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Abstract relies upon quantified Boolean formulae (QBF) thus is PSPACE-

Bounded model checking (BMC) has gained widespread indus- complete [2]. Sufficient heuristics for solving such problems are

trial use due to its relative scalability. Its exhaustiveness over all not yet available, though_ some are beg'””'”g .to emerge [3, 4]'_

valid input vectors allows it to expose arbitrarily complex design Due to the computational complexity of diameter calculation,
flaws. However, BMC is limited to analyzing only a specific time various overapproxmate.technlques have be_en proposed. _For ex-
window, hence will only expose those flaws which manifest within @MPl€, the recurrence diameter [2] of a design is its maximum-
that window and thus cannot readily prove correctness. The diame- length irredundant state sequence, and may be calculated by a se-
ter of a design has thus become an important concept — a bounded €S of propositional satisfiability .problems. .Thls.approach is NP-
check of depth equal to the diameter constitutes a complete proof,COMPIete as long as the depth is polynomial with respect to de-
While the diameter of a design may be exponential in the num- Si9n size. However, the recurrence diameter may be exponentially
ber of its state elements, in practice it often ranges from tens to a larger tha_n the dla_meter, hence |'t is of limited practical utility and
few hundred regardless of design size. Therefore, a powerful di- May require exorbitant computational resources to compdie
ameter overapproximation technique may enable automatic proofs €chnique of [7] performs a fast diameter overapproximation based
that otherwise would be infeasible. Unfortunately, exact diameter UPON purely structural analysis, and enables compositional diam-
calculation requires exponential resources, and overapproximation €t bounding. This approach may yield tight bounds for certain
techniques may yield exponentially loose bounds. In this paper, deS|gns_(pnmarl!y acyclic and memory-based) for yvhlch the recur-
we provide a general approach for enabling the use of structural "€NCe diameter is loose, though may also result in exponentially-
transformations (such as redundancy removal, retiming, and target '00S€ bounds for other designs. Other approaches, such asyé], ha
enlargement) to tighten the bounds obtained by arbitrary diame- proposed the use of |ncompIeFe algorithms to estimate diameter,
ter approximation techniques. Numerous experiments demonstrate'0Ugh are not guaranteed to yield an upper-bound.

that this approach may significantly increase the set of designs for N some cases the use of diameter to boBMLC depth is more

which practically useful diameter bounds may be obtained. conservative than necessary,; i.e., a smaller bound is sufficient for
completeness. For example, we may ignore any vertices outside

. of the cone of influence of the property, which may decrease the
1 Introduction diameter [7]. Additionally, 8BMC application for the maximum

Due to the complexity of modern hardware designs, formal distgnce from anjnitial state, rather than from amgachablest_ate,_
verification methods are gaining widespread use to augment theSuffices for property checking [6]. Furthermore, to assess ifengiv
coverage shortcomings of simulation-based validation approaches. design signat may ever be asserted, we need to perform a search
Unfortunately, formal methods generally require exponential re- Only deep enough to assess whether signay toggle from O to 1
sources with respect to design size. General unbounded ap_relative to an initial state; the amount of time necessary to taggle
proaches, such as symbolic reachability analysis, are pspAcE-from a1 to a 0 from any state may be exponentially greater. These
complete whereas bounded approaches are NP-complete for £oncepts are revisited in Definition 3, which generalizes the tradi-
given bound [1]. Due to the lower resource requirements, and tional state-based diameter definition, and are used in Theorem 4.
the wider variety of available algorithms for discharging a bounded ~ In this paper we demonstrate how structural transformations
verification problemBMC has gained significant industrial utiliza- ~may be used to enhance arbitrary diameter approximation tech-
tion in recent yearsBMC [2] attempts to find a property violation ~ hiques. This research enables the use of a diameter bound obtained
within k time-steps from the initial state(s) of a design. Though ex- upon a transformed design to yield a tight bound for the original,
haustive, the bounded nature of this approach implies incomplete- untransformed design via a constant-time calculation. Due to the
ness; performing a check of depth 0 throlgioes not necessarily ~ reduction potential of these transformations, this theory may enable
imply that no violation will occur at depths greater tHan overapproximate techniques to yield exponentially tighter diameter

The incompleteness @MC has resulted in a set of research bounds. Furthermore, the diameter bounding process itself may at-
activities to discern a minimafor which a bounded check is com-  tain significant speedups by operating on the smaller, transformed
plete. Thediameter[2] of a design is typically defined as the max-  designs. Numerous experimental results are provided for bench-
imum distance between any two of its stagemnds;j such that ~ Mark and industrial designs to illustrate our approach.
sj is reachable frons. The distance frons to s; is the mini- There are several motivations for this research.
mum number of time-steps to transition the design figrto SJ “A hybrid between a QBF and a recurrence diameter approach is proposed in [5]
Clearly a bounded check of depth greater or equal to the dlarm:"terto partially alleviate the respective shortcomings of these techniques:dBdicone-
of the design is complete. However, a general diameter calculation of-influence analysis is proposed in [6] to tighten recurrence-diameter-based bounds.




1. To our knowledge, this paper is the first to discuss the theoret- example provides a distinction. Consider a netlist comprising a pri-
ical impact of these transformations upon design diameter.  mary inputig, which fans out to registen (whose initial value is
] ) ) primary inputi1), which in turn fans out to registes (whose initial
2. These transformations often reduce design size, hence ofter\,ame is primary inputy). The diameter ofry,r5) is two, since it
reduce verification resource requirements as demonstrated by,yi take two time-steps to viewZ,1) after (0,0). However, the
the cited papers. One thus may question the utility of back- giameter of(r,) is one since, may produce any valuation at any

translating a diameter to the original design vs. attempting (jme-step independently of other time-steps, being trace-equivalent
a proof solely upon the transformed design. However, note (refer to Definition 4) to any primary input.

that in some cases, such a transformation may actually hurt
verification. E.g., retiming may increase input count whilere- 3 Diameter Bounding Transformed Netlists
ducing register count [9]; retiming and phase-abstraction [10] In this section, we discuss the impact of various types of trans-

may increase the size of next-state func_tlons. These t_rans'formations upon the diameter of a design. This theory will enable a
formations may vary both resource requirements and tight- diameter boun(f(U’) obtained upon vertex set of a transformed
ness of the obtained approximation using diameter approx-

N . . : ™" netlistN’ to immediately imply a diameter boumﬁu) on the cor-
!matlon technlqu_e_s; .thls varlance may not correlate to _thelr responding vertex set of the original, untransformed netlista a
Impact upon verlf_lcatlon. The_refore, Fh's research consitutes constant-time calculation. In many cases, this theory enables that a
yet another practical mechanism which may be attempted 10 o0 §1)) can yield a tighti(U). In the worst case, for all of the
discharge difficult verification problems. semantics-preserving transformations to be discussed, the resultant
2 Desigh Semantics: The Netlist d(U) will be at most a linear factor af(U’) with respect toR).

Recall that diameter overapproximation techniques may yield ex-
ponentially loose bounds with respect to register count, and may
require exponential resources with respect to design size. Struc-
tural transformations are capable of yielding arbitrarily large reduc-
tions in design size, and often require polynomial resources. This
collectively implies that the theory of this section may enhance
both the resource requirements and the tightness of the diameter
overapproximation obtained via any technique. We also discuss
Definition 2. The semantics of a netlist Mre defined in terms  how diameter bounds obtained through approximate transforma-
of semantic traces:,Q valuations to gates over time. We denote tions (which are not both sound and complete) cannot be used in
the set of all legal traces associated with a netlisPly [V x N — general to bound the diameter of the original netlist.

{0, 1}], definingP as the subset of all possible functions frem N 31 Trace-Equivalence-Preserving Transformations
to {0,1} which are consistent wits. The value of gate at timei ) q 9

in tracep is denoted byp(V,i). The following definition and theorem illustrates that trace-
equivalence-preserving transformations do not alter diameter.

Definition 1. A netlistis a tupleN = ((V,E),G,Z) comprising a
directed graph with vertice¥ and edge€ C V x V. Function
G:V — typesrepresents a semantic mapping from vertices to gate
types including constants, primary inputs (i.e., nondeterministic
bits), registers (denoted B, and combinational gates with various
functions. Astateis a mapping from registers tao D values;Z
refers to the set of initial states.

Our verification problem consists of a settafgets TC V cor-
relating to a set of propertie§G(—t), vt € T. We say that targetis Definition 4. Vertex setsA andA’ of netlistsN andN’, respectively,
hitin tracep at timei iff p(t,i) = 1. Due to the ability to synthesize ~ are said to bérace equivalentff there exists a bijective mapping
safety properties into automata [11], this invariant-checking model ¥ : A— A’ which satisfies the following conditions.

is rarely a practical limitation. e VpeP3Ip cPVieNvacA plai)= p’(lp(a),i)

Definition 3. Thediameter dU) of vertex sel is the minimum e Vp P .dpecPVieNVacA p(ai)= p/(LIJ(a)7i)
number such that for any trageand any increasing successfon

Ki, ..., ke, there exists anot?er trage and another increasing suc-  Thegrem 1. Let N andN’ be netlists which are trace-equivalent
ces_smril, cosle SU_Ch tha_t/\_jzl(lj <kj) and(lc < le_1 +d(U)), with respect to vertex sesandA’ and bijective mapping) : A —
takinglo = —1, which satisfiesu € U. AS_; (p(u,kj) = p'(u,1})). A. The diameter oA is equal to that of\.

Note that our definition of diameter is generally one greater than Proof. This theorem follows immediately from Definitions 3 and 4.
the standard definition for graphs; this matches the number of time- 0

steps necessary to ensure completeneBME, and is always

greater than zero. Definition 3 may be viewed as a generalization |t is well-known thatisimilarity, relating state transition graphs

of a traditional state-based diameter definition because the diame-of netlists, is more restrictive than trace equivalence — bisimilarity

ter of verticesJ actually need not correlate to thatedi(U) NR. implies trace equivalence, though the latter does not imply the for-

This definition provides an opportunity to bound diameter without mer. Numerous approaches have been proposed for reducing the

a need to analyze the underlying state space representation. For exsize of a design while preserving bisimilarity (thus also preserving

ample, if a vertexu encodes an ¥R function of a primary input  trace equivalence); for example, those of [12, 13]. Such techsique

and a sequential corg thend(u) = 1 regardless of that &k since often require the analysis of the state space of the design, which is

any valuation tou will be producible at any time-step. From this  computationally too expensive to consistently offer benefits for in-

example, one may be tempted to view this definition as using a setvariant checking as noted in [13]. However, the techniquediin-

of verticesU as &filter through which the state space of the netlist dancy remova[l14, 15] is widely applied for enhancing verification.

is observed; while this is an intuitive interpretation, the following The idea of this approach is to attempt to identify two semantically-
TAn increasing succession is an ordered set of natural nurkbers, k for ¢ > 1 eqUivalent verticesi andv; when two such vertices are found, all

which satisfies the relatiok < ki;1,vi € [1,c—1]. fanout edges fromr are moved tal andv is made a simple buffer




(one-input AND gate) sourced by. Clearly, redundancy removal  be bounded at+ 1 by Theorem 2, which is likely to be exact. As
does not alter the semantics of any vertex. Such merging is benefi-demonstrated in [9], redundancy removal plus retiming yields aver-
cial since it reduces the number of vertices in the cone of influence age reductions in register count of 27% for ISCAS89 benchmarks,
of a target, and may enable further reductions of the fanout cone and of 62% for IBM Gigahertz processor netlists.

of the merged vertex. Identification of semantically-equivalent . .

vertices may be performed efficiently by structural analysis or by 3-3 State-Folding Abstractions

BDD and SAT sweeping [14, 15] with no need to analyze the state  In this section we discuss two structural transformations which
space of the netlist. Note also that a cone-of-influence reduction entail state folding: phase abstractiorand c-slow abstraction

preserves trace-equivalence of all vertices in the cone. Phase abstraction [10, 17] is a technique to yield a register-based
The technique of parametric re-encoding of a netlist [16, 17] netlist from one composed of level-sensitive latches: gates with
replaces the fanin cong of a cut(C,C =V \ C) of a netlist two inputs ¢lataandclock), which act as buffers when theitock
with a trace-equivalent con€. Such re-encoding preserves trace- is active and hold their last-samplddtavalues otherwiseC-slow
equivalence of any vertex set i abstraction [21, 17] is directly applicable to register-based netlists.
o Both abstractions are applicable to netlists in which the state ele-
3.2 Retiming ments may be-colored such that state elements of colmay only

Leiserson and Saxe [18] proposed the technique of retiming as combinationally fan out to state elements of calio# 1) mod ct
a synthesis optimization for reducing the number of registers of a By eliminating all but one color of state elements (transforming
design (and thereby its size), or for reducing the clock period of a others into combinational logic), both abstractions reduce the num-
design by decreasing its longest purely-combinational path. More ber of state elements of a netlist by a factor g€ br greater. The
recently, several researchers have proposed the use of retiming tgemantic effect of these abstractions is to temporally fold the re-

enhance verification [19, 20, 9]. sulting netlist modulce.

Definition 5 A retiming of netlistN is_a gate labeling : V = 7, Theorem 3. If the diameter of a set of identically-colored vertices
wherer (v) is thelag of vertexv, denoting the number of registers U of phase abstracted orslow abstracted netli$t is d(U), then
that are moved backward throughA normalized retiming’rmay the diameter of the corresponding vertexi$etf the original netlist
be obtained from an arbitrary retiming and is defined as’ = N is at mostc-d(U).

r —maxey r(v).

Proof. By Definition 3, if the diameter of the phase- orslow-
abstracted vertex st is d(U), then the longest required duration
to witness a particular valuation tbis d(U) time-steps. From [10,
21, 17], we know that phase abstraction arglow abstraction fold
time moduloe. Therefore, any transition of statesNircorrelates to

c transitions inN, and the corresponding valuationdomust occur
within ¢-d(U) time-steps. O

In [9], the use of normalized retiming is proposed for enhanced
invariant checking. The retimed netlist has two components:
1) a sequentiatecurrence structure\’ which has a unique rep-
resentative in the original netlit for each combinational vertex,
and whose registers are placed according to Definition 5, and 2) a
combinationatetiming stumpN” obtained through unfolding, rep-
resenting retimed initial values as well as the functions of all gates
for prefix time-steps that were effectively discarded from the recur-
rence structure. It is demonstrated that each gateithin N’ is
trace-equivalent to the correspondimwithin N, modulo a tempo-
ral skew of—r (') time-steps. Furthermore, there will be (i)
correspondents to thiswithin N”, each being trace-equivalent to
' for one time-step during this temporal skew.

3.4 Target Enlargement

Target enlargement is a technique to render a target which may
be hit at a shallower depth from the initial states of a netlist, and
with a higher probability, than the original target [22, 23]. Tar-
get enlargement is based upon preimage computation to calculate
the set of states which may hit the target witkitime-steps. In-

Theorem 2. If the diameter of a set of verticed’ of the re- ductive simplification may be performed upon thth preimage
currence structure of a normalized-retimed netlisd{g’), and to eliminate states which hit the target in fewer thaime-steps.
Jivd e U'. —r(I) =i, then the diameter of the original set of  The result of this calculation is the characteristic function of the
verticesU satisfied(U) < d(U’) +1i. set of stateSwhich is a subset of all states that can hit the target

o ) ) in 0,...,k steps, and a superset of those that can hit the target in
Proof. In [7], it is shown that for a given set of vertices, ..., un exactlyk steps minus those that can hit the target jn Ok — 1
with diameterd, the diameter of a set of acyclic registess. . ., vn steps. Prior research has noted the benefit of representing the en-
whose input edges are sourceduy. .. ,u,, respectively, will be larged target structurally to enable better synergy with simulation

at mostd +1. Note that we may compose a seried oégisters 474 SAT-based analysis [24], and to enable a reduction in the size
to eachu”, whose initial values are determined by corresponding of the cone-of-influence of the enlarged target [7].

values from the retiming stump. This yields a set of vertioés
which are trace-equivalent td. Each stage of this pipeline is an  Theorem 4. If the diameter of &-step enlarged targetis d(t’),
acyclic register, hence increments diameter by at most 1. This proofthen the original target is hittable withind(t’) + k time-steps,

therefore follows from Theorem 1 and the results of [9, 7]. O if at all.
Each lag will be betweer |R| and 0 for any optimal normalized  Proof. If d(t') =i, thent’ must be hittable at time,0..,i — 1 if
retiming, thus guaranteeing thdfU) is a linear factor ofd(U’). at all, as per Definition 3. Because the enlarged target is a subset

Retiming is potentially capable of eliminating all registers from a of the states that hit the target withintime-steps, and a superset
netlist; e.g., for a pipeline with a primary input driving a set of reg- Note that iy be bounded HR. In [17] dist o tech

. . . . . . ote thatc may reaaqily be bounae: . n , a netlist preprocessing tecn-
|ste_rs qonneCted 'r‘ Series. Bec_ause th_e dlamete_r of a C(_)mbm_atlona%ique is formalized to allowe-slow abstraction to be applied to any netlist where each
netlist is 1, the diameter of thieth register of this pipeline will directed cycle comprises a factorof 1 registers.




of those that hit the target in exacthtime-steps minus those that  Therefore, diameter bounds obtained upon an underapproximated
hit the target in fewer thak time-steps, the original target must be  netlist cannot generally be used to bound the original netlist.
hittable within Q... k+i—1 time-steps, if at all. a

. . o 4 Experimental Results
Due to the temporal union and input quantification inherent in

target enlargement, it may be the case that a transition of the en- In this section we provide the experimental results of our
larged target’ from 1 to 0 may be skewed and possibly eliminated transformation-based diameter overapproximation theory. All ex-

with respect to such a transition of the original target~or ex- periments were run on an IBM ThinkPad model T21 running Red-
ample, target may be an @ over an arbitrary coné, and the Hat Linux 6.2, with an 800 MHz Pentium IIl and 256 MB main
function counter= 0 for a mode counter The first hit oft via memory. As transformations, we utilized a redundancy removal

A may cause theounterto unconditionally begin counting, such  engine COM [27], a retiming engine RET [9], and for the IBM
thatt may thereafter only be deasserted one time-step of every Gigahertz Processor examples, a phase abstraction engine [10].
time-steps. Target enlargement may obscure this deasserted time-  The diameter overapproximation algorithm utilized for our re-
step such that once hit, will never be deasserted. The number sults is the fast structural technique presented in [7]. To briefly
of time-steps necessary to drive a binary 1 fiom any reachable  summarize this technique, the approach first partitions the netlist
state ofN may be exponentially smaller than the number necessary into an acyclic sequence of components, and then composition-
to subsequently drive a binary 0 orttoTherefore, target enlarge-  ally derives an overapproximate diameter bodrfdom this parti-
ment does not entail as clean of an impact on diameter as we maytion. While the diameter of each component is generally exponen-
hope; we cannot use a target enlargement approach to bound theial in its register count, it is demonstrated that certain commonly-
diameter of an intermediate component of a partitioned netlist [7], occurring types of components have a much smaller impact on
for example. However, the result of Theorem 4 is sufficient to allow diameter. Four classes of components are considezedstant
a bound derived from the target-enlarged netlist to imply an upper- component§CCs) — these do not increase the diametyclic
bound on the number of time-steps sufficient to perf@&WC in a component¢ACs), which represent a one-stage pipeline of arbi-
complete manner for the original target. In [7], it is demonstrated trary width — these increment the diameter by one regardless of
that target enlargement may yield average register count reductionshow many bits wide the pipeline stage impmory/queue compo-
of 14% for ISCAS89 benchmarks and of 71% for IBM Gigahertz nents(MCs/QCs) — these multiply the diameter by the number of
processor netlists. atomically-updatedows plus one (regardless of the bit-width of
each row); andyeneral component&GCs) — these are the catch-
all category for all other strongly-connected components, and may
duce netlist size while providing an overapproximation of the be- _have a diameter gxpo_nential in their_register c_ount. Rather than us-
ing more expensive diameter bounding techniques such as QBF or

havior of that netlist. In Oth?r wgrds_,, any target assessed to be UN° ocurrence diameter f@BCs, we assume an exponential diameter
reachable after overapproximation is guaranteed to be unreachable

S . . increase in these experiments for speed.
before the overapproximation. Howevertaaget hitobtained for P P

the overapproximated netlist may not imply that the target is hit- ISCC,)Al{er:gstt) sethof exkperlmgnts surr:\mgrlzed n ;I'atile L arte onttrf1e
table in the original netlist. For example, cut-point insertion [25] is enchmarks, using each primary output as a target for

commonly used in equivalence checking, and consists of replacing Iracli< (t)frani);l Thorenn;ﬁatnilgtgfilhav\e/uIf:ble targnizts.nwrelt(iategorl\z/\?d tze
an internal netlist vertex by a primary input. Localization [26] is eqisters € netlist into the various component types. YWe ad-

another common overapproximation technique which replaces all ditionally r.an the (_jiametfer overapproximation algorithm of [7] on
vertices sourcing crossing edges of a cut of the netlist by primary gll targeits, any with a diameter of less than 50 were engmerated
inputs. There are two byproducts of overapproximate abstractions."" SetT' C T and the average of these_ cor_respondlng dlam_eters
First, states which are not truly reachable may become reachable,IS reported. The bqund of 50 was.arbltranly chosen as being a
which may clearly increase the diameter. Second, state transitionsre"’lson"’Ible cut-off size for_dlscharglng W_WC' In the bottom
which are not reachable may become reachable, which may de-roW we report the cumulative sum of registers of the correspond-

crease the diameter. Therefore, diameter bounds obtained upor{ng types, a_nd the cumulatlv_e_sum|dT’_| and|T|. We performed
these experiments on the original netlists; on redundancy-removed

zgu(;]vg ;2??;2)2:?;?5 r?:ttlliftt. cannot be used in general to obtain a_netlists (COM); and on netlists after redundancy removal and retim-
ing (COM,RET,COM), using Theorems 1 and 2. We perform the
3.6 Underapproximate Abstraction identical set of experiments on randomly-selected phase-abstracted
An underapproximate abstraction attempts to reduce the netlist GP netlists in Table 2. We do not report per-line computational re-
size while providing an underapproximation of its behavior. In sources for these experiments; the structural diameter overapproxi-
other words, any trace hitting a target of the abstracted netlist is mation algorithms consume less than 1 second and 1 MB per target.
valid to illustrate a hit of the unabstracted target. Howetear, In contrast to the results reported in [7] which do not reflect the re-
get unreachableesults obtained upon the underapproximate netlist sults of retiming nor redundancy removal, these experiments are
may not imply that the target is unreachable in the original netlist. intended to illustrate precisely the effects of these transformations.
For example, case splitting may replace certain primary inputs by ~ Many registers are initially non-complex for the ISCAS results:
constant values. While a special case of case splitting is semantics21% are acyclic registers, and 5% are table cells (elements of
preserving (if the image of a netlist cut is preserved as described in MCs/QCs). A total of 477 original targets (30%) have a diame-
Section 3.1), underapproximate abstractions may generally causeter of less than 50. After redundancy removal, 24% of the registers
two byproducts. First, reachable states may become unreachableare acyclic, and 10% are table cells; 556 of the targets (34%) have
which may decrease the diameter. Second, reachable state trana diameter of less than 50. After redundancy removal and retiming,
sitions may become unreachable, which may increase diameter.10% of the registers are acyclic and 11% are table cells. This drop

3.5 Overapproximate Abstraction
Various techniques have been developed for attempting to re-
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the GP netlists, as is intuitive for highly-pipelined gigahertz de- [3] L. Zhang and S. Malik, “Conflict driven leaming in a quéred
signs: 1% are constants, 57% are acyclic, and 13% are table cells BOOIe,\]"m S;ggfz'ab'“ty solver,” ifntl Conference on Computer De-
) { , ’ sign, Nov. .
0,
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ble cells. A total of 126 (44%) of these targets have a diameter of [6] D. Kroening and O. Strichman, “Efficient computation of nence
less than 50. diameters,” inint'l Conference on Verification, Model Checking, and
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niques to attemp O. '9 . lameter f)un s, our expe.rlmen S [10] J. Baumgartner, T. Heyman, V. Singhal, and A. Aziz, “Modeéck-
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ter count for that target. Use of a normalized retiming helps min- reasoning for equivalence checking and functional propestifica-
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single targ_et cone atatime (instead of the entire net.list). However, 15] J. Baumgartner and A. Kuehlmann, “Min-area retiming oniBlexcir-
the potential for increase tends to be very small (since most lags cuit structures,” irint'l Conference on Computer-Aided Desj@901.
tend to be very small and are bounded-biR]), whereas the po- (16 |.-H. Moon, H. H. Kwak, J. Kukula, T. Shiple, and C. PiyléSimpli-
tential for decrease is exponentially greater. Transformations also fying circuits for formal verification using parametric repestation,”
impact table identification and clustering heuristics S€s/QCs. in Formal Methods in Computer-Aided Desjdwov. 2002.

Due to the speed of these heuristic algorithms, it may be beneficial [17] J. BaumgartneAutomatic Structural Abstraction Techniques for En-
to run them on every possible netlist representation to enable the hanced VerificationPhD thesis, University of Texas, Dec. 2002.

best possible result. [18] C. Leiserson and J. Saxe, “Retiming synchronous cingtilgorith-
) mica, vol. 6, 1991.
5 Conclusion [19] A. Gupta, P. Ashar, and S. Malik, “Exploiting retiming anguided

We have presented a practical approach with supporting theory simulation based validation methodology,”@orrect Hardware De-
to enable the use of structural transformations (such as retiming, ~ Sign and Verification MethodSept. 1999.
redundancy removal, and target enlargement) to enhance diame{20] G. Cabodi, S. Quer, and F. Somenzi, "Optimizing sequénéfica-
ter overapproximation techniques, and thus to help enable com- gﬁgebszl(;ggmmg transformations,” iDesign Automation Conference
p!eteness of boundeq verification approaches. Thg theory enables ?21] ; Baumga.rtner A. Tripp, A. Aziz, V. Singhal, and F. Ansen, “An
,d'ameter, bound obtained uporl gtransformed design to.backward- abstraction algc;rithm for’ thé veri,ficétion of g’enerallizemﬁm’/ de-
imply a tight bound for the original, untransformed design. Due signs,” inComputer-Aided Verificatigrduly 2000.
to the reduction potential inherent in these transformations, this 1551 3 vyan, 3. Shen, J. Abraham, and A. Aziz, “On combiningrarand
theory is capable of significantly increasing the set of designs for informal verification,” inComputer-Aided Verificatigriune 1997.
which practically useful diameter bounds may be calculated effi- 23] . H. Yang and D. L. Dill, “validation with guided seardfi the state
ciently. This capability is validated by numerous experimental re- space,” inDesign Automation Conferencdune 1998.
sults. A promising future research direction is to apply this the- [24] M. Ganai,Algorithms for Efficient State Space SearddhD thesis,
ory for speeding up quantified-Boolean-formulae-based diameter University of Texas, May 2001.
calculation, and to exponentially tighten alternate overapproximate [25] A. Kuehlmann and F. Krohm, “Equivalence checking usings@nd

techniques such as ones based upon recurrence diameter. heaps,” inDesign Automation Conferencéune 1997.
[26] R. P. Kurshan,Computer-Aided Verification of Coordinating Pro-
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Original Netlist COM COM,RET,COM
Design [R[€ CC; AC; [TTTTTT; [R[€ CC; AC; [TTTTTT; [Re CC, AC; [TTTTTT;
MC+QC; GC Avg. d(t') MC+QC; GC Avg. d(t') MC+QC; GC Avg. d(t)
PROLOG 0,107,128 14/73,89 0,103,128 16/73,11.9 0,16;1,28 24773,21.0
S1196 0;18;0;0 14/14 ;3.3 0;18;0;0 14/14 ;3.3 0;16;0;0 14/14 ;4.3
S1238 0;18;0:;0 14/14 ;3.3 0;18;0;0 14/14 ;3.3 0;16;0;0 14/14 ;4.3
S1269 0;9;17;11 2/10;10.0 0;9;17;11 2/10;10.0 0;8;17;11 2/10;10.0
S132071 0;314;128;196 | 49/152;2.0 | 0,315;128;195 49/152;2.1 0;77;89,183 79/152 ;6.4
S1423 0;3;16;55 1/5;1.0 ;3,16;55 1/5;1.0 0;1;12;59 1/5;2.0
S1488 0;0;0;6 19/19;33.0 0;0;0;6 19/19;33.0 0;0;0;6 19/19;33.0
S1494 0;0;0;6 19/19;33.0 0;0;0;6 19/19;33.0 0;0;0;6 19/19;33.0
S1512 0;0;1;56 0/21;0.0 0;0;0;57 0/21;0.0 0;0;0;57 0/21;0.0
S158501 0;99;124; 311 115/150; 2.7 0;96;107 ;328 115/150; 2.7 0;73;81;292 115/150; 4.7
S2081 0;0;0;8 0/1;0.0 0;0;0;8 0/1;0.0 0;0;0;8 0/1;0.0
S27 0;1;2;0 1/1;4.0 0;1;2;0 1/1;4.0 0;1;2;0 1/1;4.0
S298 0;0;1;13 0/6;0.0 0;0;1;13 0/6;0.0 0;0;1;13 0/6;0.0
S3271 0;6;0;110 1/14;7.0 0;6;0;110 1/14;7.0 0;0;0;110 1/14;7.0
S3330 0;103;1;28 16/73;11.9 0;103;1;28 16/73;11.9 0;16;1;28 33/73;25.3
S3384 0;111,;0;72 6/26;16.5 0;111;0;72 6/26;16.5 0;0;0;72 6/26;16.5
S344 0;0;4;11 3/11;5.0 0;0;4;11 3/11;5.0 0;0;4;11 3/11;5.0
S349 0;0;4;11 3/11;5.0 0;0;4;11 3/11;5.0 0;0;4;11 3/11;5.0
S35932 0;0;0;1728 0/320;0.0 0;0;0;1728 0/320;0.0 0;0;0;1728 0/320;0.0
S382 ;6;0;15 0/6;0.0 0;6;0;15 0/6;0.0 0;0;0;15 0/6;0.0
S385841 0;47;4,;1375 56/304 ;1.0 1;203;366;854 | 133/304;14.9| 0;170;345;832| 110/304;16.7
S386 0;0;0;6 7/7;33.0 0;0;0;6 7/7;33.0 0;0;0;6 7/7;33.0
S400 0;6;0;15 0/6;0.0 0;6,0;15 0/6;0.0 0;0;0;15 0/6;0.0
S4201 0;0;0;16 0/1;0.0 0;0;0;16 0/1;0.0 0;0;0;16 0/1;0.0
S444 0;6;0;15 0/6;0.0 0;6;0;15 0/6;0.0 0;0;0;15 0/6;0.0
S4863 0;62;0;42 0/16;0.0 0;83;0;21 0/16;0.0 0;16;0;21 0/16;0.0
S499 0;0;0;22 0/22;0.0 0;0;0;22 0/22;0.0 0;0;0;22 0/22;0.0
S510 0;0;0;6 717 ;33.0 0;0;0;6 717 ;33.0 0;0;0;6 717;33.0
S526N 0;0;1;20 0/6;0.0 0;0;1;20 0/6;0.0 0;0;1;20 0/6;0.0
S5378 0;115;0;64 4/49;15 0;126,;0;53 4/49;15 0;56;0;56 7/49;39
S635 0;0;0;32 0/1;0.0 0;0;0;32 0/1;0.0 0;0;0;32 0/1;0.0
S641 0;7;0;12 3/24;1.0 0;7;0;12 3/24;1.0 0;4;0;10 7/24;2.0
S6669 0;181;0;58 37/55;3.4 0;181;0;58 37/55;3.4 0;18;0;58 37/55 ;4.0
S713 0;7;0;12 3/23;1.0 0;7;0;12 3/23;1.0 0;7;0;7 7123;23
S820 0;0;0;5 19/19;17.0 0;0;0;5 19/19;17.0 0;0;0;5 19/19;17.0
S832 0;0;0;5 19/19;17.0 0;0;0;5 19/19;17.0 0;0;0;5 19/19;17.0
S8381 0;0;0,32 0/1;0.0 0;0,;0,32 0/1;0.0 0;0,;0,32 0/1;0.0
592341 0;45;9;157 22/39;1.2 0;49;5;157 22/39;1.2 0;14;25,;133 22/39;20
S938 0;0;0;32 0/1;0.0 0;0;0;32 0/1;0.0 0;0;0;32 0/1;0.0
S953 0;23;0;6 3/23;2.0 0;23;0;6 3/23;2.0 0;0;0;6 23/23;29.8
S967 0;23;0;6 3/23;2.0 0;23;0;6 3/23;2.0 0;0;0;6 23/23;29.8
S991 0;0;0;19 17/17 ;8.8 0;0;0;19 17/17 ;8.8 0;0;0;19 17/17 ;8.8
[ s [ 0,1317;313;4622] 477/1615 | 1;1503;653; 4086 [ 556/1615 [ 0;509;583;3992 | 639/1615 |
Table 1: Diameter bounding experiments for ISCAS89 benchmarks.
Original Netlist COM COM,RET,COM
Design [RTe CC AC, [TTTTT; [Re CC AC, [TT7TTTT, [Rfe CC AC [T
MC+QC; GC Avg. d(t') MC+QC; GC Avg. d(t') MC+QC; GC Avg. d(t')
CP.RAS 0,;279,66; 315 0/2;0.0 0,286 ;66 ; 307 0/2;0.0 0,;179;65; 238 0/2;0.0
CLB_CNTL 0,29;2;19 0/2;0.0 0,;25;2;19 0/2;0.0 0,;15;2;20 0/2;0.0
CRRAS 0;96;6;329 0/1;0.0 0,;100;7;321 0/1;0.0 0;52;10; 284 0/1;0.0
D_DASA 0;16;81;18 1/2;35.0 0;10;86;13 2/2;27.0 0;1,;86;13 2/2;28.0
D_.DCLA 0;382;1;754 0/2;0.0 0;387;1;748 0/2;0.0 0;14;0;736 0/2;0.0
D_DUDD 0;30;28;71 4/22;9.2 0;21;28;71 4/22;10.8 0;1;21;71 7/22;11.0
1_IBBQn 0,;623;1488;0 15/15;4.7 0;623;1488;0 15/15;4.7 0;0;1488;0 15/15;4.7
I_LIFAR 0;303;11;99 0/2;0.0 0,;257;11,;93 0/2;0.0 0;41;18;79 0/2;0.0
|_IFPF 11;893 ;44 ;598 0/1;0.0 1;923;35;525 0/1;0.0 0;191;4;218 0/1;0.0
L3_SNP1 25;529 ;39 ;82 0/5;0.0 6;400 ;41 ;62 0/5;0.0 0;31;30;41 1/5;1.0
L_.EMQn 5;146,;6;66 0/1;0.0 5;136,;6;66 1/1;1.0 5,20;14;57 1/1;1.0
L_EXEC 12;421;0; 102 0/2;0.0 0;430;0;58 0/2;0.0 0;88;0;57 0/2;0.0
L_FLUSHn 6;198;0;4 717;37 0;194;0;4 717;37 0;12;0;4 717;4.0
L_INTRo 14;,143;12;5 30/30;3.8 0;135;12;5 30/30;3.8 0;3;12;4 30/30;3.6
L_LMQo 28;690;4 ;133 0/16;0.0 24,682 ;4 ;141 0/16;0.0 24;114 ;2,132 0/16;0.0
L_LRU 0;142;20;75 0/12;0.0 0;127:;86;9 12/12;15.0 0;0;86;8 12/12;15.0
L_PFQo 14;1936 ;17 ;84 1/67;1.0 8;1929;82; 20 1/67;1.0 8;192;83;17 1/67;1.0
L_PNTRn 3,228;10;11 23/31;2.0 0,;211;10;11 23/31;2.0 0;1;10;11 23/31;4.0
L_PRQn 34 ;366 ; 106 ; 265 10/10;15.2 30; 367; 108; 260 10/10;15.2 30;12;64 ;302 10/10;8.0
L_SLB 3;135;6; 27 2/3;1.0 0;126;6 ;26 2/3;1.0 0;15;6;23 2/3;1.0
L_TBWKn 0,202,117 ;14 0/21;0.0 0,186;119;12 1/21;1.0 0;1;78;53 1/21;1.0
M_CIU 0,;343;10; 424 0/6;0.0 0,;321;5;417 0/6;0.0 0,;63;60 ;286 6/6;1.0
SIDECAR4 3;109;32;455 0/1;0.0 0;60;34 ;453 0/1;0.0 0;24;34;67 0/1;0.0
S.SCU1 1,232;4;136 0/3;0.0 0;220;6;124 0/3;0.0 0;75;4;70 2/3;2.0
V_CACH 5;94;15;59 0/1;0.0 0,;93;14;52 0/1;0.0 1,22;15;27 1/1;1.0
V_DIR 6;91;13;68 0/2;0.0 0,;100;13;55 0/2;0.0 0;13;10;20 2/2;80
V_SNPM 65; 846; 134; 376 1/2;2.0 3,;762;97 ;401 2/2;15 0;51;26;46 2/2;15
W_GAR 0;159;0;83 1/7;1.0 0;158;0;82 1/7;1.0 0;10;0;81 1/7;1.0
W_SFA 0;22;0;42 0/8;0.0 0;22;0;42 0/8;0.0 0;0;0;42 0/8;0.0
[z [ 235,9683; 2272, 4714] __95/284__| 77,9291, 2367,4397] _111/284 | 68; 1241, 2228;3007] _ 126/284

Table 2: Diameter bounding experiments for phase-abstracted GP netlists




