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Abstract: A verification approach which allowsthe verification
of functional and timing behavior of circuitsat transistor leved is
presented. It is aimed at the verification of asynchronous inter-
facesand standard-cdll library modules. In contrast to other ap-
proaches, timing is explicitly considered, allowing to verify tim-
ing-dependent effects with a high degree of accuracy. To con-
veniently specify desired properties, a specification language
based on Linear Quantized Temporal Logic (QLTL) is provid-
ed. For an efficient verification, input congtraints, necessary for
a proper circuit functioning, are converted into input constrain-
ing automata, reducing the reachable state space and providing
amodd linearisation, necessary to prove linear QLTL formulas
by branching CTL modd checking.

1 Introduction

VLSl-technology steps forward to smaller layout structures
and higher clock-frequencies resulting in more compact and
faster chips. As an undesirable side effect the timing of VLS
circuits gets more and more critical. Parasitic layout elements
e.g. capacities and resistances of signd lines gain strong influ-
ence on the correct functioning of the circuits. Thus, incorpo-
rating real time properties during the validation or verification
phase is a mugt to further guarantee the correctness of critical
high speed VLSl implementations.

This paper introduces a methodology to verify the function
and the timing of MOS-trangstor circuits. We use the transistor
level asthe basis for our verification approach since thisisthe
highest abstraction leve till related to the layout topology and
able to uniformly represent layout parasitcs jointly with func-
tional elements. Formal verification avoids expensive analog
simulations with huge amounts of stimuli and complicated
anadysis of their results. Furthermore verification is able to
prove the absence of design errors with regard to a given speci-
fication and thus is superior to comparable simulation tech-
niques.

Our approach is well suited to verify small and medium
Sized trangistor circuits e.g. standard cells or asynchronous in-
terface modules mostly hand crafted and often tricky in their
circuit structure. Nevertheless their correctness directly deter-
mines the qudity of standard cell libraries and thus the correct-
ness of whole designs.

Considering the trade-off between circuit complexity and
model accuracy, our emphasis lies on afine granularity of the
underlying model, smultaneoudy representing behavior and

time. The verification approach is based on abehaviord circuit
model, automaticaly extractable from SPICE transstor
netlists, which accurately represents function and timing [1].
To verify a given circuit, first the formal behavioral model is
extracted from the transstor-leve circuit. Then environmental
assumptions, describing the lega input sequences and the de-
dred properties to be verified are stated. To ease this task, we
implemented a specification language based on quantized lin-
ear time tempord logic [2]. To alow an efficient verification,
the input constraints are transformed into input constraining
automata, restricting the legal input sequences. These automata
restrict the reachable state space and linearise the underlying
model. Thus, dthough not possible in generdl, in our restricted
context the linear time specification may be trandated into
equivaent branching time CTL formulas, alowing efficient
CTL model checking[3].

Other approaches verify the functiond and the timing be-
havior separately. Functional verification is performed by ex-
tracting a gate level description, which is analysed on a clock-
cycle by clock-cycle basis, leading to classical FSM based ver-
ification [4]. Timing is considered by verifying that the combi-
national parts of the circuit operate within the time-bounds
given by the clock period. This leads to dgorithms, based e.g.
on the detection of critical and false paths. Although this sepa-
rated treatment is sufficient for synchronous gate-level designs,
it fails for asynchronous circuits, where the overal operation
depends on both, function and timing.

There are only few approaches which have considered the
combined verification of function and timing. Leeser [5] has
performed a deductive style reasoning in interval tempord
logic. However, the approach alows only the semi-automated
proof of small example circuits. A dightly higher degree of au-
tomation has been achieved using a BDD-based extension of
Leeser’sformalization [6]. However, they explicitly mode the
bidirectional signd flow of MOS-transistors, what leads to a
complex formal model. In our approach, only asimpler unidi-
rectiona signal flow hasto be considered dueto acircuit analy-
dis preceding the actua verification. Approaches like[7] per-
form a verification of asynchronous circuits on the gate-leve,
i.e. whole gates are modelled using an upper and lower bound
of the delay, neglecting the dependency of the delay on actua
input values. Moreover only certain kinds of input constraints
are admissible. Other approaches cope with delay-insensitive
circuits and hence do not consider quantitativetiming at all.



2 Modelling MOS-Transistor Circuits

This section gives a brief summary of the used circuit modd,
presented previoudly in more detail [1]. Circuits a the analog
transistor leve are usually modelled using real numbers R for
time and signa values. In order to enable discrete domain veri-
fication methods we perform data and timing abstraction be-
fore the actua verification. Sructural abstraction is further-
more used to trandate a transstor circuit into a network of
timed transition systems (TTS), which are structure-free func-
tional units. Using thismodel we are able to represent the func-
tional and timing behavior of MOS-transistor circuits with a
discrete model on ahigh level of accuracy.

Data abstraction maps the node voltages of the transistor
circuit given as real numbers R onto a three valued logic
T = {0,1,X} . Vaue 0 represents an uncharged node, value
1 represents acircuit node charged to supply voltage level, and
X represents a circuit node carrying an undefined (intermedi-
ate) or unknown (initia) voltage level [8]. Although we are
ableto copewith T , wewill not usethe X valuein thefollow-
ing to smplify the presentation. This restricted logic is how-
ever sufficient for all examples presented in this paper.

Timing abstraction maps the time scale based on real num-
bers R to adiscretetime scae using natural numbersN . Natu-
ral numbers represent multiples of a minimum time step of
length T, that may be set to arbitrary values depending on
the desired accuracy of the abstracted moddl.

Structurd abstraction is based on partitioning the transistor
circuitsinto channel connected subnetworks(CCS) [9]. A tran-
sistor network is partitioned into a network of CCSs by group-
ing together al transistors, connected viatheir drain and source
connections. As an example figure 2-1. shows an RSHlipflop,
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Figure 2-1: CMOS RS-flipflop

built up with two CMOS nand-gates. The CCS-partitioning of
the RSHlipflop results in two CCSs representing the two nand-
gates, the RSHlipflop consigts of (figure 2-2) The signd flow
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Figure 2-2: CCS-partitioning of the RS-flipflop

between different CCSs is unidirectional, insde a CCS bidi-
rectional. Additiondly to the functiona elements, the CCSsin-
clude paragitic layout elements, as resistors and capacities of
theinterna lines. The node capacities of the CCS output nodes
are increased by the load of the connected transistor gate ca-

pacities.

For performing astructural abstraction, each CCSistreated
as an independent unit and mapped onto abehaviorally equiva-
lent TTS. Figure 2-3 shows the transistor circuit of one nand-
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Figure 2-3: Timed transition system of a nand-gate

CCSand itsequivdent TTS state-graph. Each interna node of
aCCSisinterpreted asaTTS Sate variable, able to take one of
the symbolic values 1 and 0. The subset of internal nodes con-
nected to inputs of other CCSs are defined as the output varia
bles of the TTS, all transistor gate inputs of a CCS are thein-
puts of the TTS. Each trandtion of a TTS is labdlled with its
triggeringinput X, ..., %, with %, 0 {x, x} andadelay vaue
. Thisdelay is equivaent to the maximum time, the internal
node-capacities need to change from the charge value corre-
sponding to the actud state, to the charge val ue corresponding
to the next state of the trangition. The function, i.e. the different
gate trangitions are extracted usng ANAMOS][ 10], the transi-
tion delays are extracted by adetailed RC-analysis.

In the example the two internal nodes (state variables) of
the nand-gate alow the encoding of four different symbolic
states. One of them (y,, y, ) is physicaly not redlizable (figure
2-3). Such unreachable dtates are automaticaly eiminated
during the analysis process and considerably reduce the com-
plexity of the TTSs.

The semantics of the timed transition system is given by
the exact conditionsto perform a state transition. For each state
of the timed transition system there exists at least one (stable)
input for which the state passesto itsdlf. All other (unstable) in-
puts cause timed trangitions to next states. The change from a
gtable to an ungtable input valuation firgt initializes a trandtion
to anext dtate; the trangtion itsalf is performed only when the
delay time has entirdly passed. During the initiaisation phase
the actud dtate remains active. The destination dtete is stable
under the valuation which caused the transition. In fundamen-
tal mode the environment of the circuit ensures, that input
changes can only take placeif the timed transition moduleisin
adable state and no timed trangition is actudly initialized. Non
fundamental mode also dlows input changes during the initial-
ization phase. Each input change occurring in theinitidization
phase causes the immediate abort of the initidized trangtion,
i.e. the TTS remainsin its actua state. Modelling non funda:



mental mode this way suppresses dl inputs which are shorter
than the delay of the trangition they want to trigger. Although
this particular inertial delay mode cannot cover dl different de-
lay effects of andog MOS-transistor circuits it has proven asa
good approximation for a wide range of design styles, vali-
dated in many detailed smulations of extracted timed transi-
tion models.

3 Circuit specification

In contrast to gate level implementations each transistor level
circuit is inherently asynchronous. Such circuits only work
properly, if the sequences of values gpplied to the inputs x,

conform to certain input condtraints ¢(x, ..., x,) . The actua
circuit specification ¢ relates the values at the outputs y, to
the vaues gpplied to the inputs x, , leading to a relation
W(Xgs +os Xy Yoo -2 Y - AS Stated before, ¢ may become
valid only under the assumption ¢ , leading to the overall spec-
ification of formula 3-1.

O(Xgy o0 X)) = WXgs s Xs Yoo o1 Vi) (3-1

To formulate such specifications we developed a language
based on Linear Temporal Logic (LTL) introduced subse-
quently. We choose linear ingtead of branching time logic,
which is of course better suited for verification purposes, be-
cause the semantics of linear time logics is much easier to un-
derstand. Moreover, in branching time temporal logicsthetem-
poral operators are not commutative and it is therefore not pos-
sible to write down specifications composed of arbitrarily
nested predicates as defined in the following [11].

Due to the lack of space we are not able to introduce tem-
poral logics in detail (see eg. [12]). In the sequel we use the
linear temporal operators O ,next’, O ,dways' and ¢
»eventudly” in their commonly used meaning. The semantics
of LTL is defined with respect to linear tempora structures
7 S, whichareinfinite chains of succeeding statess; (figure 3-
1). Each date is labelled with the atomic propositions true in
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Figure 3-1: Linear temporal structure

that stete. A finitepart o = s;,s,, 4, -
iscelled atraceof 75, .

Add|t|onally we will Use bounded or quantized temporal
operators O", (1" and ©" which facilitate the specification of
linear traces Wlth afixed length n [2]. The quantized operators
are only abbreviations of LTL-formulas what is shown by their
fixed point equations

..s, of theinfinite chain

O"p = p for n=0, O"p = OO" " *p) for nON

(3-2)
(3-3)

o"p = p forn=0, ¢"p = pDO(<>n_lp) for nON  (3-4)
We will use the abbreviation QLTL for the linear temporal
logic only containing quantized temporal operators. Each
QLTL-formula can be reduced to a LTL-formulaonly contain-
ing next-operators.

In our context, the input sequence assumptions mainly de-

poo@” 'p) for nON

an =p for n=0, an

fine minimum intervals between possible vaue changes. As
shown aready in section 2, parastic elements of transistor
level implementations cause inertial delays, and thus atranss-
tor circuit absorbs dl input signals shorter than aminimum de-
lay. Behaviord properties to be verified require e.g. that after a
specified delay time (or delay interval) the correct output vaue
is available at the outputs after an input change has occurred.
Hence many interesting properties may be verified usng state-
ments containing change and stable propositions.

The QLTL temporal predicates “stable’ st(x, n,m) and
“chang€’ ch(x, n, m) are defined as:

st(x,n,m) = O"("x O™ x) (3-5)

chix,n,m) = 0N (xODO-x) 0" (~x DOX) (3-6)
W|th mnO {NOG .Thedable predicateistruefor the sig-
na® x a the time point t. iff the valuations of signal x are
identical at the time pomtst <t <t .., 1hechange
predicate is true for the signal x at time p0| int t, iff the valua
tions of signal x at the time points t; +l+m_t Stiismen
are at least in one time point different from the val uation of x
a time point t;, . The parameter m of the predicates shifts
the scope of the formula from the actual time t, tot,+m.The
parameter n of the stable predicate indicates the interval
length, i.e. the number of time pointsthe signal hasto be stable.
For the change predicate the parameter n gives the interval
length in which asignd change must occur.

Based on the introduced temporal predicates we may spec-
ify the behavior of the nand-gate example asfoll ows

(ch(xy) Och(x,)~

St(Xgr By 1) OStXp, By 1) — 3-7)

min’
) )
(ch(xg) Och(x,) = O (= (X, 0%;) = O ™0 "y,))

The specification can be separated into two parts: the input
congraints ¢ (first two linesof formula 3-7) and the actua be-
havioral specification ¢ of the nand-gate (third line of formula
3-7). The input constraints ¢ claim that changes of the input
signals X, and x, only occur with a minimum distance of
A, time points. Thus, an input change must dways be fol-
lowed by aA,;,, unitslasting phase of stability. The behavioral
specification g of the nand-gate states that if an input change
occurred, a& most 3. time points later the nand relation
holds and aso holds for &, = A i, —8ax * Omin further
time points. From a designers point of view o .. is the maxi-
mumand 5, . is the minimum tolerable delay of a desirable
implementation. If we make sure that the change rate of thein-
puts is no grester than the maximum delay of the circuit
(3 ax < mm) the given specification holds for the time point
right after an input change.

4 Verification

In the preceding sections we showed how transstor circuits
can be moddlled as networks of TTSsand their behavior can be
specified using LTL, extended by quantized operators and tem-

1. Inour context, signals are discrete sequences of state variable
valuations.
2. Parameters m, n of the predicates equal to O are omitted.



pora predicates. The resulting verification task, given by for-
mula 4-1, is to check whether the abstracted MOS-transistor
circuit model M implies the given specification or not.

Mz OO (X %) = W (K oo Xy Vg oo V)] (4D)

Since trangstor-level circuits do not have areset sate, formula

4-1 must initiadly hold for al those states, which are physicaly

possible. Having used QLTL as the underlying formd lan-

guage, this verification task can be interpreted as alinear real

time model checking problem for which no efficient proof al-

gorithms exist. However, efficient model checking methods

exist for branching time computational tree logic (CTL, [13]).

Thus we will show in the following how in our context linear

rea time model checking can be transformed into a model

checking problem for CTL, by:

* transforming the TTSs of section 2 into a unit delay tem-
poral structure,

* representing the input constraints ¢ more efficiently as
so-called input constraining automata, and

» converting the QLTL specification into CTL formulas.

In contrast to linear time logics, the semantics of branching

time logics[12] are declared with respect to branching tempo-

ra structures 75, (figure 4-1).

Figure 4-1: Branching temporal structure

Such logics use path quantifiersto determine whether atempo-
ral operator should be valid for all (A) or only for some (E)
paths, starting from a given state. CTL, as a specific branching
time logic, demands a path quantifier preceding each single
temporal operator. In CTL the ,next*, ,dways' and , eventu-
aly" operators are expressed by X, G, and F respectively. The
combination of path quantifiers and tempora operatorsthusal-
lows six basic CTL-operators. EX, AX, EG, AG, EF and AF.
Similar to QLTL we can introduce quantized variants of the
CTL operators. Formulas 4-2 and 4-3 give the definition by the
fixed point equations for the next-operator.

EX"p = p for n =0 and
EX"p = EX(EX" " 'p) for nON (4-2)
AX"p = p for n=0 and
AX"p = AX (AX""p) for nON (4-3)

CTL modd checking requires the moded being described as a
(branching) tempord structure with unlabelled edges athough
each TTStrangtion is labelled with input variables and a tran-
Sition delay.

Input variables may be moddled in atempora structure by
adding them as additional state variablesto the structure, which
would directly result from the states and transitions of a TTS.
The unbounded input variables result in an indeterminism of

the equivalent temporal structure (figure 4-2).

For modelling the trangtion delay time, each single timed
trangition is split up into a chain of succeeding states (figure 4-
2). The number of necessary interim states depends on the

timed transition

equivalent temporal structure

SS, X e
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Figure 4-2: Transformation of a timed transition into an
equivalent temporal structure

given minimum delay T, . Each transition of the resulting
state chain represents one minimum delay time step. Obvioudly
thistransformation may strongly increase the number of neces-
sary states and thus the accuracy of the model, increasing with
smaller minimum delays, trades of with its complexity and re-
quires acareful choice of this parameter.

Each mode checking problem for LTL can be trandated to
an equivalent CTL model checking problem with additional
fairness congtraints [14]. LTL moded checking is linear in
terms of the model but exponentia in terms of the specification
[15] whereas CTL modd checking isonly linear with regard to
the modd and the specification[16]. Since we may not expect
any decrease of the problem complexity by moving from LTL
to CTL mode checking, this transformation needs to require
exponentia effort in the worst case and thus may result in very
large CTL formulas. A smple example for thisis demonstrated
with the following QLTL formula:

st(xg: M) Ost(x,, N .1 st(x,, n) (4-4)

It specifies a linear sequence of states, where al of the varia-
bles x, have dtable values. Expressing the same using CTL
leadsto formula4-5, where each possible stable valuation must
be trested separately.

((% 0.0 x) DEX (.OEX (% 0.0 x)..)) O

(2% 0.0 %) DEX(.OEX (2%, 0.0 %).)) O (4.5

((=x, 0.0 =%) li.I.I-EX(...DEX(—‘xOIZI..[I =X%)-))

The path binding of the formula, implicitly given for LTL,
must be artificialy build up for the CTL formulausing thisre-
cursive formula structure. The resulting CTL formula is how-
ever exponentia larger than the semantically equivalent LTL
formula. Conversdly, checking a LTL formula for a branching
temporal structure requires the examination of the specification
with regard to each single path of the structure, where the
number of possible paths may be exponentid in the structure
sze[12].

Another problem for the trandation of aLTL specification
into an equivaent CTL oneisthe choice of the path quantifiers.
The decision whether to use universa or existentid quantified
temporal operators in the CTL formula highly depends on the



graph structure of the branching tempora structure we want to
verify. We would obtain an easy solution of this problem, if we
are able to eiminate the indeterminism in the temporal struc-
ture, i.e. if we are able to transform the branching temporal
structure into an equivaent linear tempora structure. In this
case each LTL operator could be replaced by its universa
quantified CTL correspondent and the LTL and CTL modd
checking problems are equivalent[12].

However, our abstracted circuit moddl 4/ is abranching
temporal structure and thus containsindeterminism, but only as
a means to model the input variables. Combining our circuit
model with an additiond deterministic input congtraining au-
tomaton 9/ . as shown in figure 4-3, an overall deterministic
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Figure 4-3: Eliminating indeterminism by using an input
constraining automaton

model would result. Such an “idedl input constraining autom-
aton would degenerate the overall tempora structureto asingle
linear chain of succeeding states.

Unfortunately, using this approach to transform our specifi-
cationsinto equivaent CTL formulaswould resultsin huge in-
put automata, since we would have to encode al possible input
combinations as a linear state sequence in 4, . Nevertheless
using the input congtraints ¢ to redtrict the input sequences is
possible. Theideaisto cover theinput constraints¢ by ainput
congtraining automaton a4, according to figure 4-3 and to set
up an dternative but equivaent proof goa (formula4-6).

MX My E DYy s Xy Yoo -1 Yig) (4-6)

The congtruction of such an input congtraining automaton
starts with rewriting the QLTL formula that states the input
congraints into its timed digunctive form (formula 4-7) with
% O {x,x} and K O {true, falsg .

depth j n-1
¢ = \/ /\ O /\KI] i
oy OTP )= é:l(?: oo

(4-7)
The congtant «;; determines whether a specific variableis part
of the product term p form or not. Theformulaisadigunction
of timed product terms tp;; J which are ,normal“ product terms
p in conjunction with quantized next operators O’ where |
ranges from O to the greatest sequential depth of ¢ .
Using a semantic tableau each tp;; isseparately trandated into
afinite linear sequence of states, where the timed product term
holdsfor thefirst state of the sequence. In order to generate the
input constraining automaton the single sequences must be
concatenated to abranching tempora structure. The concatena-
tion agorithm must ensure that ¢ holds for each state of the
generated input congtraining automatai.e. each state of the au-
tomaton must be the start sate of at least one of the generated
State sequences, representing a single timed product term. This
rule ensures, that the given input congtraints hold for each state

of the input automaton. Additionally, to ensure that the input
automaton is able to generate dl input sequences dlowed by
the input congtraints, each generated state sequence must be
found in the automaton. Figure 4-4 shows the branching tem-
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Figure 4-4: Input automaton representing the nand-gate
input constraints

poral structure a4, of the resulting input congtraining automa:
ton representing t?le input congtraints of the nand gate example
given with formula4-8.

ch(xg) Och(x)) — st(Xg Ay D) Ost(x, A1) (4-8)

Dueto the restricted set of stability requiring input constraints
thetemporal structure 2, is piecewiselinear, i.e. linear chains
of satesare interrupted only by few branching segments.

As mentioned above, the trandation of the behavioral
specification part of the overal LTL specification highly de-
pends on the structure of the generated input constraining au-
tomaton. In the following we assume that each part of the be-
haviora specification g can aways be represented asa QLTL
formula with the form given with formula 4-9, where we cdl
a theanchor and B behavior of the behaviora specification.

A (Xgy oes X)) = B(Xgy ees Xs Yoo o+ i) (4-9

Such a formula can be trandated into CTL by replacing each
LTL operator of a by its existentia quantified CTL counter-
part and each LTL operator of the behavior part § by its uni-
versal quantified CTL counterpart if we can ensure thet the in-
put constraining automaton has the following property:

* At each state in the input constraining automaton which
is the beginning of a path for which o holds, o must
also hold for all other paths starting from this state.

This property makes sure that at each state o holds 3 might

aso hold for al paths starting from this state, and thus alows

the universal quantification of the behavior part, leading to for-
mula4-10.

(X DEXAxg) O (2%, DEXX,)0
(% DEXA%;) O (2%, DEXX,) -

Ax[ﬂ (% 0x;) AX (AGBS‘B”yO)]

This formula can be expanded to asimple CTL formula using
the fixpoint equations for the quantized CTL operators given
above. Now the verification of the generated circuit modd with
respect to the CTL specification can be performed using a
standard CTL model checker.

min’

(4-10)



5 Resaults

The resulting verification tasks were performed with the CTL
model checker SMV, developed by Clarke and McMillan[13].
Table 5-1 gives the results for MOS-transistor standard-cell €-
ements, such as gates and flipflops and oscillators consisting of
inverter loops with various numbers of inverters, with size up
to 66 trandstors. The verification goals comprised a functiona
and timing characterization in case of the standard-cells and a
verification of the oscillator frequency. Thecircuit modelswere
abstracted from their layout descriptions and are based on a
standard cell library. The results table gives the number of tran-
sistors, the number of state variables necessary to represent the
circuit model as temporal structure, the number of state varia-
bles of the input automaton and the number of actually reacha-
ble states of the system representing the combination of circuit
model and input automaton. This reachable state spaceis given
as an absolute vaue and in terms of virtua stete variables. Fur-
thermore we rdlated the reachable state space to the origina
state space of the circuit.

The runtimes were measured on a SUN SPARC10 work-
station. An interesting result was that the reachable state space
representing the combination of input constraining automaton
and the actua circuit is often much smdler than the state space
of the circuit done, since the input congtraints restrict the
number of allowed input sequences and thus restrict the set of
reachable states.

1 2 3 4 5 6 7 8

reach. | col.5 SMV
states | relative | Bdd- | run-
Mx My| to 2003 | gize | time

#state | #state
circuit | #tran- | vars | vars
name |sistors| M 5M¢

inverter 2 5 4 32 100% 133 02s
nand? 4 9 4 423 82%| 327| 05s
ab ¢ 8 14 7 6543 39.9%| 909 16s
ablcd 12 21 9| 101717 48%| 2313| 343s
RS-FF 8 14 7 2817  17.2%| 1186 7.4s
D-FF 28 49 7| 2728.2] 55e-5%| 1102811525 s
oscil.3 6 12 - 48 12%| 185 0.2s
oscil.17 34 56 20205 2.1e-9%| 1864| 42.9s
oscil.33 66| 132 2°36.5| 1.9e-27%| 3785| 1211s

Table 5-1: Results for various example circuits

6 Conclusions

In this paper an gpproach has been presented, which alowsthe
verification of function and rea time properties of MOS-tran-
sistor circuits. In contrast to most other approaches, verification
is performed with a high degree of accuracy on transistor level,
such that our approach may be used eg. for standard-cell li-
brary cell characterization. Interesting properties and input re-
strictions may be conveniently described by a specification lan-
guage based on QLTL. The circuit behavior and timing is uni-
formly represented by timed transitions systems. Although for
our verification tasks different proof algorithms are possiblein
generd, we showed in this paper, how in our restricted context
the original linear red time model checking problem may be
trandated in a CTL mode checking problem. The high mode

accuracy and the need to represent explicit timing information
obvioudy results in large models to be verified. However, the
elimination of unreachable states and a high degree of struc-
tura similarities, leading to acceptable BDD sizesin the under-
lying prover, allowed the verification of circuits sizes, which
are sufficient for the intended application like the verification
of standard-cells or asynchronous interface modules.
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