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Abstract merged. In this paper we present a significant extension of the SAT-

SAT sweeping is a method for simplifying AND/INVERTER sweeping algori_thm_that uses ob_servability dop_’t-c_ares (ODCs)_for

graph (AIG) by systematically merging graph vertices from the in- greater graph S|mpln‘|cat|0n. Taking observablllty into a_lccount in-
puts towards the outputs using a combination of structural hash- creases the effectiveness of SAT sweeping but also increases its
ing, simulation, and SAT queries. Due to its robustness and effi- computational expense. In order to find a balance between effec-

ciency, SAT sweeping provides a solid algorithm for Boolean rea- Flvepessk]gr;]d ef|f|C|enEy, V\;eblntroc;ju;cla the QOUOMl %bse:jvabll-
soning in functional verification and logic synthesis. In previous ity, in which only p"’_lt_ S_O oun .e ength are consi gre )

work, SAT sweeping merges two vertices only if they are function- _When observability is taken into account, the equivalence-class
ally equivalent. In this paper we present a significant extension of refinement scheme of the original SAT-sweeping algorithm cannot

the SAT-sweeping algorithm that exploits local observability don't- P€ used. We introduce a new method of comparing simulation vec-
cares (ODCs) to increase the number of vertices merged. We use a°'S t0 identify merging candidates. Despite the quadratic theoreti-
novel technique to bound the use of ODCs and thus the computa-C2! complexity of our algorithm, our results show an approximately

tional effort to find them, while still finding a large fraction of them.  in€ar complexity in practice. ) o

Our reported results based on a set of industrial benchmark circuits _ ThiS paper is structured as follows: Previous work is discussed
demonstrate that ODC-based SAT sweeping results in significantly!" S&ction 2. Section 3 introduces some preliminary concepts, in-

more graph simplification with great benefit for Boolean reasoning ¢luding AIGs and SAT sweeping. Section 4 explains the details of
with a moderate increase in computational effort. SAT sweeping with local ODCs. Section 5 presents the experimen-

tal results and Section 6 contains conclusions.
Categories and Subject Descriptors:

B.6.3 [Logic Design]: Design Aids-verification 2 Previous Work
General Terms: Algorithms, Verification N The combined application of random simulation and satisfia-
Keywords: And/inverter graphs, SAT sweeping, observability bility queries for finding functionally equivalent circuit compo-

. nents has been proposed in multiple publications [4, 5, 6, 7, 8]. A
1 Introduction particular implementation on AlGs, that combines these methods
Boolean reasoning is a key part of many tasks in computer-aided with structural hashing and circuit rewriting, was described in [3]
circuit design, including logic synthesis, equivalence checking, and for simplifying the transition relation for bounded model checking
property checking. Circuit graphs such as ®{INVERTER graphs (BMC).
(AIGs) [1] are often used to represent Boolean functions because In [9] the use of observability don’t-cares was proposed to
their memory complexity compares favorably with other represen- simplify the functionality of internal circuit nodes by exploiting
tations such as binary decision diagrams. In many Boolean rea- non-observability of their input assignments [9]. Using BDDs for
soning problems, circuit graphs have a high degree of structural their representation, the don’t-cares are systematically computed
redundancy [2]. The redundancy can be reduced by the applica-from the outputs towards the inputs and then applied for node
tion of SAT sweepinf3]. SAT sweeping is a method for simpli-  resynthesis. Recently, SAT-based methods have been suggested
fying an AND/INVERTER graph by systematically merging graph  for the same application [10, 11]. To reduce the huge computa-
vertices from the inputs towards the outputs using a combination of tional cost of computing ODCs, existing methods use compatible
structural hashing, simulation, and SAT queries. Due to its robust- ODCs [12, 13] to avoid frequent recomputations or windowing [14]
ness and efficiency, SAT sweeping provides a solid algorithm for to limit the problem size. In contrast, the ODC-based SAT sweep-
Boolean reasoning in functional verification and logic synthesis.  ing method presented in this paper encodes observability conditions
In previous work, SAT sweeping merges two vertices only if directly in the check for mergeability of two vertices. Random sim-
they are functionally equivalent. However, functional differences ulation is utilized to effectively reduce the number of merge candi-
between vertices are not always observable at the outputs of a cir-dates. Furthermore, our approach is made robust by limiting the
cuit. This fact can be exploited to increase the number of vertices path length considered for observability.
Permission to make digital or hard copies of all or part of tharknfor Other previous work utilizes ODCs for CNF-based SAT check-
personal or classroom %Se is granted \F/)vithout fee prgvidatjdxbpies are ing. In [15] additional clauses Whlc_h e_nco_de obC Condl_tlons are
not made or distributed for profit or commercial advantage aatidbpies added to the CNF formula of the circuit with the goal to improve
bear this notice and the full citation on the first page. Toycoiherwise, to the solver performance. In [16], a similar approach is presented
republish, to post on servers or to redistribute to listgues prior specific that also introduces additional literals to speed up the SAT search.

permission and/or a fee. : .
DAC 2006,July 2428, 2006, San Francisco, California, USA. The aim of these approaches is to speed up the SAT search, whereas

Copyright 2006 ACM 1-59593-381-6/06/000%5.00. our methods is targeted to simplify the circuit representation itself.
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Figure1l: Example of AND/INVERTERgraph: f(v1) =xg, f(vp) =
X2, f(v3) = X3, f(v4) =Xa, f(Vg) = (- X1 AX2) AX3; f(v11) = (X2 A
=X4) A (X3 A=Xg); T((Vio,V13)) = (= X1 AX2) A (X2 AX3).

This simplification can be used in multiple application domains, in-
cluding equivalence checking [2], property verification [3] or logic
synthesis.

3 Preliminaries

For completeness, this section briefly outlines the concept of
AND/INVERTERgraphs and the SAT-sweeping algorithm.

3.1 AND/INVERTER Graphs

LetC = (V,E) denote an AIG with the set of vertice's= {vp} U
X UG and set of directed edg&sC V x V. Vertexvyg represents
the logical constant OX is the set of inputsG is the set of AID
gates, an® C G is the set of outputsyg and all inputsc € X have
no predecessor, whereas the gatess have exactly two incoming
edges denoted hyght(g) andleft(g). Letref(e) denote the source
vertex of edgee and FO(v) be the set of successor verticeswof
i.e. vV € FO(v) & (v,V) € E. TFO(v) refers to the set of vertices
in the transitive fanout of. Moreover, letother(V,v) denote the
incoming edge of vertex € FO(v) which does not come from,
ie.

right(v')
left(V')

if v=ref(left(V))

if v=ref(right(V')). (1)

other(V,v) = {

For the definition of the AIG semantics, we assume that each
inputv € X is assigned a Boolean variablg and each gate
G computes the conjunction of the incoming edge functions. For
each edge € E an attributenv(e) is used to indicate whether the
function of the source vertex is complemented. More formally, the
functions of a vertex €V and an edge € E of an AIG are defined
as:

0 if v=vg
flv) = Xv if veX

f(left(v)) A f(right(v)) otherwise @)
f(ee = f(ref(e)) dinv(e).

Figure 1 illustrates part of an AIG. Inverted edges are shown
with dots. vy, V2, v3, andv, are inputs; their functions arq, X,
x3, andxs. The function ofvg is (= X1 AX2) AXz = = X1 AX2 A X3.
The function of the inverted edd&i9,V13) is ~((— X1 A X2) A (X2 A
X3)) = (=X AX2 AX3) = X1 V =Xz V = X3. Note thatf ((v10,v13))
is also the complement @f’s function, so this AIG is redundant.

3.2 SAT Sweeping

Algorithm 1 outlines the basic flow of the SAT-sweeping algo-
rithm as presented in [3]. The goal of the algorithm is to systemati-
cally identify all pairs of functionally equivalent vertices and merge
them in the graph. For this the algorithm uses a classical partition-
refinement approach using a combination of functional simulation,
SAT queries, and structural hashing. For simplicity, Algorithm 1
does not outline the handling of equivalence modulo complemen-
tation, i.e., the assignment of two vertices to the same equivalence
class if their simulation vectors are identical or complements.

In Algorithm 1 we denote by (v) the simulation vector of ver-
texv. The value ofF (v) is computed by bitwise application of the
semantics given in (2).

During the first iteration of the outer loop the randomly initial-
ized input vectors are simulated to generate a first partitioning of
the graph vertices into equivalence claspésVs, ...\¢}. To refine
the initial partitioning, a SAT solver is applied to check for func-
tional equivalence of the shallowest vertices in all shallow classes
containing more than one vertex. If they are indeed functionally
equivalent, they are merged. Otherwise, the simulation vectors are
updated with the counterexample given by the satisfying input val-
ues. This ensures that this class is broken apart during the next
iteration. The reader is referred to [3] for more implementation
details on the SAT-sweeping algorithm.

Algorithm 1 BAsIC SAT SWEEPING
1: {Given: AIG C = (V,E) with inputsX}
2: randomly initialize simulation vectois(x) for all x € X
3: Classes={V} {Initially all vertices in single class
4: while (1) do
5. simulateC to update all simulation vectofs(v)
6: refine all classe¥ s.t.Vu,veV; : F(u) = F(v)
7. ifVi:|Vi|=1V (UsedResource ResourceLimitthen
g
9

return

: dse
10: for all shallow classeswith |V;| > 1 do
11 V= argmin, oy LEVEL(V)
12: U= argminy e\ jvj LEVEL(U)
13: res:= SAT-CHECK (f(u) @ f(v))
14: if res= SATthen
15: extend simulation vectorg (x) by SAT counterex-
ample
16: elseif res= UNSATthen {u andv equivalen}
17: MERGE(U,V)
18: removeu fromV; {vis representative afin V;}

When SAT sweeping is applied to the AIG in Figurevd,and
vip are identified as functionally equivalent and merged, resulting
in the graph shown in Figure 2. The outputs/gf are moved tavg.
The rest of the AIG is unchanged; no other vertices can by merged
by basic SAT sweeping.

4 SAT Sweeping with Observability Don’t-Cares
4.1 Motivating Example

Functional equivalence is a sufficient condition to prevent
changes in overall circuit behavior when vertices are merged. How-
ever, it is not a necessary condition. Some functional differences
between vertices are never observed at the outputs of the circuit.
For example, in Figure ¥ andvg are not functionally equivalent,
since f (vg) = XoX3 and f (vg) = xax4. However, their values only



Figure2: Subgraph of AIG from Figure 1 after SAT sweepingp
is merged ontog.

differ whenxs = 1 andxz = X4, which impliesf(v7) = 0. Since
v7 provides a controlling value to the inputfy, this difference is
not observable fovg. Thereforeyg can safely be merged ontg.
4.2 Observability Don’t-Cares

For a given AIG, theobservability obgv) of a vertexv e V

Theorem 1 For a given k, vertex v can be merged onto vertex u if,
(f(u) & f(v)) v-obgv,k) =1

Sketch of Prooflt is easy to show that the original circuit is equiv-
alent to the circuit after mergingontou by arguing that for every
input assignment eithei(u) = f(v) or obgv,k) = 0, that is, either
their functions are identical or no path fronto any vertex within

k levels is sensitizable. Therefore, no differences can propagate to
any circuit output.

4.3 Algorithm

The criterion for merging two vertices exploiting observability
don't-cares as given in Theorem 1 can be evaluated using a com-
bination of random simulation and SAT queries, similarly to the
criterion of functional equivalence used in Algorithm 1. The chal-
lenge here is that the equivalence-class refinement method cannot
be used, because the merging criterion of Theorem 1 is not an

that has no reconverging path in its transitive fanout, denoted by equivalence relation: It is neither symmetric nor transitive, so it

TFQO(v), is defined as follows:

1
Vverow) (0bgV) A

if ve O
otherwise
3)

In other words, the value of vertexis not observable iff for
each of its fanouts either the value of the fanout vertex itself is not
observable or its other input evaluates to 0, thus blocking the logi-
cal path. In the presence of reconvergent paths beginningtiae
recursive computation afbgv) given above may lead to incorrect
results [12]. It may exclude input assignments for which a change
of the value aw can propagate to an output through simultaneous
switching of multiple paths. To avoid this problem, we use the fol-
lowing modified computation obbgv) which over-approximates
the observability for reconverging structures:

obgv) = { f(other(V',v)))

obs(v) = 0bE(V.v)

1
obgv,u) = { Vverow)

The concept ok-bounded observabilitgr local observability
is based on limiting the length of the paths being considered for
observability to reduce the effort for its computation. The approxi-
matek-bounded observabilitpbgv, k) is defined as:

if veO
(obgV,u) A
g(other(V',v),u))
if v=uV veTFO(u)
otherwise

(4)

otherwise

1

g(v,u) f)

obgv,k) = obgv, V.
1 if veOV k=0
obgv,u,k) =< Vyerow) (0bgV,uk—1) A
g(other(V,v),u)) otherwise
®)

For example, fork =0 vertexv is always observable, whereas
obgv,1) considers only the possible blockings at the immediate
fanouts ofv.

Clearly, every input assignment that resulteb® v, k) = 0 is an
ODC forv. The idea of using local observability in SAT sweeping
is to exploit the fact that can be merged ontoif the functions of
u andv are equal for alk-bounded observable input assignments,
i.e.,uandv have to be equal only bbgv,k) = 1. More formally:

is not possible to define equivalence classes of vertices such that

each member of a class can be merged onto any other member. For

example, in the graph in Figure g can be merged ontg; as

stated in Section 4.1, bwg cannot be merged onta—there is

an input assignmeng; xoxsX4, for which f (vg) = 1 andf (vg) =0,

while f(vs) = 1, a non-controlling value. s were merged onto

vg, the value off (v19) would be changed for this input assignment.
Instead of selecting candidate pairs for merging from equiva-

lence classes, it is necessary to find independently for each vertex

v the vertices onto which it may be merged. Possible candidates

include vertices whose simulation vectors are identicafgpbut

there may also be candidates whose simulation vectors differ from

Vs, as long aw is not observable for the input assignments result-

ing in the differing bits. In order to take observability into account

when comparing simulation vectors, we compaitservability vec-

tors OB3yv, k) from the simulation vectors (v) as follows:

[111...11)
Vv’eFO(v)

if veOV k=0
(OB]V,k—1) A

OBSv,k) =
{ F (other(V',v)))

otherwise

(6)
For example, in Figure 1 iF(v2) = 110011, F(vs) = 010010,
and F(v4) = 010101, therOBSvz,1) = (OBSVg,0) AF(v2)) V
(OBSve,0) A F (Vs)) v (OBSVg,0) A = F (v4)) = F(v2) v F(vs) V
-F(v4) =111011.

The bits ofOBSVv,k) represent the values @bgv,k) for the
input assignments in the simulation vectors. When the bit at posi-
tion i of OBS\v,k) (denotedOBSy,k)[i]) is 1, the value of (v)]i]
is observable, and it should be considered when compat{g
to F(v). WhenOBSy,Kk)[i] = 0, we ignore any difference between
F(u)[i] andF(v)[i]. WhenF (u)[i] = F(v)[i] or OBSv)[i] = 0 for
alli, we say thaf (u) is compatiblewith F (v).

Note that for the bits 0OBSv,k) we use an underapproxima-
tion of obgv,k) which may be incorrect for reconverging paths.
However, as shown later in Algorithm 2, we only use the vectors
as an initial filter for finding candidates for merging. Any false
compatibilites are caught when we check the candidates against the
criterion in Theorem 1.

In order to identify vertices with compatible simulation vectors,
we build a dictionary of simulation vectors and utilize an efficient
search routine that compares subsequences of the vectors using ob-
servability vectors as masks.



F(v), so both branches are followed.

Algorithm 3 SEARCH(T,F(v),OBSv,k),d)
1: {Given: (sub-)trieT; simulation vectorF (v); observability
vectorOBSV, k), depthd}
2: if T is a leafthen
3. returnVy {vertices in bin ofT }

F(vs) =0109 (F(v,) =011 4 dse
F(vs) =111 5. if OBYv,K)[i(d)] = 1 then
. _ . . i . i b:=F(v)[i(d)]
Figure 3: lllustration of trie containing AIG vertices with simu- 6_
lation vectorsF (vo) = 0110, F(v3) = 1110, F(v4) = 0111, and ;: elsreetum SEARCH(Ty, F (v),0BSv,k),d + 1))
F = 0100. :
(vs) 9 return SEARCH(Tp, F(v),0BS]v,k),d+ 1))
The overall flow of SAT sweeping with local ODCs is shown U SEARCH(Ty, F(v),0B]v,k),d + 1))

in Algorithm 2. After the simulation and observability vectors are
initialized, they are used to build the dictionary. For each vertex  The efficiency of searching in the trie depends on the choice of
v, the SEARCH routine returns the simulation vectors in the dic- branching bitindices. An uneven distribution of the vertices among

tionary compatible with=(v). For each compatible candidate the leaves will increase the complexity of the algorithm. In the

the criterion of Theorem 1 is checked using a SAT query. If the extreme case, if all the vertices are in a single bin, then every pair
SAT solver finds a violation of the criterion, the input assignment Of vertices is considered for merging, and the algorithm is quadratic
that distinguishesi andv is added to the simulation vectors. If  in the graph size. To prevent this from happening, we set an upper

the criterion holds, then the vertices are merged. Becawaselv limit on the size of the bins. Whenever a bin exceeds the size limit,
are not functionally equivalent, the merge changes the functions of we insert a new branch node. As a consequence, the number of
the vertices formerly in the transitive fanoutaf The functional branches along the path to the leaves increases. To keep the trie as

differences are not themselves observable, but the change in graptshallow as possible for fast searches, the branching bits could be
structure can change the observability of other vertices. Therefore,chosen so as to distribute the vertices evenly among the leaves.
the simulation vectors must be updated. Alternatively, the branching bit indices may be chosen to mini-
mize the number of don’t-care bits indexed during searches, since
the number of leaves reached in a search is exponential in the num-

Algorithm 2 SAT SWEEPING WITHLoOCAL ODCs

1. {Given: AIG C = (V,E) with inputsX; boundk} ber of unobservable bits indexed. In our implementation we chose
2: randomly initialize simulation vectoifs(x) for all x € X this scheme, since we did not observe highly unbalanced distri-
3: simulateC to compute simulation vectofs(v) for all v e V butions of vertices in our experiments. To minimize the num-
4: compute observability vecto@BSv,k) for all v e v ber of unobservable bits in searches, we select the indices with a
5: insert each nodein dictionaryD straightforward heuristic: For each indgxwve compute the num-

6: for all veVdo ber of observed bits in the simulation vectors with index.e.,

7. UpdateOB3yv,k) 5vOBSV,k)[i], and use the bits with the largest sums.

z forifa(l::lzue) fé?\?}?(\/D;FO(I;/??;\(/?E)S:\Ul()gb?t(\)Nise} then Updates to the simulation vectors are needed both when ver-

tices are merged and when a SAT query proves that vertices are not

10: res:= SAT-CHECK ((f(u) @ f(v)) Aobgv,k )
1 if res— SAT then (fuef(v) vk mergeable. In the first case, the only vectors affected are those for-
12 add SAT counterexample o vectd7éx) merly in the trgpsmve fanout of the merged vertex. (In fact, daly .
. . . levels of transitive fanout are affected.) We take advantage of this
13: simulateC to update simulation vectoFs(v) o . :
) fact by limiting vector propagation to the local fanout in order to
14: elseif res= UNSATthen L . .
minimize the cost of simulation vector updates.
15: MERGE (V,U)
16: simulateC to update simulation vectof(v) We use another form of incremental simulation vector update
17 go to nextv when the SAT solver provides a new input assignment. In this
case, the values propagated from previous input assignments are
still valid, so there is no need to propagate them again. Instead, we
4.4 |mplementation update only the bits at the ends of the simulation vectors.
To implement the search dictionary, we use a binary trie. For If a vertexv is merged onto a vertexin its transitive fanout, a
each leved of the trie, there is an associated bit indédt). Each cycle will be created in the AIG. Both the original SAT-sweeping

internal node of the trie has two children. The two sub-tries rooted algorithm and our extension avoid this case conservatively by com-
at the children of a node at levetlcontain AIG vertices whose sim-  paring the levels of the vertices: can be merged onto only if
ulation vectors have value 0 or 1 at bit positidd), respectively. LEVEL(v) > LEVEL(u). This constraint can be exploited for effi-
Each leaf node corresponds to a bin of vertices. All the vertices in a ciency by iterating over the vertices in level order. Only the ver-
bin have the same values for the sub-vectors indexed by the branchtices at the current level and below are searched for merging can-
ing bit indicesi(1),i(2), etc. Figure 3 illustrates the trie structure.  didates. The search dictionary need only include the vertices up to
To search the trie for vertices with compatible simulation vec- that level, so the search cost is reduced. In addition, we rebuild the
tors, we use a recursive routine, shown in Algorithm 3. At lelel trie at each level, so the choice of branching bit indices can vary
if F(v)[i(d)] is observed, it is used to choose a branch. Ifitis not as the algorithm progresses.. We included this refinement in our
observed, it does not affect the compatibility of other vectors with implementation, but it is omitted from Algorithm 2 for simplicity.



: AIG Number of mergesfor each k : Runtime (s)

Design Verts | Basc | I 2 3 Z 5 Design Basc | 1T 2 3 z 5

stepper. 215 8 20 24 27 30 31 stepper. 0.01 0.02 0.02 0.03 0.04 0.06
sspcm 506 0 19 19 22 22 23 sspcm 0.01 0.02 0.04 0.04 0.05 0.06
ushphy 593 19 38 42 47 47 49 ushphy 0.02 0.05 0.07 0.09 0.09 0.10
sasc 894 25 210 267 299 299 299 sasc 0.05 0.08 0.11 0.13 0.99 1.00
simplespi 1183 38 266 348 383 387 388 simplespi 0.09 0.17 0.24 0.27 1.35 1.46
i2c 1315 44 88 104 110 113 114 i2c 0.07 0.29 0.39 0.41 0.88 1.04
pci_spoci. 1467 125 275 352 420 439 456 pci_spoci. 0.32 0.61 0.76 0.93 1.05 1.42
systemcdes | 3322 171 354 378 479 493 496 systemcdes 0.51 1.12 1.48 1.72 2.16 2.24
spi 4086 37 187 211 289 292 297 spi 1.49 5.65 5.72 8.78 10.4 11.0
tv80 10026 360 945 1173 1378 1487 1609 tv80 7.05 21.5 27.5 39.3 111 152
systemcaes | 13271 206 1609 2211 2464 2471 2483 systemcaes 5.84 12.5 20.9 25.6 39.8 166
ac97ctrl 16553 49 1822 | 2096 | 2351 | 2403 | 2409 ac97ctrl 5.74 11.3 18.1 22.3 32.9 35.1
ushfunct 17755 | 407 1405 | 1680 | 1984 | 2040 | 2071 ushfunct 14.1 29.8 53.2 71.8 99.6 149
aescore 22307 | 341 980 1032 | 1073 | 1102 | 1150 aescore 7.47 14.7 26.4 33.0 46.3 59.0
wb_conmax | 49755 | 427 1538 | 3834 | 5304 | 5913 | 6189 wb_conmax 21.9 58.8 115 169 196 237

[ Average% merged: | 2.73 | 103 | 128 | 148 | 153 | 156 |

Avg. relativetime | 1.00 | 240 | 348 | 441 | 8.39 | 113 |

Table 1: Number of AIG vertices merged in OpenCores bench- Table 2: Runtime in seconds for basic SAT sweeping and SAT

marks by basic SAT sweeping and SAT sweeping with observabil- sweeping with observability thlevels on OpenCores benchmarks.
ity to k levels.

5 Results
We implemented SAT sweeping with local ODCs in OpenAc-

Percentage of Vertices Merged

cess [17, 18] with the OpenAccess Gear toolkit [19]. For compari- ® ' ' ,,,,, g stepper.
son, we also implemented basic SAT sweeping in the same frame- 5 30 = - iﬁﬁ(ﬁ%
work. In this section we present the results of our experiments on & o gf‘rﬁgle spi
input circuits from the IWLS 2005 benchmark set [20]. In partic- 5—2 25 -i2c
ular, we used IWLS benchmarks originating from the OpenCores 5 N 2;;—;&00%53
repository [21], ranging in size from 200 to 48Kn vertices. < NN

Our first set of experiments demonstrates the increased power & 15 systemcaes
of ODC-based SAT sweeping for graph simplification, the effect £ achr.ctrl
of varying levels of observability, and the scalability of the algo- & 10 %%S:C%%ﬁax
rithm. In these experiments we applied ODC-based SAT sweeping § 5 -
to each design, varying the observability bodnflom 1 to 5. As
a preprocessing step, we applied basic SAT sweeping to remove 0
functionally equivalent vertices, so that all reported merges are due ~ NoODCs 1 2 s 4 5
to consideration of observability. k (levels of observability)

Table 1 shows the number of merges for each benchmark andFigure4: Percentage of AIG vertices merged in OpenCores bench-
observability boundk. The first column gives the names of the de- marks for each observability boutd
signs. The second column lists the number of vertices in the orig-
inal AIGs. The third column lists the number of vertices merged
by basic SAT sweeping. The fourth to eighth columns report the
number of merges for each valuelof The average percentage of
vertices merged is also given. Table 2 reports the runtimes for these
experiments. Figures 4 and 5 show plots of the results. In Figure 4,
the number of merges is shown as a percentage of the number o
vertices in the original AIG. Figure 5 shows the runtimes relative
to the runtime of basic SAT sweeping.

The results show that ODC-based SAT sweeping is able to
merge many more vertices than basic SAT sweeping—on average
almost 4 times more whek= 1 and 5 times more whek = 2.
Note that the greatest increases in the numbers of merges com
with the first 2 levels of observability. Fdr> 2, the increases ta-
per off quickly. The majority of the graph simplification is obtained
at a moderate cost in runtime. In most cases, the runtime of ODC-
based SAT sweeping with 2 levels of observability is between 2
and 4 tlme§ that of basic SAT sweeping. Note a_Iso that the runtlme 6 Conclusions
increases linearly for lok where the greatest gains are obtained.

Figure 6 shows how the runtime of ODC-based SAT sweeping  We proposed an extension of SAT sweeping that considers ob-
increases with the size of the circuit graph ket 2. For our bench- servability don’t-cares. We introduced the notion of local observ-
marks, the runtime follows a roughly linear trend. This implies that ability, which we exploit to reduce the cost of computing ODCs.
our trie implementation successfully limits the number of candi- Ours is the first work that bounds the use of ODCs by path length
dates for merging, avoiding the theoretical quadratic complexity of instead of windows. Our algorithm employs observability vectors
the algorithm. that capture information about ODCs and a trie-based dictionary

To determine how much optimization potential we sacrifice by
our conservative approximation of observability given by (5), we
compare our results with a SAT sweeping approach that uses an
exact computation ok-bounded observability based on Boolean
1gjifference. Fok = 2, the number of vertices merged increased by
less than 0.1% on average and at most 0.3%kFeb, the number
of merges increased by 0.5% on average and at most 3%. These
results show that our approximation is very tight in practice.

To illustrate the power of ODC-based SAT sweeping in an ap-
‘plication setting, we performed experiments similar to the bounded
é)roperty checking in [3] on a subset of our benchmarks. In each
iteration, we ran SAT sweeping to simplify the latest frame, then
unrolled it into a new frame. The results of our experiment are
shown in Table 3. On average, ODC-based SAT sweeping achieves
almost 20% more simplification than basic SAT sweeping.



; ; Number of verticesin each frame
Runtime Design Algorithm T - 3 7 5
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Figure 5: Runtimes of SAT sweeping with ODCs relative to basic

SAT sweeping for each observability boukd

Table 3: Number of AIG vertices in each unrolled frame of Open-

Cores benchmarks simplified by basic SAT sweeping and SAT
sweeping with observability to 2 levels.

Runtime Complexity of SAT Sweeping (k=2)
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pers of the IEEE/ACM Int'l Conference on Computer-Aided Desjgm 534—
537, November 1993.

W. Kunz, “HANNIBAL: An efficient tool for logic verification based on recur-
sive learning,” inDigest of Technical Papers of the IEEE/ACM Int'| Conference
on Computer-Aided Desigpp. 538-543, November 1993.

W. Kunz, D. Stoffel, and P. Menon, “Logic optimization and equivalence check
ing by implication analysis,JEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systemsl. 16, pp. 266281, March 1997.

E. Goldberg, M. R. Prasad, and R. K. Brayton, “Using SAT in combinaiion
equivalence checking,” ifProceedings of IEEE/ACM Design Automation and
Test in Europe Conference and Expositipp. 114-121, March 2001.

F. Lu, L.-C. Wang, K.-T. Cheng, and R. C.-Y. Huang, “A circuit SAT solwéth
signal correlation guided learning,” iDesign Automation and Test in Eurgpe
pp. 892-897, March 2003.

A. Saldanha, A. R. Wang, R. K. Brayton, and A. L. Sangiovanni-Vincentelli
“Multi-level logic simplification using don't cares and filters,” Froceedings of
the 26th ACM/IEEE Conference on Design Automatjym 277-282, 1989.

] A. Mishchenko and R. K. Brayton, “SAT-based complete don't-care computa-
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Figure6: Number of AIG vertices versus runtime of SAT sweeping (9]
with 2 levels of observability.
that supports comparison of simulation vectors while taking don't-
cares into account. Our experimental results show that SAT sweep-
ing with 2 or 3 levels of observability finds several times more [11]
merges than basic SAT sweeping with a moderate increase in run- 1
time, and that it scales well with circuit size. We also showed an ]
increased benefit from ODC-based SAT sweeping in an application
setting. [13]

ODC-based SAT sweeping can be expected to have a great ef-
fect on other applications, such as equivalence checking. Miter [14]
structures in equivalence checking have many functionally equiva-
lent points, which can be used as cutpoints for decomposition into 5
subproblems in order to reduce the total complexity of the proce-
dure. Our algorithm can provide more cutpoints while maintain-
ing the locality of the subproblems because observability is tightly [16]
bounded. This is another way in which ODC-based SAT sweeping
is an effective tool for increasing the power of Boolean reasoning. [17]
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