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Abstract must be observed between a pair of events for proper oper-
Recent research on timing verification of digital interface ation of the circuit. A delay or a timing constraint are Usu-
e N ) ally represented as intervalsg,j, tmad denoting the lower
circuits has implicitly assumed that the delays of different 504 ypper bounds. For a delay, the interval accounts for
signal transitions in the circuit are independent of one gifferences in process fabrication, variations of tempera-
another. However timing diagrams in data sheets clearly ture, etc. For a constraint, the interval the tolerance of the
specify correlation information. If timing correlation is circuits (e.g. a set up timing constraint). The objective of
ignored the results of verification can be overly pessimistic. timing verification is to determine whether all constraints
In this paper we propose a probabilistic timed Petri net are satisfied for all possible values of the circuit delays.
capable of representing timing correlation. For the sub-  In this paper we discuss the representation of time corre-
class of periodic nets witkno andor causality we develop lation in component interface specifications. The next sec-
a procedure that not only accurately checks if each one oftion surveys previous work on interface timing verifica-
the given timing constraints is satisfied but if the check tion- Section 3 introduces timing correlation information.

fails also determines the probability that a particular tim- fscé'o?oé;gﬁizzztﬁrggg Fggt??ggftgergt?:r?|5W|T|0Tr "QE base;j
ing constraint would be violated. P : Hustrates ou

technique using an example. Finally section 6 discusses
future directions.

1. Introduction

Complex systems can be constructed hierarchically using
simpler modules. The integration of a system involves theThe timing verification problem has been formulated as
design of inter-module hardware interfaces which provide finding the solution of a set of linear/min/max delay
connectivity and possibly protocol conversion. The auto- equations [1,2]. Because the general problem is NP-com-
mation of interface timing verification is important for the plete, recent work has concentrated on finding efficient
design of reliable systems particularly due to the trendsolutions of the linear/max problem [cf. 3] which is more
towards increasingly high-reliable and high-performance tractable. In section 4.2 we show that such min/max timing
systems. relationships can be derived from theD/OR causalities

In order to design or verify an interface circuit, only the Studied in the concurrent-systems literature [4]. We also
external behavior of the components needs be specifiedShow that neglecting correlation information may result in
Usually a component specification is given in the form of a Pessimistic estimates of event time separation between.
functional description of its pins accompanied with timing A major contribution of our approach is that we main-
diagrams which detail the temporal behavior of the inter- tain a causal framework while being able to model as tim-
facing signals. Signal transitions encode the events of ang correlation seemingly “non-causal” phenomena pro-
protocol. In the sequel we use the terms event and signavided in standard data sheets by chip manufacturers. An

2. Related work

transition interchangeably. additional benefit of our approach is that if a particular
Signal transition graphs @rcs [6] have been used to  constraint is not satisfied, our procedure then determines
represent component protocols. Nodes insaa corre- the probability that such timing constraint would be vio-

spond to the protocol events while edges represent timindated.

relationships between events. There are two basic types of Currently the procedure we have developed is applica-
timing information: circuit delays and timing constraints. ble to periodic systems. Note however that this is not a
Circuit delays describe the intrinsic delays through the serious limitation since standard interface protocols are
gates that comprise the two components and the interfacedesigned to function periodically (e.g. microprocessor
Timing constraints indicate the timing relationship that transfer cycles).



3. Timing correlation However the sources of delay variation (e.g. process
fabrication tolerances, temperature effects, etc.)ikedy

do affect both delays in the same direction, making the
above choice of values of the delays improbable. We say
thatd, andd, are not independent of each other but are

To understand time correlation, consider the following
example taken from a microprocessor transfer cycle (se
Figure 1). The address linagidare used to select a partic-

ular device. In order to avoid incorrect selection while the % L - .
address lines are changing, a strobe sigsak used to correlated. Figure 3 shows a joint probability density func-

indicate when thaddlines contain a valid address. A tim- 0N of two variables. Note that the values thatan take

ing diagram describing this protocol is shown in Figure 1. are restricted by the value »f A similar behavior is to be
Typical values for the timing parameters are listed in expected betweedy andd,.

Table 1. The manufacturer guarantees that a chip will per-
form within the minimum and the maximum given times.
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Figure 1. Timing relationship betweadd andas

Figure 3. Probability density distribution.

Symbol Timing parameter | Mif__Maf _Unit In Figure 4a the shaded area describes the projection of

tcuay | Clock high to Address valid 0 40 ng the probability distribution functiorfy; 4»(dg,dy) which
better expresses the intention of parameétgg, namely

t Clock low toasasserted 0 40 ns A

CLSA : thataddr precedesst+ by at least 20ns. Note thatdf and

tavsa |Address valid t@sasserted 20 - ns d, were independent, the projection would be the rectangle

tchel  [Clock high to Clock low 35 45 ns bounded by a dashed line. The boundary of the projection

Table 1: Timing specifications (Motorola MC68030) in Figure 4a can be described by linear expressiord; on
] ] i ) andd,. Although arbitrary boundaries can be used, linear
Figure 2 shows the correspondisgs. One can identify  poyndaries have a clear computational advantage, and lend
two clock events indexed by the corresponding clock themselves to a concise description.
states, the address lines becoming valdth, and the
assertion of the address strobe sigast. The timing
parameters of Table 1 label the edges of the graph.
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Figure 4. (a) Projection of the pdf of delaljsanddy;

Figure 2. Signal transition graph. (b) pdf of time separatiod between two events.

With the exception ofy,gathe other timing parameters The output of our verification analysis is a probability
describe causal relationships between the correspondinglensity function of the time separation between two con-
events. Timingtay/sa Specifies thaaddr always precedes  strained events. Thus it is possible to find out the probabil-
ast+ by at least 20ns. One may be tempted to add a causaly that the constraint would be violated.
link from addt to ast (the dotted edge in Figure 2). A Consider for example the probability distribution func-
more appropriate modeling uses the concepiod corre- tion fy of the time separatiod between two events shown
lation. Note that bothadd and as are generated concur- in Figure 4b. The functiofy is non-zero fod O [0, 60]. If
rently by two logic blocks from the clock edges. Let us call there is a constrairtk = [20,40] between the events, con-
d; andd, the delays frontlky to addt and ast respec-  ventional verification techniques can only determine that
tively. From the parameters in Table 1, it can be inferredthe constraint is violated by 20 ns on each sidesliabil-
thatd, O [0, 40] andd, O [35, 85] ignoringtyysa There ity analysis can determine thatis violated in, say, only
are some combinations of valuesdyf andd, for which 1% of the cases. This information can be invaluable to
tavsals not satisfied. For exampledf = 40 andd, = 35. designers.
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4. Probabilistic interface timing verification
To represent circuit delays we use a probabilistic signal

transition graph, which is a Petri net whose transitions are

interpreted as events of the interfacing protocols. A set of . .
1Q_nd in Figure 5bc occurs as soon as or b occurs.

constraint rules on selected transitions of the net specifie
the timing constraints. Firstly we introduce a probabilistic
Petri net which can accommodate random variables with
arbitrary probability functions.

4.1 Stochastic Petri net mode

A probabilistic Petri net is a quintupfe= [, T, F, Mg, 'O

whereP is a non-empty set of placésjs a non-empty set
of transitions,F O (P xT) O (T x P) is the flow relation,

M: P - O is the marking function (wher@ is the set of
non-negative integers), afd P - 1 is the delay labeling
function that assigns to each plage] P a random vari-
able (r.v.)t(p;) [5]-

The preset (postset) of a transitiois the set of incom-
ing places to (outgoing places frotrgnd is denoted (te).
Random variables’s are used to represent circuit delays:

Firing rule .

1. Atransitiont O T is enabled when every plapé] «t
contains a visible token.

2. An enabled transition fires immediately. When it
fires, the transition consumes the tokens in eyefy st
and sends tokens to every place te.

3. A placep upon receiving a token at tirtemakes it
visible to transitions O pe at timeT + T, wheret; is a ran-
dom variable with distributiofy;(T;).

For causality it is required that the probability of any
random variablg; taking a negative value be zero. The set
of random variables;, i = 1..M, assigned to the places of
the net are fully described by the probability density func-
tion (in short pdf)f;; (T4, ... Tyy)- In practice, most of
the r.v. are independent, so thagan have a more compact
form. For example, if alt; are independent then:

frr (T o T) = Fra(ty) - Fom(tv) [Eq. 1]

A constraint rule associated to mét [P, T, F, Mg, I'Cis
a triplec; = [, tj, AjCwheret;, t; O T is a pair of transitions
of the net, andx is a compact real interval. The set of con-

straint ruIesCN {cij} specifies the timing constraints of
netN.

A probabilistic STG is defined as a tupléN, Cy, Y, AD
whereN is a probabilistic Petri ne€y is the net's associ-
ated set of constraint rule¥, is a set of signals, and
A: T - E is a labelling function which assigns transitions
of N with evente 0 Yx D x D (D is the signal domain).

Definition.- A probabilisticsTG is said to be time-con-
sistent if for every constraint rutg O Cy, the time separa-
tion between eventsandt; is within the bounds af;; over
all possible executions of tgG.

Determining if arsTG is time-consistent for an arbitrary

occurs after all the events 8in all occurrence sequences.
Similarly, an event is said to beor-caused by a s& of
events ift occurs after the first event Boccurs. For exam-
ple in Figure 5a evertt occurs only aftem and b occur,

igures 5¢ and d show the corresponding Petri net con-

structs. For the sake of clarity from now on we adopt the
more compact representation shown in Figures 5a and b.
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Figure 5. Causality classes: (a) AND causality; (b) OR
causality; (c) and (d) Petri net constructs.

Let us consider the multipkenD join shown in Figure 6.
Places are associated with random variabjlegth distri-
butionsf;;(t;). After the firing of an event, say at timet,,
a token is made visible to evehiat timet, + T4, with pdf

f1i(t1). According to the firing ruled fires when all tokens

in a, b, andc are visible, which occurs at:

Tg=maxTy + Ty, T + Tp, T + T3) [Eq. 2]
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Figure 6. Distribution of the firing time of an event.

Similarly for a multipleor join, eventd will fire as soon
as the first ol or b or ¢ occurs, which occurs at:
Tg=Min (T4 + Ty, Tp + Tp, T + T3) [Eq. 3]
Thus AND/OR causality generates the max/min delay
equations respectively of interface timing verification.

4.3 Functions of random variables

In this section we state some results from probability the-
ory needed to compute time separation between events. Let
x andy be two random variables with joint pif{x,y). The

pdf of the random variableis given by [5]:

net topology is an open problem. In this paper we solve the

time-consistency problem for a sub-class of Petri nets with
AND andoR causality.

4.2 AND and OR causality
An eventt is said to besnD-caused by a s&of events ift

f,(2) :_[_mfxy(z—y,y)dy ifz=x+y  [Eq.4]

(@ =] f,(y+zydy fz=x-y  [Eq.5]



d

f,(2) = d_zFXV(Z’ 2 if z=max(x, y)[Eq. 6]

L@ = S (F (D +Fy(2) ~Fyy(22)

if z=min(x,y) [EQ. 7]
whereF,, (x,y) is the cumulative joint distribution func-
tion of x andy.

4.4 Verifying time-consistency
The timing verification procedure for a perioditc with
AND andoR causality can be stated as follows:

1. For every constraint rulg with associated interval
Ay from eventt; to eventt;, find the pdff,(2) of the con-
straint equationz = 1 - T (using Egs. 4-7 and Eq. 9).

2. ThesTGis time-consistent if

L=[f,(9dz =1
Aij
for every constraint rule;.
In [6] it is shown how to write constraint equations for a
periodic sTG with AND andOR causality. Constraint equa-

[Eq. 8]

tions only contain the operators described in section 4.3. To
determine the joint pdf of a constraint equation we use the

following procedure based on point conditional
probability [5]. Letf,,(b,a) be the joint pdf of two r.va
andb, which are functions of two vectors of ry andty,
respectively, where the elementstgfandty, are subsets of
the set of r.v1j. Denotea = a(t,), b = bty), andt,, the vec-
tor of r.v. 1, common to both, andty,. The distribution of
fharn (0 1,) is just fyr o (BT,) fyen(@T,) for a given
fixed t,,. Furthermore, the joint pdf ef andb is given by:

fo.(b,a) = I_m...f_mfbmﬁ(b,a,{m)d%m [Eq. 9]
where

foar, (0,8 T0) = foar (B8 T0)f, (T0) [Eq. 10]

5. Example
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Figure 7. Example: (a) Partial unfolded graph; (b) joint
probability density function of delayg andt,.
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Figure 8. Pdf oZ = 14— 1 With correlation.

Suppose thatA =[-30,30]; then using Eg. 8, =0.9703,
that isA would be violated in about 3% of the executions.
If correlationp4 is not taken into consideration, by apply-
ing conventional timing verification techniques which can
handle min delays (e.g.[2,1]) it can be found that the
bounds orz are [-50,40] thus yielding pessimistic results.

6. Conclusions

In this paper we considered the timing verification of digi-
tal interface circuits. Previous research has implicitly

assumed that circuit delays are independent of one another.

However in the timing diagrams provided by manufactur-
ers it is common to find timing correlation information. If

correlation information is not taken into account the verifi-
cation procedure may produce pessimistic results. In order
to cope with correlation data we have proposed a probabi-

Consider for examp|e the partia] unfolded graph [6] shown listic tlmlng verification which can handkenD/OR causal-

in Figure 7. Event will occur as soon as the first oford

ity. In unbounded delay situations (e.g. due to metastable

condition), it is unrealistic to demand 100% constraint sat-
and 1, in [0,20]; T3 in [10,50]; T4 in [0,60]; andtg in isfaction. As future work we are planning to extend the
[10,30]. Moreoverr; andt, are correlated bp; which is constraint rules to include a reliability factor that expresses
[-5,5]. Correlationp, states that for all possible values of less strict conditions on the constraint satisfaction.
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