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Abstract

Boolean matching is to check the equivalence of two func-
tions under input permutation and input/output phase
assignment. In this paper, we will address Boolean
matching problem for incompletely specified functions.
We will formulate the searching of input variable map-
ping between two target functions as a logic equation by
using multiple-valued function. Based on this equation,
a Boolean matching algorithm will be proposed. Delay
and power dissipation can also be taken into considera-
tion when this method is used for technology mapping.
Experimental results on a set of benchmarks show that
our algorithm is indeed very effective in solving Boolean
matching problem for incompletely specified functions.

1 Introduction

Boolean matching is to check the equivalence of t-
wo functions under input permutation and input/output
phase assignment (so called NPN-class). It has been
widely used in technology mapping recently [1]-[7]. Ap-
plying Boolean matching in technology mapping can im-
prove the quality of mapped circuits and increase the
mapping flexibility since it exploits implicit don’t cares
which was not considered in traditional tree covering al-
gorithm. Moreover, it is able to shorten the mapping
time when using a library containing complex gates with
large input size. Boolean matching is also applied in logic
verification, e.g., checking the equivalence of two circuits,
and verifying the implementation of a specification.

Various methods for Boolean matching were proposed
[1]-[11]. Mailhot et al. [1] are among the first ones to
apply Boolean matching to technology mapping. They
proposed an algorithm using tautology checking based
on shannon decompositions. Don’t cares were tackled by
a lattice-based method.

Savoj et al. [2] used smoothing and consensus op-
erators to solve Boolean matching problem. It also
considered the use of don’t cares in Boolean match-
ing. Boolean unification and branch-and-bound tech-
niques were adopted in [3]. The matching between t-
wo functions was checked by finding the most gener-
al unifier. Don’t cares was also considered by this
method.  However, these methods have the disad-
vantage of inefliciency in terms of computation time.
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The techniques presented in [5] were based on comput-
ing canonical forms of functions. In [11], Boolean match-
ing was done by using canonical Generalized Reed-Muller
forms of completely specified functions. Yet, another
group of researchers take “signature” approach to solve
Boolean matching. Various signatures [4, 7, 9, 10] were
defined to characterize the input variables of Boolean
functions, where variables with different signatures can
be distinguished from each other and many impossible
permutations can be pruned. The structure of Ordered
Binary Decision Diagrams (OBDD’s) was also utilized for
Boolean matching [6, 8].These algorithms, although very
efficient, failed to handle incompletely specified functions
in Boolean matching.

In this paper, we propose a Boolean matching method
which is not only efficient but also able to handle incom-
pletely specified functions. We will use multiple-valued
functions to represent input-variable mapping and for-
mulate the matching process by a Boolean equation. Our
method can quickly reduce the searching space and find
all candidate mappings. Moreover, area, delay, and pow-
er dissipation can be easily coped with in our algorithm.

2 Boolean Matching with Don’t Cares

An incompletely specified function f is a Boolean func-
tion with don’t cares. It involves three sets : the on-set
(f°m), the off-set (f°/f) and the don’t-care set (f¢). In
this paper, we will denote an incompletely specified func-
tion as f = (f°", fo/4).

With respect to the same set of inputs, two incom-
pletely specified Boolean functions are equivalent if the
following consistency condition holds.
Definition 2.1 (consistency) Two functions f(X)
and g(X) are consistent if and only if fo" Nng°¥f = @
and f°ff Ng°" = @. It is denoted as f = g.

Boolean matching is to check the equivalence of t-
wo functions under input permutation and input/output
phase assignment. Hence, given two incomplete-
ly specified functions f(X) and g(Y), where X =
{1131,1‘.2,--',23”} and ¥ = {y1:y2:"':yn}: Boolean
matching problem for incompletely specified functions is
to find a mapping (also assignment) ¢ which maps z; to
a unique y;(7;) such that f' = g, where f' = f(4(X))
(o f(¥(X)))- ' '

We will use the following example to illustrate Boolean
matching for incompletely specified functions.

Example 2.1 Given two functions f(z1,z2,z3), and
9(y1,v2,y3), where f" = @8, + &3, [ = 313,

g°" = 1193, and ¢°ff = yiy.. Let the assignment 7 be
a mapping of #1, 2, and z3 to yq, y3, and 71, respective-

ly. Then, f' = f(¥(X)) = (f'"" = ®a% + Bagh, f*77 =
y2¥1). The Karnaugh maps of f, f' = f(¥(X)) and g are
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Figure 1: The Karnaugh Maps of f, ' and g.

shown in Figure 1(a), (b) and (c), respectively, where x
indicates a don’t care minterm. From Figure 1, we find
that f' =2 ¢g. Hence, f and g are matched under the
assignment .

Obviously, a exhaustive search is not feasible because
it takes 2™ x n! x 2 permutations, where n is the number
of inputs. Instead, we will propose a method which for-
mulates the candidate assignments as a logic function by
multiple-valued logic.

For ease of explanation, only input permutation will

be discussed in the following. The result extented to in-
put/output phase assignment will be presented in Section
3.3. Before we derive rules for matching two incompletely
specified functions, we have the following definition and
lemma.
Definition 2.2 Let u be a binary-valued cube. Then,
1-lit(u) (0-lit(u)) is a subset of support u, where only
literals of w in uncomplemented (complemented) form are
in the subset.

Example 2.2 Given the input set X = {z1, 2o, 23, 24}
and a cube u = z1#324. Then, 1-ki(u) = {z1,z4} and
0-lit(u) = {zs}.

Lemma 2.1 Let u; and u; be two binary-value cubes
with respect to the same input set. Then u; - uy; = @
if and only if 1-lt(uq1) N 0-lit(uz) # D or 0-lit(uqg) N 1-
lit(uz) # D.

< proof :> It follows directly from the definition of
AND (-) operation.

Boolean matching for two incompletely specified func-
tions, f(X) and ¢(Y), is to find a mapping from X to
Y so that the consistency condition holds. From Defini-
tion 2.1, the consistency of two functions f and g must
satisfy for N g¢°ff = @ and f°/f Ng°® = @. Consider
condition f°" Ng°ff = @ first. It requires that for every
pair of cubes u; € f° and v; € gty -v; = @ should
hold. That is, for any two cubes u; € f°* and v; € g°ff,
in order to satisfy the consistency condition, it is only
possible by mapping at least one variable of u; in com-
plemented form to one variable of v; in uncomplemented
form, or one variable of u; in uncomplemented form to
one variable of v; in complemented form. For each pair of
cubes, there are usually many possible partial mappings
which allow the intersection of the cubes to be empty. To
ensure the consistency condition, for each pair of cubes,
the final mapping result must satisfy at least one of the
partial mapping. The same argument is also true for the
cubes in f°ff and ¢°" to ensure condition o7 Ng°® = @.

We will use the following example to illustrate that in
order to satisfy the consistency condition, partial assign-
ments are derived from pairs of cubes.

Example 2.3 Given two functions f(zi,z2,z3), and

9(y1,v2,y3), where f" = @&, + &3, [ = zyas,
¢°" = 19z, and ¢°7f = 4ys. For the pair of cubes
#1283 € " and iy, € ¢°7F, we have the following two
partial assignments :

1. 1 mapped to y3, or

2. o mapped to ys.
For the pair of cubes @23 € f°" and iy € ¢°/f, we
have the following two partial assignments :

3. 1 mapped to ys, or

4. z3 mapped to y;.
For the pair of cubes #1235 € f°/f and y193 € ¢°", we
have the following two partial assignments :

5. 1 mapped to ys, or

6. £3 mapped to ys.
To satisfy the consistency condition, at least one partial
mapping derived from each pair of cubes must be satisfied
in the final mapping results. That is, the final matching
must satisfy the partial mappings (1 or 2) and (3 or 4)
and (5 or 6).

From the above-mentioned description, we now devel-
op rules for partial assignments for each pair of cubes
p = (u;,v;), where u; € fo* (f°//) and v; € g°/f (g°™)
as follows:

Rule 1: For each z; € 1-lit(u;), derive partial mappings z;

to every y; € 0-lit(v;). For each ®; € 0-lit(u;), derive
partial mappings z; to every y; € 1-lit(v;).

Rule 2: At least one partial mapping derived from each

pair of cubes must be satisfied in the final result.

3 Boolean Matching Using Multiple-

valued Function
In this section, we first review multiple-valued Boolean
function and then show how to model assignment as
multiple-valued function. Logic operations (AND and
OR) will be used to search matching solution. To speed
up the searching, some implementation issues will also be
addressed in this section.

3.1 Representing Assignments by Multiple-
Valued Functions

A multiple-valued input, binary-valued output
function f (hereafter known as the multiple-valued
function) is a mapping

f:PPxPyx---xP,—> B
where P; = {1,2,---,p;} represents p; values that vari-
able 7 may assume and B = {0, 1} the output value of
the function.

Let z; be a variable taking a value from F;, and S; be
a subset of P;. #;% represents the Boolean function

S; _ 0 if T € Si
Tl ife €S
z;5% is called a literal of variable #;. For the example of
P, ={1,2,3}, and z; = 2, we will have z;{2} = 1 and
$1{1,3} =0.

Given two Boolean functions f(X) and g(Y'), where
input set X = {z1,22, -, 2o} and ¥ = {y1,y2,**, Yn }-
Now we show how to use multiple-valued function to rep-
resent assignment. Define a multiple-valued function F

as
F:PxPy;x---x P, — B, (1)



where P = P, = --- = P, = {1,2,---,n} and B =
{0,1}. Variable ¢ of F corresponds to the input z; of
f(X) and P; corresponds to the set of y;’s which #; may
map to. A variable 7 assuming value j means that z; is
mapped to y;. A minterm of F is evaluated true if it
corresponds to an assignment. For example,

Example 3.1 Let X = {zj,z3,z3} and ¥V =
{y1,y2,y3}. Then a multiple-valued function F,
F:NxNxN — B,

is defined, where N = {1,2,3} and B = {0,1}. If =,
mapped to y1, 2 mapped to y3 and z3 mapped to y; is an
assignment, then the minterm (1, 3, 2) of F is evaluated
true.

A minterm is feastble if it may represent an assignmen-
t; otherwise, it is infeasible. For the same example shown
in Example 3.2, the minterm (1, 1, 2) is infeasible since
both z; and z; are mapped to y;.

We define a multiple-valued function a totality if all
feasible minterms are evaluated true.

3.2 Computing Assignments

Multiple-valued Function

A solution to Boolean matching is searched mainly
based on consistency checking. We have developed t-
wo rules in Section 2 to define the search space. In
this section, we will show how to represent Rule 1 us-
ing multiple-valued function. Then, the logic operations
(AND and OR) on multiple-valued function is used to
ensure Rule 2.

First, based on Rule 1, for a pair of binary-valued
cubes u and v, we define MvCube(u,v).

Definition 3.1 For two Boolean functions f(X) and
g(Y), given two cubes u of f in on-set (off-set) and v
of g in off-set (on-set) with respect to input sets X =
{m’la L2y 0y :L‘.n} and ¥ = {yli Y2,y yn}; respectively,

MuvCube(u,v) = Z mf" + Z mf”, (2)
z; € J-I’Lt(u) z; € O-I’Lt(u)

where S, = {j | y; € 0-lit(v)} and S = {j | y; €
1-lit(v)}.
MvCube(u, v) gives all partial assignments ¢ which sat-
isfy u(¢(X)) -v=0.
We use the following example to show how MvCube’s are
computed using Rule 1.

Using

Example 3.2 Given two incompletely specified func-
tions f(z1,z2,23) and g(y1,y2,y3). Let f" = Z12; +
zizaz3, fO7 = zads + 2183, ¢ = wiyz, and ¢ =
¥Yay1+ysv1¥2. Then MvCube(u,v)’s for all pairs of cubes
from f°" and ¢°/f are as follows:

1: MvCube(&122,¥ay1) = zi by mgl}

2: MvCube(z12Z2, yatht) = zi Yoz {3}

3: MvCube(zizzs, Yay1) = z?} {3} :{33} and
4: MvCube(zizozs, ysy1¥2) = zil 2} +z {1 2. {1 2}

And, MvCube(u, v)’s for all pairs of cubes from foff and

on

g°" are
5: MvCube(za@s, Y1y2) = mgl} {2} and
{1 } {2}

6 : MvCube(z123, 1Y2) = &

2 2

T1Z2 01 Y3y1 0 1 Y3y1 0 1
011 0111 0 x|1
00| x 0 0] x 040]0
110(1 110(1 11 x| x
10 0| x 10 0 x 190(1

(a)f (b)f = f(1(X))  (c)g

Figure 2: The Karnaugh Maps of f, ' and g.

For two incompletely specified functions f =

(fo, fo/7) and g = (g°™, ¢°/7), to ensure consistency
condition, Rule 2 says that the final mapping must com-
ply with at least one partial assignment developed for
each pair of cubes from f°" (f°/f) and g°/f (g°*). Based
on the definition of MvCube and Rule 2, we have the
following theorem.

Theorem 3.1 Given two incompletely specified func-
tions f = (f°", f°¥) and g = (¢°*, g°f), the candidate
assignments ¢ matching f to g is formulated as

1,b_tota11ty ﬂ MuCube :)n, JOH ﬂ MuCube ,
o | £o7F

o | g°™|

iz 1te |57 i
5 =140 | g°ff | J

=1t
=1t
(3)
where |f°"|, |£°//], |g°*|, and |g°f/| are the numbers of
cubes for fo*, foff ¢°" and g°//, respectively, uf™ €
fon, ,u’gff c foff, ,U]qn c gon, and ’U;ff c goff‘
< proof :> Directly from Rule 1 and Rule 2. The
anding with totality is to ensure infeasable solutions are
removed.
The same example of Example 3.2 is used to show that
based on Theorem 3.1 all possible assignments can be
derived using logic operations (AND and OR) on a multi-
valued function as follows.

Example 3.3 Given two incompletely specified func-

tions f(z1,22,23) and g(y1,y2,ys). Let f" = @153 +

z1zoz3, fO5 = 2@ + 2123, ¢ = Y1y, and g% =

U3y1 + y3y1¥2. The candidate assignments ¥ matching f

to g is formulated as :

¥ = totality - MvCube(2123,y3y1) - MvCube(Z122,y371¥2)"

MuCube(ziza3,Y3y1) - MuCube(z1z223, y3¥192)

MUC“”E(WE:&,FWZ) MUC“”E(Elma,yln

= totality- (z: }+m{l}) (m{3}+m
(z {1, 2}+ {% 2}+ {1 2}) (z {1}+ {2}) (m{l}-l— {2})

_ {5} i {5}+ {1} 213 {2}

There are two cubes 1:{3} {1} {2} + 1:{1} {3} {2} in the
result. The first cube represents an a551gnment 1,b1 which
maps z1, &2, £3 to ys, Y1, y2, respectively, and the second
cube represents an assignment 1, which maps z1, za, 23
to y1,Ys, Y2, respectively. By the first assignment, Fig-
ure 2(a), (b) and (c) shows the Karnaugh maps of f, f' =
1$1(X) and g, respectively. It is clear that f’ and g are
consistent and thus f and g are matched by ;.

3.3 Extension to Input/Output Phase As-
signment

The method presented in the previous subsections is
good only for input permutation. In this section, we will

LR S i g



extend this method to dealing with input/ouput phase
assignments.
Input Phase Assignment

Input phase assignment allows that each input z; maps
to an unique y; or ;. Since each #; may map to y; or y;,
the number of values of each multiple-valued variable 1s
doubled. Therefore, given two Boolean functions f(X)
and ggY), where input set X = {zi,z2, -, 2,} and
Y = {y1,v2," -+, Yn}, the multlple valued functions for
representlng assignments extended to input phase assign-
ment is defined as:

F:PxPy;x---x P, — B, (4)
where Py =P, =-.- =P, ={1,2,---,n,n+ 1,---,2n}
and B = {0,1}. For each P;, the first n represents y;
in uncomplemented form and the second n (i.e., n + j)
represents y; in complemented form.

As a result, to deal with input phase assignment, the
definition of MvCube(u,v) is modified as follows.

MuvCube(u,v) = Z mf" + Z mf”, (5)
z; € J-I’Lt(u) z; € O-I’Lt(u)

where S; = {j | y; € 0-lit(v)} U {j+n |y € 1-lit(v)}
and Sy = {j | y; € L-lit(v)} U {j+n |y € 0-ly(v)}.
Output Phase Assignment

To deal with output phase assignment, we simply con-
sider matching f and g (the complement of g). Given
two functions f = (f°", f°//) and g = (g°", g°f). Since
g = (¢°/7,9°"), To match f and the complement of g,
Equation (3) is modified as:
P = totality-ﬂ MyCube(u]™, vj")-

i=11tc | fofF
j=110 | goff |

1to | 5O |
140 | g°™ |

(6)

With the above modification, our Boolean matching

method is able to handle not only input permutation but
also input/output assignment.

3.4 Implementation Issues

It is necessary to compute Equation (3) to obtain
all candidate assignments. However, computing Equa-
tion (3) directly is impractical since the number of cubes
may be too large. Instead, the intersection operation can
be performed using two nested loops. Let f and g be
two functions to be matched. At the beginning of the
Boolean matching algorithm, the assignment 1) is set to
be true. During each iteration, for each u; € fo* (o)
and each v; € g°/7 (g°™), MvCube(u;,v;) is computed,
and 1 is set to be ¥ - MvCube(u;, v;).

In the computation, totality function is not actually
calculated. Operation of anding totality can be complet-
ed by checking the feasibility of each cube in the resultant
cube list of MvCube operation in each iteration. More-
over, redundant cubes is likely generated in each itera-
tion. A cube is redundant if it is equal to or completely
contained in another cube. To prevent the number of
cubes from growing too large, redundant and infeasible
cubes must be deleted during the computation. For that
purpose, a procedure Reduction is designed to remove re-
dundant and infeasible cubes. A user defined parameter,
threshold, will be set up to control the time point when
to call Reduction. When the number of cubes exceeds
the threshold, Reduction is called.

ﬂ MuCube(u; off 9ff).

Algorithm Partial-Assignment(v, f, g)
Input:f, g = binary-valued covers;
Output: return ¢ or @;
Begin
if (¢ is @) then return @;
Sort the cubes in f and g by the cube size;
for each cube u; € f do
for each cube v; € g do
N = MuvCube(u;, v;);
/* generate partial assignments for this
pair of cubes */
Y=y [|N;
if (| ¢ |> threshold) then
/* | 4 |: the number of cubes in ¢ */
¥ = Reduction(y);
/* remove redundant and infeasible
cubes */
endif
if (¢ is @) then return @;
endfor
3 = Reduction(y);
endfor
return ;
End

Figure 3: The Partial-Assignment Algorithm

The computation time of Equation (3) heavily depends
on the sequence of pairs of u; and v; chosen for computing
MvCube(u;,v;). A good sequence may quickly reduce
the searching space, i.e., only a small number of cubes
remains in the cube list. Our heuristic is to compute the
cubes with less number of literals first. The reason be-
hind this heuristic is that if u; and v; have less number of
literals, then the number of resulting cubes for operation
MuvCube(u;, v;) is smaller. Moreover, since anding oper-
ation is performed during the process, if the initial search
space is small, the subsequent operations is restricted in
a smaller search space. The above Boolean matching al-
gorithm is implemented as procedure Partial-Assignment
shown in Figure 3.

4 Minimum Weighted Matching for the

Best Assignment

In Section 3, We have shown an algorithm to find all
candidate mappings which satisfy consistency conditions.
To find a specific one among all candidates mappings, we
model the problem as a matching problem on a bipartite
graph. Also, We show that using this method, delay and
power dissipation can be easily taken into account during
technology mapping.
4.1 Bipartite Graph Matching

If two functions are matched, the result of Partial-
Assignment will contain a sum of cubes and each cube
corresponds to a set of candidate mappings. For example,
Example 4.1 Given f(X), g(Y), and two input set-
s X = {z1,22,23,24} and Y = {y1,¥2,93,9a}. Let
cube ¢ = mil"l}mgg}m:{sl’z"}}miz} be obtained by proce-
dure Partial-Assignment. Then, two assignments can be
deduced from this cube; one is mapping of #; to y1, =
to y3, 3 to ys and z4 to y; and the other is mapping of
z1 t0 Y4, 2 to y3, 3 to y; and z4 to ys.
To find a specific mapping, we must ensure that as-
signment from z;’s to y;’s is an onto mapping. The
selection of a specific solution can be modeled as a

matching problem on a bipartite graph. Given func-
tions f(X) and G(Y), where X = {z1,22,---,2z,} and



L1 n
L2 Y2
L3 Ys
L4 Ya

Figure 4: Bipartite Graph of ¢ = mil"l}mgg}mgl’z"}}miz}.

Y = {y1:y2:"':yn}: and a cube ¢ = mfl:EfE mfbn €Y

obtained by procedure Partial-Assignment. A bipartite
graph B = (U,V, E) will be constructed for ¢, where

=X,V =Y, and e;; € E is an edge connecting ver-
tices #; and y; if j € S;. An assignment corresponds to a
perfect match on the bipartite graph. Figure 4 shows the
corresponding bipartite graph of Example 4.1. There are
two perfect matching in the graph. Each corresponds to
an assignment.

4.2 Considerations of Delay and Power Dis-
sipation

Boolean matching technique is commonly used for
technology mapping. When the result of procedure
Partial-Assignment contains many assignments, choice
must be made to select a specific one. Different choice
may result in different cost. For example, during tech-
nology mapping, a subcircuit (f) in the Boolean network
is mapped to a logic cell g in cell library. In most cases,
f is incompletely specified since implicitly don’t cares is
used. If f and g are matched and the result contains
many candidate assignments, the delay and power dissi-
pation of the mapped circuits may vary for different as-
signments because different assignment means different
input correspondence.

For delay and power dissipation optimization in tech-
nology mapping, the basic idea is to assign weights on
edges in B and then find a minimum weighted matching.
In the following, delay and power dissipation optimiza-
tion are discussed.

Consider delay-driven technology mapping first. The
goal is to map a late arrival signal to an input line whose
longest path to the output node is shortest. Consid-
er a subcircuit f(Xg, a logic gate ¢g(Y) and input set
X = {z1,2z0,- - znrand Y = {y1,v2, -, Yn}- Let a;
be the arrival time of signal z; and d; be the delay time
of input y; to the output of g. Then, the weight of e; ;,
weight(e; ;), is defined as

weight(e; ;) = a; +d; forjcS;. (7)
Our objective is to find a perfect match whose largest
cost on an edge is minimized. With some modification
on the algorithm of perfect match, this problem can be
solved in polynomial time. With these cost function and
objective function, the arrival time of output g can be
minimized.

Now, consider minimization of power dissipation in
technology mapping. Power can be minimized by consid-
ering the input part and output part of a gate. For the
input part of a gate, the goal is to have a smaller produc-
t of input-transition-density and input-load-capacitance.
For the output part of a gate, the goal is to have a lower

Algorithm Boolean-Matching(f, g)
Input: f = (f°7, f°/7);
9="(s"9°7);
Output: return (Success, ¥) if f and g are matched;
otherwise, return Failure;
Begin
=1
¥ = Partial-Assignment(yp, f°™, g°f%);
¥ = Partial-Assignment(yp, f°f7, g°™);
if (S # @) then
Y = Minimum-Matching(y);
/* +: a minimum-cost assignment */
return (Success, ¥);
else
return Failure;
endif
End

Figure 5: The Boolean-Matching Algorithm

output-transition-density. Consider a subcircuit f(X), a
logic cell g(Y') and input set X = {z1,23, - -,z,} and
Y = {y1,y2, -, Yn}- Let iz, be the transition-density of
input z;, ?,; be the transition-density of g with respect
to input y; (the transition probability of ¢ when y; tran-
sits), and I, be the input-load-capacitance of input line
yj. Then, to minimize power dissipation, the weight of
e; ;, weight(e; ;), is defined as

weight(e; ;) = tz, "ty; - L, forje S (8)
With this cost function, the minimum-cost matching will
result in an assignment with low power dissipation.

A complete Boolean matching algorithm is shown in
Figure 5. Procedure Partial-Assignment is called to com-
pute all candidate assignments. If the result is not empty,
procedure Minimum-Matching is called to find a best as-
signment with respect to the defined cost function.

5 Experimental Results

The proposed Boolean matching algorithm has been
implemented in C language on SUN Sparc station. Our
algorithm can be applied both to completely specified and
incompletely specified functions. To demonstrate the effi-
ciency of our algorithm, 31 benchmarks of MCNC circuits
have been tested. For each circuit, a new circuit was gen-
erated by randomly permuting its input variables. Then
we applied our matching algorithm to match these two
circuits. Two sets of experiments were conducted to test
the matchings of completely specified and incompletely
specified functions, respectively.

The first experiment was performed to match com-
pletely specified functions. Table 1 shows the experi-
mental results. The columns with labels on and off give
the number of cubes of the on-set and off-set for each cir-
cuit, respectively. The column prod is the product of on
and off which is the number of cube pairs processed for
finding candidate assignment. The column CPU shows
the running time in seconds. The columns without and
with show the running time of without using and using
speed-up heuristic described in Section 3.4, respectively.

Table 1 shows that 6 out of 31 cases can not be
completed in 3 hours CPU time without using speed-
up heuristic. For 17 out of the remaining completed 25
cases, the running time can be reduced varying from 1%
to 97% with speed-up heuristic. Summing up the total
running time except the 6 incomplete cases, using speed-
up heuristic achieves 61% less running time than without
using this heuristic.



Table 1: Benchmarking Results for Completely Specified
Functions

Table 2: Benchmarking Results for Incompletely Speci-
fied Functions
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cml63a 24 27 648 0.10 0.06 duke2 49026 11.15 43503 10.58 37893 9.01
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misex2 28 73 2044 0.20 0.15 ([ norm. ] 100 | 100 ] 20 | 85 || 79| so ||
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6 Conclusions

In this paper, we have addressed the Boolean matching
problem for incompletely specified functions. Multiple-
valued functions are used to model assignment. We for-
mulate the searching of candidate assignments by using a
Boolean equation. A Boolean matching algorithm based
on the computation of this equation is proposed. Some
implementation issues to speed up the searching process
are also presented. Moreover, delay and power dissipa-
tion may be taken into account when this method is used
for technology mapping. Experimental results show that
our algorithm is indeed eflicient for many benchmark cir-
cuits.
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