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ABSTRACT

Necessary and sufficient conditions are given for the existence
of static and dynanic hazards in conbinational circuits that undergo
multiple input changes. These theorens are applied in the analysis of
modul es, such as the wye nodule, that have been proposed for asynchro-
nous systems. W show that unless internal module delays are strictly
| ess than del ays between nodul es, incorrect operation can occur due to

hazards in nodul e inplenentations.

I ndex Terms - Asynchronous networks, hazards, delays, modular systens
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| NTRODUCTI ON

We examine the operation of asynchronous systens, systens in which
there is no periodic synchronizing signal that limts system input
changes to specific instants in time. W consider systens consisting
of modul es interconnected by lines carrying binary, level signals, The
modul es thenselves will be asynchronous conbinational circuits. It has
been proposed [1,2] that asynchronous systens be built by choosing
modul es froma fixed, pre-defined set of nodule types. We consider
the inplenentation of some of these nodules. It is usually assuned
and in fact desired that asynchronous systems be insensitive to the
magni t udes of delays in the system

We will examne the transient output behavior of the nodule circuits
for certain changes of input variables. W will be interested in input
changes where one or nore variables change sinultaneously. If the
circuit output can change nmore than once in response to such an input
change, the circuit is said to contain a hazard [3].The extra out put
changes due to hazards result in stray logic pulses that may cause other
portions of the asynchronous to operate inproperly.

To illustrate the difficulties caused by hazards, consider the
asynchronous system shown in Fig. 1. This system consists of four
modul es, one source nodule, two sink nodules, and a wye nodule. These
nodul e types have been proposed by Altman and Lo [|]. The source nodul e

produces as output the inverse of its input. The sink module sinply
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transmits its input value as its output. The wye nodule is intended to
function as follows. An input request to the we mdule is either a
0-1o0r 11 - 0 input change on line "o When the wye nodul e receives

such a request it initiates identical requests on lines ry and Mo That
is, a change in the logic level of line "o causes the we nodule to change
the logic level of lines rl and . The wye module now waits until it
recogni zes changes on Ilines a and a, whi ch acknow edge that the requests
initiated by the wye nodul e have been received. After recognizing the
acknow edge signals on lines a and a,, the wye modul e produces an ack-
now edge signal on line ao, A O - 1 request on line r0 results in 0 -1

acknow edge transistions on lines a 1 and a Simlarly, 1 -0

o’ 2 o
requests result in 1 - 0 acknow edge transitions. A Karnaugh map and
circuit inplenmentation of the we nmodule are shown in Fig. 2 and Fig. 3,
respectively.

We have just described the intended operation of the wye nodule
However, due to delays in the system it may not always operate this way.
If delays internal to the we nodule are greater than delays in the cir-
cuits that generate acknow edge transitions on |ines a and ay the we
nodul e may see input changes on lines al and a, before it has conpletely

responded to a change on line r These input changes nmay cause the

0 1
asynchronous system to operate incorrectly as follows. Assune that al
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Fig. 2.

1
00 01 11 10
000 | 100 | 100 | 100
o11 | o011 | 111 | o11
8o"172

Karnaugh map for the we nodul e
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nodul e before the 1 on ry has propagated through the inverter on the input
to gate GT then gate G will change its output to 1. This wll cause a0
to change to 1, signaling the source nodule that the we nodule is ready

for another request on line r In fact, the we nmodule is not ready

0
for another signal on r0 because the sink modul e connected to l|ine r,

has not signaled its conpletion yet. This is an exanple of the incorrect
operation that a hazard can cause

This exanple shows that delays in an asynchronous system can be

very inmportant. W now turn to the problem of characterizing the effects
of delays on system operation. A notation is presented that shows the
effect of delays on the output of a conbinational circuit. Then theorens

are given that characterize the conditions that cause a circuit to contain

a hazard. Finally, the systemof Fig. 1 is analyzed for hazards



DELAYS AND QUTPUTS OF COMBINATIONAL Cl RCUI TS

In this section we present a nethod due to MCluskey [3,Ch. 7]for
producing a functional description of a conmbinational circuit output that
accounts for the effects of all possible delays in that circuit. Del ays
may be present in circuit gates and lines. These delays are assuned
to change the time of arrival of a signal but not its anplitude. The
magni tude of a delay is assuned to be finite but unbounded.  Several
delays in series have a cumulative effect. The total delay, from the
time an input changes to the time its effects are noted at the output,
is the sumof the delays along its path to the output. A single input
vari abl e may have several paths that it can followto the output. A
direction of propagation and a delay is associated with each line in a
circuit. Delays are not explicitly associated with gates or inverters
The delay in a gate or inverter nmerely adds to the delay present in its
input lines, so it is lunped in with the line delays

To account for delay effects, each different delay path a variable
may encounter in propagation to the output of a conbinational network
must be identified and a unique literal for the variable generated for
each path. To acconplish this, the lines in the network are nunbered
as shown in Fig. 3for the we module circuit. Each number i represents

a del ay d, present in that line. The transient output function of the

network is computed by appending the line nunber to the subscript of each

variable in the expression for the logic function associated with a network



line. Thus the transient output function for output a, of the wye nodule

circuit inFig 3is a,_ 8117;027 + 2 2g0g a269?059 .

If the transient output function is witten in sum of products form

the literals in each product termforma P set of the network. Wen the

transient output function is witten in product of sums form the literals

in each of the sumterns forman S set of the network. The P sets for

the wye nodul e network of Fig. 3 are {a117, ?027}; [3138; 5,9}, and

{a The P set is formally defined as follows [4, p.20}. A

269" Y0597

P set of a network is a set of subscripted literals [xi,...,y i f and

Jk]
only if (1) the signal represented by x. being equal to 1 at time t -d,

and . . . and the signal represented by y,jk being equal to 1 at time t -

dj - d will cause the output signal to be 1 at time t, and (2) any one

of these signals being O will cause the output signal to be equal to O.

The definition of an S set is dual to this P set definition and is obtained
by replacing P set by S set and interchanging O's and |'s in the P set
definition. P sets and S sets are useful in analyzing conbinational

circuits for the presence of hazards.

DETECTI ON OF HAZARDS

Before describing techniques for detecting hazards in conbinational
circuits, a more precise description of circuit input and output behavior

is required. The initial input state of a circuit is a binary vector that

describes the logic level of the network input prior to an input change.
Acircuit with inputs a, b, and ¢ and a starting input state of (101) would

have a=l, b=0 and c=l. The final input state is the binary vector that




describes the input levels after an input change is conpleted. An input

change may also be called an input transition. An input variable is assuned

to change only once during a transition. Those variables that are constant

are nonchange variables. Literals may al so be designated as change or non-

change type. If a single input variable changes, it is called a single

i nput change. |If nore than one variable changes at a time, then it is

called a nultiple input change

Hazards can be characterized by the output response they cause. A

conbinational circuit is said to contain a static 1 hazard for a transition

between initial input state A and final input state B if the network output
for input states A and Bis 1, and it is possible for a nonentary O out put
to occur during or after the input transition. A network contains a static
0 hazard for a transition between initial input state A and final input
state B if the circuit output for input states A and Bis 0, and it is pos-
sible for a nomentary 1 output to occur. A circuit is said to contain a

dynamic hazard for the transition frominitial input state A to final input

state B if A produces a 0 output, B produces a 1 output, and it is possible
for a nmomentary 1 - 0 output sequence to occur during the input transition
It is also a dynamic hazard if A produces the 1 output, B produces the 0
output, and there is a mmentary 0 - 1 output sequence

We now state and prove two theorens that characterize conditions for
which a conbinational circuit contains a static or dynamic hazard. The
theorens require that the P or S sets be fornmed for the circuit. In these
proofs a P set is said to cover an input state if all literals in the P
set equal 1 for that input state. An S set is said to cover an input state

if all the literals of the S set are equal to 0 for that input state
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Theorem 1: A circuit contains a static 0 (1) hazard for the transition
frominitial input state Ato final input state Bif and only if:

1. Both input states produce 0 (1) outputs.

2. There is a P (S) set of the network whose nonchanging literals
all have the value 1 (0)

Proof :

a. First we show sufficiency. Condition 1 insures that the initia
and final output values are correct for a static hazard, Ve need
only show it is possible for a nmomentary 1 (0) output to occur.

A 1 (0) output occurs if all the changing literals of the P (S)
set are 1 (0) at some instant. This happens if all changes from
0 (1) to 1 (o) precede all changes from1 (0) to 0 (1). Since
the delay associated with each literal is arbitrary, the circuit

contains a hazard

h. Next we show necessity. Assume a static 0 (1) hazard exists
The initial input state and final input state must produce 0 (1)
outputs, so condition 1 is necessary. For the monentary 1 (0)
output to occur, there nust exist a P (S) set of the circuit whose
literals are all 1 (0) sonme time during the transition. Since the
nonchanging literals have the same value before and after the
transition, if they are to be 1 (0) at any point in the transition

they must always be 1 (0). Therefore condition 2 is necessary also



Theorem 2:
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A circuit contains a dynamc hazard for the transition from

input state Ato final input state Bif and only if:

1. A and B produce different network outputs

2. One of the following two conditions hold

A

In the case input state A yields a O output, there nust exist

a Pset, call it Kl' whose nonchanging literals are all 1 and
that does not cover B. In addition, there can be no P set that
covers B whose literals under input state A are a subset of the
0 literals of K1 for input state A

If the output for Ais 1, there nmust exist a P set K, whose
nonchanging literals are all 1 and which does not cover A

In addition, there can be no P set that covers A whose literals
for input state B are a subset of the O literals of L under

input state B

a. First we show sufficiency. Consider conditions 1 and 2A. Con-

dition 2A sets the initial output to O. If only those literals

that are 0 in K, are allowed to change to 1, the output will

become 1. Now if all the literals that will be 0 for input

state B are allowed to change to 0, the output will become 0

This follows since each of the P sets that cover B contain at

| east one literal not in K, that was O in input state A The

1

P sets that do not cover B are all 0 since all the literals that

are 0 under input state B have changed to 0. Condition 1 guar-

antees a 1 final output. Conditions 1 and 2A are sufficient to

cause a dynamic hazard in the case the initial output is O
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In the case the initial output is 1, condition 2B applies. If
every literal that is O under input state B and is contained in

a P set that covers A but is not in K, changes to 0, the output
will become 0. This follows because all the P sets that fornerly
had no O literals now each have at least one. If all the literals
that will be 1 under input state B change to 1, all of Ko's lit-
erals will be 1, making the circuit output 1. Condition 1 forces
a 0 final output. Therefore conditions 1 and 2B are sufficient

to cause a dynamc hazard in the case the initial output is 1

Next we show necessity. Assume the circuit contains a dynamc
hazard and produces a O1-0O1 output sequence for the input tran-
sition Ato B. The initial O1-0 output sequence requires that
there be a P set, call it Kl’ that turns on, then off again. Kl
may not cover B, else the output would not go to O follow ng the
initial 1. Those P sets that cover B may not have any of their
literals that are O under input state A be a subset of Kl's lit-
erals that are 0 under input state A. If this condition were
violated, the output would remain 1 after the first 0 to 1 output
change. Finally, if the output for input state Bis to be 1, then
condition 1 is necessary. In the case the output for initia

state Ais 0, conditions 1 and 2A are necessary. Now assune the
network produces a 1-0-1-O output for the input transition A to B
The second 1 in the output sequence indicates that there is a P

set, call it K, , that does not cover input state A KO must not

O’
cover A else the second 1 in the output sequence would not be
possible. Those P sets that cover A may not have any of their

literals that are 0 under input state A be a subset of Ko's
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literals that are O under input state a. If this condition were
violated the output would remain O after the first 1 to O output
change. Thus conditions 1 and 2B are necessary for a |-O1-0

cutput sequence.
Theorem 2 can also be stated in terms of S sets.

Theorem 2A: A circuit contains a dynamic hazard for the transition from
initial state Ato final input state Bif and only if:
1. A and B produce different network outputs
2. One of the following two conditions holds
A In the case input state A yields a 0 output, there must exist
an S set, call it Kl' whose nonchanging literals are all 0
and that does not cover A In addition, there can be no S
set that covers A whose 1 literals for input state B are a
subset of the 1 literals of K1 for input state B
B. If the output for Ais 1, there nmust exist an S set, KO,
whose nonchanging literals are all 0 and which does not cover
B. In addition, there can be no S set that covers B whose 1
literals for input state A are a subset of the 1 literals of
K, for input state A
The proof is analogous to the proof for Theorem 2. In the next section
we wWill see an exanple of the use of Theorem 2
These theorems are related to the work of several others. MC uskey [3]
gives theorems that characterize conditions for single input change static
and dynanic hazards. Eichel berger [ 5] has characterized conditions for nul-

tiple input change static hazards. Unger [6] has stated theorens that char-

acterize conditions for multiple input change static and dynanmic hazards
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Unger's theorems differ fromthose given here in their statement of the

theorem conditions and also in their proof.

ANALYSI S OF ASYNCHRONQUS SYSTEMS

We can now apply the theoretical results of the previous section
in the analysis of asynchronous systens conposed of mpdul es realized
as conbinational networks. To illustrate the nethod we will consider

a hazard analysis for the a_ output of the wye nodule circuit of Fig. 3

0
when used in the asynchronous system shown in Fig. 1.

In Fig. 4 we show the input transitions predicted for the we
modul e by its design specification. By checking the conditions of
Theorens 1 and 2 with the P sets for the circuit of Fig. 3, it can be
verified that the circuit is free from both static and dynam c hazards
for all these input transitions.

In Fig. 5 we show the additional input transitions that will be
seen by the wye nodule circuit after a change in input variable rO
fromo to 1 if delays internal to the we nodule are greater than del ays
in propagation between nodules. W consider first the input change

000-110. The P set { 7} satisfies condition 2 of

To2y 3 417’ To2
Theorem 1 so the wye nodule contains a static 0 hazard for this transi-

tion. For the change @85 000-111, the initial and final output values

for a, are 0 and 1 respectively so the circuit nmust be checked for a
dynami ¢ hazard. Two of the P sets satisfy the conditions of Theorem 2

They are {a } and { Thus the wye nodule circuit

117’ To27 %269 To59)"
contains a dynamc hazard for this input change. There are additiona
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roalag-—ao
/Ooi)-o
100—0\
010-1. 101-0/ ‘ 110-0 00l -
\111-1

Fig. 4. Input transitions pernmitted by the wye nodul e design
speci fication.

roalaa—ao

000-0

010-1=———®101-0 110-0 =——001-1

111—1//’/
t

011-1

Fig. 5. Additional we nodule input transitions if delays internal
to we nodule are greater than delays between nodules for
input transition rO: o-1.
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hazards for the transitions of Fig. 5 and also several hazards when Mo
changes from1 to 0.

It mght be expected that these hazards result from the particular
two-level, and-or logic used to inplement the wye nodul e function. In
fact, as long as the relative nmagnitudes of all system delays are arb-
itrary, any circuit that inplements the we nmodule will contain hazards
This is due to the fact that the Karnaugh map (Fig. 2) for the wye nodul e

contai ns function hazards [5,6] which are inherent in the function being

realized and cannot be rermoved by the addition of logic gates to a
net wor k.

The hazard outputs for the wye module do not occur if the module
sees only the originally specified input changes. In the case of the

wye modul e this neans that delay elenents, which inplement fixed, |unped

del ays, nust be inserted in the systemrealization. These delay elements

1 and ry and nust have val ues

greater than all stray delays present in the wye mdule that could affect

must be inserted in the output lines r

0 to out put 2, W enphasi ze these del ay

el enents are necessary if the we nodule is to operate as specified

propagation of changes in r

We have exam ned ot her nodul es that have been proposed for asynch-
ronous systens and found that the junction, trigger, and union nodul es
al so contain hazards for certain input changes. As found in our exam
ination of the we nmodule, these are function hazards inherent in the
modul e definitions; however, the hazards only occur if internal delays

are greater than del ays between nodul es.
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CONCLUSI ONS

Asynchronous systens are intended to be insensitive to the relative
magni tudes of delays present in the system By means of a hazard anal ysis
we have shown that, unless delays are carefully controlled, asynchronous
systems can function incorrectly. One general delay requirement appears
to be that delays internal to a system nodule nmust be strictly less than
del ays present between nodules. This requirement has been pointed out
previ ously by Unger [6, p. 121]; however, it appears to have been ignored

in the literature discussing the inplenentation of asynchronous systems [1].
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