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Abstract pre-layout verification. This is an effective approach but

overly constrains the circuits, reducing their potential bene-
Aggressive timed circuits, including synchronous and fit.
asynchronous self-resetting circuits, are particularly chal- Other research has focused on the pre- and post-layout
lenging to design and verify due to complicated timing con- verification of these circuits. In particular, given a timed
straints that must hold to ensure correct operation. Identi- circuit with bounded-delays on all components, advanced
fying a small, sufficient, and easily verifiable setelftive verification tools can determine whether they will work cor-
timing constraints simplifies both design and verification. rectly [3, 2]. These tools are limited to relatively small cir-
However, the manual identification of these constraints is a cuits because of the double exponential complexity of the
complex and error-prone process. This paper presents theexact timed state space based verification problem (state
first systematic algorithm to generate and optimize relative space + timing) [1]. Because timing margins must be char-
timing constraints sufficient to guarantee correctness. Theacterized as min-max delays over all devices and environ-
algorithm has been implemented in ®®TCGool and has ~ ment delays that should be valid for all delay variations seen
been applied to several real-life circuits. In all cases, the in today’s deep-submicron processes [9], designers must be
tool successfully generates a sufficient set of easily verifi-relatively conservative on how they set these delays. More-
able relative timing constraints. Moreover, the generated over, even minor changes in transistor sizing, floorplanning,
constraint sets are the same size or smaller than that of theand/or routing that affect any of the delay bounds currently
hand-optimized constraints. requires complete re-verification.
To overcome the above double exponential complexity
problem of explicit timing, PBa et al. [14] proposed an ap-
1. Introduction proach performing an off-line timing analysis on a set of
timed event structures that cover the failure traces rather
than calculating the exact timed state space. In fact, as a
side benefit of their verification approach the set of timing
constraints used to prove the correctness of circuits can be
Sreported for back-annotation. These constraints, however,
are derived with given min-max delays on all gates. Conse-
quently, this approach still suffers from overly conservative
delay bounds and does not support incremental verification.
Recently, a relative timing based verification method-
ology was proposed to address these limitations. This
methodology is based on the observation that the key prop-
erty needed for correctness is often the relative ordering of
signal transitions [11, 19, 16]. The idea is to decompose
the timing verification problem into two parts. First, iden-
tify relative timing (RT) constraints sufficient to guarantee
the correctness of a circuit using no min-max delays. Sec-
*This work was partly done during his internship at Strategic CAD ONd, analyze the post-layout circuits to validate these tim-
Labs, Intel Corporation. ing constraints using a standard simulation technique or a

Aggressive timed synchronous and asynchronous circuit
familes, including self-resetting domino circuits and GasP
circuits, have demonstrated impressive performance gain
[16, 21, 17, 18, 13] at the cost of requiring complicated
two-sided timing constraints. These timing constraints must
be considered during fanout optimization, transistor sizing,
floorplanning, and routing. They must also be carefully ver-
ified pre- and post-layout. For these circuits to be widely
adopted comprehensive CAD support is required.

One approach is to constrain the design of these circuits
to simplify the problem. In particular, Sutherland et al.
[22] suggested constraining the transistor sizing of GasP
circuits to yield unit delays, thereby generating correct-
by-construction transistor-level circuits and simplifying the




known polynomial-time bounded delay analysis technique
given extracted min-max delays. Designers can also rely
on the simpler simulation and/or analysis techniques to ver-
ify incremental changes to transistor sizing, floorplanning,
and routing. Moreover, because the constraints are sym-
bolic and thus not tied to min-max delays, it may also be
feasible for the designers to verify the constraints using a
technique that can take into account correlations among de-
lays (e.g., random simulation), allowing them to design the
circuits more aggressively.

The basic problem that this paper addresses is the genereft and right environments must also be precisely defined.
ation of relative timing constraints. Currently the generation To do this, we have used signal transition graphs (STG) [5],
of relative timing constraints has been done manually rely- @s illustrated in Figure 2. To simplify the circuit, we have
ing on designers’ intuition. While these manually generated Not modeled the keeper inverters on each PLACE because
constraints can be checked for sufficiency using an untimedthey do not affect the analysis of the circuit.
verification tool [10, 20], the process is time-consuming and
error-prone. This paper presents the first systematic algo- .
rithm to generate and optimize easily verifiable relative tim- 2-1. Transition systems
ing constraints sufficient to guarantee correctness. Both the
generation and optimization of the constraints are based on N )
an untimed analysis of the state space which uses state-of- A transition systen(TS) [12, 6] is a quadrupler'S =
the-art symbolic techniques to reduce run-time. The algo- (5 E; T’ sin), Where S is a non-empty set oftates £
rithm has been implemented in dBTCGool and has been IS @ non-empty set oévents 7' is a transition relation
applied to several real-life circuits. In all cases, the tool suc- I = 5 X E xS, ands, is aninitial state. We will denote
cessfully generates a sufficient set of easily verifiable timing the set of events cprrespondmg to input and gate signals by
constraints. Moreover, the generated constraint sets are thé’s andEc respectively. Therefordy = E; U Eg. A state
same size or smaller than that of the hand-optimized coun-transition(s, e, s’y € T may be denoted by — .
terparts. A transition system provides a natural formal framework

The organization of the rest of this paper is as follows. to describe the behavior of sequential circuits as well as be-
Section 2 describes the basic notions and formalism usechaviors that the circuit should not exhibit. Note that a state
throughout this paper. Section 3 and 4 describe the theorygraph is simply a binary interpreted transition system where
and algorithms for our relative timing constraint generator its transitions are labeled with an evenfTi8.
calledRTCGN detail. Section 5 and 6 describe experimen-  The transition system can be generated from the com-

Figure 3. Label splitting

tal results and conclusions. position of the circuit and environment using standard un-
timed reachability analysis techniques [4, 7, 15, 24]. To
2. Basic notions avoid generating’S with OR causality, we use the well-

known technique of label splitting to distinguish between
This section introduces our formalism for modeling the different causes of the same event, that is, any event with
behavior of circuits and their environment. We will also de- Multiple causes is separated into multiple events, each hav-
scribe how we define the failure transitions that our relative iNg & unique cause. For example, the eveim the TS

timing constraints must avoid and several useful notions of Shown in Figure 3 has two causesandb. By splitting this
reachability analysis. event intocl andc2, each has its own unique cause. This

We will use the GasP FIFO control circuit [21], illus- splitting can eaeily _be implemented during the generation
trated in Figure 1, as a running example. Each PATH cir- Of the TS and will simplify our subsequent analysis steps.
cuit controls the flow of data between pipeline stages imple- SPlitting, however, does make the interpretation of derived
mented with single-rail logic. In particular, it latches single- timing constraints on split events somewhat more challeng-
rail data from its predecessor place to its successor placé"9-
when its predecessor PLACE is FULL (encoded LO) and A simplified TS of the GasP FIFO control circuit and
its successor PLACE is EMPTY (encoded HI). The latch its environment shown in Figure 4. In particular, th8
signal is a pulse that must be wide enough to pass througkhis a projection of the entir€S onto a subset of the original
data but not be too wide to allow the passing of two consec- signals (hiding signala, b andr) to simplify the illustration.
utive data tokens. Interestingly, there was no OR causality in this circuit and

To analyze the behavior of the circuit, the behavior of the thus label splitting was not necessary.
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Figure 2. A GasP FIFO control circuit with the left and right environments modeled as STGs

2.2. Failure transitions be identified via untimed reachability analysis of the circuit
using existing mature formal verification techniques (e.g.,
In our techniquefailure transitionsare assumed to be [4,7, 15, 24]).

either explicitly or implicitly specified by designers. They As an example, consider the GasP control circuit in Fig-
are state transitions which designers do not want their cir-ure 2. After the first PATH modeled in the left environment
cuits to execute. In the most common scenario, these tranuses the N-type transistor to drive the state conductor node
sitions are implicitly specified to be state transitions leading le LO, the second PATH will take at least three gate-delays
to failure states, in which a circuit enables a signal transi- to drivele HI again using the P-type transistor. By the time
tion that is not acceptable by the environment [15]. They the second PATH turns on the P-type transistor by trigger-
are also often implied to be transitions which cause short-ing signalout LO to drive le HI, the first PATH will have
circuit currents in the circuit or transitions which violate turned off the N-type transistor. Otherwise, the circuit will
the semi-modularity [23] of a signal in the circuit indicat- be assumed to have a failure due to a short-circuit current
ing the possibility of a runt pulse. In general, however, this on both transistors. In other words, if a signal transition
set can be any subset of a transition relatignin aTS and out- fires earlier tharx-, the circuit will have a failure. In
denoted byTl,;. In practice, these failure transitions will  the TS illustrated in Figure 4, this failure is modeled with
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Figure 4. A simplified TS for the GasP control
circuit and its environment.

two failure transitions labeledut- enabled at state?1 and
s22 that lead to the symboll*”.

2.3. Reachability

To describe our methods we must introduce the follow-
ing notations related to reachability analysis. A stdtés
said to bereachablefrom a states, denoteds ~» ¢/, if
there is a (possibly empty) sequence of non-failure transi-
tions starting ins and ending ins’. In addition, a state’
is said to beeachablefrom a states within a set of states
r C S, denoteds ~»,. ¢, if there is a (possibly empty) se-
guence of non-failure transitions that remains within a given
set of states.

The forward reachability set of a set of stal#'sC S,
denotedF (S’), is the set of states reachable frath That
is, F(8')={s e S |3 €8 :5 ~ s} Similarly, its
backward reachability sé#(S’) of a set of states’” C S'is
the set of states that can reagh Thatis,3(S") ={s € S|
35’ € 8" : s ~ §'}. In addition, the forward reachability
setF,.(S') of a set of states” C S constrained to a set of
states is the set of states reachable frathwithin ». That
is, Fr(S)={s eS| 3 €8 :5 ~, s} Similarly, a
constrained backward reachability ¢&t(S”) is defined as
B(S)={se€S|3s' €S :s5~, s}

It will also be useful to define the predicate~> s’ to
hold if s can reachs’ without firing a transition labeled

e. Correspondingly, we will le3_.(S’) denote the set of
states that can reaci without firing e for a set of states’
and evenk. Thatis,B..(S')={sc S| 3s' € 5" : 5~
s'}. Similarly, we define3, . = B, N B-..

Lastly, it will be useful to define the one-step image com-
putations. The forward image sktyg_(S’) of a set of states
S’ C S for a given event € F is the set of next states of
S’ by non-failure transitions labeled That is,Img, (S")
{seS |3 €8 :(s,e5) €T — Ty} Similarly, The
backward image sding, *(S’) of a set of states’ C S for
a given event € E can be defined. That igmg_'(S")
{se€S|3s' €S :(s,e,8) €T — Ty}

3. Automatic generation of RT constraints

We divide the generation of relative timing (RT) con-
straints into two steps. In the first step, initial relative tim-
ing constraints are derived that guarantee no failure transi-
tion is reachable. These constraints effectively reduce only
the necessary concurrency in the circuit to remove failure
transitions. In the second step, the set of RT constraints is
optimized through transformations that move and merge the
constraints into a smaller or more easily verifiable set of RT
constraints. This section describes the theory and algorithm
for initial constraint generation. The subsequent section is
devoted to constraint optimization.

The section starts with some definitions and formalism
used in the following sections.

3.1. Qsets

A Qsetof an evente, denoted Qsed}, is a set of states
where a set of failure transitions labeledire enabled to
fire. A Qset is a set of dangerous states from which a fail-
ure transition may occur. Therefore, once the circuit enters
the region of Qse#) in a TS, the circuit must avoid such a
failure transitions. Note that there can be different Qsets for
one event.

We will define some notions and predicates here which
are necessary to the formal definition of Qsets.

Definition 3.1 (Excitation region [8]) A set of states is
called an excitation region of event e, denoteda®/e), if

it is a maximal (possibly disconnected) set of states in which
for all s € S there is a transitions .

For example, in theTS illustrated in Figure 4,
ER(z+)={s1, s2, s3, s4, 5, s6, 7, s8, $32, 33, s34, s35}.

Definition 3.2 Let TS =(S, E, T, s;,) be aTS. Let.S’ C
S be a set of states and € E be an event. Lef’ =
T — Ty, be anon-failure transition relation. The following
predicates are defined for e artd:



in (e,8) =3(s,e,s') €T : 5,5 €8 function makeQsete, )
n , , . , [* e is the target event of a potential Qset */
enter (e, 5")=3(s,e,8) €T :s¢ SN €S if (- C ER(e))
exit (e,5") =3(s,e,8) €T :s€ SN ¢S5 if e’ € E:false _exit (¢’,7));
. N , y /* Recur adding essential statesrte/
fal_se _exit (e,S") = (in (e, 5") Venter (e, S))A return makeQsete, U Img,, (r)):
exit (e, 9) else
[* ris a Qset */
Definition 3.3 (Qsets) A set of stateg C F(s;,) IN TS = return r:
(S,E,T,s;,) is called a Qset for evert € E and denoted end if
by Qsete) if ¢ C ER(e) AVe' € E,—false _exit (¢',q) else
holds. The eventis called thetargetevent of the Qset. /* No Qset can be found */
return (;
We restrict our Qsét) to be only a proper subset of end if

ER(e) because we want to have at least one transition la-€nd function
belede that is potentially fireable in some reachable state.
We restrict Qsét) to have no false exit events to ensure

that any exit event always exits the Qset. The motivation of
this will be more clear when we discuss our specification of
RT constraints in terms of event triples in Section 3.3.

Now let us consider a GasP circuit in Figure 2. The cir-
cuit will have a failure if the left environment tries to pull We havein (¢/,r) v enter (¢/,7) from in (¢/,r) V
down the state conductde by firing x+ before signabut ~ enter (¢’,r) because of C ' and the definitions oin
has been reset, that isyt+. This failure is represented in andenter . Then,—exit (e’,r’) because of Definition 3.3
the TS depicted in Figure 4 as the transitions labeted  of Qsets.s’ € v’ because o’ € r andr C r’. Therefore,
from states32,s33,s34 ands35. This set of states satisfies s € r’ because of-exit (e’,7”). u
the definition of a Qset for eventr, denoted by Qsetf)
because it is a subset BR(x+) and the only exit event, 3.3. Event triples
out+, is not a false exit.

Figure 5. Algorithm for making a Qset from a
given set of states

To formalize the definition oévent triples we first de-
3.2. Making a Qset fine a decomposition of a set of states into two parts, be-
fore and after the occurrence of some transitior-, =

A key function in our algorithm involves finding the Bs.-e(ER(¢)) andS,.. = & — S<.. We then apply this
smallest Qset for a target everthat includes a given subset {0 constrain the ordering of events by lettifgoe the ex-
r of ER(t). ThemakeQsetfunction shown in Figure 5 per- ~ citation region of some event. That is, vv'h'en we wish to
forms this function by recursively addingtanly essential ~ constraine to occur before we must avoid firing any tran-
statesthat must be included in any Qset that includesn  Sition of ¢ from the set of state&'R(¢) .. Notice that this
particular, as shown in Proposition 3.1, the forward image Set Of states does not include state&iR(¢) that occur be-
setImyg,, (r) of r for a false exit event’ consists of essen- foree. That is, the notion obeforeis reset by the presence
tial states. The basic intuition behind this result is that the Of thee. o . .
only way to remove the false exit events in a Qset that must _An event triple is an ordered triplel., ¢, U) associated
includer is to add tor the sink states of any corresponding With & Qset for a target event that causes a failure from

exit transition. some state ig. It consists of a set anterevents, thearget

failure event, and a set afscapeevents. An enter event
Proposition 3.1 (Essential states).et TS =(S, E, T, s;,,) [ € L is an event associated with a non-failure transition
be aTS with a set of failure transitiong,; C 7. Let  enteringg. An escape event € U is an event that must
r C ER(e) for an evente € E andr’ C S be a QsdE) satisfy two conditions: 1), must be associated with non-
such that- C 7. Lete’ € E be an event such that # e. failure transition that exitg and 2)g<,, equals;. Intuitively,
The following predicate holds: an escape event is an event for which if constrained to

occur before, all failure transitions of from ¢ are avoided.

false _exit (e',r) = Img. (r) Cr’ This is formalized below.

Proof  Consider a states € Img.(r) such that Definition 3.4 (Eventtriple) Let TS =(S, E, T, s;,) be a
(s',€',s) € T — T Wheres’ € r. (in (¢/,7) V TS with a set of failure transition$y,; C T. LetL,U C E
enter (e¢/,r)) A exit (e¢/,r) from false _exit (¢,r). andt € E. Letq C F(s;,) be a Qset for event € Ty,



denoted Qsét). The triple(L, ¢, U) is an event triple fog
ifall [ € L andu € U satisfy:

e enter (I,q)
e exit (u,q) N g<u=¢
e Ift € Erthenu € Eg

The intuition of an event triple is that a failure will occur
if ¢ fires after any € L and before al, € U. As long as

this condition is not satisfied, the failure associated with this .4 < isin Ty ~i<u and thuss ¢ ERC( )
Qset is avoided. In particular, we observe that the subset of

states oER(t) that occur after any € L is | J,., ER(t)s;

and the subset of statesBiR(¢) that occur before all escape
events is( ), ER(t) <. Our intuition implies that it is
sufficient to remove only those transitionstdfom states in
the intersection of these two sets. However, this is not true if
alll € L also occur afteg in such a way that statesdrfrom
which we need to remove transitionstoére considered to
occur beford. Consequently, for this case, we propose to

expand the set of states from which we remove transitionsER

of ¢ to those that occur before alle U and, in particular,
do not check their relationship withe L.

The fact that a Qset must not have any false exit events™

Proof (By contraposition): Consides € ¢ N FC(s;,,).

We know thats € ¢ = s € ¢g<, foranyu € U be-

cause the definition of implies thatg-,, = ¢ This means
thats € ER(t)<, becausey C ER(t). Consequently,
5 € (Nyev ER() <u

Now consider the case for whichl € L such that
ER(t)<; Ng = (. This implies thats ¢ ER(t)~; because
s € q. It then follows thats € ER(¢) — ER(¢)<; because
s € gandq C ER(t) = s € ER(¢). This means that
s € ER(t),; which implies that € |, ER(%):.

Consequently, we can conclude that the transition of
t). |
Consider the Qsetf) ¢ for a target evenk+ we dis-
cussed earlier for the GasP circuit in Figure &+ is an
enter event because there are three non-failure transitions
labeledle+ which enter the Qset througi32, s33 ands35
respectively.out+ is an escape event because 1) there is a
non-failure transitiorout+ which exits the Qset frons35
and 2)g—out+ is {S32,533,534,s35} which equalg;. Thus,
(le+, z+, out+)t is an event triple for Qset).

Let us now evaluate T <;<y- Note
(x+)—<le+ BER(IJ’»)’—Jef(ER(le_'_))
BER(H)’#@_({S%,530,331}) 0, where ER(z+)
{s1, s2, s3, s4, s5, s6, s7, s8, $32, $33, s34, s35}.

that

ensures that the transition of an escape event leaves the QséfUS: ER(#+)-ie+ = ER(z+) — ER(z+)<ier =

as desired. In addition, for Qsets with target events that are™-
inputs, we find a non-input escape event. Otherwise, the~ {32,533, 534, 535}

event triple would imply a constraint that restricts the order-
ing of inputs signals and thus alter the circuit specification.
To prove failure-freedom, et -, < denote the set of
transitions we will associate with the event trigle, ¢, U).
Our goal is to define this set such that we can prove that if
this set of transitions are avoided, the failure associated wit
the Qset is circumvented. L&C be the constrained transi-
tion relation derived fronT’ by removing the transitions in
Tr,<¢~<v associated with each event triple. LBt (s;,,) be
the set of reachable states frem through the constrained
transition relatior”®. Similarly, letER® (¢) represent the
constrained excitation region ofderived fromER(t) by
removing states from which transitions ohave been re-
moved fromT". We then have the following theorem.

Theorem 3.1 Let TS =(S, E, T, s;,,) be aTS with a set of
failure transitionsly,;; C T'. Given a Qsey C F(s;,) with
an event triple(L, ¢, U), let T, ;< be defined as follows:

1. If 31 € L such thaER(¢)<; N g = 0, thenTy <<y =
{(s,t,8") | s € Ujer, ER(t) w1 NN yer ER(E) <}

2. OtherwiseTr<i<v = {(s,t,5") | s € (N,cy ER(t) <u}-

Then,F%(s;,) N ERC (t) N q = 0, i.e., failures associated
with ¢ are circumvented.

R(z+). Similarly, it can be shown thaER(z+)<oust
Consequently, T7 <1<y =
{(s,t,8) | s € ER(@+)mies N ER(@H)zours) =
{532, s33, s34, s35} and all failure transitions af+ from
Qsetk+) will be removed. That is, the timing constraint
represented by this event triple effectively prunes these

failure transitions from the reachable state space. Conse-

hquently, if the Qset is enteredut+ must always be taken

before the target event.

Note that the transitioout+ enabled at stats34 in the
Qsetk+) is another failure transition. This failure transi-
tion will be effectively pruned by the event triple of the
Qsetput+) that consists of stats34.

One potential issue with the semantics of an event triple
is that while the constrained ordering of events is necessary
to avoid a failure only in the Qset for which it is defined, the
constraint applies to the entire state space. Consequently,
the constraint may unnecessarily make some states unreach-
able, reducing concurrency, in many other parts of the state
space. In practice, however, we have not found this unnec-
essary reduction in concurrency to be a significant problem.

3.4. Finding Initial Qsets and Event Triples

Our algorithm for finding the initial Qsets and corre-
sponding event triples is as follows. First, for each prop-

1For simplicity, we omit the set notation for singletdrs andU’s.



erty of interest we identify the events involved in the cor- to guarantee the correctness of circuits. Each relative timing
responding failure transitions. For each such event, we useconstraint effectively reduces the concurrency allowed by
the makeQsetfunction to create a Qset that includes the the circuit by constraining the relative ordering of otherwise
source state of the corresponding failure transitions. Noteconcurrent signal transitions. The initial constraint genera-
that multiple Qsets of the same event may be created if thattion method described above finds a set of relative timing
event violates multiple properties. The decomposition of constraints whose goal is to minimally reduce concurrency
Qsets based on property violations, however, increases thevhile still ensuring correctness. The result, however, is a
chance of finding reasonable escape events. Note that iset of constraints which may be very large and difficult to
makeQsetfails to find a Qset, the algorithm aborts indicat- validate. This section discusses methods to optimize the set
ing that no relative timing constraints can be found that are of initial constraints into a smaller set of typically stronger
sufficient for correctness. constraints which is more easily verifiable. These methods

For any Qset with no escape event, we create a new can be used to tradeoff additional reduction in concurrency
Qsets for each enter eveatof ¢. In particular, we use  for reduced complexity of constraints.
makeQsetto create a Qset for that includes the source In particular, we present two basic procedures for
of all the entering state transitions. The basic idea is thatstrengthening a RT constraint by manipulating Qsets. The
the constraints associated with the event triples of the newfirst involves creating new failure transitions and a new
Qsets will implicitly ensure that the failure transitions from Qset that covers an existing Qset in a procedure we call
g cannot occur. We say the new Qsetver g We repeat  moveQset The second involves merging existing Qsets
this procedure until all Qsets have either at least one escapéor the same target event, yielding a typically smaller set
event or no enter events. If, however, during this procedure,of event triples for the merged Qset, in a procedure we call
a Qset with no escape event is encountered that containsnergeQsets
sin, the algorithm aborts indicating that no relative timing
constraints could be found. 4.1. Moving a Qset

We further examine Qsets obtained that have no enter
event. There are three cases to consider. The first case is
where we have a Qset with no enter event that does not in-
clude the initial state. The only possibility for this Qset is
that the transitions that enter this set are newly defined fail-
ure transitions. In this case, this Qset can only be reached b
failure transitions which implies that it is covered by other
Qsets and can be discarded from consideration. The secon@
case is where the Qset has the initial stateand has an es-
cape event. In this case, the Qset is assigned a spes|
enter event that represents the initial power up of the circuit.
The last case is where the Qset contaipsbut has no es-
cape event. In this case, upon reset, there is no constraini
that can avoid the failure, and the procedure aborts indicat-
ing that no relative timing constraints could be found.

If the above procedure is successful, each remaining
Qset has one target event and possibly many escape and e
ter events. Consequently, it follows from Theorem 3.1 that
the set of relative timing constraints implied by the identi-
fied event triples guarantees the circuit avoids all failures.
When the specification is mirrored, forming a closed sys-
tem, this also implies that the circuit conforms [7, 15] to the
specification. The number of initial constraints, however,
may be very large, motivating the constraint optimizations
discussed in the next section.

Consider a constraint implied by an event triple
(x+,le—, s+) (implying thatle- should not fire before+

and afterx+) for the Qsete-) ¢ = {s11,s12} in Figure 4.
This timing constraint can betrengthenedby constraining
Yhe preceding transitiosit+ enabled asl, s2, s3 or s4 to oc-

ur beforex+. In general, the process of strengthening a
onstraint for a target evety involves creating a Qset that
contains the sources of all state transitions of some event
t; that precedetransitions oft, and avoidingts by creat-

ing constraints that avoi¢,. Note that timing constraints
ssociated with input target events should not be strength-
ned since this may result in improperly altering the circuit
specification.

FunctionmoveQset shown in Figure 6, implements this
strengthening process. Let us consider the Q@sgtf =
r{'511,312} again and try to moveto a new Qset for a target
eventx+. The function first verifies thaj's target evente-
is not an input event. It then determines thas unreach-
able from the initial statel6 without firing a transitionx+
because the backward reachability setyokithout firing
x+, Boy+(q) = {s11,s12}, does not includel6. Thus, it
calls makeQsetto try to make a new Qset for the target
eventz+ from the initial set of stategmg, | (B-.+(q)) =
{sl, 2, s3, s4}. Because&myg, | (B-,+(q)) already satis-
. . o ] fies the Qset condition in Definition 3.81akeQsetreturns
4. Opt|m|zat|0n Of I’elatlve t|m|ng constraints q/ = {s]_, 52' 33, 54} Since there is an escape event

from ¢/, moveQsetreturns the Qsét+) ¢’ as a new Qset

The relative timing paradigm [19] allows the existence of which coversg. The constraint implied by the event triple
many possible sets of timing constraints that are sufficient (out+, 2+, s+) from the new Qsef’ means thax+ should



function moveQsete, q) function mergeQset$qi, g2)

t ;= the target event af; e1 .= the target event af;;
* Do not move a Qset for an input target event */ es := the target event afz;
if (¢t ¢ Er) if (e1 = e2)
if (sin & B-c(q)) q' := makeQsefe1, q1 U g2);
q = makeQsefe, Img;1 (B-c(q))); if there is an escape event frafn
if there is an escape event frgfh return ¢’;
return ¢’; end if
end if end if
end if return 0;
end if end function
return 0;

end function
Figure 7. Algorithm for merging Qsets for the

same target event
Figure 6. Algorithm for moving a Qset to a

new target event

4.3. Top level algorithm

not fire befores+ and afterout+. As expected, this con- The optimization procedures moveQset and

straint avoids the failure transitions. mergeQsetsare used both to reduce the overall num-
ber of constraints and to support hierarchical verification by

4.2. Merging a Qset moving Qsets to primary input target events. For example,

a constraint that refers to an internal signal, which may be

Consider a constraint implied by an event triple difficult to obser.ve anq control, can pe conver.ted_to one
(out+,a+,s+) for the Qset+), {sl, &2, 3, s4}, re- that refers Fo primary inputs .to S|mpl|fy t.he: val|dat|oq of

labeledq; for convenience, that is newly created by mov- the gonstralnts and support hierarchical _t|m|ng _anaIyS|s. n

ing ¢ in the previous section and a constraint implied by part_lcular, such co_nstralnts may ma_ke !t possible to con-
an event triplelle+, z-+, out+) for the Qsett+) g = {32, strain only the environment of the circuit and not require

s33, s34, s35} in Figure 4. These two constraints can be the circuit to be r_e-designed. In .th? future, th_e moving .Of
satisfied if a transitiors+ enabled at states ig is con- Qsets can be guided by rough timing analysis (€.g, using

strained to occur beforet enabled at states in U ¢- after tim_ed event str_uctures such as in [14]) that (.:OUId identify
firing le+. This effectively merges the two constraints im- which constraints can be strengthened without unduly

plied by the neighboring event triplésui--, -+, s+) and constraining the relative delays of circuit components.
(le+, -+, out+) B Currently, our application of these optimizations is rather

FunctionmergeQsets shown in Figure 7, implements strgltghhtforward. We iry tqtkr]ntﬁve all QStEIS t(t) prlmflry mput;
this merging process. Observe the Qsgts: {sl, 2, 3, and then merge Qsets wi e same target events, removing

s4) andg, = {s32, $33, 534, 35} again in Figure 4. Be- any constraint that becomes redundant.
cause they have the same target exenit callsmakeQset

to try to create a new Qset for eventz+ from ¢; U go. 5. Experimental results
Becausey; U ¢, already satisfies the Qset condition in Def-
inition 3.3, makeQsetsuccessfully returng’ = {sl, s2, s3, We have implemented the algorithms described in the

4, s32, 33, s34, s35}. Since there is an escape event previous sections into our to®TCGusing symbolic BDD-
from ¢/, mergeQsetsreturns Qsétc+) ¢’ as a new Qset  based techniques for reachability analysis. All experiments

which covers both;; andg,. Now the event triple fog/, have been performed on a 450Mhz 1GB Ultra SPARC60
(le+,z+, s+), implies a new RT constraint. The failure is machine. The properties verified for each circuit consist of
avoided ifx+ does not fire before+ and aftede+. How- semi-modularity, conformance to its specification, and the
ever, becausk+ is the causal predecessoriof, le+ will absence of prolonged short-circuit current. In all cases, we

always fire before:+. Thus, the constraint effectively only  have formally verified that the derived relative timing con-
imposes the ordering that+ should fire beforer+. As straints guarantee failure-freedom by performing reachabil-
expected, this constraint makes the constraints associateity analysis on the constrained transition system.

with ¢; andg> redundant. Note that strengthening a con-  We applied our algorithm to the asynchronous bench-
straint may also be able to make other unrelated constraintsnark circuits generated using standard synchronous tech-
redundant. nology mapping of speed-independent complex-gate cir-



cuits [14]. Consequently, these examples are not hazard-| Qset| sizein event triples
free under the unbounded delay model. We also tested sev-| ID || #states| entefs) | target | escapés)
eral real-life industrial circuit blocks [16, 21, 17] for which a1 29 T+ r— le—
our generated RT constraints have been further verified us- || ¢, 33 re— y— b—
ing Analyze [20]. Moreover, the generated constraint sets 7 21 le+, out— o out+
for these circ.uit.s are the same size or smallgr than that of [, 24 y— U+ re+
the hand-optimized constraints. Fpr all circuits tes?ed, .the o 3 at,y— re—+ S+
tool successfully generated a sufficient set of relative tim- [~ 5 at,ret, ot | out— T
ing constraints. _ _ pa 3 P outt ro—
Table 1 shows the obtained results. The second and third p 8 — o a_
columns lists the number of signals and gates in the circuit. —
- qo 12 le—,re+ a+ s+
The fourth column reports the number of untimed reachable
q10 7 out— b+ y+

states. The fifth and sixth columns report the numbers of
initial and optimized Qsets. Finally, the last column labeled
cpu shows run times given in seconds.

5.1. A GasP FIFO control circuit

This section discusses tHRTCGgenerated RT con-
straints for the GasP FIFO control circuit in Figure 2. Note
that although our running example used a simplifi&d the
tool generated these results from the complese The re-
sults are given in Table 2 which shows a list of Qsets and
corresponding event triples generated for this circuit. The

second column indicates the size of the Qset in terms of

Table 2. RT constraints for the GasP circuit

hand-optimized constraints. Our future work includes the

characterization of the class of circuits for which the rela-

tive timing constraints are appropriate and the exploration
of techniques to guide practical design choices that satisfy
these constraints.
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