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Abstract—We present a simple but novel algorithm for check- implementation. Like LTS k-LIVENESS translates liveness
ing liveness properties of finite-state systems, callettLIVENESS,  checking into safety checking, but it generates an (infinite)
which is based on counting and bounding the number of times a sequence of safety problems rather than just one safety prob-

fairness constraint can become true. Our implementation of the | r f th fet bl in th b
algorithm is completely SAT-based, works fairly well in practice, em. I one of the salety problems In the sequence can be

and is competitive in performance with alternative methods. Shown to hold, then the original liveness property holds as
In addition, we present a pre-processing technique which can well. In principle, any safety checker can be used to solve the
automatically derive extra fairness constraints for any given problems in the sequence of problems, but we implemented

liveness problem. These constraints can be used to potentially 54 yse a SAT-based incremental safety checker especially for
boost the performace of any liveness algorithm. The experimental this purpose

results show that the extra constraints are particularly beneficial

in combination with our k-LIVENESS algorithm. As we shall seek-LIVENESSIs a surprisingly simple algo-
rithm, much simpler thanAir, and arguably also simpler than
I. INTRODUCTION LTS, but it performs nonetheless quite well when compared to

LTL properties for model checking are traditionally partilhese other algorithms. A drawback of our chosen approach is
tioned into two setssafetyand livenessproperties. Roughly, that, although it is complete for proving as well as disproving
safety properties are properties for which all possible countefL Properties, it is not suitable in practice yet for finding
examples are finite traces. Liveness properties can have infii@inter examples. Therefore, there is a need to combine it with
counter examples that are impossible to make finite. a dedicated counter example finder, for example one based on

Safety properties are more commonly used in practicéounded Model Checking [2].
easier to understand, and theoretically easier to check thadhe second contribution of the paper is a preprocessing
liveness properties. However, liveness properties still pl&jeP that automatically adds extra fairness constraints to a
an important role on many verification projects. The sagiven liveness problem. The addition of these constraints is
Revolution in model checking at the end of the 1990s [8] gaw®und; the validity of properties of the original circuit is not
us new ways of battling the “blow-up” problems associateghanged by these extra constraints. The potential benefit is
with typical BDD model checking algorithms, and sparkeH‘at’ depending on the liveness checking algorithm used, these
off a long sequence of new SAT-based safety checkers [1&ftra fairness constraints make many liveness problems much
[4], [10], [5]. On the liveness side, no such explosion of ne®asier. Our experimental results show tlat IVENESS in
algorithms took place. (Interesting to mention in this context Rarticular, but also LTS benefits very much from these extra
that the original paper on Bounded Model Checking [2] treag®nstraints.
safety properties and liveness properties equally.) I

Related Work  The first practical complete SAT-based
liveness checking approach was made possible bjiaeess A tracet is a function from time point and signal name to
to safety(LTS) translation by Biere et al. [1]. LTS translateg30olean value:
any liveness checking problem into a safety checking problem, t: N x Signal— B
after which any safety checker can be used, including S e
based checkers. The second complete method for liveness

Bradley et al., called &R [6], was only published last year. It ’¥>’ next, V, A, =, -, = having their standard meaning. We

. ! . . rite S F ¢ when the systen$' satisfies the property, and
consists of a dedicated liveness algorithm, based on asymboalg write S, - ¢ when the systens makes¢ true under

exploration of the state space using a SAT-solver, Iookiqge assumption)
for strongly connected componentsaiR performed rather When perform.ing model checking, we assume that the LTL

well n the Har_dware Model C_hecklng Competition 29;1 [3]property¢ at hand has already been translated intveness
proving more liveness properties than any other participant in
I signal ¢, such that
the competition.
This paper presents a new model checking algorithm for full St o o S+ oOq 1)

LTL, called k-LIVENESS, that is amenable for a SAT-based ) )
In other words, in order to deal with full LTL, we only need

TThe bulk of this work was carried out at Chalmers University. to consider proving LTL properties of the foryidq. (This is

. PRELIMINARIES

will use LTL formulas containing operators
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) An example of such a system and property is shown in Fig.
1. Clearly, 0[q holds for all traces accepted by the system,
o o but for everyk there is a trace such thatboecomes false after
k steps. So, this method is sound but not complete.

Fig. 1. Counter-example showing that the simple algorithm does not wor%.' A simple, correct algorithm for checkinglg

Instead of counting (and bounding) the number of clock
cycles until the signaly must become true forever, we can
standard [12]; hereg; is the negation of the acceptance signahstead count (and bound) the number of tinkethe signal
of the Buchi automaton for¢. The above right-hand side isq can be false. If we can find such a bouhdthen ¢ has
sometimes expressed using flagness signakq as follows: to eventually become true forever. Moreovergifis a valid
liveness signal for a finite state system, we can always find
5,L0~q - false such ak. In the system in Fig. 1, the bound is d;can only

but we prefer the expression used in (1) above.) become false once in every trace. .
In some contexts, a property may be translated into VWhat we want is expressed more formally by the following

several liveness signals, in which case we need to prove tHgmma. . o ,
disjunction: Lemma 1:Given a finite-state systei$i for which we have

S+ OOq. Then, there exists & such that for any trace
Sk¢ & SE\/0Dg (2) of S, there are at most different points in timei for which
i t(i,q) = 0.
In this case, we first combine all liveness signalsinto Proof. Assume the opposite: for ariythere is a trace where
one liveness signay, and then proceed with the liveness becomes false at leakttimes. Now, pick any larger than
signal ¢. This combination can be done in many (standardfje number of states i; there must be a tracein which
ways; the simplest one is to introduce one auxiliary registgroecomes false at leakttimes. Consequently, there must be
for each liveness signaj; that keeps track of whether thattwo different time pointsi and j for which ¢(i) = t(j) and
signal has been 0 yet. If alj; have been 0 at least oncet(4,q) = t(j,q) = 0, since not all states whetgis false can be
g also becomes 0 and we reset all auxiliary registers. THigique. We can now construct a looping tracgobtained from
construction introduces extra registers an@(n) extra gates t by repeating the states betweeand j) for which ¢ is false

for combiningn liveness signals. infinitely often, which contradicts our original assumption that
S+ ¢Oq. O
. K-L IVENESS The experimental observation we make is that, in practice,
In this section, we present our basic algorithm for checkirig often very small (see Fig. 9 in Sect. V), which suggests that
liveness, called:-LIVENESS finding £ might be a practical method for checking liveness
. ) properties.
A. A simple algorithm fo)Lg (that does not work) Our algorithm works as follows. We start by settiag= 0.
Consider proving the eventuality property Now, we try to show that; can only become false at most

gL times (this is a safety property). If we succeed, we are done;
0g the property holds. If we fail, we increageby 1 and try again.

for a boolean signaj. For finite state systems, we may prove Because of the above lemma, this algorithm is complete for

this by searching for a natural numblersuch that valid properties. However, it does not terminate for properties
] that are not valid. Theoretically, if we keep finding counter
St \/ next’ ¢ examples for growing:, at some point there must be a trace

i€0...k which contains a repeated state at the appropriate place, thus

Indeed, if ¢¢ holds, we can always find such /a The forming a valid counter example for the original liveness
gain is that, for a giverk, the above proof obligation is asignal. However, this is unlike_ly to work well in practice_. In_
safety property, which can be checked by a safety checkefder to get a complete algorithm also for false properties in
A simple checking algorithm thus tries = 0,1,2... until practice, a dedicated counter example finding method is used

Vico.r next! ¢ holds. in parallel or in lock-step withk-LIVENESS.
One might be tempted to try a similar idea for checking th&

Implementation
more general safety property

In our implementation, instead of repeatedly calling a safety
S+ 0lq checker every time we changewe use an incremental safety
8Qecker. The incremental safety checker proves or disproves a
given safety property, after which we can add some more logic
and registers to the circuit, and continue with a new safety
S+ next® Cg property. The incremental checker keeps its internal state

Alas, there are finite state systems for which the above hol
but for which there is nd: such that
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Din liveness checking algorithms as well.
B ] > pou
= ‘ IV. AUTOMATIC CONSTRAINT EXTRACTION
Suppose we are checking the following proof obligation:
Fig. 2. Absorbing one 0 from a liveness signal (initial state for D is 0) St 3)

Here,¢ can be a safety property as well as a liveness property.
between calls, so it can reuse information about reachabiftyitomatic constraint extraction may construct a new formula

it discovered in earlier runs in later runs too. ¥ which may be used as a constraint (an assumption), thus:
Making an existing safety checker incremental is more or
less difficult, depending on the underlying algorithm that the S, o (4)

checl_<er IS baseq on. The saf?ty checker we used Was PHb constraint extraction is correct if and only if the proof

own implementation of Bradley's SAT-based safety CheCkIn(g’c)ligations 3 and 4 are equivalent. The hope is that a model
algorithm as implemented in IC3 [5]. Bradley’s safety alé ecker may benefit from making use of the constraints
gorithm maintains a finite sequence of sets of clauses, eaalj—'orsafety checking, this idea has been proposed before, e.g
set belonging to a concrete point in time. It turns out thaﬁ 71. As far as we k;wow, we are the first to explore this’in. '

. .. . |
the algorithmic invariants between these sets are complet[an context of liveness checking

independent of the property one is currently proving. So, if the he ideas described here are very much inspired by the

current property has been proven or disproven, we can keep :T\IT : : . . .
agorlthm that finds so-calledrenasin [6]. The idea behind

sets of clauses for the next run of the checker, even thougr]révrenas is to divide the state space of the system up into

m'ghF add some new 'Iog|c :smd change tc: anew prop.erty. é)grtitions, such that any trace of the system will eventually end

algorithm also maintains a “current depth” counter which does

not need to be reset when a new property is checked. Th

R and stay in one such partition only. Arenas are an intricate
bart of the liveness checking algorithm in [6]; we decoupled

Bradley's safety algorithm is a very nice fit for the livenes '

checker we are building.

e idea from the algorithm, generalized and improved the idea
. . . somewhat, and repackaged it as a pre-processing technique for

The liveness algorithm starts with= 0, and so the safety P 9 pre-p 9 g
propertyp we have to consider is actually the liveness signal

liveness algorithms in general.
So, we start by trying to prove thatcan never become false. s stapilizing constraints
If this is disproved, we want to increade and run again.
We implement increasing by 1 by attaching thebsorbing
circuitry shown in Fig. 2 to the safety propergtywe have
just disproved. Ifp is fed as its inpup;,, a new safety signal O0s
Pout 1S Created that behaves just like the previous signal such that
except that it absorbs the first O that is produced by its inpulf .
and turns it into a 1. So, adding the absorbing circuit in the S 0Ug iff. S, 0Us = Olg

figure and checking its output as the new safety property g call constraints of the for(s a stabilizing constraint.
the same effect as increasikgby 1. If we disprove the new  ag ghserved in [6], it turns out that many liveness problems,
safety propertypo.:, We attach yet another copy of the Circuifor example liveness problems involving counters, admit such
to it, and so on, until we have attached enough copies of Wgilizing constraints. The first observation we make is di-
absorbing circuit to smother all possible 0's (or we go Ofbctly inspired by [6]: If we find a signat that ismonotonic,

The kind of constraints we are going to extract are of the
orm

forever). _ _ in other words such that:
Making Bradley’s algorithm incremental amounted to
adding only about 30 lines of C++ code to our original S+ O(z — next z)

implementatioh. The effect of using an incremental checker o .
is evaluated in Sect. V. then it is safe to add)0(x = next z) as a stabilizing

What is presented in this section leaves us with a ba&gnstralnt. The reason is that for any tracef S, x must

liveness checking algorithm that performs reasonably well (Sggher be 0 all the time, or become 1 at some point and then
ay 1 forever. In both cases, we have that eventualby;ll

Sect. V for more details), but there are some bottlenecf, it |
especially wherk needs to be large. The next section prese §ep 1S value. lize this ob ion for sianalsh
a pre-processing step that greatly boosts the performance gp'ext, we generalize this observation for signalsnat are

the basic algorithm, and has the potential of improving Othgyentually mor_10tonic. i
Lemma 2:Given a systent and a signal. If we have

1in this way, we ended up with a model checker that can check multiple S+ OD(x s next I)
safety and liveness properties simultaneously, something we have not seen

before. We have however not experimentally evaluated the advantages gnd e .
disadvantages of actually using the model checker as such. en we may usél(x = next x) as a (stabilizing) constraint.
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B. Making use of the property states is enough since everyand alsd contains at most one
We can also make use of the original liveness sigpal "ext operator. We add the assumptiando the first state, and
we want to prove. Assume that we are solving the livenetiien ask the SAT-solver if also holds. If the answer from the

problem: SAT solver is yes, we know the constraint holds. It is a crude
S+ o0q approximation, but very fast and quite effective in practice.
and that we have found a stabilizing constraipifi(z — E. Algorithm
next z). However, suppose we also find out that: In the overall constraint extraction algorithm, we work
S+ 00z — q) ) with a set of circuit points P and a set of found stabilizing

constraints M. Initially, the set of found stabilizing constraints
then it is safe to assume, not only that x will eventualli is empty, and the set P consists of all internal points in the
stabilize to some value (0 or 1), but also the much strongeircuit (and their negations).
that x will stabilize to O! In other words, we can add]-x The derivation algorithm works as follows.
as a stabilizing constraint and check: For all points x from the set P, we try to prove (using our

S, 00— F 00g overapproximation):

instead. Why? Because there are two cases: either x stabilizes S, M = 00(z — next z)

to 0 or to 1. If x stabilizes to 1, we already know (because ¢f this succeeds, we add the stabilizing constrapiif(z =

(5)) that q stabilizes to 1 also, and we have shown the originakt ) to M, and remove: from P. We then also try to prove
property. The only interesting case left is when x stabilizes {@iso using the overapproximation):

0, which is the one we add.

Similarly, if we find out instead of (5) that S, M FO0(x — q)
S+ o0(—z — q) If this succeeds, we adfiC]-x to M. If not, we try:
we can add)x as a stabilizing constraint. S, M+ O0(—x — q)
C. Multiple stabilizing constraints If this succeeds, we ad¢il]lz to M.

Stabilizing constraints may be used to help find other If we discover any new stability constraints, we go through
stabilizing constraints. So, if we have found the stabilizingll Points z in P again in a new round. If no new stability

constrainto(z = next z) by showing: constraints have been found, we terminate with M.
Note that we actually have a choice of what set of points
S+ QU(z — next z) P we start with. In our experimental results (see Sect. V),

then we may use it when considering another candigate W€ have compared starting with all internal points (and their
negations) of the circuit, as well as just having the registers

S,00(z = next ) = QU(y — next y) (and their negations), which may be chedper

that we can use to derive new stabilizing constraints, which

. ) . o - Once we find the set M, we can add each of these as
in turn can give rise to even more stabilizing constraints.

constraints, if the model checker can handle such constraints.
D. Approximating stability checking However, our model checker only handles a single liveness

In general, when looking for stabilizing constraints agignalg, so here we describe how we can deal with this.

described above, we are asking questions of the following The first step is to turn constraints in M of the forl(z =
shape: next ) into a stabilizing constraint with just a Boolean signal

S /\<>Da- - OOb c: OOc. This is cheap and easy:ifis the output of a register
’ i ’ (or its negation), because then points representiagdnext x

I . aalready exist, and we just create one extra XOR-gate. But if
Here, thea; are the stabilizing constraints we have alrea . . . .
IS an internal point, we may have to introduce extra logic or

found, andb is a proof obligation that may give rise to a . : -
S . : . .~ perhaps even a register to represend/e might not be willing
new stabilizing constraint. In order tdecide questions like S . -
. ) tp, pay this price, in which case we can just throw away the
the above, we would need a liveness checker, which would .
. ) . constraintOO(z = next x).
defeat the purpose of using this as a pre-processing step t6 .
. 0, here we have another choice of parameter to the algo-
liveness checker!

. . . rithm: Do we keep constraints of the forglI(z = next x)
Instead, weapproximatethe answer to this question by . . . .
even if x is not a register? We have also compared this

using a SAT-solver which only talks about two consecutiveh o . )
. choice in our experimental results. Note that it may actually
states ofS. We assume we are at a state in the trace whefe

all S'Fab”'ty Cor_]Stra'ntSL? _have a"ea_dY become true, and then 2Bradley et al. restrict themselves to registers in their arena discovery
ask if the desired stability constraiftis now also true. Two method [6].

55



Proceedings of the 12th Conference on Formal Methods in Computer-Aided Design (FMCAD 2012)

be beneficial to start with P being all internal points, even
if in the end we keep only the constraints on registers. This
is because finding constraints on internal points may help in
finding more constraints on registers.

Once all constraints in M are of the forfyidc; for Boolean
signalsc;, we can turn these into one big constrajii( A, c;).
This is because0O distributes overA. So, we are now
checking:

solved instances

S,00(\ e) F 00g

(2

which is equivalent to

S, 00(\ i) F0O((N\ ei) = q)

2 7

for which it is enough to check
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Fig. 3. Comparison of core algorithms
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i
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sinceOO(A; ¢;) is a correct extracted constraint. %0

As we can seej\, ¢; — ¢ is a much weaker liveness signal
than ¢, and therefore it can become false a lot less ofte
reducing (in many cases significantly) the valuekofieeded
for k-LIVENESS

45

40

35

30

solved instanceg>

V. EXPERIMENTAL RESULTS -

In this section, we present an experimental evalation of
implementations of the three algorithms discussed in this
paper:k-LIVENESS LTS, and RIR. The implementations of
k-LIvENESsand LTS were made by ourselves, and are based
on the same safety checker. The implementation 0RFwve
used was made by the original authors. Our implementation
of LTS seems to be slightly better than the one used in [6],
which explains the differences in evaluations in this paper and
[6].

We have run a number of variants of these algorithms onFég. 3 presents this comparison in the form of a cactus®plot
public set of liveness benchmarks, obtained from the Hardwarbere we display time outs vs. number of solved problems.
Model Checking Competition [3]. From that set, we discardéd/e can see here that all three algorithms perform comparably
a few problems that were not solvable by any algorithm; a totgl-LIVENESS and LTS solve the same amount of problems
of 52 problems were solvable by at least one of the testéaf the maximum time out)k-LIVENESS performs slightly
checkers. better than the others at time-outs around a minute or so.

All experiments were run on a cluster of quad-core Intel The second comparison we make is about the effect of the
Xeon E5620 CPUs clocked at 2.4 GHz. The detailed resultarious versions of the fairness constraint extraction on the
of most experiments reported here are presented later in ghgorithmsk-LIVENESS and LTS. We chose not to include
table in Fig. 9. In the table, a dash (—) represents a time-o&aIR in this comparison, because the original uncrippled
The table also contains the values of #ig that were needed version of RAIR already has a similar technique built-in. The
for the various versions df-LIVENESS, including thek’s that results are displayed as cactus plots in Fig. 4 and Fig. 5. Here,
were reached in case of a time-out. fce0 means no constraint extractioftel means constraint

To get a baseline, we start our evaluation by compariytraction only for registerdce2 means constraint extraction
the basic versions of each of the three algorithms, where rfor all points in the circuit, but only added for registers,
fairness constraint extraction is performed. To this end, v@gdfce3 means full constraint extraction and addition for all
made a change to the source code ofifs and switched
off the arena finding part of their algorithm, which roughly ?O_ur cactus plots might be_z considered slightly nonjstandard; t_he t_ime

. . . . is is at the bottom (where time axes should be) and is logarithmic (since
CorreSponds to our fairness constraint extraction. This arguagiyen, comparing running times it is the factor, not the difference, which is
crippled (!) version of RIR is calledfair-sndO in the tables. important).

klive-fceO
klive-fcel ----
klive-fce2
invecheS

1024

10 ! ! ! ! !
16 64 256

time in seconds

4096

Fig. 4. Effect of stabilizing constraints d-LIVENESS
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Fig. 5. Effect of stabilizing constraints on LTS Fig. 7. klive using a binary counter
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Fig. 6. Comparison of algorithms with best stabilizing constraints Fig. 8. Non-incremental klive with perfect guessing

circuit points. The conclusion we draw from these graphs flsat with the fairness constraint extraction drLIVENESS
that fce2 andfce3 work best, but it is hard to decide whichoutperforms the other two, who in turn perform remarkably
of those is best based on the set of benchmarks we have. similar.

From Table 9 we can see that when the analysis has a bigrinally, we would like to experimentally answer two ques-
improvement on the total running time, it is mainly due to #ons that naturally arise in connection with theL IVENESS
significant reduction irk. algorithm. The first question is: For large it seems problem-

The times reported here is the total time of first running thetic to use an approach that adds circuitry lineakinVhat
analysis and then the model checking algorithm. We have n@ppens when we use a binary counter instead? It turned out it
reported detailed results on the running times of the analysigs quite simple to change our algorithm to doublat every
alone. However, in the vast majority of the benchmarks thecremental step by using a binary counter. The comparison
running time of the analysis is negligible (less than 1 secondyith the original, linearly growing algorithm is displayed in
Only in a couple of benchmarks did the analysis take FEig. 7. We can see that some problems indeed are solved a bit
significant amount of time relative to the total time. Thigaster, but many more problems are solved quite a bit slower.
indicates that it is possible to find classes of circuits wheféhat difference is clearest fdceO, which is why we chose
the analysis as implemented today will not scale up. to show that version in the figure. The conclusion is that it

The third comparison we want to make is between the basight be beneficial to use a binary counter for problems that
versions of the three algorithms. FbrLIVENESS and LTS, need a larges, but it is a bad idea to pick this as the default
we (rather arbitrarily) choséee3 andfce2, respectively. For method.

FAIR, we run the original unmodified algorithm. The cactus The second question is: Suppose we had a way to (almost)
plots for this comparison are displayed in Fig. 6. We can seerfectly guess the right on beforehand. Could we base
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name klive-fceO klive-fce2 klive-fce3 lts-fce0 | lIts-fce2 | lts-fce3 | fair-sndO | fair-snd2

time k | time k | time k time time time time time
arbi0s08p03 442 9| 1676 7 567 7 — 359 324 — —
cuabq2f 0 3 0 2 0 2 62 355 75 5 3
cuabg2mf 0 3 0 2 0 2 2 5 5 1 0
cuabq4f 2 5 2 5 4 5 6474 5739 — 485 121
cuabg4mf 0 5 1 5 1 5 189 44 223 2 2
cuabq8f 74 9 98 9 158 9 — — — 1285 —
cuabg8mf 13 9 19 9 16 9 — — — 219 66
cucnt1l0 — 625 0 0 0 0 40 0 0 710 0
cucnt128 — 622 6 0 6 0 — 6 6 — 1
cucntl2 — 614 0 0 0 0 713 0 0 3393 0
cucnt32 — 533 0 0 0 0 — 0 0 — 0
cucnt3 0 0 0 0 0 0 0 0 0 0 0
cufql 3069 9 | 2464 8 34 4 — — 2506 — —
cugbak 83 32 87 32 131 32 1207 738 2504 127 50
cuged 3 16 1 5 2 5 1 1 12 2 2
cujc128 — 1960 21 0 20 0 — 21 21 — 2
cujc12 — 1928 0 0 0 0 61 0 0 52 0
cujc32 — 2061 1 0 1 0 — 1 1 — 0
culock 21 83 4 31 7 31 11 12 40 9 6
cuniml 593 60 0 0 0 0 43 0 0 18 0
cunim2 1088 60 3 0 6 0 418 18 265 — 1011
cuoml — 386 1 0 1 0 — 1 1 — —
cuom2 — 517 8 0 20 0 1785 50 32 — 64
cuom3 — 866 1 0 1 0 1090 1 1 — 2
cusarb16 0 15 0 0 0 0 0 0 0 2 0
cusarb32 3 31 0 0 0 0 8 0 0 19 0
cutarb16 503 159 131 79 139 76 146 368 209 221 25
cutarb32 — 261 | 5207 191 | 4599 188 — — — — 362
cutarb4 1 23 1 11 1 8 1 1 3 1 0
cutarb8 20 63 9 31 9 28 12 14 15 16 2
cutfl 166 8 197 8 14 4 1583 315 77 898 327
cutf3 0 3 1 0 1 0 26 1 2 3 1
cutql 4176 9 866 7 18 3 2360 — 63 4061 4433
Imcs06abp4pl 2 3 2 3 4 3 3199 20 — 326 34
Imcs06abp4p2 2 4 3 4 3 4 771 1691 626 304 511
Imcs06abp4p4 0 1 1 1 1 1 2 8 30 251 6
Imcs06bc57spl 14 4 22 3 3 2 80 41 414 — 53
Imcs06bc57sp2 34 2 2 0 5 0 110 232 539 98 50
Imcs06bc57sp3 4 1 5 0 5 0 16 656 137 55 19
Imcs06brp0 0 1 0 0 0 0 0 0 0 — 2
Imcs06brp2 1 2 0 0 0 0 106 1 1 798 —
Imcs06counterO 0 7 0 6 0 5 0 0 0 0 0
Imcs06dme3p2 | 6193 2| 1283 2 | 3467 2 — — — — —
Imcs06mutex0 0 2 0 0 0 0 0 0 0 0 0
Imcs06prodcell2 90 19 79 18 61 17 49 62 338 358 469
Imcs06prodcell3 82 80 65 25 230 25 69 288 102 4260 1849
Imcs06prodcell4 62 60 264 24 255 24 102 84 62 1300 426
ImcsO6prodcell5| 328 109 760 106 769 105 129 121 152 4442 —
ImcsO6prodcell6 | 262 109 543 106 571 105 129 141 143 2999 1643
Imcs06ring0 0 4 0 4 0 4 0 0 0 0 0
Imcs06short0 0 1 0 0 0 0 0 0 0 0 0
Imcs06srg5p0 0 6 0 5 0 5 0 0 1 1 1

Fig. 9. Detailed experimental results.

an algorithm on that? We ran an experiment where we first V1. DISCUSSION ANDCONCLUSIONS

computed the righ& for each benchmark, and then ran the ) . )
We have presented a new, simple liveness algorithm, called

algorithm again, jumping to that immediately. The results based findi limi h b
are displayed as a scatterplot in Fig. 8. We can see hdi&VENESS based on finding a limiti on the number

that solving the problem for the correct, fixéddirectly is of t'mﬁf a fa|.rness ;lgnal lgan becorlne f[rrl:e, th?,t g?mp"ﬁes
much slower than the incremental approach. This is surprisi orably agamst eX|st|ng_ VENess algorithms. Finding the
because the incremental approach actually proves more§t limit k is done by using an mcrement_al safety checker.
also proves that none of the otherare large enough. One_b“r ex_penme_nts s_hqw that the incrementality of the approach
explanation is that the state space exploration we force l‘l’?ecruc'al for its efficiency. . )
algorithm to go through when considering les¢erctually = Moreover, we developed a preprocessing technique that
helps in finding the proof for the right. This might also IS heavily inspired by the AR algorithm, that can boost
partially explain why the binary counter approach is worsté‘e performance of liveness algorlthm_s in general. The main
than the linear approach, because it jumps over miaayonce differences between the pre-processing presented here and

as well. However, these explanations are merely speculatidi§ arena analysis as part of thau algorithm are: (1)

and more investigation is needed to fully understand theQEr @Pproach works on all points in the circuit rather than
results. just the registers, (2) our approach makes use of the liveness

signal in a different (stronger) way, (3) our approach generates
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