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ABS'rRAC'r 

This paper shows the influence of two factors on 

the hazards detection capability of a logic simulator: the 

delay model (zero, nomina l or min-max) and :the number of 

logic levels (2,3,5 or 8). Hazards are briefly defined. It 

is shown that a 2-valued , nominal delay mode l cannot detect 

hazards wii:hin a reasonable efficien~y. It is also shown that 

a 3-valued, zer o del ay mode l (Eichelberger 's algoritrun) can 

detect ha zards in their broades·t s ense, while defini te hazard 

pulses in particular ir[tplementat ions need min-max delay rrr.:xJ.els 

to be detected. Static hazards can be definetely dete cted 

only with 5-valued logic, while 8-valued logic is nee ded to 

detect dynamic hazards. It is assumed a previous ~nowledgeof 
even·t-driven logic simulation by the reader /ST 75/ /WA 84/. 

I<ey Words: Hazard detection, static hazaJ.:-ds, dynamic hazards, 

logic simulation, multi-valued logic signals. 

RESUMO 

Este artigo mostra a influência de dois fatores na 

capacidade de deteção de hazards de um simulador lógico: o mo _ 

delo de delay (zero, nominal ou min-max ) e o número de níveis 

lógicos (2,3,5 ou 8). Hazards são definidos brevemente. É 

mostrado que um modelo de delay nomina l com 2 níveis lógicos 

não pode detetar hazards com uma eficiência aceitãvel. É mos­

trado tamb~m que um modelo de delay zero com 3 niveis 16gi­

cos (algoritmo de Eiche lberger) pode detetar hazards no sen­

tido mais amplo da definição, enquanto pulsos definidos de 

hazards em implementações particulares necessitam modelos de 

delay min-max para serem detetados. Hazards estãticos so' po­

dem ser definitivame nte detetados com lógica de 5 valores, en 

quanto 16gica d e 8 valores ã necessãria para a deteção de 

hazards dinamicos. É presumido que o leitor tem um conheci-



menta prêvio de simulação lógica dirigida por eventos /ST 75/ 

/WA 84/. 

Palavras--Chave: Deteção de hazards, hazards estáticos, hazards 

dinâmicos, simulação lógica, sinais lógicos multivaluados. 
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1. DEFINITIONS 

We will define hazards b a s e d on a Ka rnaugh map r e:e. 

·resenta t i on . of the logic function . A static haza rd e x ists 

when: 1) the circuit makes a transition from the prese nt 

state to an adjacent state C..i. e. r there is a transi tion in 

an input signal); 2} the function value is the same in l:x:>th 

states (i.e.r there is no predicted output transition due 

to the input transition}; 3} both states are not covere d by 

a same function term. If these three conditions are pres ent, 

it can happen thatr due to the particular delay s in a partic 

ul.ar realization of the function r a spurious pulse appears 

at the output during the transition . We will call -this spike 

a 11 hazard pulse". It can occur because the function tenn -wbich 

mai.ntains the output in the iní.tial state can turn to O be­

fore th.e term which_ will maintain the output in the fin .:·l 

state turns to 1. This short di.fference in time \vill be noted 

as. a spurious output pulse. It mus t be noted that the h a zard 

is a condi tion o f -the functi.on implementation 1 and exists in 

dependently of particular delays, while the hazard pulse 

exists in a particular function realizationr i.e . • for spe­

cific delay values i .n the gates ~ Figure 1 shows an e.xample. 

o ) exomple circuit b ) Kornough mo p 

XI 

X2 

f2 

y 

c) timing diogrom forthe transition 

( 1,1,1) to ( 1,0,1) supposing deloys= I 

Figure I - Static hazard 
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A hazard pulse can always be eliminated by the in­

sertion o f appropriated deJ.ays in the circui t. The static hazard 

i tself, however, can óe eliminated i .f we include in the flmction 

implementation a r edundant term which covers both the initial 

and final stat.e , such that this t erm maintains the output dur 

ing . the transition. In the example of figure 1, the term 

Xl. X3 eliminai::es the haz ard. This hazard elimination :rreans that 

no ha zard pulse can appear, no matter what values have the 

delays in the circuit. 

M-hazard s /EI65_/ occur for sirnultaneous multiple 

input transitions. We define two types of }1-hazards: function 

hazards and l ogic hazards. A function hazard exists when: 1) 

the circuit makes a transition from the present state to a 

non-adjacent state ; 2) the function value is the same in both 

states; 3) for at least one of the possible inte1:1n2diate states 

between the ini tial and the final state the func·tions has 

a different value. If these three conditions are present, it 

can happen tha t, due to the arriving order of the input trans~ 

tions and to the particular delays in a particular realiza­

tions of the function, t.he circuí ·t goes mornentaneously through 

this intermediate state, such. that a spurious pulse appears 

at the output. Figure 2 shows an example. This hazard cannot 

be eliminated: it is impossible to avoid the circuit to go 

through this intermediate state with different output value. 

Of course it is possible to avoid the hazard pulse in a partic 

ular realization by properly selecting the gate delays. 
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XtX2 

)(3 00 OI li lO 
,--., f---; 

o I o ,,__J_ ,_0 
I I o o o ,_., 

y=xl.i(i +Xt.X3 

o) exomple circuit b) Kornough map 

X I r-========:::: 
X2 --~~------- -------------

X3 
fi 

f2 

y 

_j 
---------..,L_j 

c ) timing diagram for the transihon 
( 0,0,0) to (I, I ,O) supposing deloys =I 

Figure 2 - Function hazard 

I · 

A logic hazard exists whe~: 1) the circuit makes a 

transition from the present state to a non-adjacent state; 2) 

the function value is the same in both states; 3) for allpossible 

interme diate states between the initial and final state the 

function has also the same value; 4) both initial and final 

states are not covered by a same function term. If these four 

conditions are present, it can happen that, due to the partic 

ular delays in the circui t, the term which maintains the output 

in the initial state turns to O before the term ~hich will 

maintain the output in ·the final state turns to 1 . Due to this 

time difference, a spurious pulse can appear at the output. It 

is easy to see that the logic hazard corre sponds to the static 

hazard in the case óf multiple input transi tion. As wi th the 

static hazards, logic hazards can be eliminated by the inser­

tion of a redundant term in the function. Figure 3 shows an 

example. There is no function hazard in this case beca use for 

both poss ible intemediate states between states d and a (state b, if input z 
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changes before w, and state c, ~f ~nput w changes b e fore z) 

the func tion output has also the value 1. State a is covered 

by t .errn f i and s t ate d by term f4, s uch that a log ic hazard 

e xists .. The inclusion o f t errn xy elirninates this hazard. 

)( 

z 

f f 

f4 

a) example circuit 

f2 f 4 
f =Y:z+ w.x+w."íj+x .z 

b) Kornough rnop 

w ~--·------­
z ----,'----;=:::=========== w ____ __, 

z ____r-
fi __r-
f 2======:::;---1 
f3 

f 4 L==~--;====== 
f L_j 

c) timing diagram for the transition 
( 1,1,0 , 1) to (O, I, 0,0) supposing deloys= I 

Figure 3 - Logic hazard 

A dynamic hazard exists when the. circuit 

inp ut t ransition such tha t the function output has 

va lues in the initial and final input states . The 

is a s~ngle trans i ·tion from th_e ini t~al to the. final 

has an 

dif feren t 

res.ponse 

output 

•1 
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value. A dynamic hazard is the possibility that the circuit 

makes more than one transiti.on (a mi.ni.mum of three) be fore the 

output stabi1izes in the final value. Figure 4 shows an exam 

p1e. Signal Xl has a static hazard as a resu1t of the input 

transition propagatíon through some combínational circuit, 

while signal X2 makes a single transítíon from O to 1. Depen-ª. 

ing on X1 and on the tL'Tie re1ationshíp between Xl and X2, 

the output signal can make a síngle transition from O .to 1 

or pass through a sequence 0-1-0-1. A dynamic hazard is alv,;ays 

consequence of the combi.natíon of a static hazard with a 

single transítion. 

XI 

X2 

y 

:~ =j'---_)t--- y 

_____ __.r-
b l timing relotionship between 

X I ond X2 doesn't generote 
o hozard pulse 

o) AI'JD gote with delay= I 

XI 

X2 _ __j 
y _ ___,)l___j 

c) timing relationsh ip betwee n 
X I ond X2 generotes o hozord 

pulse 

Figure 4 - Dynamic hazard 
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2. TWO-VALUED LOGIC AND NOHINAL DELAY SIJvlULATION 

Let us suppose that we have a logic sirnula~or with 

2-valued logic and where a. nominal delay can be specified for 

each gate in the circuit . The example of Figure 1 could be 

simulated with this tool . A delay = 1 would be assigned to 

each ga·te, and we could observe the hazard pulse in output Y. 

I f we cons.ider all AND gates wi:th the same delay, no matter 

what value, th.e simulator would give us always a responsev.lith 

the hazard pulse: the lower path would be always longer than 

the upper path, due to th.e inverter (assuming the inverter with 

a non-zero delay}. Th.is is hovlever a very specific case, in 

which a hazard e xists because o ne patl:-L is certainly longer than 

the other. In general a hazard e x i.sts beca use one pa th can be 

longer than another, but thi.s is not known before the circuit 

is realized. 

Figure 5 shows a part of a circult. Let us suppose 

that the ch.anges in A and B are or.iginated from the same input 

transiti.on, that propaga·ted through. di.fferent paths, such tLat 

th.e ch.ange in A occurs. 1 time unit before that of signal B. 

Figures Sb to Sd sh.ow th.ree timi.ng diagrams for different value.s 

of delays in th.e inverters. Only for the third case a spike 

appears at th.e output. A hazard is predicted for a function 

only because we can consider the gates capable of having any 

possible delay value. Our simulator however can only consider 

concrete cases of delays, such. that the h.azard could or could 

not be detected in a specific si.mulati.on. As we cannot be 

sure of the delay values in the pb.ysical realization of the 

circuit, we would need Yx simulations to definetely exclude 

the possibility of a hazard errar, for a circuit witb. x gates, 

each with y possible delay values. 
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A-[Y-• L E 

o) exampte circu it 

A ____r-
8 I I 

' c 
I I 

I 
D I I 
E I I I I 

I I I I 
O I 5 6 

b) timing diagra m= both inverters with delay = 5 

A ___r-----
8 -i l-------­:-,1--l-
E --+-' -:-~-~~ __ ___:__ __ 

I I I 
O I 4 

c) timifog diagrom= upper inverter with deloy= 4, 
lower with deloy= 6 

A~---------------

8~;~ --------------

: I I 
-:----:------~ 

E ·:-' -:--1 ----'---~-11_ I I I I 
O I 5 6 9 10 

d) timing diogrom= upper inverter with delay= 6, 
lower with deloy = 4 

Figure 5 - 2-valued logic and nominal deloy 
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3. THREE-VALUED LOGIC AND EICHELBERGER'S ALGORITHM 

A three-valued logic function has three poss ible 

logic values instead of two . The third value "U" denotes an 

undef ined va lue, which can be O or 1, and is used to represent 

a signal value during a transition. A three-valeud logic 

function can b e obtained from a corresponding two-valued func­

tion in the following way: I f the inputs · o f the 3-valued func 

tion are O's and l's, then the output value is the same as 

in the 2-valued function; if one of the inputs is U, then we 

take the two possible corresponding 2-valued input config­

urations; if for both we have tlle same 2-valued output value, 

this value is taken for the 3-valued function; if for them 

we have different 2-valued output values, then the 3-valued 

function output will be U. Figure 6 shows the 3-valued truth 

tables for the AND and OR logic fu'."~Ctions. 

AND O 

o o 

o 

u o 

o 

I 

u 

u 

o 

u 

u 

OR O 

o o 

I 

u u 

Figure 6- Truth tables for 3-valued logic 

u 
I u 

I I 

I u 

Eichelberger /EI65/ derived a method to detect 

hazards in combinational and sequential circuits, considering 

multiple input transitions. The method assumes no delays 

associated with the gates, such that it allows hazard de­

tection according to the hazard definition, and not the 

detection of hazard pulses in a specific realization. For 

combinational circuits the method is very simple: l)evaluate 

the function f(A) before the input transition: 2) assign to 

each changing input the value U and evaluate the function 

f(A/B) during the transition: 3) evaluate the function f{B) 
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after the input transition. If f(A)=f(B)=f, and f(A/B)~f, 

then the circuit has a hazard . Figure 7 shows an application 

of the method. Looking to the I<arna ugh. map in Figure 7e v.;e see 

that in fl we have a logic hazard, while in f2 we have a func 

tion hazard. The method doesn't allow a distinction betv:een 

thern. 

o} circuit to be simuloted b} state A 

c}tronsition A/8 d } stote 8 

y w.xoo OI 11 lO 

o 
,, 

I I .t-' o 
' !-----" 

I o I I o 

e } corresponding Kornough mops 

Figure 7- Eich elberger's method for hazard detection in combinationol circuits 

For sequential circuits the method is a little more 

elaborated: 

l) Procedure A - determine the feedback signals which can 

change due to the input transi tion: a) make each changing input 

UFRGS 
IRSTlTUTO DR INFCRMAnCA 

. BIBLIOTECA 
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signal equal to u; b) evalua·te th.e circui t until all feedback 

signals are stabilized (for each evaluated gate, if it has 

its output changed, put the gates connected with it in the 

A-List, but only if th.ey have an output value different of 

U; Eichelberger has proved th.at every gate vvhich output .is 

yet U cannot be more changed in th.ís pass}. 

2) Proce dure B - determine t .h.e feedback sighals -.;vhich. stabi­

lizes: a) make each. changíng input equal to .its final value; 

b) evaluate the circuit until all feedback signals are stabi 

lized (for each evalúated gate, if it has its output chan 

ged, put the gates connecte.d wj_th it in the B-List, but 

only if they have an output value ~qual to U; Eichelberger 
I 

has proved that every gate wh.ích output is yet O or l c annot 

be more changed in this passJ. . If after the procedure B a 

signal h.as. stabilized in the value 1J, then a hazard .is de­

tected for it. Of course, íf thís ís a feedback signal, then 

we have detected a critical race. Figure 8 shovlS an applica­

tion of the method. Yl and Y2 are th.e feedback signals. 

Procedure A is executed until the A-List is empty, what ir~­

dicates that no more gates can ch.ange íts output values 

in this pass. The result is Yl = Y2 = U, i.e. both feedback 

signals can change due to the input transition. Procedure B 

is then executed until the B-List is empty . The result is Yl= 

U and Y2 = 1. Th.is means th.at Y2 will certainly stabilize 

with value l, whiJ.e- Yl can stabilize wi.th any value, depending 

on th.e relative delays of the circuit. 
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A=O 
xt-u. xz-u 
Gt=xz-u 
G2=Xt .,._ U 

yt 
GS=XI.X2 -u 

(O) 
G4=Gi.G2.y2 -o 
G5=y2.G2-0 
y2=G5+GG4--U 
G4=GI.G2.y2- U 
G5=y2.G2<l- U 

yz 
yt=G3+G4-U 
G3=XZ .yt<-U 

(0) 

A={GI,G2,G6\ 
A={G2,G6,G 4 } 

A={GG,G4,G5}( I ) 
A={G4,G5,y2} 
A={ G5,y2} ( 2) 
A={yz} 
A= {G4,G5) 
A= {G5,yl} 
A={y t} ( 3) 
A= {G3l 
A={} 

xz,o-.. t 
--~-----------------4 b) Procedure A 

a ) circuit to be simulated { indicated is the 
initiol volue of each signo! ) 

B=O 
XI-I,X2<-1 
Gt-xz..-o 
G2=XI+-O 
G6=XI.X2-I 
G4=GI.G2.y2-0 
GS=G::!.yz-o 
yz=G5+G6..-I 
YI=G3+G4+- u 

c) Procedure 8 

B={GI,G2,G6} 
B={G2,G6,G4} 
B={G6.G4,G5} ( I ) 

B={G4.G5,y2} 
e={Gs,yz.yt} 
e={yz,yt} (41 

B=(yt} ( 5 l 

e=tl 1s1 

Notes 
1 1 l G4 is yet in the A ( a l- list dueto Gl. 

it doesn't need to be inserted agoin. 

12 1 G4 h os not chonged, no gate comes 
to the A-1 ist. 

< 31 yz doesn't come to the A-list, because 
its output is yet u . 

( 41 yzisyc~tinfhes-listduetoGs . 

lt doesn 't need to be inserted again . 

( 51 G4 and GS don't come to the s- list, 
becouse their volues are yet o. 

( 61 y t h as not chonged, G3 doesn't come 

t o the e- l ist. 

Figure 8- Eichelberger's rnethod for hazard detection in 

sequentiol circuits 
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4. THREE-VALUED LOGIC AND MIN-MAX DELAY 

The problem wi·th Eichelberger 's method is that i t is 

too pessimistic. Although a function can have a hazard accord 

ing to the theoretical de f inition 1 a definite hazard pulse 

can never occur in a physical realization of this function. 

This is beca use the actual delays in the circui t cannot assume 

any values. Indeed they are restricted to a certain range 

determined by the technology. This means that a zero-delay 

Bímulation like t hat of Ei.chelberge r (i.. e., where no specific 

delay is assigned to the · ga·tes 1 so that the methód in real i ty 

presúmes that a gate can assume any delay value ) is not a 

realistic approach. In Section 2 we have ye·t seen that assigning 

a nomina l delay to each g·ate is also an unrealistic assumption, 

because before the circuit realizatíon it is impossible to 

known the r-'xact delays. Furthermore the nominal delay simula­

tion is a very inefficient method of detecting hazards. 

Assigning a range of delay values to each gate 

seems to be neede d in arder to obtaln a rea1isti c resu1t. We 

associate this with 3-va1ued 1ogic, and obtain a simu1ator 

which is capable in some extent to detect hazards, as we shall 

see. The delay r a nge is specified for each gate through the 

minimum and maximum va1 ues. Every signa1 can on1y make a ·tran 

sition from O to l Cor 1 to O) if it passes through the 

intermediate value U. The simu1ation is of course eventoriented 

We have four possib1e events for a signal: O _,.. U, l ~- U, 

U ~ 1 1 U ....,.. O. Now we have a problem: i f an event is predicted 

for a signa1 1 to vlhat future time mus t this event be sclleduled? 

I.e., what de1ay must we add to the present time to find the 

occurrence time o f the event? Hinimum or maximum? The prob1em 

is so1ved with. the concept of dominance /BF76/. There is a 

dominance hierarchy between the 1ogic va1ues (we sha11 use 

this concept also for 5- and 8-valued logic ) . In the case 

of 3-va1ued 1ogic, we say that the va1ue U dominates O and l, 

and that O and 1 are hiera.rchic.:al1y equi va1ent. Is ·there is.an 

event from a 1ogj_c value "a" to a 1ogic value 11 b 11 
1 then: 1) if 

"b" dominates 11 a 11
, \ve must make the event scheduling to the 
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ear1iest possib1e time; 2) if "b" is dominated by "a", we · 

must make the event scheduling to the latest possible time. 

Using this ru1e, we are sure that we take a1ways the worst 

possib1e case. Fig. 9 shows the app1ication of this methodto 

the examp1e o f Fig. 5. If we al1ow prímary inputs to go direct 

from O ·to 1 (or 1 to O) , i t is needed a specia1 treament for 

those gates which recei ve th.ese primary inputs: an input tr~ 

sition at the gate must cause the schedu1ing of two outp .J.t 

events, one for the minimum and another for the maxi.rnum delay . . 

The worst case result is clearly seen in the hazard predicted 

for signal E. The earliest combination which makes E=l is C=l, 

D=l at t=S, what causes E=l at t=5+minimum=8 (U dominates 

O) . The latest combi.natíon which makes E=l is C=l, D=1 
' at t=6, what causes E=1 at t=6+maximum=11 (1 is domina·ted by 

U) • 

A--[Y 
8 

delay 
min= 4 
max=6 

delay 
min= 3 
mox=5 

A 

8 

c 
D 

E 

I 

I I 
I I 
I I 
o 

~~2j 
I 

I 

llj(J.ol 

I I I I 
I I I I 

4 5 6 7 

o) circuit to be simulated b) timing diogram 

Figure 9- 3-valued logic with min-max delay 

~azz?J 
I l 
8 li 

Figure 10 shows another example. An U-interval is 

predicted for signa1 C. Here we see that an interpretation of 

the va1ue U is needed. In the 1ast example the U-interva1 of 

signal E was of course a hazard pulse , because the signal had 

the same va1ue before and after the in·terva1. In this case, 

signa1 C has different va1ues before and after the interva~ 

so that we must interpret the U va1ue as a transition be~ 

O and 1. The interpretatiori is of course easy to make, due to 

the va1ues out of the interva1. Figure 11 shovlS a third examp1e, 

where an U-interva1 is predicted for signa1 C as in FigurelO~ 
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However it can be seen tha t the static hazard in signal A can 

cause a dynami c haz ard in C, as in Figure llc. The interpret~ 

tion od signa l C c a nnot give u s however any idea about the 

e xistence of thi s ha zard. 

del ay 
min= 3 
max=5 

o) ANO gote 

c 
A ~u:a 

I ~-~~-----------
c --=--' -i-1 ,-1_ -+-I -+fWZ~.~-

1 I I I I I 

8 

O I 2 3 4 7 

b ) ti ming diaçram 

Figure 10- A cl ean transition modeled by 3 -valued logic wi i'h min-max delay A-o-c 
s~ 

deloy 
rnin = 3 
max =5 

a) AND gate 

A IZIB21 
I I 

8 f0J.;g I 
c I I I ~LJ?%V.d:J 

I I I I I 
O I 2 3 8 

b) timing diogram for 3-volued logic 
ond min-max deloy 

A 

~ ---1 f I rt--.r--
I I 1 I I 

o 2 4 5 6 

c) timing diagram for 2-valued logic, 
nominal deloy=4 anda possibleinput 
combination from(b) 

Figure 11- A dynamic hazard modeled by 3-valued logic with min-max 
delay 

Event oriente d simulation can be appli ed to combi­

national as well as to sequential circuits, without any 

special considerations . Figures 12 and 13 correspond to the 

examp1e o f Figure 8, where the Eiche1berger • s method is app1ied 

to sequential circui ts. In Figure 12 we ass ume d e 1ays min = 1 

and max=4 for a11 gates, whi1e in Figure 13 we have de1ays 

min=1 and max=2. It can be seen that in Figure 12 the hazard 

in signa1 y1 is detected as in Figure 8, whi1e in Figure 13 

Wf R G s 
~ 

BIBLIDTECA 
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yl stabilizes with value O. As mentioned, hazard pulses de -

pend on the d elay values, while the Eichelberger's method 

detects hazards, which are delay independent . 

X t 

X2 

G l 

G2 

G3 

G4 

G5 

G6 

yt 

Y2 

Xt 

X2 

Gl 

G2 

G3 

G4 
G5 

G6 

y t 

yz 

_j t=o XI•O+I:} G2•1-Uut t::O+l=l. G2• U-1•0 at t =0+4=4 

xz:o-..1 Gl: , ..... u at t=o+!= 1, Gl: u-.o at t=o +4= 4 
I 

_j G6:0 ..,. U ot t=O+ I= I, GS: u-I ot t= O +4 = 4 

I 
t= l Gl: 1-..U wit·hout etfect 

I ~ G2'1 ...,.. U without effE>ct 
I I 

I 
Wff~ GG:o .... u ~ y2:o .. u ar t; 1+1 = 2 

I l__wff~ t=z y2:Q..;.U~ G4:0...,.U ot t=2-i•l=3 

G5:o-u att=2+1=3 

I I 
I I 

A-- t=3 G4:0..,.U:} yi:O-'>U at t=3+1= 4 

I L_jz~ Gt>•o .... u \1ithollt effect 

t=4 Gl:U·.,.O::} G4:U ..... o ot t=4+4=8 

I FF~ 
G2:U-o::} G5:u - o ot t=4+4=8 

I GG:U_,I =} yz·u - 1 at t =4+4 = 6 

y1:o-u:} G3' o-u at t=4+1 = 5 

~~ t=5 G3:o .... u without effect 

I I I I I I I t=s G4•U_,.O without effect 

o I 2 3 4 5 8 G5'u-o without efte ct 

y2: U-1 without uffoct 

a) tirning diagrarn 
b) event sequencing and scheduling 

Figura 12- Some example of Fig .B, now with delays min= I and 

ffi0)(=4 

_r-
___r-
-·~ I I o - m I I I 

I I 
I I 

I I 

f0j 

I I I 

~ 
I I I I 
o 2 4 

a) timing diagrom 

t=o XI:0-1::} G2:i__,..Uat t=O+I=I 

)(2 : 0-1 G2 •U-.. Oat t=0+2=2 

GI:!-U ot t=O+I=I 

Gs:o-u 

yz : o ...... u 

Gl• U-+0 

G2: U-o•O 

G6 • U -<>-I 

yz: U-<> I 

GI•U-o ai t=0+2=2 

Gs:o-u at t=o+l= 1 

G6• u- 1 at t=0+2= 2 

without effect 

without affact 

::) y2:0--'>U at t= I +I =2 

I 
signo! chon<Jes occur 
simullaneously, lhe simulotor 

~ without effect. first octualiz a~ ali voriables, 

lotar verifÍ66 tho effect 
=} y2:U·- I at t=2+2=4 

without effect 

b) event sequencing and scheduling 

Figure 13- Some exomple o f Fig . 8, now with delays mín= I and 

max=2 
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We conc1ude about 3-va1ued 1ogic with min-~ax d e l ay : 

1) it a11ows detection o f static hazards, but this detection 

can be made on1y by interpretation of the timing diagrams, and 

not by a direct information (as we sha11 see with 5- and 8-

va1ued 1ogic); 2 ) it doesn't a11ow the detection of dynamic 

hazards . 

Mu1tip1e -va1ued 1ogic gives a1ways pessimistic re­

su1ts . In extreme cases , it can p redict a hazard where thi s 

is impossible _to occu.r . Figure 14 shows an examp1e. If the 

input transiti~n occurs at t=O, signa1 C c a n go to 1 ear1iest 

at t=4. I f the inpUt trans i t ion occurs at ·t =2 , signa1 D can go 

to o 1ates t at t=5. The interval from t =4 to t=S is thus p re 

dic ·ted with C=D=U 1 i. e. , it is possible C=D=l, what c a uses 

a hazard pulse a t E between t=6 and t=8. Thi s prediction is 

made as s uming tha t the transition occurs a t t=O for the upf~r 

path and at t =2 for the 1ower path, what of course cannot oc-

cur. 

o) circui t with deloys min= 2 and mox = 3 

A ~ 
B 

c 
D 

E 

o 2 

b) timing diogram 

4 5 6 

E 

8 

Figure 14- Pessimistic results tn 3-valued simulation, 

min-max delay 
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5.- FIVE-VALUED LOGIC 

It was shown that 3-valued logic cannot detect dy­

namic hazards because the value U has two possible interpre­

tations: a normal transi tion or a hazard. To avoid this problem 

and allow dynamic hazard detection it is needed a differentia 

tion between these two cases, what is done in 5-valued logic. 

The value U remains to indica te a hazard 1 while two new vahies 

are introduced to represent normal transitions. We will reE 

resent them by t and ~- Figure 15 shows the truth table for 

the AND function. Since we maintain the min-max delay model; 

the concept of dom.inance .is needed to determine the scheduling 

time of events. We have: U dominates t and ~ 1 which are hie~ 

archically equivalent; they in turn dominate O and 1 1 which 

are again hierarchica1ly equivalent . 

ANO o ~· t u 

o o o o o o 
o t\\ v u 

"' o .f\ Jt. u u 
... o ~ u w u 
u o u u u u 

Fig ure 15 - Truth table for t he 5- valued ANO f unction 

Figures 16 to 1 8 show the same examp1es from Figures 

9 t o 11 , but now f o r 5-va1ued 1ogic. It can be seen that; 1) 

a static hazard is predicted as an U-interval, l ike in Figure 

16; 2 ) a transition without dynamic hazard is predicted as a 

1' (o r -1.), as in Figure 1 7 ; 3 ) a transition with dynamic hazard 

i s predicted as an U-interva1, like i n Figure 1 8. We conc1ude 

t hat a hazard (static or dynamic ) will be a1ways predicted as 

a n U-interva1 , while a transition without hazard wi11 be pr~ 

dic ted as a '1' or a .!, • 
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A_j 

B i !-~ ----· 

c I I ~ D --~:;.;:;::. :=:===:::=.: 

E 11 1111 ~2Zj 
I I I I I I I I 
O I 4 5 6 7 8 11 

Figure 16- Some exomple of Fig . 9, now for 5-valued logic; 

A ~ 
s_lm 
c IIII WP"dr-

1 I I I I I 
O I 2 3 4 7 

Figure 17- Some exornple of Fig . IO, now for 5-vatu ed logic 

A f00j 
I ,__:_I - -----

8 f«JZi 1 

c I I I ,_, {\-r7"12Z:2á7""1'"7"r'~,...,..,~,...,..,....-· 

I I I I I I 
O I 2 3 4 8 

Figu re 18- Som e example of Fig.ll, now for 5-valued logic 
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6. EIGHT-VALUED LOGIC 

A1though 5-valued 1ogic a11ows the detection of 

both static and dynamic hazards, the distinction between them 

is not automatic, but must be made by interpretation of the 

timing diagrams: a sJcatic hazard is recognized when the signa1 

has the same va1ue before and after the U-interva1, whi1e a 

dynamic hazard exists when these va1ues are different.h! auto 

~atic distinction can be obtained only if we introduce 

differen·t J.ogic values for the two cases. The table below 

gives the 8 possible values in 8-valued logic. Besides the 

va1ues 0,1, t and ~ , four va1ues are introduced to dis­

tinguish between situations, which were all represented by 

U in the 5-valued 1ogic: O* for a static zero hazard, 1* 

for a static one hazard, t * for a O a 1 transition with 

dynamic hazard , and ~* for a 1 to O transition with dynamic 

hazard. 

1 static one va1ue 

o static zero va1ue 

1' hazard free o to 1 transition 

+ hazard free 1 to o transition 

O* static zero hazard 

1* static one hazard 

1'* o to 1 transition \'-li th dynamic hazard 

"'* 1 to o transition \vi th dynamic hazard 

Figure 19 gives the 8-va1ued truth tab1e of an AND 

function. Three zones are marked in the table: in the first 

one we have static hazards being generated by hazard free 

transitions in opposite directions; in the second one we have 

dynamic hazards being generated by the combination of static 

hazards wi Jch hazard free transi tions; in ·the third one we see 

that dynamic hazards can generate static and other 

hazards . 

dynamic 
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o o o o o 
~ O ~t I* t* ~* 

'* o Zone 2 ' dynomic hozards-;:-:-lr,~~~~==-;;:...;..;J '* o generoted by the t* 
0 

combinot ion of stat ic 
hazards ond hazard f ree 

tronsit ions 

Zone 3 : dynomic ond 
stotic hozord s generoted 
by dynomic hozards 

Figure 19- Truth table for the 8-vatued AN D function 

Since we maintain min-rnax delay, dorninance is again 

needed to solve the scheduling problem. The scherne be1ow gives 

the dornina nce re1ationship betwe en a11 1ogic va1ues (values 

in the same 1ine are hierarchica11y equivalent). 

'f'* i.-* 

growing O* 1* 

dominance 1' .J, 

o 1 

Figure 20 gives some exarnples for an AND gate, sup-

pose d wi t h d e l a ys min=3 and rnax =5. It can be s e en that for 

rnany cases output seque nces are genera ted, which must be ca­

refu1ly interpre t e d. For e x ample: a t between t=3 and t=4 

followed by a f* between t=4 and t=7, and fo11owed by a 1* 

betwee n t=7 and t=8. This mean s that a O to 1 transition wi11 

certainly occur b e tween t=3 and t=7, but not neces sarily between 

t=3 and t=4. This transition will b~ possibly followed by a 

nega tive hazarrl pul s e b e tween t=4 and t:::8, but not necessarily 

between t =7 and t=8. We cou1d say tha t the dynamic hazard re­

gion absorbs the inte rva1s in its imme diate vicinit~ beca use 

these intervals give redundant informat ion i.n r e 1ation to that 

given by the dynamic hazard interval. Us ing the s e ideas of. 
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redundance and absorption, we can. derive the following rules: 

for static hazards O* absorbs an earlier 1' 
o·k absorbs a 1 a t er ~~ 

1* absorbs an ear1ier ..j.. 

1* absorb s a la ter 1' 
for dynamic hazards 'I'* absorbs ea.r1ier 'Í' and O* 

t* absorbs 1ater t a nd 1* 

~* absorbs earlier -!, and 1 * 

"'* absorbs 1ater .!, and O* 

F i gure 21 clarifies these ru1es, showing e ach l~zard 

c ase and the redundant information which can be predic t ed by 

the simulation before and after the hazard interva1s. 

A 

8 

c 

A-LLiJ 
I 

' .!.. 

8 o~~..J I 

I I I 
I 

c J.} I t'-'r. ~ ~ ~r 
I I I I I I I I 

o) o I 2 3 4 7 8 

I .r- I A [b] 
' ' 

8 I I ~ ] 
I I 

o*=m_ c I I l-FI lV* I il i 
I I I I 

I I 

I 
[ -.G ] 

I I l -f' I 
I I I I I 
o 2 3 4 7 8 o I 2 3 4 7 8 

. b) c) 

Figure 20- Some t iming diagrams for and AN O gate, wi th delays 

min=3, max=5, evaluated with 8 - valued logic 

timing 
c ode possible r edundont information 

diogrorn beí'ore c ode a f ter c ode 

Jl_ 0-~t- I f' l_ t 

u '* l_ w I t 

I {' I 1-
n_r ~* n Ü* u '* 

l_ ... 1. -f 
l._.JL w* u '* .n. O·>é 

Figure 21- Redundance in 8- valued simulat ion r esult s 
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