
Source Code Loca t i on  Contents 

CLEAR 0 7600 

CLEARL 1 7100 ' 

ADD X 2 1006 

ADD Y 3 1007 

STORE RES 4 3008 

HALT 5 740'2 

X 10  6 001 0 

Y 1'7 7 001 7 

kES 8 - i 



9. PROGRAMMING FUNDAMENTALS 

9.1 Assembly Language as FORTRAN (2, 11) 

The programming which we. have done so f a r  can be descr ibed as machine- 

l e v e l  coding, i .e. , each statement o f  source code cou ld  be t r a n s l a i e d  i n t o  a 

s i n g l e  machine i n s t r u c t i o n .  mnemonic coding i s  a form o f  machine l e v e l  coding, 

b u t  cannot be executed d i r e c t l y  by the  computer. A spec ia l  b ina ry  coded program 

c a l l e d  an assembler does t h e  t r a n s l a t i o n  by t r e a t i n g  the A S C I I  source code as 

data i n p u t  and generat ing the  proper  b ina ry  machine i n s t r u c t i o n s  as ou tput .  

INPUT COMPUTER MEMORY OUTPUT 
7- 

Higher 1 eve1 1 anguages a re  cha rac te r i  zed by very powerful  statements 

t h a t  r e s u l t  i n  several  machine i n s t r u c t i o n s  f o r  each statement. The program 

t h a t  does t h e  t r a n s l a t i o n  i s  c a l l e d  a compi ler .  Various. languages, such as 

COBOL, ALGOL, and FORTRAN, are  i n  use throughout  the  wor ld.  I n  gen.era1, com- 

p i l e r s  generate A S C I I  mnemonic coding as t h e i r  output ,  which must then be pro- 

cessed i n  a second s tep  by the  ASSEMBLER program. 

- 
BINARY OBJECT 

b 

A S C I I  SOURCE L - 

A summary o f  the a v a i l a b l e  executable statements i n  FORTRAN I V  i s  

shown on the  f o l l o w i n g  page, f o l l owed  by s i  de-by-side comparisons of var ious 

statements i n  assembly 1 anguage and FORTRAN. 

ASSEMBLER 

INSTRUCTION 
DICTIONARY 

SYMBOL TABLE 

WORK AREA 

Source Code 

(ASCII) 

FORTRAN 
COMPILER 

Machine Code 

< 

mnemon i c Code 

- ( A S C I  I ) 
1 (B inary )  I 

*ASSEMBLER 



FORTRAN IV Executable Statements (1 1) 

- ----- - - -. - - . - -- 
Inpttl 

1:ornmnt cot~t ndlni  READ (a, 5 )  Cis1 

Simplifird READ  elass ass) READ (5, DATA) 

I:ortnnt co~rt.r~ilccl WRITE (D, 5 )  cis1 

I/cro/iorr DO S, "9 = g ,  2, X 
DO S, 9 = 9, c 

(Inildird itcral ion for 
input-output lists) (a(,?), ,?I = 9, 8, X) 

Dtrrn rrlp (loop tcr~~rirral) CONTINUE 

Subrrmlir~e Call CALL Xarne(Cis1) 
CALL Xame 

Subproyrnrr~ h'clrtrrt RETURN 
(Spceial) RETURN i 

WRITE ( 6 .  1 4 ) s  

WRITE (6, OUT) 

TOM = C(1) 
G = P .LT. S 
SIGNAL = X 

CONTINUE 

CALL SORT(A, 1, N) 
CALL ERROR 

RETURN 
RETURN rao 



FORTRAN VS. ASSEMBLY.LANGUAGE 

FORTRAN 

A d d  t w o  f 
n u m b e r s  a n d  t . 

s t o r e  r e s u l t  X = A + B  

T e s t  f o r  -, 0, + ( I F  ( .x ) 1 0 ,  20 ,  3 0  

a n d  b r a n c h  1 0 -----.---.- ..--. 
,C-.-----.-.---.-r- 

....."....... - ,-..---.. ... 

L o o p s  . .. 

DO 10 1 = 1,  INDEX 
----.--.. 

........ ..,- -\ .-*, 

ASSEMBLY LANGUAGE 

CLEAR 

ADD A 

ADD B . . 

STORE X 

S K I P P  

JUMP ZER 

JUMP T H I  

ZER S K I P Z  

JUMP TEN 

JUMP TWE 

TEN 

CLEAR 

ADD CNT . 

COMPL 

.INCR 

STORE I 

- 
I S Z  I 

i 
JUMP . -4  j 

CNT 0 0 0 5  



Subrou t i ne  

ASSEMBLY LANGUAGE - 

CALL COMPL (N, I )  

P - 

SUBRoU-I'INE COMPL (N, I )  
1 r . - N  

RETURN 

END 

T a b u l a t i o n  

WRITE (LUN, 10) X , , Y ,  Z 

10  FORklAT (3F10.3) 

Spec ia l  i Nnt pnss i  b l e  w i  t h n u t  

I /o  s p e c i a l  FORTRAN 

c a l l a b l e  asselrrbly 

language subrou t ines  

CLEAR 

ADD N 

JMS CClMP 

STORE I - 
& -\.-. 

COMP - - 
COMPL 

I NCR 

JUMP I COMP -- /. 

N 0005 

I -- 

- Very messy - 

READ 02 

WRITE 02 
,e-\------..- 

.--,.--,-- 

e t c .  



9.2 Subrout ines 

Of tent imes i n  w r i t i n g  a s i n g l e  program o r  a group o f  r e l a t e d  programs 

i t  becomes necessary t o  repea t  a c e r t a i n  c a l c u l a t i o n  o r  do some o p e r a t i o n  over  

and over.  The programmer may then  choose t o  c o l l e c t  t h e  a p p r o p r i a t e  s t a t e -  

ments i n  a d i s t i n c t  g roup ing  c a l l e d '  a subprogram. Depending on t h e  program- 

ming language, va r i ous  techniques may be used. 

9.2.1 Assembly Language ~ e c h n i ~ u e s ( ~ 3  5, 

Two techniques a r e  commonly us'e.d i n  assembly language programming-- 

Macro's and subrou t ines .  The Macro i s  s t r i c t l y  a f e a t u r e  o f  t h e  Assembler 

( i  .e., no hardware i s  i n v o l v e d ) .  By s e t t i n g  as ide  .a group o f  statements,  de- 

f i n i n g  them as a Macro, and g i v i n g  them a name, t h e  programmer can e f f e c t i v e l y  

i n s e r t  a copy of these statements whenever he wants. The r e s u l t i n g  o b j e c t  

code i s  no s h o r t e r  than  i f  t he  programmer had n o t  used t he  MACRO a t  a i l .  . I t ' s  

s imp ly  a programming convenience. 

Use a MACRO t o  average t h r e e  d i f f e r e n t  p a i r s  o f  da ta   XI , ~ 1 1 ,  {XZ, ~ 2 i ,  

Source Code Comments - 
S t a r t i n g  p o i n t  

d i r e c t i v e  -*ZOO 
AVERG MACRO FIRST, SEC 

MACRO CLEAR 
CLEARL d i r e c t i v e s  \ ADD FIRST 

\ ADD SEC ' ROTR 
END MACRO 

T i  tl e d i r e c t i v e  -TITLE EX9-1 - -- 
AVERG X I ,  Y1 s ~ d O  

STORE Z1 - 
AYERG X2. Y 2  ./ 
STORE 22 

h-*------- -- i AVERG X3, Y3 
STORE 23 - 
HALT 

"MACRO" statements 
would be i n s e r t e d  here  
by ASSEMBLER when gene- 
r a t i n g  o b j e c t  code. 
App rop r i a te  s u b s t i  t u t . i  ons 
would be made f o r  FIRST 
and SEC. . 



The second technique f o r  coding subprograms i s  the  subrout ine  which we 

have a l ready  been exposed to .  I n  a l l  previous examples o n l y  one argument was 

passed.' When more than one argument i s  needed by a subrout ine,  a technique o f t e n  

used i s  t o  i n s e r t  t he  data i n  l i n e  r i g h t  a f t e r  the JMS statement.  I n  general,  

subrout ines  are o f  somewhat more genera1 use than MACRO's,produce s h o r t e r  o b j e c t  

code, b u t  take l onger  t o  execute. 

Use a subrout ine  t o -  average th ree  d i f f e r e n t  p a i r s  o f  data. The address o f  

t h e  f i r s t  data va lue  i s  i n  l o c a t i o n  250. The resu' l ts are t o  be s to red  s t a r t i n g  

i n  l o c a t i o n  260. 

LOOP 

Source Code 

TITLE EX9-2 
CLEAR 
ADD CNT 
COMPL 
IN  CR 
STORE INDEX 

CLEAR 
ADD I ADATA 
STORE . +-6 
CLEAR 
I SZ ADATA 
ADD I ADATA 
STORE .+3 
JMS AVERG 
0000 
0000 
STORE I ARES 
ISZ INDEX 
JUMP LOOP 
HALT 

CNT - - -  
INDEX - -  - 
AVERG - - -  

CLEAR 
CLCARL 
ADD I AVERG 
ISZAVERG 
ADD I AVERG 
ROTR 
1SZ AVEKG 
JUMP I AVERG 

ADATA 2 50 
ARES 260 

Comments 

i 
Store  data f o r  t h i s  
loop i n  two 
l oca t i ons  f o l l o w i n g  
JMS' 

) Data p laced here 

1- Store  r e s u l t  
t e s t  f o r  end o f  loop 

Address o f  f i  r s t  datum 

Calcu la te  average and 
p lace data i n  A 

J Bump address t o  next - i n s t r u c t i o n  and r e t u r n  



9.2.2 FORTRAN Techniques (11 

Two techniques a r e  a l s o  a v a i l a b l e  f o r  t h e  FORTRAN programmer-- 

FUNCTIONS and SUBROUTINES. .A FUNCTION i s  a s p e c i a l  subprogram which r e t u r n s  

a va lue  assoc ia ted  w i ' t h  t h e  f u n c t i o n  name. 

EX 9-3 

'Do t he  averag ing  problem of Ex 9-1 us ing  a FUNCTION statement  

FORTRAN d i  r e c t i  ve 1 PROGRAM EX9-3 
t e l l s  comp i l e r  -DIMENSION ~ ( 3 ) ~  Y ( 3 ) ,  RES(3) 
t o  save space 
f o r  X y Y  and DO 1 0 1 = 1 , 3  
RES RES(I) = AVERG (x(I), ~ ( 1 ) )  

10 CONTINUE u 
END C a l l  i ng v e c t o r  

( d a t a )  

FUNCTION AVERG (A, B) 
AVERG = ( A  + B) /2  
RETURN 
END 

The genera l  l i m i t a t i o n  o f  t h e  FUNCTION subprogram i s  t h a t  o n l y  a s i n g l e  

numer ica l  r e s u l t  i s  r e t u r n e d  under t h e  assoc ia ted  name. 

SUBROUTINES a v o i d  t h e  r e s u l  t 1 i m i t a t i o n  o f  a FUNCTION, b u t  . r e q u i r e  a CALL 

s tatement  t o  g e t  t h e  r e s u l t s .  

EX 9-4 

' PROGRAM EX9-4 
DIMENSION X(3) ,  Y ( 3 ) ,  RES1(3), RESZ(3) 

CALL AVERG (x(I), Y ( I ) ,  RESl ( I ) ,  RESZ(1)) , 

10 CONTINUE 
END 

SUBROUTINE AVERG (Ay By C, D )  
C = (A + B) /2  
D = A ' -  B 
RETURN 
END 

9.3 Mathematical  3pe ra t i ons  
C5 9.3.1 S i n g l e  and Double P r e c i s i o n  A r i t h m e t i c  . . 

Two's complement a r i t h m e t i c  y i e l d s  c o r r e c t  r e s u l t s  when t he  numbers 

a r e  i n  t h e  range 

. ( -2" l )  t o  ( z n - l - 1 ) .  

. Whenever t h i s  range i s  exceeded. t h e  s i g n  b i t  (MSB) w i  1 1  be i n c o r r e c t  f o r  use 

i n  f u r t h e r  c a l c u l a t i o n s .  A technique f o r  check ing the. s i g n  b i t  was i l l u s t r a t e d  



i n  Ex 8-3. The use o f  a  s i n g l e  word f o r  per fo rming  such a r i t h m e t i c  i s  r e f e r r e d  

t o  as s i  n g l  e - p r e c i s i o n .  

When i n t e g e r  numbers l a r g e r  than t h e  b a s i c  word s i z e  must be handled, 

doub le  p r e c i s i o n  (DP)  o r  two-word a r i t h m e t i c  i s  used. I n  DP a r i t h m e t i c  t h e  L 

i s  used t o  c a r r y  between t h e  two halves o f  t h e  da ta  words. 

EX 9-5 

W r i t e  a r o u t i n e  t o  pe r f o rm  a  double p r e c i s i o n  a d d i t i o n .  

Add lower  ha1 ves 
o f  numbers 

Add .ca r r y  b i t  and 
upper ha lves 

Carry  
o u t  

L . ~  Sign  b i t  

Coding 

Two word 
r e s u l t  

Locatlon Contents Commcnt 

DUBADD CLEARL Clem link 
CLEAR . Clear accumulator 
ADD U L  Add U luw 
PD.n VL Add V l o w  
STORE ZL Store the sum 
CLEAR Clear accumulator 
ROTL Get link into ~ccumulator 
ADD . U H  Add U high 
ADD VH Add Vhigh 
STORE ZH Store the s,um 
HALT 



9.3.2 M u l t i p l i c a t i o n  and D i ' v i s i on  (2, 5) 

Programs which per fo rm b i n a r y '  mu1 t i p l  i c a t i o n  make use o f  t h e  f a c t  

t h a t  o n l y  s h i f t  and add i n s t r u c t i o n s  a r e  requ i red .  As an example, 

Consider t h e  m u l t i p l i c a t i o n  o f  1110 b.y Sl0: 

NOTE: Mu1 t i p 1 , i  ca t ion ,  o f  an 
N - b i t  number by an M - b i t  
number r e s u l t s  i n  an 
(N+M)-bi t r e s u l t  

5Sl0 ' 110111 

I t  shou ld  be no ted  t h a t  - i n  .most .modern minicomputers,  b i n a r y  m u l t i p l i c a t i o n  and 

d i v i s i o n  are done by hardware. 

E X  9-6 

W r i t e  a program t o  mu1 t i  p l y  two b i n a r y  numbers. Run through the. execu t i on  

o f  t h i s  program u s i n g  1110 as t h e  mu1 t i p l i c a n d  and 510 as t h e  m u l t i p l i e r .  

(see n e x t  page f o r  f l o w  c h a r t ) .  
\ 

Source Code 

L o c a t i  ur~ CONTENTS COMMENT 

MULTPL CLEAR C l  ea r  accumul a t o r  
ADD MINI2 Take (-12)10 
STORE COUNT Set  1 oop coun te r  (1 2 b i  t s  ) 
CL EARL C lea r  l i n k  

LOOP CLEAR Clear  accumulator 
ADD M I  Add mu1 t i p 1  i e r  
ROTR Rota te  r i g h t  
STORE MI S t o r e  m u l t i p l i e r  and p a r t  o f  t he  p roduc t  
ADD M5 Take roduc t  
SKIPL 1s t S  o f  m u l t i p l i e r  = 1 
SKIP N o 

5 
ADD M2 Yes , add mu1 ti p l  i cand 
CLEARL C lear  l i n k  
ROTR Rotate r i g h t  t h e  p roduc t  
STORE M5 Save t h e  p roduc t  
ISZ COUNT Enough t imes?  
,]\IMP LOOP No, do aga in  
HALT 

MI 001 1 
M2 0020 
11 5 0000 
COUNT 0000 
MINI 2 7764 - ( -12)10 



M5 : PROD M1 : UCT 

+ 
Rotate right: The right-most 
bit of multiplier into Link 

(L) - A, 
(MI),, - L 

1 

Save shifted multiplier and 
low part of the product 

(A) - M I  

I Upper part of the product in A: 
(M5) --+ A I 

// 
"\ 

\ 
/ L ~ n k  = 1 I  \ ye, -..-. 

< ~ d &  ~ultiplioand- 
(Least significant 

bit of (M5) + IM2)+A 
~ultiplied 1 

Clear L; right shift upper 
product 

(A),,+ L 

Save shifted product 
(A)- MS 



DETAILED EXECUTION OF BINARY MULTIPLICATION 
Exampl e 

NOTE: M2 (Mu1 t i p 1  i cand)  = 900 000 001 01 1 

I n s t r .  

LOOP 1 
CLEAR 
ADD M1 
ROTR 
STOKE M I  
CLEAR 
ADD M5 
SKIPL 
ADD M2 
CLEARL 
ROT9 
STORE M5 

LOOP 2 
CD CLEAR 
I 
A 

d 
ADD M I  
ROTR 
STORE M I  
CLEAR 
ADD M 5  
SKIPL 
SKIP 
CLEARL 
ROTR 
STORE M5 

LQOP 3 
CLEAR 
ADD M I  
ROTR 
STORE ?I1 
CLEAR 
ADD M 5  
S K I  PL 
ADD M 2  
CLEARL 
ROTR 

SFTER 1 2  Loops Y 

Most S i g n i f i c a n t  
M 5  H a l f  o f  Product  

M u l t i p l i e r  and Leas t  
S i g n i f i c a n t  H a l f  

M I  o f  Product  



9.3 .3  Floatina Point  Arithmetic (5 )  

So f a r ,  a1.l mathematical operations have used in teger  (whole 

number) ar i thmet ic .  To handle f rac t iona l  numbers o r  extremely large  o r  small 

numbers, f loa t ing-po in t  (F -P )  ar i thmet ic  i s  used. On a small machine such 

as  our hypothetical computer, special  f loa t ing  point subroutines would be 

supplied by the manufacturer. 

I n  a typi csl ' 12-b i  t computer, three words a r e  required t o  repre- 

s e n t  a F-? value: 

11-bi t  exponent 
Si gn 

t --- - - r C  

High order mantissa (11' h i t s )  
Si gn 

I I 
L 

L O W  oGiFXisSa-$2 b i t s )  . 

The FP numbers a r e  represented in a norrnalized form, i . e . ,  the  exponent i s  

adjusted t o  produce a mantissa which i s  the . . l a rge s t  possible f rac t ion  l e s s  

t h a n  one: 
Normal i zed Form 

Decimal Number --- Mantissa Exponent 

12.625 .I2625 2 

- .0899 - .8990 - 1 

I n  programming F-P operat ions,  the programmer sets  u p  c a l l s  t o  the 

appropr ia te  subroutines.  The r e su l t s  a re  "accumulated" in  a group of three 

dedicated memory locat ions  in page 0. 

EX 3-7  

Read a number in from the t e le type ,  multiply by t en ,  and s t o r e  the r e s u l t  

using F-P ar i thmet ic :  



Source Code Comrnen t 
JMS I FPIN Call input routine 
JMS I FPMUL Call mu1 t ip ly  routine 
TEN Address of mu1 t i  pl i cand 
JFIS I FPPUT Call storage routine 
AN S Storage address 
HALT Halt 

FP I N 6200 Pointer to  input routine 
FPMUL 6600 Pointer to  mu1 t i  ply routine 
FPPUT 7322 Pointer to  storage routine 
TEN 4 Exponent 

2400 Hiqh order mantissa 
0000 bow order mantissa 

AN S 0 Three 
0 ) word 
0 resul t 
I n  machines equipped with F-P hardware, OP codes for  manipulating 

F-P numbers ,are  part  of the basic instruction se t .  A special F-P accumulator 

i s  also provided and the programmer codes the 'operation just  1 i ke integer 
arithmetic except fo r  allowing mu1 ti-word resul ts .  In machines equipped with 
F-? hardware, execution times for  the F-P arithmetic operations are tremendously 

decreased. For i.ns.tance, 
Execution Time 

Software --- tlardware 
!lul t i  ply 11 00 mi crosec 28 microsec 

9.3.4 'FORTRAN Arithmetic(*, 
FORTRAN was designed to  permit mathematical operations to  be 

coded ver.y much l ike  the way they are  formulated. Since the character s e t  

of the computer i s  limited, the following symbols are used to  represent common 

operation: 
Addi t i  on + 
Subtraction - 
Y ~ l t i p l i c a t i o n  j, 

Division 1 
Exponentiation * * 

For example, the hypotenuse of a ri'ght t r iangle  having sides A and B i s  

C = (A**2 + B**2) **. 5 

Parenthesis should be used freely to  make the statements unambiguous. The 

FORTRAN compiler se ts  up the order of.execution of terms within a given se t  
of parenthesis according to the fol 1 owing hei rarchy : 



For  ins tance ,  i f  t h e  equa t i on  t o  be coded i n  FORTRAN was 

then  t h e  f o l l o w i n g  s ta tement  would g i v e  t h e  wrong r e s u l t  

X = A + B/C 

whereas 

X = (A + B)/C 

would g i v e  c o r r e c t  r e s u l t s .  The "bug" was due t o  t h e  f a c t  t h a t  the  d i v i s i o n  

o p e r a t i  on would precede t h e  addi  t i o n ,  thus r e s u l t i n g  i n  

The a b i  1 i ty t o  handle F-P as we1 1 as i n t e g e r  numbers i s  b u i  l t i n t o  

FORTRAN. I f  t h e  programmer uses a  name f o r  a  v a r i a b l e  t h a t  begins w i t h  t h e  

l e t t e r s  I, J, K, L, M, o r  N, t h e  compi le r  assumes i t  i s  i n t e g e r  un less t o l d  

o the rw i se .  V a r i a b l e  names t h a t  beg in  w i t h  any o t h e r  cha rac te r  a r e  assumed t o  

be F-P unless o the rw i se  s t a t e d  

I n t e g e r  - INDEX, IDATA, NUMBER 

F-P - XVAL, DATA, ZNUMBER 

It shou ld  be no ted  t h a t  ope ra t i ons  between i n t e g e r  and F-P v a r i a b l e s  may l ead  

t o  p e c u l i a r  r e s u l t s ,  and t h e  r e s u l t i n g  code may n o t  be machine independent.  

TORTRAN compi le rs  a r c  g c n c r a l l y  b l csscd  w i t h  a group o f  mathematical  

r o u t i n e s  r e f e r r e d  t o  as t he  "math l i b r a r y . "  These r o u t i n e s  i n c l u d e  FUNCTIONS 

t o  pe r fo rm  such common opera t ions  as ' t r i gonomet ry  f u n c t i o n s ,  abso lu te  va lue,  

squarc r o o t ,  e t c .  For  ins tance ,  t h e  hypotenous problem cou ld  have heen 

c v r i  t t e n  

C = SQRT (A**2 + 5**2) 

and one o f  t h e  angles o f  t h i s  t r i a n a l e  would be 

P H I  - ATAN (B /A)  

9 .4  A1 phanumeric Data C2 

A1 phanumeric (AN) da ta  must be represented i n t e r n a l l y  i n  t h e  computer i n  

some numeric code such as 6, 7 o r  8 b i t  ASCII o r  BCD. Since these codes o n l y  

r e a u i r e  a  f r a c t i o n  o f  a  word, more than one AN cha rac te r  can be packed t o  a  

word. 



EX 9-8 

Unpack t h e  6 - b i t  ASCII c h a r a c t e r s  "OK" i n t o  s e p a r a t e  words ,  c o n v e r t  t o  

8 - b i t  ASCII, and s t o r e  i n  FIRST and SEC. 

I 78 I 38 1 
I 
I 6 - b i t  ASCII 

FIRST "0"  

SEC " K" 

Flow c h a r t :  

CLEARL 
CLEAR 
ADD SIX 
ROTR 
ROTR 
ROTR 
ROTR 
ROTR 
ROTR 
AND MASK 
ADD POS300 
STORE FIRST 
CLEAR 
ADD SIX. 
A N D  MASK 
ADD POS100. 
STORE SEC 
HALT 

SIX 171.3 
.MASK 0077 
POS300 0300 
FIRST - 
SEC - 



9.5 Inpu t -Outpu t  (110 Programming 

The programming o f  110 opera t ions  i s  p robab ly  t h e  most d i f f i c u l t  p a r t  of 

prob lem coding. There a r e  two genera l  ways i n  which da ta  can be t r a n s f e r r e d  

between p e r i p h e r a l  dev ices and the computer: 

1. Under hardware c o n t r o l  d i r e c t l y  between t h e  dev ice  and memory, 

r e f e r r e d  t o  as d i  r e c t  memory address ing (DNA), o r  c y c l e  s t e a l  i n a  ., Y 

2. under so f twa re  (programmed c o n t r o l  through t he  accumulator.  

I n  t h i s  s e c t i o n  we a r e  concerned w i t h  some o f  t h e  programming aspects o f  I / O  

ope ra t i on .  I n  t h e  n e x t  s e c t i o n  we w i l l  l ook  a t  t h e  hardware r e q u i r e d  t o  execute 

programmed and cyc le - s  t e a l  i n g  110. 

9.5.1 Assembly Language Techniques (2, 5 )  

The 110 i n s ' t r u c t i o n  f o r  o u r  hypo the t i ca l  computer i s  f o rma t ted  as 

f o l  1  ows : 

OP Devi ce Command 
Code S e l e c t i o n  

11 9 8 3 2 0 

The OP code ass igned f o r  110 opera t ions  i n  t h i s  machine i s  006 and d i s t i n g u i s h e s  

I I I I, I l l  

t h i s  t ype  of  o p e r a t i o n  f r om o the rs .  I n  . o c t a l ,  t h e  i n s t r u c t i o n  looks  l i k e  

I I 

6 X X X  
OP Code> - Command (Oe7) 

/ 
for 'lo Device (0-63)  

A  computer has o n l y  one I / O  bus and a l l  t h e  p e r i p h e r a l  devices a r e  a t t ached  t o  

it. To d i s t i n g u i s h  one dev i ce  f r om another ,  a  dev ice  code i s  i s sued  by t h e  
- 

computer w i t h  each co-nd. Un ly  t h e  dev ice  corresponding t o  t h a t  device code 
w i l l  respond. The command c o n s i s t s  o f  3 b i t s ,  so 8 p o s s i b l e  codes can be sen t .  

E x a c t l y  how the  command codes a r e  i n t e r p r e t e d  by t h e  devdce hardware i s  d i f f e r -  

e n t  f o r  each dev ice.  

The types o f  1/U i n s t r u c t i o n s  a v a i l a b l e  t o  t h e  assembly language 

use r  a r e  as f o l l o w s :  

READXX - Reds 1 1 1  d ddld  wurd TIIJIII dev-ics XX and p laces  i t  i n  

t he  accumulator  

WRTTEXX - Outputs t h e  contents of the accumulator t o  dev ice  X X .  

SKIPXX - Because t h e  p e r i p h e r a l  devices a re  u s u a l l y  much s lower  than  

t h e  computer, they a r e  p rov ided  w i t h  a  1 - b i t  r e g i s t e r  c a l l e d  

a  f l a g  which t he  computer can check t o  see i f  t h e  p e r i p h e r a l  

i s  ready t o  accept  a  new command ( f l a g  s e t ) .  The SKIPXX 

i n s t r u c t i o n  checks t h e  f l a g  o f  dev i ce  XX and, i f  s e t ,  t h e  

n e x t  i n s t r u c t i o n  i s  skipped. 



CLEARXX - Once t h e  ready f l a g  has been se t ,  i t  can on ly  be c leared 

by the computer v i a  the  CLEARXX i n s t r u c t i o n .  

I ON - Enab1.e~ t h e  i n t e r r u p t  f 1  i p - f  1  op 

IOF - Disables the i n t e r r u p t  f l i p - f l o p  

GOXX ' -' ~ n s t r u c t s  device XX t o  begin a  DMA t r a n s f e r  

Depending on t h e  complexity o f  t h e  1/0 opera t ion  involved,  the  assembly language 

programmer can inc lude  1/0 statements i n  h i s  own applicati 'ons sof tware,  o r  he 

can make use o f  a  general-purpose subrout ine w r i t t e n  f o r  t h a t  device c a l l e d  a  

handler  o r  device .d r i ve r .  Handlers f a l l  i n t o  .the realm o f  system sof tware  and 

are genera l ly  supp l ied  by the  computer system manufacturer. The handlers f o r  

user-added devices must, o f  course, be w r i t t e n  by t h e  user. The advantage t o  the  

assembly-language programmer i s  t h a t  he doesn ' t  have t o  be concerned w i t h  t h e  

p e c u l i a r i t i e s  o f  a  p a r t i c u l a r  device and can e l i m i n a t e  the  e f f o r t  o f  programming 

the d e t a i l e d .  I / 0  opera f ion  every t ime he wants t o  use it. 

The f o l l o w i n g  example i l l u s t r a t e s  one technique f o r  c a r r y i n g  o u t  1/0 

t rans fe rs .  A  more. general approach w i  11 be developed i n  Sec. 10; 3. - - a f t e r  we 

have s tud ied  t h e  i ,n ter face hardware i n  more de ta i  1. 

EX 9-9 

Read. a charac ter  ,from the t e l e t y p e  keyboard (Device 03), s t o r e  it, and then 

"echo" t h a t  charac ter  t o  t h e  t e l e t y p e  p r i n t e r  ( ~ e v i c e  04); 

SOURCE CODE COMMENT 

CLEAR Clear A 
CLEAR03 Clear  keyboard f l a g  

1 . . . SKIP03 T i g h t  loop t o  check f o r  
' JUMP .-1 charac ter  ready 

READ03 Read charac ter  
STORE CHAR 
CLEAR Clear  o u t  the  p r i n t e r  
WRITE04 ) b u f f e r  
ADD CHAR Recal l  t h e  charac ter  

' }  SKIP04 T i g h t  loop t o  check f o r  
JUMP .-1 complet ion o f  previous WRITE 
WRITE04 Output charac ter  
HALT 

CHAR -. 

(2, 11) 9.5.2 FORTRAN Techniques 
FORTRAY users have th ree  general purpose 1/0 statements avai l a b l e :  

READ (111, XXX) X I ,  A ( I ) ,  Z 

t -  J 

dev i  ce I- L i s t  o f  va r iab les  t o  be read 

Statement number o f  FO~MAT statement 
d e f i n i n g  how the  data i s  arranged. 



' 

WRITE ( I 1  I, XXX) X2, , ~ ( 3 , )  ; 'Q ' ' . , 

. . f -is$ .o f  i a r i a b l e s  t o  b e w r i  t t e n  device 
code 

Statement .number o f  FORMAT statement 
d e f i n i n g  how the data i s  t o  be w r i t t e n  

. . 
x x x  FORMAT ( +, 

V 

F i e l d  d e f i n i t i o n s  . .  and . c o n t r o l  symbols . . 

. . '  

va r ious  f i e l d  d e f i n i t i o n  and c o n t r o l  symbols are  used i n  FORMAT 

statements.. The most c m o n  are as fo l l ows :  
. . 

- -  ./. . Sk ip  a  l i n e  

. . . . 
NX ' Sk ip N' spaces on c u r r e n t  1  i n e  . .  

Fd.w Wr i te  o u t  a  f l o a t i n g - p o i n t  va r iab le '  u s i n g  up' t o  ,d d i g i ' t s  
. . w i t h  w t o  the  r i g h t  of t he  decimal p o i n t .  

'-'Ed.w Wr i te  ou t  a  f l o a t i n g - p o i ' n t  v a r i a b l e  us ing  s c i e n t i f i c  , 

n o t a t i o n  w i t h  up t o  d  characters and w i t h  w t o  'the ' r i g h t  

o f  t he  decimal p o i n t .  
. . . I d  . Write, o u t  an i n t e g e r  v a r i a b l e  us ing  up t o  d d i g i t s  

dtlXXXX.. X Reproduce the d  A S C I I  characters f o l  lowing the  H . . 

( r e f e r r e d  t o  as H o l l e r i t h  f i e l d ) .  

EX 9-10 

Output the  va r iab les  X, Y and 12 on the  t h i r d  l i n e  o f  a  p r i n t e r  page 

(dev ice  .2),  indented 1  space. Label the r e s u l t s  "ANS". 

Source Code 

WRITE (2,lO) X, Y ,  I Z  

10 FORMAT j I / ,  l X ,  F10,3, E12.4, 15, 4H ANS) 

Res u l  t s  
L i n e  Page 

, 5 characters 
'Indented .. . 

Space 

1  

2  a 

,,skipped l i n e s  
. . . . .  

123.456,,1. 2345E+02m365fiANS 
4  characters 

10 characters 12 characters 



For each 1/0 statement t he  FORTRAN compi le r  generates c a l l s  t o  t h e  ap- 

p r o p r i a t e  handler  subrout ine.  Because the  compi ler  and handle'rs a re  pro-  

v ided by the  computer system manufacturer, I / O  t o  devices o ther  than what 

the manufacturer has prdv ihed i s  g r e a t l y  impeded i n  FORTRAN. This becomes 

a r e a l  problem when a user adds some unique device t o  a system and wishes t o  

do h i s  app l i ca t i ons  programming i n  FORTRAN. Two s o l u t i o n s  are  poss ib le :  

1. Wr i te  a spec ia l  subrout ine  i n  assembly language which serves 

as a handler  and can b'e c a l l e d  by the  FORTRAN program. 

2. Resort  t o  " i n - l i n e "  assembly language coding i n '  the  

middle o f  the FORTRAN program. 

EX 9-11 

Use i n - 1  i n e  coding t o  ou tpu t  the  A S C I I  charac ter  "S"  t o  t he  t e l e t y p e  

p r i n t e r .  

FORTRAN Decimal equi v a l e n t  o f  6 -b i  t 

statements A S C I I  code f o r  charac ter  
s '  (238) 

INLINE 

T e l l s  compi ler  
t o  copy I n - l i n e  assembly 
mneumoni c SKIP04 1 anguage codi ng 
coding t o  ou tpu t  JUMP .-I 

WRITE04 
FIN1 

FORTRAY Z = X+Y 
Statements 

It should be noted t h a t  n o t  a1 1 compilers pe rm i t  i n - 1  i n e  coding. 



10. CPU AND INTERFACE HARDWARE 
(2  1 10.1 CPU ~ r c h i  tec tu re  and Timing 

The organizat ional  scheme o f  the cen t ra l  processing u n i t  (CPU) - i s  re -  

fe r red  t o  as i t s  arch i tec ture .  The a rch i tec tu re  o f  our hypothet ica l  computer system 

was introduced i n  Section 8.1 and i s  repeated on the fo l lowing page f o r  convenience. 

I n  the f o l l ow ing  paragraphs we w i l l  be concerned w i t h  the d e t a i l s  o f  how the 

hardware funct ions dur ing i n s t r u c t i o n  execution; 

The execution o f  an i n s t r u c t i o n  takes from 1  t o  3 -  machine cycles, de- . 

pending on how many times memory must be accessed. The various cycles, o r  major 

states are as fo l lows: 

FETCH - -Get the i n s t r u c t i o n  from memory, increment the PC, decode the 

i ns t r uc t i on ,  and execute i t  if a s ing le-cyc le  i ns t r uc t i on .  

DEFER - Used only by ins t ruc t ions  having i n d i r e c t -  addressed operands. 

The e f f e c t i v e  address o f  the operand i s  r e t r i eved  from memory. 

EXECUTE - Implement the decoded i ns t r uc t i on .  Required by a l l  memory 

reference i ns t r uc t i ons  . 
The de ta i led  execution o f  several types of l n s t r u c t i o i ~ s  w i l l  be considered below. 

10.1.1 Single-cycle 1nstructionsC2) 

A1 1  r e g i s t e r  reference i ns t r uc t i ons  requ i re  on ly  a  FETCH 

cyc le  t o  re t r ieve ,  decode, and execute the ins t ruc t ion .  As an example, the 
CLEAR i n s t r u c t i o n  can be executed immediately a f t e r  i t  i s  decoded, s ince no 

f u r t h e r  in format ion i s  needed. Other i ns t r uc t i ons  i n  t h i s  category are  SKIPP, 

COMPL, and ROTR, etc. 

The direct-addressed JUMP M i n s t r u c t i o n  i s  a lso  a  s ing le-cyc le  
, 

i n s t r u c t i o n  s ince i t  sets the PC counter t o  the address contained i n  'the in-..  

s t r u c t i o n  and does n o t  invo lve memory d i r ec t l y :  

Memorv MA PC 

FETCH 



CONFIGURATION OF 
HYPOTHETICAL CQMP'WT ER 
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? 
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1 B A 
I / 

PERIPHERALS 

Z I 
.-c - State f n s t r .  - 

G e n  * to  D e c o d e r  
- L i n k  A c c u m u l a t o r  

( L l  (A 1 
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A 
1 1 \ DMA 

0000 v 1 

M 

7777 

M e m o r y  M e m o r y  
H A d d r e s s  F r o g r a m  
t 
\ I?egis ter<-  C o u n t e r  

(MA (PC) 
A - 

A 

v 
~err(ory D a t a  
R e g i s t e r  1 

I (MD) j < 4 - 
~ n s t r .  # 

Regi ster 
I 

[ I F )  

, 

I - R r i t ~ n n e t i d  

S e c t i o n  < i 
I 



10.1.2 Two-Cycle I n s t r u c t i o n  (2) 

A1 1 memory reference i n s t r u c t i o n s  us ing  d i  r e c t  addressing 
' I 

i-equi r e  a FETCH c j c l e  t o  r e t r i e v e  the  i n s  t i u c t i o n ,  a n d  an EXECUTE c y c l e  t o  

r e t r i e v e  t h e  operand and per form t h e  operati 'on. ~ n s t r u c t i o n s  i n  t h i s  category 
. . 

a re  STORE M, ADD M, AND M, etc .  

FETCH EXECUTE 
I I I I 

Get the / / ' \  ' Add to the 
instruction . - eccumulator 

Get the 
operand 

Page r e l a t i v e  addressing i s  achieved by fo rmat t ing  both  t h e  PC-and MA 

r e g i s t e r s  i n t o  7 - b i t  displacement f i e l d s  and 5 - b i t  "page" f i e l d s .  I f  the page 

b i t  o f  the  i n s t r u c t i o n  i s  0, t he  page f i e l d  o f  the  MA i s  s e t  t o  0 and the  d i s -  

placement conta ined i n  the  i n s t r u c t i o n  copied i n t o  the  MA., Thus l o c a t i o n s  0-177 

are  addressable - I n d i r e c t  addressing b i t  
Page f i e l d  Displacement f i e l d  

11 9 g 7~~~~~ bit 0  

PC 
I 

MD 1 0  o 1 )  O I O I O  1 o o o 1 1 j "- 
0 "ADD" D - 

MA 1 0  0 0 0 0 1 0  1 0  0 0 1 1 1  



1.f t h e  page b i t  o f  t h e  i n s t r u c t i o n  i s  1, t h e  contents o f  the  PC 

page f i e l d  a re  copied i n t o  t h e  MA and t h e  displacement f rom the  i n s t r u c t i o n  i s  

w r i t t e n  i n t o  the displacement f i e l d .  Thus 000-177, 200-277, 400-477, etc . ,  a re  

addressable 

Paqe f i e l d  Displacement f i e l d  
. ' 

10.1.3 Three-cycl e '  I n s t r u c t i o n  ( 2 )  

Any of t h e  two-cycle memory reference i n s t r u c t i o n s  can r e q u i r e  

t h r e e  cyc les  (FETCH, DEFER and EXECUTE) i f  i n d i r e c t  addressing i s  used. Dur ing 

t h e  DEFER c y c l e  the  address, b u i l t  up i n  t he  MA i s  used t o  r e t r i e v e  the  address 

of t h e  operand and b r i n g  i t  ou t  i n t o  the  MD. The e n t i r e  MD i s  then copied i n t o  

the  W where i t  i s  used d u r i n g  t h e  EXECUTE c y c l e  t o  r e t r i e v e  the operand and . . 

per fo rm the  opera t ion .  

. 8 

Memory . M A  PC 

to IR I I 1 I I 

I 
the/ GI 8 .  Add to:& instruction 

operand accum~rhtnr 
addrws 1 '  

Get the 
operand 



10.2 Program Con t ro l  l e d  110 

10.2.1 I n t e r f a c e  Hardware (2) 

A l l  communication t o  p e r i p h e r a l  dev ices takes p l ace  ove r  t h e  

110 bus. Every devi'ce rece ives  t h e  same dev ice  code and command f r om t h e  

CPU i n  a  " p a r t y - l i n e "  f ash ion .  Each p e r i p h e r a l  dev ice,  e.g., magnet ic tape, 

Daper tape reader ,  e tc . ,  has assoc ia ted  w i t h  i t  a  l o g i c  c i r c u i t  c a l l e d  an 

i n t e r f a c e  which t r a n s l a t e s  the  i n f o r m a t i o n  sen t  by t h e  CPU and ac tua tes  t he  

p e r i p h e r a l  i n  a  manner a p p r o p r i a t e  f o r  t he  command rece ived .  

Devtce 
CPU 

HARDWARE 



A t y p i c a l  CPU/INTERFACE/PERIPHERAL c o n f i g u r a t i o n  i s  i l l u s t r a t e d  

on the  f o l l o w i n g  page. The cab l i ng  between the CPU and the  i n t e r f a c e  con- 

s t i t u t e s  th.e 1/0 bus. The i n t e r f a c e  fo r  on ly  one device i s  shown. I t  must 

be remembered t h a t  t he  same CPU ou tpu t  s igna ls  (command code, device code, t im ing ,  

DATAOUT) go t o  every i n t e r f a c e ,  whereas each i n t e r f a c e  develops i t s  own SKIP, 

INTERRUPT, and DATAIN s i q n a l s  which a r e  DOT/AND-OR'd onto a  s i n g l e  s e t  o f  l i n e s  

going i n t o  the CPU. 

Since every i n t e r f a c e  receives the  1/0 command, a  device s e l e c t o r  

and device code combinat ion must be used t o  i d e n t i f y  the  device addressed. The 

device address i s  decoded and used t o  gate the command 1  ines  i n t o  the command 

decoder.  The device c o n t r o l  l o g i c  ac t i va tes  the  device hardware i n  ac- 

cordance w i t h  the  command. I f  e i t h e r  READ or WRITE operatinn< are invs lvod ,  
the  DATAIN o r  DATAOUT l i n e s  connected t o  the data r e g i s t e r  a re  gated by the 

ou tpu t  o f  the  device s e l e c t o r .  When the commanded opera t ion  i s  complete, t he  

device c o n t r o l  l o g i c  se ts  the  F lag  F-F. This  F lag  can be used i n  th ree  ways: 

(1  ) I t  can be brought  i n t o  the computer and tes ted  by execut ing  a  SK IPXX i n -  

s t r u c t i o n  which gates the  F lag  onto the s k i p  l i n e  v i a  the device code, ( 2 )  i t  

can be used t o  s e t  t he  i n t e r r u p t  F-F d i r e c t l y ,  o r  most commonly, ( 3 )  i t  does 

both. Once the  F lag  F-F has been se t ,  a  CLEARXX I / O  i n s t r u c t i o n  must be 

issued t o  c l e a r  it. 

The i n t e r r u p t  i n p u t  l i n e  i s  gated by the  i n t e r r u p t  enable F-F 

t o  s e t  the  i n t e r r u p t  F-F. Before the i n t e r r u p t  F-F can a c t u a l l y  be se t ,  i t  

must be enabled by the  I O N S  s i g n a l  which r e s u l t s  from the  execut ion o f  an I O N  

i n s t r u c t i o n .  When the  i n t e r r u p t  F-F se ts ,  i t  causes a  sequence o f  steps t o  

occur i n  the CPU. Upon complet ion o f  the c u r r e n t  i n s t r u c t i o n ,  the  contents 

o f  the  PC i s  s t o r e d  i n  l o c a t i o n  0, and the PC i s  s e t  t o  l o c a t i o n  1. General ly 

speakfng, l o c a t i o n  1  conta ins  a  JUMP t o  the l oca t i on  o f  an i n t e r r u p t  hand l ing  

r o u t i  nc. 
Programming examples i l l u s t r a t i n g  the use o f  the  SKIP i n s t r u c -  

t i o n  and i n t e r r u p t s  a r e  presented i n  the nex t  sec t ion ,  

10.2.2 Programmed Data Transfers (2 )  

Using the i n t e r f a c e  hardware discussed i n -  the  prev ious sec t ion ,  

programmed data t r a n s f e r s  can be accomplished i n  th ree  d i f f e r e n t  ways : 



MEMORY a 



U'nconditional: The READ and WRITE.commands are  issued wi thout  regard t o  

whether o r  no t  the  device i s  ready fo r  them. 
. . 

Mnemoni c Comment 
*' .- -.-C\-L 

-.-- 
CLEAR 7 Clear-  device data 

1 r e g i s t e r  

ADD DATA Output data t o  device 

WRITEO~ 

DATA 1234 

Condi t iona l :  Before each i n s t r u c t i o n  i s  executed the sk i p  F-F i s  t ~ s t . e d  t o  

make sure the addressed device i s  ready. 

EX 10.-2 

Mnemon i c Comment 

SKIP 23 Tcst  f o r  ready 

JUMP .-1 

CLEAR Inpu t  data 

READ 23' 

STORE DATA 

CLEAR23 Clear f l a g  - 
. --- 

DATA 0 
I n t e r r u p t  Driven: I n t e r r u p t s  can. occur a t  any t ime dur ing the execution o f  a 

program because t h e  i n t e r r u p t  i s  a hardware funct ion.  " Since any of the p e r i  - 
phcra l  s could have caused the i n t e r r u p t  , the progi.diiniinei. rr~us 1 Check the Flag 

F-F o f  each by us ing the SKIPXX i n s t r u c t i o n .  This procedure i s  c a l l e d  device 
p o l l i n g .  The r o u t i n e  t h a t  takes care o f  se r v i c i ng  the i n t e r r u p t s  i s  c a l l e d  

the  i n t e r r u p t  handler. 



Ex 10-3 

Suppose we have. a  system i n  which the  on ly  i n t e r r u p t  d r i ven  pe r iphe ra l s  

a re  a  card  reader (Device. 01 ) and a'n A/D system (Device 02). Wr i t e  a  program 

which reads i n  a  data value from the  A I D  system everyt ime i t  i n t e r r u p t s ,  and 

cont inuously  d i sp lays  the  most recent  va lue on a  hardware d i s p l a y  (Device 03) 

between i ' n te r rup ts .  

It should be noted t h a t  i n  the example a l l  th ree  types o f  data t r a n s f e r s  

are used, i .e., uncondi t.iona1, cond i t i ona l  , ,and i n t e r r u p t .  

FLOW CHART 

.-I SAVE-A 

Y e s  

EVICE 
i '-4 

SERVICE I T  

A+ SAVE 



Coding 

Loca t i on 

Speci a1 0 

page 0 1 
words 2 - - 

I n t e r r u p t  ( ::: 
Handler  

301 

D i s p l a y  302 

303 

Nnemon i c 

pr 
JUMP INTR 

DATA @ 
/-- 

A/---- 

INTR STORE SAVE 

I CL 

SKIPVI 

JUMP A l U U  

CARD - 
/ - L - 4  

-.- 
CLEAR 01 

ATOD SKIPP)2 

JUMP OUT 

CLEAR 

READ@Z 

STORE DATA 

C L E A R ~ P  

OUT CLEAR 

ADD SAVE 

I ON 

JUMP I 

SAVE P) 

CLEAR 

ADD START 

 WRITE^^ 
LOOP CLEAR 

ADD DATA 
WRITEfl3 

JUMP LOOP 

START flb87 

Comment 

F i l e d  i n  w i t h  PC a f t e r  i n t e r r u p t  

Jump t o  i n t e r r u p t  handler  

Data goes here . 

Save A 

C lear  i n t e r r u p t  

Tes t  f o r  card  reader 

No, t r y  A / U  

Serv ice  ca rd  reader 

C lear  f l a g  

Tes t  f o r  AID 

No, go back 
\ 

j Read i n  da ta  va lue 

Store  i t  

Clear. r l  ag 

3 Restore A 

Turn i n t e r r u p t  back on 

Go back t o  program 

i S t a r t  up A/D 

) P i c k  up c u r r e n t  va lue 

D isp lay  i t  

Do i t  again 



10.2.3 Advanced I n t e r r u p t  S t ruc tures  ( 2  

The type o f  i n t e r r u p t  scheme which we have j u s t  s tud ied  i s  

r e a l l y  a  very p r ima t i ve  one s ince  i t  has on l y  one l e v e l  o f  i n t e r r u p t  p r i o r i t y ,  

i .e . ,  the  i n t e r r u p t  hardware i s  d isab led  du r ing  i n t e r r u p t  processing t o  pre- 

vent  i n t e r r u p t s  by another device. Also, the devices must be p o l l e d  t o  see 

who caused the  i n t e r r u p t .  More soph is t i ca ted  hardware sys tems o f f e r  mu1 tip.le 

l e v e l s  o f  i n t e r r u p t  p r i o r i t y - - i f ,  say, device B has a  lower p r i o r i t y  than A, 

simultaneous i n t e r r u p t  by A  and B would be a r b i t r a t e d  by hardware i n  f a v o r  o f  

B. A1 so the  -hand1 ers f o r  each device are d i r e c t l y  connected, t h a t  i s ,  i f  

device.) (  i n t e r r u p t s ,  program c o n t r o l  i s  t r a n s f e r r e d  d i r e c t l y  t o  a  memory loca-  

t i o n  dedicated t o  t h a t  device. I n  t h i s  way device p o l l i n g  i s  e l im ina ted.  

10.3 D i r e c t  Memory Access (DMA) I / O  

10.3.1 The DMA I n t e r f a c e  (2 

The DMA data  t r a n s f e r  i s  a  means f o r  ' t r a n s f e r r i n g  data i n t o  o r  

' o u t ' o f  memory w i t h o u t  d i r e c t  program i n t e r v e n t i o n .  The i n t e r f a c e  hardware 

causes the  t r a n s f e r  t o  .occur independently o f  the execut ing  program us ing  a  

technique c a l l e d  cyc le -s tea l i ng .  As compared t o  programmed 110, DMA i s  used 

i n  app l i ca t i ons  requ i  r i n g  l a r g e  b locks ( c o n t i  guous 1  o c a t i  ons i n  memory) o f  

data t o  be t r a n s f e r r e d  a t  very h igh  ra tes  (500 + kc ) ,  and does n o t  u t i l i z e  

the  A. A l l  o f  t he  count ing  and addressing func t i ons  performed by sof tware i n  

programmed I / O  a re  c a r r i e d  ou t  by hardware i n  the DMA i n t e r f a c e .  The general 

c o n f i g u r a t i o n  o f  a  DMA i n t e r f a c e  i s  i l l u s t r a t e d  i n  the  f o l l o w i n g  f i g u r e s .  

m MA - 

I 
I 
I 

Requm 
flip-flop 

- 

I 
I Acapt  t t - 

- I 
I 
I DMAaddrm Address register 

(Ai l )  . 
I 

I .  + I  

[ n~l 
I 
I DhIA doto Oats reglner 
I (DR) 
I 
.I. 

DVA INPUT TRANSFER(*) 



DMA logic I 

Request 
flip-flop 

I I 
ymSrv MA 

7 t - 
I 
I 
I 
I DMA address Address reginm 

e p (ARl 

I - - 
II 

I +1 
I I 
I 
I OMA 6 1 a  Date register 

I D R )  

To i n i t i a t e  a  DMA t r a n s f e r  t h e  p e r i p h e r a l  dev ice  se t s  t h e  

reques t  F-F i n  t h e  i n t e r f a c e .  Du r i ng  t h e  ver.y n e x t  c y c l e  t he  CPU stops what 

i t  was doing, acknowledges t he  reques t ,  t r a n s f e r s  t h e  address i n  t he  i n t e r -  

f a c e  address r e g i s t e r  (AR) t o  t h e  MA o f  t h e  CPU, and then c a r r i e s  o u t  t h e  

t r a n s f e r  between t h e  da ta  r e g i s t e r  (DR) and memory. The AR i s  then i n c r e -  

mented and t h e  CPU resumes t h e  program where i t  l e f t  o f f .  

A  more d e t a i l e d  i n t e r f a c e  drawing i s  shown on t h e  f o l l o w i n g  . 

page. A  coun te r  has been added t o  keep t r a c k  o f  t h e  number o f  words t r a n s -  

f e r r e d ,  and a F lag-  F-F s i m i l a r  t o  t h e  one used i n  programmed. da ta  t r a n s f e r s  

i s  used t o  i n t e r r u p t  a t  t h e  comple t ion  o f  t he  b l o c k  t r a n s f e r .  The coun te r  

r e g i s t e r  (41) ,  address r e g i s t e r  (40) ,  and Request F-F (42)  a r e  a l l  assigned 

addresses so t h a t  they  can be i n . i t i a l i z e d  by programmed 110. So we see t h a t  

programmed 110 i s  r e q u i r e d  t o  s e t  up and r e s e t  t h e  i n t e r f a c e ,  whereas t.he 

a c t u a l  d a t a  t r a n s f e r  i s  b,y DM. 



Computer Devlce i "" 

Request 
flip-llop Conversion convertor 

I I I I 

I t 
I 

I 
I 

Data register 

I lux) 
I 
! 

S K I P  
LINE 

Command I 
I 

DMA IWTERFACE #AHDWARE (-* ) 



10.3.2 Programming t h e  DMA Trans fer  

Once s e t  up, t he  t r a n s f e r  o f  data us ing  DMA i s  completely hardware 

c o n t r o l l e d .  Programming, however, i s  requ i red  t o  s e t  up the  DNA t r a n s f e r ,  t e l l  

i t  when t o  begin, and te rminate  the  t r a n s f e r  when i t  i s  f i n i s h e d .  

To i n i t i a l i z e  the  DMA t r a n s f e r ,  the f o l l o w i n g  tasks must be 

performed : 

. I n i t i a l i z e  the i n t e r f a c e  address r e g i s t e r  (AR) t o  the f i r s t  memory 

address 

. I n i t i a l i z e  the i n t e r f a c e  count r e g i s t e r  t o  the two's  complement o f  

the  number o f  da ta  words t o  be t r a n s f e r r e d  

. I f  more than one ;operat ion i s  poss ib le  (read, w r i t e ,  2tc: ) ,  ou tpu t  a  

command t o  i n d i c a t e  t h e  des i red  f u n c t i o n  

. Enable the  i n t e r r u p t s  i f  the  DMA t r a n s f e r  i s  t o  be terminated by 

processing an i n t e r r u p t  ( t e s t i n g  the  s k i p  l i n e  i s  an a l t e r n a t e  method 

o f  d e t e c t i  ng complet ion)  . 
. S t a r t  the  DMA t r a n s f e r  (GOXX i n s t r u c t i o n ) .  

When the  b lock  o f  data has been t rans fe r red ,  the i n t e r f a c e  s igna ls  by s e t t i n g  

t h e  F l a g  F-F. As i n  programmed data t r a n s f e r s ,  the  F lag  F-F can be used t o . s e t  

e i t h e r  t h e  Sk ip  F-F o r  t he  I n t e r r u p t  F-F. The t r a n s f e r  i s  terminated by c l e a r -  

i n g  the  F lag  F-F and t u r n i n g  o f f  t he  device. 

E x 1 0 - 4  ' 

Us inq the DMA i n t e r f a c e  p rev ious l y  i l l u s t r a t e d ,  s e t  up and t r a n s f e r  100 

words f rom ' t h i s  A I D  pe r iphe ra l .  Since on ly  one device i s  used i n  t h i s  example, 

te rminate  by t e s t i n g  the  s k i p  l i n e .  

Mnemonic Comment 

START C L ~ A R ~ ~  Clear  i n t e r f a c e  f l a g  and and counter 

CLEAR42 

CLEAR 

. '1 I .n i  t i a l  i ze i n t e r f a c e  address 

ADD ADDRESS reg i ' s te r  . . 

WRITE40 

CLEAR I n i t i a l i z e  i n t e r f a c e  count 

ADD COUNT r e g i s t e r  

WRITE41 



GO42 .- S t a r t  t r a n s f e r  ' 

SKIP41 Test s k i p  F-F u n t i l  done 
JUMP :-1 

Terminate b y  c l e a r i n g  f l a g  

CLEAR41 and i n t e r f a c e  counter 

HALT 

ADDRESS 28B9, 

COUNT 7634 -loolo 

10.3.3 c o n t r o l  and Status words ('1 

Occasional ly  a  pe r iphe ra l  device i s  so complex t h a t  t he  th ree  com- 

mand b i t s  o f  t h e  110 i n s t r u c t i o n  are n o t  s u f f i c i e n t .  I n  t h i s  case a  spec ia l  

r e g i s t e r  c a l l e d  a "Contro l  Register"  i s  added t o  the  i n t e r f a c e .  Cont ro l  words 

ou tput  t o  t h i s  re ,g is te r  us ing  the  WRITEXX are decoded by t h e  i n t e r f a c e  and used 

t o  command the  pe r iphe ra l .  

I n  a  s i m i l a r  ve in,  i t  . i s  .sometimes des i rab le  t o  know more about 

what a  device i s  doing than i s  i n d i c a t e d  by the  Flag F-F. For t h i s  purpose, a  

Status Reg is te r  i s  added t o  the i n t e r f a c e .  The contents of t h i s  r e g i s t e r  a re  

c a l l e d  t h e  s ta tus  word, and each  b i t  i s  an i n d i c a t o r  f o r  a  p a r t i c u l a r  s i t u a t i o n  

(e.g., re-winding tape, end-of-tape, e n d - o f - f i l e ,  e t c . )  The Status word can 

be read i n  a t  any t ime us ing  the  READXX i n s t r u c t i o n  and examined by sof tware.  



11.1 Terminal Devices 
The term "terminal " device designates the typr  of computer peripheral 

tha t  permits two-way operator/machi ne communication and general ly consists of 
a keyboard and a display. 

11.1.1 Console ~ ~ ~ e w r i  t e r  ( 4 9  5, 

Most mini computer sys tems are avai 1 able w i t h  an ASR-33, 
ASR-35, KSR-33, or KSR-35 printerlkeyboard device manufactured by ~ e l e t ~ ~ e  @ 
Corporation. All of these models contain a typewriter-like keyboard and 10 char/ 
sec pr in ter ,  and the AXX models also contain a paper tape readerlpunch. The -35 
models function similarly to  the --3.3 models b u t  are intended for  heavier usage. - 

Paper 
Tape 
Punch 

Paper 
Tape 
Reader 

ASR-33 Teletype 

These devices contain an 8-bit  character buffer ( reg is te r )  
which i s  e l  ther read or written into by the computer using ASCII code. Each 
operation ( i . e . ,  read a character, write a character, e t c . )  must be completed 
before the next i s  i n i t i a t ed .  Programmed I/O using interrupts i s  the general 
type of interface provided for  teletype devices. 

11.1.2 CRT Consoles (5 

Because the teletype terminal i s  electromechanical. in 

nature, i t  i s  re lat ively slow, noisy, and unreliable. Terminal devices i n  which 
a CRT screen i s  substi tuted for  the pr inter  can greatly enhance the operator 
interface.  Both storage- and refresh- type screens are  used, the l a t t e r  having 
the greatest  capabi 1 i  ty b u t  also the greatest  cost. 



A1 1 CRT's have a1 phanumeri c d i s p l a y  capabi 1 i t i e s ,  b u t  o n l y  

a few have g raph i c  ( p o i n t - p l o t t i n g  o r  v e c t o r  ) ou tpu t .  Storage- type CRT's can 

be used t o  generate ve ry  complex drawings, b u t  t h e  d i s p l a y  must be cnmplet.ely 

redrawn t o  make any changes. Refresh- type screens havc t h e  oppos i t e  i h d r ~ d c l e r -  

i s t i c ,  i n  t h a t  ' they a r e  l i m i t e d  i n  t h e i r  v e c t o r  o u t p u t  b u t  p e r m i t  m o d i f i c a t i o n  

of  an e x i s t i n g  image. Hard-copy generators  a re  a v a i l a b l e  f o r  bo th  types o r  
CRT' s. 

CRT dev ices may be t e l e t ype -compa t i b l e  ( i  .e. , u s i n g  t h e  

same i n t e r f a c e  as a t e l e t y p e )  o r ,  as i n  t h e  case o f  some r e f r e s h - t y p e  CRT's they 

can have v e r y  high-speed DMA-type i n t e r f a c e s  p e r m i t t i n g  them t o  use CPU memory 

as t h e i r  r e f r e s h  s to rage  b u f f e r .  

11.2 Card Keader/Punch (4 

The use nf punched cards i s  ve ry  cornmoll i n  ldrqge computer systems 

f o r  5ourr.P program s torehyc, and 13 beconiiny i r ~ c r e a s l n g l y  popu la r  i n  mini-computer 

systems. The s tanda rd  IBM c a r d  con ta ins  80 columns of 12 rows each. One 

H o l l e r i t h  c h a r a c t e r  i s  represen ted  i n  each column u s i n g  t h e  code shown on t h e  

f;;llr..lirg paqe (IbM 029), B , n a r y  o b j e c t  code is a l s o  o ~ c a s i o n a l l y  s t o r e d  on 

cards i n  a b i n a r y  fo rmat .  



As cards are  read, e i the r  electro-optical or contact- type 

sensors detect the punched holes i n  each column and transmit the data through 
the device control ler ,  one character a t  a time, to  the CPU. If  Hollerith 

coding i s  being used, the controller also converts the data to, an eight-bi t  
binary code before transmitting i t  to  the CPU. Because card readers are  electro- 
mechanical in nature and relat ively slow, programmed 110 using interrupts i s  
ttie usual means of communication. 

Card punches a re  a re1 a t i  vely uncommon peri pheral because 

of the i r  slow speed and tremendous cost and w i  11 usually only be found i n  large 
computer f a c i l i t i e s .  

11.3 Paper Tape ReadefIPunch (4, 5) 

Punched' paper tape can be read and generated via an ASR-XX teletype 
device, or by separate high-speed peripherals. Data i s  punched on paper tape 

in 8 channels which run along the length of the tape with a s e t  of sprocket 
holes.. 



CHANNELS 

SPROCKET 
HOLE 

The columns across t h e  tape conta in  the  coded informat ion.  I f  A S C I I  format  i s  

be inq  used, one H o l l e r i t h  symbol i s  represented per  column as shown here: 

ASCII F O K M A T ( ~ )  
The USA Standard Code for 
Information Interchange (ASCII) 
format uses all eight channels 
of the paper tape to represent a 
~ingle charzcter (letter, nomher, 
or symbol) as shown in the aia- 
gram at left. 



Other codes, us ing  two o r  more adjacent  columns per  datum, are used when b i n a r y  

d a t a  must be repr&sent6d. 

' I n  terms o f  t h e  computer, paper tape readers and punches a re  r e l a -  

t i v e l y  slow (625 char l s  and 100 c h i r l s ,  respec t i ve l y ) ,  so programmed 110 i s  

used w i t h  format convers ions  t a k i n g  place i n  t h e  device i n t e r f a c e  as necessary. 
(4)  11.4 Magnetic Tape 

Data i s  s to red  on 112-in. IBM compatible magnetic tape i n  columns 

' o f  7 ' 0 r  9 t racks  much the  same way as punched paper tape. The data ' i s  read 

f r o m ' o r  w r i t t e n  to.magnet ic  tape by a' DMA t r a n s f e r  f r o m l t o  a CPU memory b u f f e r  

area. .'On tape t h i s  b u f f e r  i s  r e f e r r e d  t o  as a record  and i s  represented as a 

sequence i f  6- o r  .8-bi t characters (bytes).  The characters a re  packed a t  a 

f i x e d  dens i ty ,  t y p i c a l l y  556 o r  800 bytes per  i n c h  (BPI). The p r o d u c t ' o f  t h e  

tape 's  speed and dens i t y  g i ve  the  t o t a l  data t r a n s f e r  r a t e ,  e. g. , 
. . 

800 'BPI x  45' IPS = 36000 r h a r l s e c  
' 

Each 6- o r  8 - b i t  charac ter  i s  augmented by another b i t  c a l l e d  the  t ransverse 

' . p a r i t y  b i t .  I f  the  bas ic  charac ter  conta ins an odd number o f  l o g i c  ones, the  

p a r i t y  ', b i t  i s  s e t  t o  1, otherwise i t ' s  0. This i s  r e f e r r e d  t o  as even p a r i t y ,  

and i t  provicles d qu ick  way of checking f o r  1, 3, 5, etc., i n c o r r e c t  b i t s .  

Forward motion o f  tope Longitudinal- parity - check character 
- '  t 

7 

Data record 0.6 t o  Data record 
(4  to 8.192 chorocters) 

I 

3 all-zero lines 3 011-zero lines (end-of-record gap) "1' - C~CIIC - redundancy character 

The end of each record  i s  de l ineated by the  fo rmat  shown above. 

The long4 t u d i n a l - p a r i  ty-check charac ter  i s  j u s t  another means o f  d e t e c t i n g  

e r ro rs ,  t h i s  t ime checking f o r  , e r ro rs  alon'g each c h a n n ~ l  over  t h e  e n t i r e  record. 

A f i l e .  i s  ',a' grouping..of .many records def ined by a programmer f o r  use i n , h i s  

app l i ca t i on .  To denote. the end o f  a f i l e  (EOF), t h e  i n t e r - r e c o r d  g a p  i s  fo l l owed  

by a 3-.in. gap, an EOF char'acter, and a l ong i tud ina l -pa r i t y -check  character .  . 
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Magnetic tape devices o the r  than'  IBM compatible tape are  of ten used 
I I .  . 

on smal l  computer systems when communication t o  a l a r g e  data processing center  

i s  n o t  required.  Common systems a re  3/4-i'n. DEC tape, LINC tape, and var ious 

types of cas'settes . 
11.5 Magnetic Disc,  Drum (4 

A magnetic d i s c  o r  drum i s  a common type o f  mass storage device, 

t h e  d i s c  be ing more commonly found on small  computers. I t  can be used t o  s t o r e  

source code, o b j e c t  code, and numerical data, as can magnetic tape, b u t  has 

the .  advantage o f  be ing a random-access type device. That  i s ,  any p a r t i c u l a r  
0 .  

p lace i n  storage can be accessed d i r e c t l y ,  w i t h o u t  having t o  s o r t  through, the  
. . 

r eco rd ing  medium. . . 

In d lscs  .or drums. t h e  storage medrum i s  the same--data i s  recorded 

magnetical1.y on t h e  coated surface of a r e v o l v i n g  p l a t t e r  ( d i s c )  o r  drum. The 

s u r f a c e - i s  considered t o  be d i v i d e d  up i n t o  t racks  and sectors.  I n  a f ixed-head 

d.es,ign., t h e r e  i s  one read/wr i  t e  head pe r  t r a c k  whereas i n  t h e  moving head design 

Servo -, 

Sector  
;-- Track 

Dr i ve  - 
Motor 

\- neacI/wri t e  
Head 

\ 
. . wrC t& Heads 

Drum w i t h  F ixed Heads Disc w i t h  Moving Head 

a s i n g l e  read /wr i t e  head i s  pos i t i oned  from one t r a c k  t o  another by a servo 

system. The l a t t e r  i s  much cheaper ( fac to r  of .5X) b u t  a l s o  much slower ( 5 ~  ) 

i n  accessinq a q i ven  t rack .  Once pos i t ioned.  however, t h e  ac tua l  data t rans-  

f e r  r a t e  i s  a f u n c t i o n  o f  o n l y  t h e  storage dens i ty  and sur face speed. Data 
5 t r a n s f e r  ra tes  o f  10 16-bi t words/sec are t y p i c a l  . Many moving-head designs 

i nco rpo ra te  a removable d i s c  c a r t r i d g e  o r  d i s c  pack. so t h a t  t he  e f fec t i ve  

s torage s l  ze becomes i n f i  n i  te .  



A new device j u s t  appearing on the  market i s  t he  " f loppy"  d isc.  

The system combines t h e  advantages of a d i s c  (random access) and magnetic, tape 

(1 ow c o s t  pe r  word of s to red  data, i n f i n i t e  medium). The d i s c  i s  a p l h t t e r  o f  

mylar  record ing  tape, about the  s i z e  of a 45-rpm record, p ro tec ted by a pape-r 

j a c k e t  w i t h  access openings f o r  t h e  read/wr i te  head and d r i v e  mechanism. The 

read/wr i  t e  head i n  the  d i s c  d r i v e  i s  movable and i s  pressed i n t o  con tac t  w i t h  

t h e  d i s c  by a pressure pad. Although t h e  f loppy d i s c  i s  s lower and has less  

s torage/d isc than i t s  b i g  brothers,  i t ' s  inexpensive and convenient, b i g  f a c t o r s  

f o r  t h e  minicomputer user. 

We have discussed a number o f  mass-storage type devices. Each o f  

these has i t s  own advantages and disadvantages and a re  compared i n  t h e  t a b l e  

on t h e  f o l l o w i n g  page. 

11.6 P r i n t e r s  

I n  t h i s  sec t i on  we w i l l  d iscuss p r i n t e r s - - r e l a t i v e l y  high-speed 

devices which produce alphanumeric hardcopy on paper a l i n e  a t  a t ime. L i n e  

p r i n t e r s  a r e  o f  two general types--impact and nonimpact. 

I n  impact p r i n t e r s  the  paper moves past  a type s l u g  on a chain o r  

drum, and the  type s t r i k e s  t h e  paper. The image i s  t r a n s f e r r e d  by means o f  an 

inked r i bbon  o r  ink-impregnated paper. Other impact p r i n t e r s  use a solenoid-  

d r i v e n  m a t r i x  o f  p ins t o  c reate  the characters i n  t h e  form o f  a d o t  ma t r i x .  A 

wide range o f  speeds i s  possi b l e  , from 100 t o  2500 1 i nes p e r  minute ( I  pm) 

Many d i f f e r e n t  types o f  nonimpact p r i n t e r s  a re  ava i l ab le - - i nk  sprayers,  

e lec t rograph ic ,  thermal,  e l e c t r a - o p t i c a l  , and e l e c t r o s t a t i c .  A l l  have r e l a t i v e l y  

s i l e n t  opera t ing  c h a r a c t e r i s t i c s  as compared t o  impact p r i n t e r s ,  b u t  can on ly  

generate one copy per  run. Also, most o f  these devices are medium-speed 

p r i n t e r s  (300-1000 Ipm) ; however, LLL' s Hadiat ion,  lnc .  e l e c t r i c a l  discharge 

p r i n t e r  can operate a t  20,000 lpm. Oftent imes nonimpact p r i n t e r s  r e q u i r e  t r e a t e d  

paper, thereby increas ing opera t ing  costs over  impact p r i n t e r s .  For many small  

computer systems, however, t he  disadvantages o f  t he  nonimpact p r i n t e r s  are  

minor compared t o  t h e i  r features  o f  quietness , compactness, convenience, and 

re1 i a b i l  i ty. In t he  case s f  e l e c t r o s t a t i c  p r i n t e r s ,  high-speed graphic output  

i s  a l s o  possib le,  a considerable asset  i n  rea l - t ime  data-acquis i  t i o n  and c o n t r o l  

sys tems . 
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11.7 P l o t t e r s  

D i g i t a l  p l o t t e r s  serve a  wide v a r i e t y  o f  func t ions- - f rom s imply d i s -  

p lay ing  graph ica l  l y  the r e s u l t s  o f  a  c a l c u l a t i o n ,  t o  generat ing t h e  p r e c i s i o n  

masks requ i red  f o r  the f a b r i c a t i o n  o f  LSI c i r c u i t r y .  

Hardware-wise, p l o t t e r s  f a 1  1  i n t o  th ree  genera3 categor ies : drum, 

f la t -bed,  o r  e l e c t r o s t a t i c .  I n  t h e  drum-type p l o t t e r  the paper i s  h e l d  on a  

drum by sprockets and moved incrementa l l y  pas t  a  pen c ross -s l i de  t o  generate 

the X-mot-ion, The pen i s  pos i t i oned  incrementa l l y  on the  c ross -s l i de  t o  g ive  

t h e  Y-motion. On a  f l -a t -bed p l o t t e r  t he  paper i s  f i xe 'd  t o  the  bed w h i l e  t he  

pen i s  pos i t i oned  incrementa l l y  i n  bo th  t h e  X and Y d i r e c t i o n s .  Reso lu t ion  f o r  

both the  drum and f l a t - b e d  p l o t t e r s  i s  on the  order  o f  9.005 i n .  i n  sma l l e r  s izes .  

Drum-type p l o t t e r s  a re  general l y  avai l a b l e  up t o  36-in. diameter, whi l e  f l a t - b e d  

p l o t t e r s  range up t o  8 f t  x 12 ft. The' "pen" can be b a l l p o i n t ,  i n k  pen, c u t t i n g  

s t y l u s ,  o r  even a  l ase r .  

E l e c t r o s t a t i c  p l o t t e r s  operate by passing the. paper incrementa l l y  past  

a  row o f  c l o s e l y  spaced (, =: 0.010") n ibs  extending across the  f u l l  w i d t h  of the  

paper. As the paper moves, the appropr ia te  n ibs  a re  pulsed, causing the  coated 

sur face o f  t he  paper t o  become charged. Passing t h e  paper through a  tone r  medium 

then r e s u l t s - i n  a  b lack  "do t "  a t  each charged po in t .  The complete p l o t  i s  gene2 

ra ted  i n  one pass as the  paper moves pas t  the n ibs.  This makes f o r  very f a s t  

p l o t t i n g  ( 1.25 in . /sec)  , b u t  t h e  so f tware  becomes much. more complex because 

the complete " p i c t u r e "  must be generated and s to red  d i g i t a l l y  i n  the  computer 

be fore  p l o t t i n g  begins.. Because t h e  mechanism f o r  p l o t t i n g  and l i n e - p r i n t i n g  

i s  t h e  s.ame f o r  e l e c t r o s t a t i c  devices, the  two func t ions  are o f t e n  combined i n  

a  s i n g l e  pe r iphe ra l  c a l l e d  a  p r i n t e r l p l o t t e r .  Paper widths up t o  '22 i n .  a re  

c u r r e n t l y  a v a i l  able. 

1'1.8 Hybr id  and Other Per iphera ls  

P r a c t i c a l l y  every inst rument  o r  device imaginable has .been i n t e r f a c e d  

t o  a  computer a t  one t ime  o r  another. General purpose A/D and D/A subsytems have 

a l ready been discussed. Va r ia t i ons  along t h i s  same idea  i nc lude  t r a n s i e n t  

d i  g i  t i  zers , programmable c u r r e n t  sources, d i  g i  t a l  waveform synthes i zers , synchro- 

t o - d i g i t a l  conver ters,  p lus  many others.  

Some r a d i c a l  l y  d i f f e r e n t  h y b r i d  devices i nc lude  graph ic  d i g i t i z e r s  , 
TTL l o g i c  l e v e l  110, contac t  c losu re  sensors and analog computers. I n  some 

l a r g e  computer systems a  minicomputer w i l l  serve as a  " f ron t -end"  communications 

prbcessor where i t s  e n t i r e  f u n c t i o n  i s .  r e c e i v i n g  , format t ing ,  and t r a n s m i t t i n g  

data between remote termi  na l  s  and the  1  arger  computers. I n  these circumstances 



the small computer i s  a "peripheral" to  the la rger ,  and the remote terminals are 
"peripherals" t o  the mini. 



12; SYSTEM SOFTWARE 

1 Operating Systems 

An Operating system (0s) i s  an assembly language program written to  

control the execution of other programs. I t  can be a very powerful program in 
that  i t  greatly speeds u p  the routine compi 1 ing, assembling, a1 te r ing ,  and 

storing of user programs. Some of the tasks i t  can perform are as follows: 

- Call into execution other system processors such as the FORTRAN 
compiler, ASSEMBLER, EDITOR, etc.  , by simple1 typed commands 

- Keep track of where an'd how programs or data are stored on a 

mass storage device 

- Schedule applications program fo r  execution a t  various times of day. 

- Assi gn pr ior i t ies  to  programs and arbi t r a t e  p r io r i t i e s  among 

programs scheduled fo r  execution a t  the same time. 

-Provide simple ca l l s  usable by application programs f o r  the ,110 to 

various devtces - ( i  .e. , handlers are general ly part  of the 0 s ) .  

As small computers have developed hardware-wise in recent years,  so have the 

operating sys tems avai lable for  them.' The fol lowing paragraphs describe the 

characteristics of various types of operating systems. 
1 .  Batch OS 

A batch operating system carr ies  out i t s  assigned tasks one 

job a t  a time. Once t h e  operator gives the command t o  perform some function, 

the computer i s  wholly occupied doing tha t  job. When completed, the OS comes 
back and asks the operator for  the next command. The following represents a 

typical card deck for  compil ing, assembling, edi t ing,  and executing a FORTRAN 
'program. 

Job 
control 
statements 

Job 
control 

. .. . . . --- - . .- 

--- 
/ 10.3 7.67 8 . 3  

/ $EXE DATA 

/ $CATALOG FILE3 

/ $EXE EDITOR 

/ $EXE ASSEMBLER 

J $a 
y, E N D  

I.'-M, PROGRAM DATA 

statements 1 



12.1.2 Real-Time OS 

As compared t o  ba t ch  OS's, t h e  r e a l  t ime  OS can a c t i v a t e  

more than  one program a t  a t ime,  can accommodate p r i o r i t i e s ,  and i s  ab le  t o  

schedule jobs  acco rd ing  t o  t h e  t ime  o f  day. The computer ope ra to r  i n s t r u c t s  

t h e  OS th rough commands i n p u t  through t he  t e l e t y p e .  Suppose a program ca l  l e d  

"TEST1" i s  t o  be s t a r t e d  a t  2:30 p.m. and requ i res  20 minutes t o  run.  A lso,  

"TEST2" i s  t o  be s t a r t e d  a t  2:45 p.m., and a l though i t  r e q u i r e s  o n l y  30 sec t o  

run ,  i t  must n o t  be de layed  f rom s t a r t i n g .  The ope ra to r  commands t o  do t h i s  a r e  

/START TEST1 14:30:00 P2 

/START TEST2 14:45:00 P I  

S t a r t - u p  command t f. S t a r t  t ime  lPC- Rssi  gned p r i o r i  t l e s  
Program name$ 

The f a c t  t h a t  TEST2 i s  ass igned a h i g h e r  p r i o r i t y  than  TESTl assures t h a t  i t  

w i l l  have c o n t r o l  o f  t h e  machine any t ime  i t  needs it. 

12.1.3 Time Shar ing  OS 

I n  a t ime  s h a r i n g  OS t h e r e  are many "s imu l  taneous" users o f  

t h e  computer. Each use r  f e e l s  t h a t  he has f u l l  c o n t r o l  o f  t h e  machine and issues 

j o b  c o n t r o l  commands s i m i l a r  t o  s i n g l e - u s e r  ba tch  systems. I n  a c t u a l i t y ,  t h e  

computer can execu te  t h e  statements o f  o n l y  one program a t  a t ime.  The re fo re  

e x e c u t i o n  must jump f r o m  one task t o  ano ther  f o r  b r i e f  pe r i ods  o f  t i m e  so t h a t  

t o  each use r  h i s  j o b  appears t o  be executing, a l b e l t  sorr~ewhat s l o w l y .  I n  a 

s o p h i s t i c a t i o n  o f  these  systems, p r i o r i t y  and wei g h t i n g  techniques a r e  used t o  

c o n t r o l  t h e  l e n g t h  o f  t i m e  t h a t  any one use r  gets  c o n t r o l  o f  t h e  machine. The 

L ivermore  Time Sha r i ng  System i s  an example o f  t h e  l a t t e r .  

12.1 . 4  Foreground-Background OS 

Severa l  mini-computer system vendors o f f e r  foreground-background 

OSts.  The " fo reground"  c o n s i s t s  o f  one o r  more programs which can be a c t i v e  

~ i rn1~1t .aneous ly  and executed Qn a p r i 0 r i t . y  bas i s  as i n  a r e a l - t i m e  0s. The "back- 

ground" suppor ts  o n l y  one user  who operates i n  a ba t ch  fash ion ,  b u t  a t  an e f f e c -  

t i v e  p r i o r i t y  l e s s  than  any fo reground task .  Foreground tasks must be debugged 

r e a l -  t ime  programs, whereas compi 1 a t i  ons , assembl i n g  , ed i  ti ng , e t c .  , can be 

per formed o n l y  i n  t h e  background. The u t i l i t y  o f  such a system i s  i n  a process- 

c o n t r o l  o r  da ta  a c q u i s i t i o n  computer system where a p p l i c a t i o n  so f twa re  develop- 

ment must con t i nue  a f t e r  t h e  computer goes on-1 ine .  Debugged appl  i c a t i  ons pro-  

grams a r e  run  as fo reground tasks w h i l e  c o n t i n u i n g  so f twa re  development i s  done 

i n  t h e  background as t i m e  i s  a v a i l a b l e .  I n  t h i s  way so f twa re  development does 

n o t  i n t e r f e r e  w i t h  t h e  c r i t i c a l  t i m i n g  o f  o n - l i n e  systems. Core- and disk-memory 

"maps" f o r  a t y p i c a l  foreground-background system a r e  shown on t he  f o l  l ow ing  page. 
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12.1.5 Disk Operat ing System (DOS) 

Any ope ra t i ng  system which i s  capable o f  making use o f  a magnetic 

d i s k  o r  drum storage device. 

1 2.2 Language Processors 

1 2.2.1 Assembler 

The Assembler i s  a program w r i t t e n  d i r e c t l y  i n  b ina ry  o b j e c t  code 

which t r a n s l a t e s  mnemondc source code i n t o  equ iva len t  b ina ry  ob jec t .  Assembly 

language va r ies  from one computer model t o  another, t he re fo re  programs w r i t t e n  

i n  t h i s  language a r e  compat ib le w i t h  on ly  a l i m i t e d  number o f  machines. 

MNEMONIC - ASSEMBLER 
SCllJRCE 

kF3i3ry object ,, 

i 

12.2.2 FORTRAN Compiler 

The FORTRAN compi l e r  i s  a program w r i  t t e n  i n  assembly 1 anguage 

which i s  used t o  t r a n s l a t e  FORTRAN source codes i n t o  equ iva len t  mnemonic coding. 

The mnemonic coding must be assembled be fo re  executable b ina ry  code i s  obtained. 

FORTRAN i s  a f a i r l y  we1 1 standardized language and the re fo re  programs w r i t t e n  

i n  FQRTRAN a re  considered "machine t ransportable,"  t h a t  i s ,  n o t  wr i , t ten  f o r  a 

p a r t i c u l a r  computer. The compi ler ,  however, i s  n o t  machine independent. 

- .- 

BAS I C BASIC INT. --c Machi ne 

Source code I n s t r u c t i o n s  

FORTRAN compi le r  FORTRAN 
Sdurce 

12.3 U t i  1 i ty Routines 

1'2.3.1 LINK EDITOR 

The LINK EDITOR i s  a program which 1 i nks  o b j e c t  modules which 

have been assembled separa te ly .  References t o  system subrout ines (e. g. , math 

l i b r a r y ) ,  o r  a u s e r ' s  l i b r a r y  a re  s a t i s f i e d  a t  t h i s  po in t .  The EDITOR outputs 

Mnemon i c 
codi ng 

12.2.3 B A S I C  I n t e r p r e t e r  

BASIC i s  a s i ~ i l p l e  h i  gt i - level ldrsyuiige f i r s t  developed a t  Dartmouth 

Col lege. It i s  easy t o  l e a r n  by  inexper ienced personnel.  As compared t o  the  

FORTRAN compi ler  which d iges ts  an e n t i r e  source code and then outputs mnemonic 

code which must be assembled be fo re  i t  can be executed, t he  Basic  i n t e r p r e t e r  

takes one 1 i n e  o f  source code a t  a t ime, t r a n s l a t e s  i t  t o  machine i n s t r u c t i o n s ,  

and executes i t  immediately.  This  g r e a t l y  speeds up t h e  coding process s ince 

i t  becomes more i n t e r a c t i v e ,  b u t  a t  the expense o f  t h e  running t ime o f  t h e  

f i n i s h e d  code. 



a ready-to-run o b j e c t  code w i t h  a l l  addresses def ined and references t o  ex terna l  

subrout ines resolved. General ly  t h e  EDITOR a l so  prov ides a "memory map," a 
! d e t a i l e d  1 i s t i n g  o f  program names and where they would be loaded i n  memory i n  t he  

f i n a l  o b j e c t  code. The o b j e c t  code i t s e l f  i s  s to red  on some mass memory device 

such as d i sk ,  paper tape, etc .  

BINARY OBJECT EDITED 
MODULES OBJECT CODE 

LINK EDITOR 1- PROGl  

SYSTEM LIB .F 
( SUBC I 

11.3.2' TEXT EDITOR 

This program provides a means o f  man ipu la t ing  A S C I I  symbols. I t  

can the re fo re  be used f o r  a1 t e r i n g  FORTRAN, BASIC, o r  ASSEMBLER source code, as 

w e l l  as e d i t i n g  t e x t  i n  the  j o u r n a l i s t i c  sense. 

11.3.3 CATALOGER 

The CATALOGER program provides an organized means o f  s t o r i n g  

e d i t e d  o b j e c t  codes on some mass storage medium. The program mainta ins a 

d i r e c t o r y  o f  a l l  cata loged modules and keeps t r a c k  o f  t h e i r  s i z e  and l o c a t i o n  

f o r  easy access and/or a l t e r a t i o n .  

, 11 .3.4 DEBUG 

The DEBUG program provides a s e t  o f  commands t h a t  are use fu l  i n  

debugging b ina ry  o b j e c t  code. The DEBUG processor can generate dumps (a tabu- 

l a t i o n  o f  t he  contents o f  s p e c i f i c  memory l o c a t i o n s ) ,  modify memory o r  r e g i s t e r  

contents, and var ious  o t h e r  f unc t i ons  needed i n  developing sof tware.  
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