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ABSTRACT 

Effective logic s imula t ion  p r o g r a m s  must  cons ider  
device propagat ion de lays  to be bounded va lues .  
This  r e q u i r e s  that the logic devices  be s imula ted  
by models  which use a mul t i -va lued  logical  
a lgeb ra .  

A quinary a lgeb ra  i s  developed and employed in 
spec ia l  a lgor i thms  which not only accu ra t e ly  p r e -  
dic t  the behavior  of a logic c i r cu i t  for  a l l  va lues  of 
delay,  but a l so  detect  the poss ib i l i t y  of la tent  
haza rds  and r ace  condit ions.  

A sample  p rob lem is  s imula ted ,  and conclusions  
drawn.  

INTRODUCTION 

Severa l  logic s imula t ion  p r o g r a m s  have been de-  
veloped to a s s i s t  in the design and ana lys i s  of 
switching c i r cu i t s ,  but these  p r o g r a m s  a re  not en- 
joying wide usage by logic de s igne r s .  Bas ica l ly ,  
the p rob lem l ies  in the fact  that the s imula t ion  
models  of the logic dev ices  have not been complete  
enough to r e l i ab ly  p r ed i c t  the behavior  of a c i r -  
cuit for a l l  combinat ions  of device de lays .  

Use r s  of logic s imula t ion  p r o g r a m s  typ ica l ly  
se lec t  the maximum propagat ion  delay spec i f i ca -  
tion for  each device,  assuming that this  is  the 
" w o r s t - c a s e "  s i tuat ion.  However,  it  can eas i ly  
be shown that other  combinat ions  of de lays  may 
actual ly  be the " w o r s t - c a s e " .  Fo r  example ,  con- 
s i d e r  the c i rcu i t  of F igure  1. Assume that  it i s  
p a r t  of a l a r g e r  c i rcui t ,  and that for  the t ime 
pe r iod  of cons idera t ion :  

a = 0  and b = 0 .  

F u r t h e r m o r e ,  a s sume  that a l l  devices  a r e  s e -  
lec ted  f rom a batch for  which the propagat ion  de-  
lay l ies  in the range:  

5 ~ 6 ~ 15 nanoseconds.  

_ _  ==0 ' ~ 7  __~--~-~.,~ 
X1 l b=O ~ ~ X5 
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F igure  1. Hazard  E x a m p l e  

If the c i rcu i t  is  s imula ted  using the maximum de-  
iay for  a l l  devices ,  then there  is  no output pulse  
for  the given input t r ans i t ion  as shown in F igure  2. 
However,  F igure  3 i l l u s t r a t e s  an a s s o r t m e n t  of 
de lays  which y ie lds  an output pulse  f rom the c i r -  
cuit .  This s i tuat ion is  known as a "hazard" ,  and 
is  obviously an impor tan t  cons idera t ion  in the 
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design of logic networks  s ince  haza rds  can cause  
a c i r cu i t  to malfunction.  Severa l  s imula t ion  runs 
could be made with random choices  of de lays  to 
t ry  to find such haza rds ,  but i t  is  doubtful that a l l  
such de lay-dependent  s i tuat ions  would be un-  
covered  if given a l a rge  logic network.  T h e r e -  
fore ,  it  is  obvious that any useful  and r e a l i s t i c  
s imula t ion  must be based  on device models  which 
s imul taneous ly  cons ider  al l  poss ib le  va lues  of 
propagat ion  delay.  In other  words ,  given a de -  
vice with an input t rans i t ion ,  the model  must  p r e -  
dict  the e a r l i e s t  and the l a t es t  poss ib l e  t ime that 
the device output could change.  The models  de -  
veloped in this  r e p o r t  (and the cor responding  
s imula t ion  p rog ram)  r e l i ab ly  locate  a l l  h a z a r d s  
by t rea t ing  propagat ion  de lays  as  bounded va lues .  

MODELING DEVICE CHARACTERISTICS 

Actual  logic devices  have two main c h a r a c t e r i s -  
t i cs :  the i r  spec i f ic  logic function, and the i r  in-  
herent  propagat ion  delay.  Thus any modeling can 
be s epa ra t ed  into two p a r t s  as  shown in F igure  4. 
Such a model  a s s u m e s  that a l l  de lays  a r e  a s s o c i a -  
ted with device outputs, and a re  t he re fo re  lumped 
at  those points .  This in fe r s  that de lays  due to 
wi re  length a re  negl ig ible  compared  to de lays  due 
to logic dev ices .  

~ Function 
J ,, 

Figure  4. Bas ic  Device Model 

P a r t  I: Logic Function 

Assume  that the input logic s igna ls  to a p a r t i c u l a r  
device have been sampled  at  some instant  of t ime 
so that the i r  values  a r e  s tab le .  These  inputs a r e  
then applied to the f i r s t  pa r t  of the modeling p r o -  
ces s  which is  a t ime- independen t  evaluat ion of the 
logic function of the device .  

F o r  example ,  if the device i s  an OR gate,  the 
logic function is given by 

Y = X 1 OR X 2 OR . . . .  X n 

where  the sampled  input s ignals  a re  denoted by 

X 1, X 2, . . . .  X n • 

If the device is  a T f l ip-f lop,  then the logic 
function is  given by 

y n  = T EXOR y n - 1  

where  the s u p e r s c r i p t  n denotes the n th ca lcula t ion  
of Y, and T = 1 means  that the f l ip- f lop  has been 
t r i g g e r e d  by a clock pu lse .  

Although these  functions a r e  no rma l ly  evaluated 

using a Boolean a l ge b r a  of b ina ry  va r i ab l e s  (1), 
o ther  a l g e b r a s  of mul t i -va lued  v a r i a b l e s  a re  

s o m e t i m e s  more  useful!  2 '  3, 4, 5c, 6, 7, 8) 

P a r t  2: Delay Function 

The second p a r t  of the modeling p r o c e s s  uses  the 
propagat ion  delay p a r a m e t e r ( s )  of the p a r t i c u l a r  
device and the r e s u l t s  accumula ted  f rom P a r t  1 
to compute the behavior  of the device  at  i t s  output 
t e r m i n a l .  

F ixed  Propaga t ion  Delay 

Every  phys ica l  logic device  wil l  exhibit  a non- 
ze ro  amount of propagat ion  delay.  If the delay of 
a s ingle  device  is  known, i ts  delay c h a r a c t e r i s t i c  
can be d e s c r i b e d  by 

Z(t) = Y(t-5 ) 

where  

Y(t) =IF Xl(t), X2(t ) ..... Xn(t)l 
and 5 is the propagation delay of the device. 

In a s imula t ion  p r o g r a m ,  t ime  is  a v a r i a b l e  which 
changes in d i s c r e t e  s teps  so that 

ti = t i '  1 + At. 

There fo re ,  if we compute 

n :E J 
to the n e a r e s t  whole in teger ,  then the delay 
c h a r a c t e r i s t i c s  can be e x p r e s s e d  i nc r e m en ta l l y  by 

Zi = Yi-n" 

This relationship is given in block diagram form 
by Figure 5. 

I ~ Shift down 
o n c e  f o r  ~ , ~  every t. 

I 

~Z. 
I 

Figure  5. F ixed  Delay Function 

The delay function for  fixed propagat ion  delay can 
be thought of as  a s to rage  vec tor  for  the values  
ca lcula ted  by the logic function. F o r  each t. the 

1 

values  in the vec tor  a r e  shif ted down, and the new 
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value of Yi is placed at the top. The value at the 

bottom of the s torage vector  is Yi-n'  or  the p re -  

sent state of the output logic signal, Z.. 
1 

(2)(5a) 
Bounded Propagation Delay 

The consideration of a propagation delay as a 
bounded value requires  that the design and analysis 
allow for a period of time between the ear l ies t  and 
the latest transit ion of the output during which the 
output of the device is indeterminate.  For  ex- 
ample, consider the example of Figure 6. 

X 1 ~ b O  Z 1 

X1 - - ~ 1  
6 max~.~ 

Z 1 6rain# ~ . ~ , ~  

Figure 6. Bounded Delay Example 

The output signal of the inverter  is shown relative 
to the given input signal. The period of time when 
the output is indeterminate is shown as the c r o s s -  
hatched region defined by the difference between 
6 min and 6 max'  the minimum and maximum 

propagation delay specifications.  Note, however, 
that the signal transit ion has a direction (obviously 
there are  two possible directions) impled by the 
signal values at either end of the transit ion.  

In order  to simulate bounded propagation delays, 
one value of Z i must be calculated for every 

possible delay. For  example, let 

Thus there will be n2-n l+ l  possible solutions for 

Z.. These solutions are  then used to determine 
t 

a value which is representat ive  of all of the 
possible solutions. 

y °  - -  
! 

Yi -n2[--~-~ 

Shift down 
once for 
every t. 

! 

7 /  
Z°  

! 

'C:> 

Figure 7. Bounded Delay Function 

Just  as for the fixed delay function, the bounded 
delay function of Figure 7 uses a s torage vector  
for the values calculated by Par t  1 of the modeling 
p rocess .  Similarly, for each t i the values in the 

vector  are  shifted down, and the new value of Yi 

is placed at the top. However, now all of the 
values f rom Y. to Y. are  inputs to a special 

t-n 1 t-n 2 

function which determines  a value for Z. which is t 
representat ive  of all possibil i t ies.  

The set of normal  binary values (0=FALSE; 
I=TRUE) is no longer adequate to represent  the 
value of Z.. Now h igher -order  number sys tems 

1 

with new value assignments  must be used when Z i 

is not known to be exactly "TRUE" or exactly 
"FALSE"*. 

QUINARY LOGICAL ALGEBRA 

The logical algebra normally used for logic design 
(1) 

is known as Boolean algebra . It involves 
var iables  (X, Y, etc. ) which may have values 
f rom the set:  

x 
where 0 = FALSE 

and 1 = TRUE. 

This representat ion implies that logic signals may 
only be classified as either exactly TRUE or ex- 
actly FALSE. In order  to study the behavior of 
logic circui ts  during periods when their values 
are  not exactly defined, other mathematical  r ep re -  
sentations which allow non-binary values are r e -  
quired. The quinary logical algebra defined in 
this repor t  meets this requirement  by using five 
symbols to represent  various logic conditions as 
shown in Figure 8. 

Quinary Interpretation 
symbol 

0 Equivalent to state 0 of the two-valued 
switching algebra 

i Equivalent to state 1 of the two-valued 
switching algebra 

0/1 
The representation of a logic signal during 
o period of time allowed for a transition 
from state 0 to state 1 

Vo 
The representation of a logic signal during 
a period of time allowed for a transition 
from state 1 to state 0 

The representation of a logic signal not 
covered by any of the above ( I .e. • hazards 
and race conditions ) 

Figure 8. Quinary Symbol Interpretat ions 

*Note that this requires  the logic function to 
159 handle non-binary input values. 



The quinary logical ope ra to r s  a re  based on the 
following set  of axiomat ic  ru les ,  s imi l a r  to those 
of binary Boolean a lgebra:  

0AND 5 X  = 0  0 O R  5 x  =X 

1AND 5 X  =X 1 O R  5 X  = 1 

X A N D  5 X =X X O R  5 X  =X 

1 
w h e r e X e  {0, 1, 0/1, 1/0, a n d s } .  

This  se t  defines the quinary AND and the quinary 
OR operat ions  for  nineteen of the twenty-f ive  
o rde red  pa i r s  of quinary va lues .  The remain ing  
six pa i r s  a r e  those among the quinary values 

0/1, ½, and 1/0. The AND and OR operat ions  

for  these pa i r s  a re  indeterminate  and a r e  thus 
1 ass igned values of ] .  The complete  AND and OR 

ope ra to r s  of quinary logical  a lgebra  a r e  s u m -  
mar ized  in the following truth tables :  

Y % 

x ~  o o /1% 1/o ! 

o i o  o o o i o  

o/I o o/i % % o/~ 

i/o o ~ % I/o I/o 

1 o o/1% Voi 1 

X AND 5 Y 

Y 
x~ o o/i ½ i/o 

o o o/i % I/o 

o/i o/i % ½ % 

% % % % % 

I/o Vo % % !I/o 

1 1 1 I 1 

X OR 5 Y 

Figure  9. Quinary AND and OR O p e r a t o r s  

It can be shown by an exhaust ive tes t  of all  ca ses  
that these re la t ionships  obey the assoc ia t ive  and 
commutat ive  laws. 

The remain ing  logical operat ion of complemen ta -  
tion is defined by the following truth table .  

0 1 

o/1 1/o 

1/o o/1 

1 0 

NOT 5 X 

Figure  10. Quinary NOT Opera to r  

No a t tempt  has been made to define these functions 

in t e r m s  of Pos t  a lgebra  t9)." Rather ,  the  a lgebra  
is meant  to be a " tab le- look-up"  p r o c e s s  based on 
r a the r  obvious and intuitive re la t ionships ,  and it 

1 is designed to yield a value of ~ whenever  there  

is the possibi l i ty  of a hazard .  

SIMULATION ALGORITHMS 

A logic s imulat ion p r o g r a m  is a repet i t ive  p r o c e s s  
involving cer ta in  a lgor i thms  which a r e  the i m -  
p lementa t ions  of the models  used to r e p r e s e n t  the 
logic devices .  Three  a lgor i thms  have been de-  
veloped he re  to implement  the models  of combina-  
tional logic, f l ip-f lops,  and bounded de lays .  

Combinational  Logic Algor i thm 

Since quinary logical a lgebra  is both a s soc ia t ive  
and commuta t ive ,  then the specif ic  logic function 
of any combinat ional  device may be sepa ra ted  into 
i n v e r t e r s  and two-input AND and OR gates ,  Then 
the truth tables  of the a lgebra  may be used to 
evaluate the logic function, and de te rmine  the in-  
put to the bounded delay function. An example  of 
such a decomposi t ion is i l lus t ra ted  in Figure  11. 

X 1 

X3 - - - - ~  

X 4 
Y 

Figure  11. Decomposi t ion of 4-Input NAND Gate 
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Flip- Flop Algori thm 

There are many types of flip-flops current ly  
available to the logic designer,  such as the J-K, 
R-S, T, and D types. Each of these can be 
thought of as a basic memory  cell and some as -  
sociated combinational logic. Consider a basic 
memory  cell which has a clock input that causes 
the cell to change state f rom its present  state to 
the complement of its present  state every time 
the clock input is pulsed. Fur thermore ,  let the 
associated combinational logic define the clock 
for the cell as a function of the ce l l ' s  present  
state and any ini~uts. Then, for example, a D type 
flip-flop can be real ized by a logic circuit  such as 
the one shown in Figure 12. A quick examination 
of the circuit  will show that the flip-flop rea l iza-  
tion behaves as a D type, since the output Q takes 
the value of the input D after  every clock pulse. 

Basic 
[ ~ ) ~  Memory 

CLOCK ' Cell Q 

Figure 12. Realization of D Type Fl ip-Flop 

Some flip-flops also have a pair  of direct  inputs 
which overr ide all other inputs. These should be 
added to the basic memory cell as shown in 
Figure 13. SET  

CLOCK -----c>l ~4:ir 

CLEAR 

Y____ 

ic 
mor~ 
I I  ~ Q  

Figure 13. Improved Memory Cell 

This basic memory  cell with some associated 
combinational logic can now be used to real ize 
any type of flip-flop s imi lar  to the use of the com- 
binational logic algorithm to real ize any type of 
combinational logic device. 

The study of the simulation algori thm of this 
model of a basic memory cell can be simplified 
if the input states are  separated into two cases:  

Case 1: SET ~ 0 and/or  CLEAR ~ 0. 

In this case the direct  inputs (SET and CLEAR) 
overr ide  any clock input pulses.  Then the output 
(to be used as an input to the bounded delay al-  
gorithm) behaves according to the flow chart  of 
Figure 14. 
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< 

Figure 14. Flip-Flop Algorithm 
(SET ~ 0 and/or  CLEAR ~ 0) 

As shown by the flow chart,  if either the SET in- 
put or  the CLEAR input is 0, then the other must 
not be 0, and the value of the output is determined 
by the value of the latter input. However, if 
neither of the inputs is 0, then a " race"  condition 
exists since the flip-flop is simultaneously being 
set and cleared.  In such a situation, the output 

is indeterminate (-12). 

The derivation of this par t  of the algorithm is 
based on ra ther  obvious and intuitive relat ion-  
ships which charac ter ize  the behavior of SET and 
CLEAR inputs in general .  

Case 2: SET = 0 a n d C L E A R = 0 .  

In this case the direct  inputs are disabled, and the 
behavior of the basic memory cell is a function of 
its previous state (Qn_l) and the CLOCK input. 

Therefore ,  the previous value (CLOCKn_ 1) and 

the present  value (CLOCK n) of the clock must be 

compared to determine if a transition* has tog- 
gled the flip-flop. Figure 15 is a flow chart  of 
this portion of the algori thm: 

l~gtn 

i,; 0 

),es 

~s !  CI k I 

offer a po.~ible 

! ]  0 

e,  

I 

- I  ( P°sslble tQggl* ) 

Figure 15. Fl ip-Flop Algorithm 
(SET and CLEAR = 0) 

*It is assumed here that only negative transi t ions 
will toggle the flip-flop. 



C o n s i d e r i n g  F i g u r e  15, i t  should  be obvious  that  

an i n d e t e r m i n a t e  ("½") CLOCK m u s t  c a u s e  the 

output  to be i n d e t e r m i n a t e .  F u r t h e r m o r e ,  the 
s t a t e  of the  f l i p - f l o p  wi l l  cont inue to be i n d e t e r -  
m ina t e  unt i l  i t  i s  r e d e f i n e d  by e i t h e r  the SET o r  
C L E A R  input .  If the  f l i p - f l o p  i s  togg led  by a 
CLOCK t r a n s i t i o n ,  the output  i s  d e t e r m i n e d  a c -  
c o r d i n g  to w h e t h e r  the togg le  was  a de f in i t e  t og -  
g le  o r  only  a p o s s i b l e  togg le  a s  shown in the 
f i g u r e .  A p o s s i b l e  toggle  i m p l e s  tha t  t h e r e  i s  a 
p o s s i b i l i t y  tha t  the f l i p - f l o p  output  m a y  have  
changed ,  but  such a change  i s  not  g u a r a n t e e d .  

Bounded De lay  A l g o r i t h m  

As  d i s c u s s e d  p r e v i o u s l y ,  the p r o p a g a t i o n  d e l a y  of 
a logic  d e v i c e  should  be  s i m u l a t e d  a s  a bounded 
va lue .  Th i s  may  be a c c o m p l i s h e d  by an a l g o r i t h m  
b a s e d  on F i g u r e  7. In such  an a l g o r i t h m  t h e r e  
a r e  two ma in  p a r t s .  F i r s t  t h e r e  i s  a s t o r a g e  v e c -  
t o r  fo r  the  v a l u e s  c a l c u l a t e d  by P a r t  1 of the 
m o d e l i n g  p r o c e s s  (Yi th rough  Yi_n2) , and s econd ly ,  

the v a l u e s  of Y. t h rough  Y. a r e  inputs  to a 
1-n 1 1-n 2 

s p e c i a l  funct ion  which s e l e c t s  a va lue  fo r  Z. 
l 

which i s  r e p r e s e n t a t i v e  of a l l  of the n 2 - n l + l  
p o s s i b l e  s o l u t i o n s .  

The  s e l e c t i o n  of a va lue  fo r  Z. depends  on the 
1 

o r d e r  of the v a l u e s  of Y. th rough  Y. a s  
1-n 1 l - n  2 

w e l l  a s  t h e i r  a c tua l  v a l u e s .  T h e r e  a r e  fou r  t y p e s  
of s e q u e n c e s  of the v a l u e s  of Y that  can o c c u r ,  and 
t h e s e  d e t e r m i n e  the va lue  of Z. in the fo l lowing  

1 
m a n n e r :  

TYPE 1 ( Iden t i ca l  inputs}:  If a l l  of the 
v a l u e s  of Y. th rough  Y. a r e  the  s a m e ,  

1 - n  1 1-n 2 

then Z. m u s t  t ake  that  va lue .  
1 

TYPE 2 ( I n d e t e r m i n a t e  inputs}: If any of the 
TT 1 t? 

v a l u e s  of Yi_n l  th rough  Yi_n2 i s  ~ , then 

the va lue  of Z i i s  a l s o  ,,!2" 

TYPE 3 ( O r d e r e d  inputs}:  If the v a l u e s  of Y, 
t aken  in o r d e r  f r o m  Yi_n2 to Yi_n l  , c o r -  

r e s p o n d  to an i n c r e a s i n g  (dec reas ing}  s e -  
quence  such  as  " 0 " - " 0 / 1 " - 1 "  ("1 ..... 1 / 0 " -  
"0") with any one of t h e s e  v a l u e s  e i t h e r  r e -  
p e a t e d  o r  m i s s i n g ,  then the va lue  of Z. i s  
" 0 / 1 "  (" 1/0"}.  

TYPE 4 ( U n o r d e r e d  inputs ) :  If the v a l u e s  of 
Y. th rough  Y. do not c o r r e s p o n d  to an 

l - n  I 1-n 2 

i n c r e a s i n g  o r  d e c r e a s i n g  sequence ,  then the 

va lue  of Z i i s  . 1 .  
2 

T h e s e  t y p e s  y i e l d  a va lue  fo r  Z i which  i s  w o r s t -  

c a s e  r e p r e s e n t a t i o n  of the v a l u e s  of Y. t h rough  
t - n  1 

Yi_n2 , each  of which i s  a p o s s i b l e  va lue  fo r  Zi,  

c o r r e s p o n d i n g  to each  of the  p o s s i b l e  v a l u e s  of 
p r o p a g a t i o n  d e l a y  of the d e v i c e .  Th i s  i s  b a s e d  on 
r a t h e r  obvious  and in tu i t ive  r e l a t i o n s h i p s ,  s i m i l a r  
to the de f in i t ion  of the q u i n a r y  l o g i c a l  a l g e b r a .  

C o n s i d e r  the e x a m p l e s  of F i g u r e  16. 

Y,  
'~n 1 

Y° 
I -n  2 

Z. 
I 

o o/1 1 1 o o 
0 0/1 1)0 1 1 0 0 
o o/1 o/1 1 o 1 
o o/1 o/1 1 1/o 1 
o o/1 o)1 o/1 o 1 o 
o o/1 o o 1 I 

0 0/I ½ ½ 0/I 0/I 1/0 ½ 

F i g u r e  16. Bounded D e l a y  A l g o r i t h m  E x a m p l e s  

T Y P I C A L  SIMULATION P R O B L E M  

Suppose  i t  i s  n e c e s s a r y  to d e s i g n  a log ic  c i r c u i t  
which  wi l l  p r o v i d e  a h a z a r d - f r e e  output  s i gna l  
a f t e r  t h r e e  c l o c k  p u l s e s  have  o c c u r r e d ,  a s s u m i n g  
tha t  the  c i r c u i t  i s  i n i t i a l l y  r e s e t .  

Synch ronous  B i n a r y  Coun te r  

C o n s i d e r  the  c i r c u i t  i l l u s t r a t e d  by F i g u r e  17. 
Th i s  i s  a s y n c h r o n o u s  b i n a r y  coun te r  wi th  the  ou t -  
put  p r o v i d e d  by an AND ga te  which  d e c o d e s  the  
"1 ! "  count of the f l i p - f l o p s .  The f i r s t  f l i p - f l o p  

FF N o .  1 
Clock 

FF No.2 

r 1 

Output 

(The outputs of all  devices are ini t ia l ly "0" . )  

F i g u r e  17. S y n c h r o n o u s  B i n a r y  C o u n t e r  

t o g g l e s  once fo r  e v e r y  c l o c k  pu l s e ,  but  the  s econd  
f l i p - f l o p  has  an enab l e  input  which  a l l o w s  i t  to 
togg le  only fo r  t hose  c l o c k  p u l s e s  which  o c c u r  
whi le  the f i r s t  f l i p - f l o p  i s  s e t .  The  d e l a y  c h a r a c -  
t e r i s t i c  of e v e r y  d e v i c e  can be d e s c r i b e d  by 

m i n i m u m  p r o p a g a t i o n  d e l a y  = 0 n s e c ,  

m a x i m u m  p r o p a g a t i o n  d e l a y  = 10 n s e c .  
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In order  to simulate this circuit,  however, gate 
number three must have a zero  maximum delay 
as well. It is par t  of the realization of the second 
flip-flop, and the propagation delay of that device 
is specified by the delay charac ter i s t ic  of the 
basic memory cell. 

The output of the computer simulation p rogram is 
given in Figure 18. It reveals  that there is a 
hazard at the output of the decoding AND gate*. 
Close examination of the simulation will show that 
this is due to simultaneous opposite t ransi t ions at 
the two inputs of the gate. Obviously, another de- 
sign is required.  

*It has been shown (10) that a value of 1/2 may 
occur  in the simulation if and only if a hazard or 
race condition exists in the logic circui t .  

TIME I 2 3 4 

Oo 0 0 0 O 0 
OolO00E-07 O 0 0 0 0 
0 , 2 0 0 0 E - 0 7  0 0 0 0 0 
O . 3 0 0 n E ~ 0 7  0 0 0 0 0 
0 . 4 0 0 0 E - 0 7  [I 0 0 0 0 
cJ .5000E-07  1 0 0 0 0 
(~.60DOE-07 I 0 0 0 0 
0 , 7 0 0 0 E - u 7  ] 0 0 0 0 
{ I . 8 0 0 0 E - 0 7  1 0 0 0 0 
O°900OE-u7  1 n 0 0 0 
O,IOOOE-06 (} 0 / i  0 0 O 
O , l l O O E - 0 6  0 I 0 0 0 
O . 1 2 0 0 E - U 6  0 1 0 O 0 
Oo]3OOE-U6 O i n 0 0 
O,14ooE-u6 0 I o 0 0 
D,ISUOE-U6 1 1 1 0 0 
O,1600E-u6 1 1 1 0 n 
Ooi70OE-U6 I 1 I 0 0 
U°isOOE.O 6 1 1 1 0 0 
O.1900E-f16 1 1 1 0 0 
O°20I) OE-O6 * 0 i / O  0 O/1 0 , 5  
0 , 2 1 0 0 E - 0 6  , 0 0 0 1 0,5 
b ,~200E-06  0 0 0 1 0 
o.23OOE-06 0 0 o 1 A 
D,24UOE-06 0 0 0 I D 
O,2500E-U6 % N 0 1 0 
0,2600E- ( }6  1 0 0 1 0 
0 ,2700E-D6 1 0 O 1 0 
0 , 2 8 0 0 E - 0 6  l 0 0 1 0 
0o2900E-06  I 0 0 1 0 
O,30UOE-U6 0 O / l  0 1 0 / I  
0 , 3 1 0 0 E - 0 6  0 1 0 1 0 / i  
0 , 3 2 0 0 E - 0 6  0 1 0 I 1 
0 , 3 3 0 0 E - 0 6  0 1 0 1 1 
0 . 3 4 0 0 E - 0 6  0 1 0 1 1 
0 , 3 5 0 0 E - 0 6  1 1 1 1 1 
0.3600E-06 1 1 1 1 1 
0 . 3 7 0 0 E - O 6  1 1 1 1 1 
0,3800E-06 1 1 1 1 1 
O,3900E-U6 1 1 1 1 1 
o,4000E-06 0 1/0 o 1/b 1/0 
0 , 4 1 0 0 E - 0 6  O 0 0 0 I/fl 
U,4200E-.D6 0 .0 0 0 0 
O . 4 3 0 0 E - U 6  n 0 0 0 0 
0 , 4 4 0 0 E - 0 6  0 O 0 0 0 
0 °4500E-06  fl 0 0 0 0 

F i g u r e  18. S imu la t ion  of  Synchronous 
Binary Counter 

CONCLUSIONS 

Hazards and race  conditions can occur in switch- 
ing networks whenever the propagation delay 
charac ter i s t ics  of the logic devices are ignored. 
Fur thermore ,  it is not sufficient to merely  con- 
s ider  the maximum possible delay of each device; 
rather ,  the entire distribution of delays from the 
minimum to the maximum must be considered. 
The bounded delay algorithm described in this 
repor t  meets this requirement .  

The pract ical i ty  of the quinary logical algebra has 
been demonstrated by t ransforming the simulation 
algori thms into an actual For t ran  program,  and it 
has been shown that this p rogram can actually be 
used as an efficient aid to detect hazards,  while 
verifying the design of a switching network. 
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