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INTRODUCTION

The synthesis of combinational circuits in the spec�
ified basis (library) of logic elements is traditionally
divided into two large stages: the technologically inde�
pendent optimization of the implemented sets of
Boolean functions and technological mapping—cov�
ering the optimized representations by descriptions of
library logic elements. The first stage exerts a decisive
influence on the main parameters (complexity, perfor�
mance, and power consumption) of logic circuits.
Methods of separate and joint minimization of the set
of Boolean functions in a class of disjunctive normal
forms (DNFs) have so far been used at this stage as the
main optimization method. Recently, they were com�
plemented by optimization methods of multilevel rep�
resentations based on the Shannon expansion, the
binary decision diagrams (BDDs) and decomposition
methods, which allow us to reduce the number of
arguments of the implemented sets of functions.

The creation of effective expert systems of the auto�
mated synthesis of logic circuits requires the knowl�
edge on the preferential use of the fields of programs of
the technologically independent optimization for the
functional descriptions of logic circuits [1]. This study

is devoted to the experimental comparison of the effi�
ciency of optimization programs of representations for
sets of Boolean functions applied when synthesizing
logic circuits from elements of the designing library of
very large domestic custom integrated circuits
(VLSIs). The advantage of applying the optimization
programs based on the Shannon expansion and
decomposition programs compared to the traditional
minimization programs of functions in the DNF class
for the synthesis of circuits is shown by a set of widely
known examples.

1. MATRIX FORM OF SPECIFICATION 
OF THE SET OF BOOLEAN FUNCTIONS

The binary (0, 1) functions  = 

of binary (Boolean) variables  …  are called the
Boolean functions. As the vector Boolean function

, we understand the ordered set of Boolean func�

tions  = (  …, ). The matrix form of
specification of the vector of the completely specified

function  = (   ), where

is presented in Table 1. This form consists of ternary
matrix T x of the specification of elementary conjunc�
tions in the form of ternary vectors and Boolean matrix

 of entries of conjunctions in the DNFs of compo�

nent functions  j = 1, …, m. We will also call the
representation of the vector function by the pair of

matrices 〈  〉 as the matrix form of the set of DNF
Boolean functions or simply the DNF set.
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2. LOGICAL OPTIMIZATION OF THE SET
OF BOOLEAN FUNCTIONS

Joint Minimization of the Set of Boolean Functions 
in the DNF Class

This method of the logical optimization is classical
and is used to minimize the total number of elemen�
tary conjunctions for which all functions of the initial
system are specified and reduce the number of literals

  in the elementary conjunctions. Under the
matrix representation of the functions, the joint mini�
mization allows us to decrease the number of the lines

in matrices  and  increase the number of indefi�
nite values “–” in the specification of the conjunc�
tions by ternary vectors, and possibly reduce the num�

ber of unity values in the Boolean matrix  The
methods of the joint minimization of the set of Bool�
ean functions are well known in the literature [2–5]. If
you hold a joint minimization system DNF (Table 1),
it is possible to obtain 11 (instead of 12) elementary
conjunctions of DNF for the job functions of the sys�
tem, minimized system DNP is presented in Table 2.

Joint BDD Minimization of Sets of Boolean Functions
in a Class of Multilevel Representation 

Based on the Shannon Expansion

Representation  = f in the form

(1)

is called the Shannon expansion of the completely
specified Boolean function  with respect to
variable . Functions     and

    in (1) are called expansion
coefficients. They are derived from function

 by the substitution of constant 0 or 1,
respectively, instead of variable xi. The BDD specifies
the sequence of Shannon expansions of the initial
function and acquired expansion coefficients in the
form of a graph. The minimization of the BDD com�
plexity is based on the fact that identical expansion
coefficients not only of one but also of several (or even
of all) component functions can appear in the course

of the expansion. We understand the optimization of
multilevel representations of the sets of Boolean functions
corresponding to reduced ordered BDDs (ROBDDs) as
the joint BDD minimization. A similar description of
the ordered BDDs is given in [6] and that of ROBDDs
is given in [7].

Let us denote the sequence of variables over which
the Shannon expansion is performed for vector func�
tion  which consists of three component func�

tions   and  (Table 1), as 〈  〉.
The designed BDD is shown in Fig. 1, and this BDD
corresponds to a multilevel representation

 

 

 

 

The BDD complexity is evaluated by the number of
vertices marked by symbols of functions, and the ver�
tices corresponding to arguments are not taken into
account when evaluating the BDD complexity. For
example, the complexity of BDD (Fig. 1) is 21. The
main problem when designing the lower�complexity
BDDs is the selection of the permutation of variables
over which the BDD is constructed.

Separate Decomposition of Sets of Boolean Functions

Let the partition  of set X =  of vari�

ables of the vector Boolean function  = ( , …,

) into two nonintersecting subsets Y = 
Z =    be specified. Let us

denote the vector acquired by ordering the variables
from subset Y =  through y =  and
the vector acquired by ordering the variables from sub�
set Z =  through z = .

We will call the construction of functional expan�
sions

(2)

where  =  …, , j = 1, …, m, as the
separate decomposition of the set of Boolean func�
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tions  = ( , …, ) by the specified parti�
tion Y/Z of the multitude of variables X, and the num�
ber of intermediate variables (components of vector

function  =  …,  is minimal for each

component function .
The separate decomposition of the vector function

specified in Table 1 by the partition of variables Y =
{    } and Z = { } allows us to find seven
intermediate functions at the first stage (input unit) of
the circuit (Fig. 2):
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We note that these functions are jointly minimized
in the DNF class, while the decomposition was per�
formed using the method described in [8]. The matrix
form of these functions is presented in Table 3. Output
functions minimized in the DNF class, which depend
on variables , and intermediate variables, are
specified in Table 4. It is easy to see that each of the

functions (     ) =  (    ) =

 and (    ) =  with a separate decom�
position depends on its subset of intermediate vari�
ables.

The functions of both the input and output block of
decomposition can be minimized in the class of BDD
representations. The representation of functions of the
input block after the joint BDD minimization has the
form

3
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A multilevel BDD representation of the functions of the output block after the joint BDD minimization has
the following form:
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In this (and previous) multilevel representations,
the literals of the variables are not redesignated at
lower BDD stages.

In the example under consideration, the separate
decomposition allowed us to reduce the number of
arguments of the implemented functions; however, the

Table 1. DNF set of Boolean functions

T x B f

x1 x2 x3 x4 x5 x6 f 1 f 2 f3

1 1 – 0 1 0 1 0 0

0 – – 1 0 1 1 0 0

0 – – 0 1 0 0 1 0

0 – 0 – 1 – 0 1 0

1 1 1 – 1 0 0 1 0

1 0 – 1 0 1 0 1 0

1 0 0 – – 1 0 0 1

1 0 – 1 – 1 0 0 1

1 – 0 1 – 1 0 0 1

0 1 – 0 1 0 0 0 1

1 0 – – 1 – 0 0 1

– 1 0 – 1 – 1 0 1

Table 2. Minimized DNF set

T x B f

x1 x2 x3 x4 x5 x6 f 1 f 2 f3

1 1 1 – 1 0 0 1 0

1 1 – 0 1 0 1 0 0

0 – – 1 0 1 1 0 0

0 1 – 0 1 0 0 0 1

1 0 – 1 0 1 0 1 1

0 – – 0 1 0 0 1 0

1 – 0 1 – 1 0 0 1

1 0 0 – – 1 0 0 1

0 – 0 – 1 – 0 1 0

1 0 – – 1 – 0 0 1

– 1 0 – 1 – 1 0 1



RUSSIAN MICROELECTRONICS  Vol. 44  No. 5  2015

LOGICAL OPTIMIZATION EFFICIENCY 341

summary complexity of the BDD representations of
the two blocks—input and output—did not decrease
after the decomposition. For other examples (of larger
dimensionality) of DNF systems, the decomposition
can lead not only to a decrease in the number of vari�
able subfunctions but also to a decrease in the com�
plexity of the BDD representations of subfunctions h
and g of the functional decomposition.

Joint Decomposition of Sets of Boolean Functions

We will call the construction of the functional
expansion

(3)

where  =  …,  is the vector function
having the minimal number p of components, as the
joint decomposition of set of Boolean functions  =

= =( ) ( , ) ( ( ), ),f x f y z g h y z

( )h y 1( ( ),h y ( ))ph y

( )f x
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Fig. 1. Binary decision diagram (BDD).
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(  …, ) by the specified partition  of the
multitude of variables X.

Decomposition (3) of vector function  is called

joint [8] since all component functions  of the decom�

posed vector Boolean function  = (  …, )
have common (jointly used) intermediate subfunc�
tions  …, 

The result of the joint decomposition of the vector
function specified in Table 1 by partition Y = {  

 }, Z = {  } of the set of variables is shown in
Fig. 3. With the joint decomposition, there are three
rather than seven intermediate variables; however,
each of them is used as an intermediate variable of

each of the component functions   and  of the
decomposed vector function.

The methods of performance of the joint decom�
position for sets of functions differ by the used mathe�
matical apparatus. The decomposition of the vector
function with a minimal number of intermediate func�
tions is considered in the publications for the case of
the specification of vector functions by matrix
forms—DNF systems [2, 9, 10], and the decomposi�
tion of BDD representations of vector functions is
described in [8]. Various formal apparatuses are
applied—spectral representations [11], logical equa�
tions [12], matrix logic equations [2], and final predi�
cates [13].

The main problem of the decomposition is the
selection of the partition of the variables by which it is
performed. It is shown in [8] that the use of the BDD
apparatus for the decomposition of the set of functions
facilitates the solution of the problem of selecting the
partition of variables.
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x2 x3 x4 x5 x6 x1 x2 x3 x4 x5 x6 x1 x2 x3 x4 x5 x6

h1
1

h2
2

h2
1

h3
1

h1
2

h1
3
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Fig. 2. Separate decomposition of the multitude of arguments by partition Y = {    }, Z = { }.1,x 2,x 3,x 4x 5 6,x x

Table 3. Minimized DNF set of the input block functions

x1 x2 x3 x4

1 1 1 0 1 0 0 0 0 0 0

1 0 1 0 0 0 0 0 0 0 1

1 1 0 1 0 1 0 0 0 1 0

0 1 1 0 0 0 0 0 0 1 1

1 0 0 – 0 0 0 0 0 1 0

1 0 – 1 0 0 0 0 1 1 0

0 – – 1 0 0 1 0 0 0 0

0 – 1 0 0 0 0 1 1 0 0

1 1 1 – 0 0 0 1 1 0 0

– 1 0 0 0 1 0 0 0 0 1

0 1 0 – 0 1 0 0 0 0 1

0 – 0 – 0 0 0 1 0 0 0

1
1h 1

2h
1
3h 2

1h 2
2h 3

1h 3
2h

Table 4. Minimized DNF set of the output block functions

 x5 x6 f 1 f 2 f 3

0 1 – – – – – 1 – 1 0 0

0 – 1 – – – – 0 1 1 0 0

1 0 0 – – – – 1 0 1 0 0

– – – 0 1 – – 0 1 0 1 0

– – – 1 – – – 1 0 0 1 0

– – – 1 0 – – 1 – 0 1 0

– – – – – 0 1 1 – 0 0 1

– – – – – 1 – 1 0 0 0 1

– – – – – 1 0 – 1 0 0 1

1
1h 1

2h 1
3h 2

1h 2
2h 3

1h 3
2h
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3. PROBLEMS OF TECHNOLOGICALLY 
INDEPENDENT LOGICAL OPTIMIZATION

3.1. The ESPRESSO program (version 2.3) of the
joint DNF minimization of sets of Boolean functions

 = (  …, ), x =  in the DNF
class is a well�known program of minimization available
in the Internet, which is described in monograph [3].

The input and resulting data of this program are the
text matrix representations of the initial and mini�
mized sets of DNF Boolean functions, respectively.

3.2. The TIE_BDD program of the joint BDD
minimization of the sets of Boolean functions imple�
ments the minimization algorithm [14] of multilevel
representations of the set of Boolean functions based
on the Shannon expansion. The initial data are the
DNF sets and the results are the multilevel formula
BDD representations. When performing the experi�
ments, this program constructed the BDD no larger
than by 5000 of randomly selected permutations of
variables and selected the BDD of the lowest complex�
ity among the considered variants.

3.3. The SEPT_BDD program of the separate
decomposition of DNF sets based on the apparatus of
BDD representations of the sets of Boolean functions
implements the method described in [8]. The initial
data are the DNF sets and the results are superposi�
tions of functions of form (2), and the functions of the
input block are presented in the form of the DNF set,
while the output block is presented in the BDD form.

The initial data for the joint decomposition pro�
grams are the DNF sets, and the results are superposi�
tions of form (3), and each of the vector functions h(y)
(input block) and g(h(y), z) (output block) are repre�
sented in the form of DNF sets.

3.4. The DECU_BDD program of the joint
decomposition of the DNF sets based on the appara�
tus of BDD representations of the sets of Boolean
functions is described in [8].

The algorithms for the selection of the partition of
variables, which are implemented in SEPT_BDD and
DECU_BDD programs, are described in [8].

3.5. The DEC_FT program of the joint decompo�
sition of matrix representations of DNF sets of Bool�
ean functions implements the decomposition method
based on compact tables and is described in [10].

3.6. The DEC_HIE program of the joint decom�
position of matrix representations of DNF sets of
Boolean functions is described in [15] and acquires the
intermediate variables by the method of the arrange�
ment of codes (values of intermediate variables) in
hypercube vertices.

3.7. The DEC_TRIV program of the joint decom�
position of matrix representations of DNF sets of
Boolean functions is a simplified variant of the
DEC_HIE program since it uses the trivial DNF cod�
ing, for which the intermediate variables are specified,
to accelerate its operation.

( )f x 1( ),f x ( )mf x 1( ,..., )nx x

Programs DEC_HIE and DEC_TRIV searches all

 nontrivial partitions of the multitude of vari�
ables and find the best variant of decomposition (3)

evaluated by formula O(  = ),
where n is the number of arguments of the set of func�
tions, r is the number of arguments in block Y, and p is
the number of variables. These programs are applied
for sets of functions which depend on  variables.

2 2n n− −

2 r r 2 ( )n r p n r p− +

− +

20n ≤

x1

f1

g1

x2 x3 x4 x5 x6

g2 g3

f2 f3

h1 h2 h3

Fig. 3. Separate decomposition of the multitude of argu�
ments by partition Y = {    }, Z = {  }.3,x 4,x 5,x 6x 1,x 2,x

Table 5. Functions and areas of elements of the logical cir�
cuit (Fig. 4)

Element Function Area

N 223

NA 307

NA3 407

NAO 435

NA4 491

NAOO 525

NOA 363

NO3 396

NO3A 491

NAO3 491

NA3O3 586

y A=

y AB=

y ABC=

( )y A B C= ∨

y ABCD=

( )( )y A B C D= ∨ ∨

( )y AB C= ∨

y A B C= ∨ ∨

( )y AB C D= ∨ ∨

( )y A B C D= ∨ ∨

( )y A B C DE= ∨ ∨
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4. CIRCUIT AREA AT THE LOGICAL 
DESIGN STAGE

As the circuit area at the logical design stage, we
usually understand the summary area of the crystal
required to arrange the circuit elements. Although this
criterion of complexity is approximate (the area for
interconnections of circuit elements often is not taken
into account), it is often used at the logical design
stage of circuits in contrast with the topological design
stage, when the total area for the elements and inter�
connections (links) of elements is understood as the
area. In further experiments, area  of the circuit
from library elements was calculated as the sum of the
areas of the elements constituting the circuit. Functions
and areas of logical elements for the circuit (Fig. 4)
acquired as a result of the logical synthesis according
to the DNF set, which is presented in Table 1, are pre�
sented in Table 5. The logical circuit (Fig. 4), which
consists of 20 library elements, has the complexity

SASIC = 7437 (conditional units),
since (223 × 6) + (307 × 3) + (407 × 2) + (586 × 2) +
(491 × 3) + 435 + 525 + 396 + 363 = 7437.

This calculation can be easily performed using the
areas (see Table 5) of the elements entering the circuit:
there are six inverters, three NA elements, two NA3
elements, etc., in the circuit.

5. EXPERIMENTS

Circuit implementations of various representations
of the same set of Boolean functions under the synthe�
sis in industrial synthesizers can have various areas

since these synthesizers are sensitive to the specifica�
tion form of initial data. The experiments described
below consisted of various methods of the preliminary
technologically independent optimization of repre�
sentations of sets of Boolean functions, by which the
logical circuits were synthesized in the same synthesis
library and under the same synthesis modes.

Figure 5 shows the general organization of the
experiments. The initial data in all experiments were
the DNF sets of completely specified Boolean functions
from the set of examples available at http://www1.cs.
columbia.edu/~cs6861/sis/espresso�examples/ex/

The LeonardoSpectrum synthesizer (version 2011a.4)
was used in all experiments as the industrial system for
the synthesis of logical circuits [16], and the domestic
library for the design of custom digital CMOS VLSIs
was used as the target synthesis library. The input data
of the LeonardoSpectrum synthesizer in the per�
formed experiments were the VHDL descriptions of
various representations of vector functions acquired
using optimization programs described in Section 3.
The translation of text representations of sets of Bool�
ean functions into VHDL descriptions were per�
formed by the FormatSF program. The VHDL lan�
guage is the language of specification of projects of
digital systems implemented based on VLSIs, includ�
ing the input language of the LeonardoSpectrum syn�
thesizer. For example, the matrix form of the functions
(see Table 3) has the following description in VHDL:
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Fig. 4. Logical circuit based on library elements of the custom VLSI.
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library ieee;

use ieee.std_logic_1164.all;

entity DECOMP1 is

port(x1, x2, x3, x4 : in std_logic;

h0, h1, h2, h3, h4, h5, h6 : out std_logic);

end DECOMP1;

architecture DECOMP1_arch of DECOMP1 is

begin

h0 < = x1 and x2 and x3 and not x4;

h1 < = ((x1 and x2 and not x3 and x4) or (x2 and not x3 and not x4)

or (not x1 and x2 and not x3));

h2 < = not x1 and x4;

h3 < = ((not x1 and x3 and not x4) or (x1 and x2 and x3)

or (not x1 and not x3));

h4 < = ((x1 and not x2 and x4) or (not x1 and x3 and not x4)

or (x1 and x2 and x3));

h5 < = ((x1 and x2 and x4 and not x3) or (not x1 and x2 and x3 and not x4)

or (x1 and not x2 and not x3) or (x1 and not x2 and x4));

h6 < = ((x1 and not x2 and x3 and not x4)

or (not x1 and x2 and x3 and not x4) or (x2 and not x3 and not x4)

or (not x1 and x2 and not x3));

end DECOMP1_arch.

DNF set of Boolean
functions Decomposition

Joint DNF
minimization

Joint BDD
minimization

ESPRESSO TIE_BDD

SEPT_BDD
DECU_BDD

DEC_FT
DEC_HIE

DEC_TRIV

Joint DNF
minimization

Joint BDD
minimization

ESPRESSO TIE_BDD

Conversion to the VHDL description

FormatSF

Synthesis of logical circuits

LeonardoSpectrum

Logical circuit

Fig. 5. Organization of experiments.
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Table 6. Area of circuits

Circuit name n m k
Experiment 1

no optimization ESPRESSO TIE_BDD

ADD6 12 7 1092 451913 85843 20222

ADDM4 9 8 512 311225 124663 89269

ADR4 8 5 256 131102 10948 7661*

ALU1 12 8 19 7109* 7109* 7109*

B12 15 9 431 29027 21879 16617*

B2 16 17 110 229840 207241 197967*

B9 16 5 123 26148 30227 24770*

BR1 12 8 34 32615 26243 27911

BR2 12 8 35 22632 21472* 21634

CLPL 11 5 20 2929* 2929* 2929*

CO14 14 1 47 12449 12449 12449

DC2 8 7 58 32375 27314 21946*

DIST 8 5 256 110060 87980 68601

EX7 16 5 123 26148 30227 24770*

F51M 8 8 256 276350 30668 25344

gary 15 11 442 107627 105429 98911*

IN0 15 11 138 133786 105535 98911*

IN1 16 17 110 229840 207241 197967*

IN2 19 10 137 141336 128368 92410*

INTB 15 7 664 402686 408300 227848*

LIFE 9 1 512 24641 23972 14977

LOG8MOD 8 5 47 35673 27906 25953*

M1 6 12 32 21773 22398 18715

M181 15 9 430 29546 20981 17225*

M2 8 16 96 85960 62334 61095

M3 8 16 128 97120 83901 60325

M4 8 16 256 222447 116131 82266

MAX1024 10 6 1024 423288 194072 140862*

MAX46 9 1 46 38602 37174 36878

MAX512 9 6 512 173220 101695 71446*

MLP4 8 8 256 164967 88895 71854*

MP2D 14 14 123 36471 18542 17968*

NEWAPLA 12 10 17 11763 11796 10189*

NEWAPLA1 12 7 10 7315 7315 6869*

NEWAPLA2 6 7 7 5569 5569 4944*

NEWBYTE 5 8 8 5569 5569 5569

NEWCOND 11 2 31 18899 15540 13414*

NEWCPLA1 9 16 38 29262 28625 28045

NEWCPLA2 7 10 19 13359* 14659 17438

NEWILL 8 1 8 5134 5134 5312

NEWTAG 8 1 8 1864* 1864* 2126

NEWTPLA 15 5 23 15044 15044 14229*

NEWTPLA1 10 2 4 4324 4324 3577
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Table 6. (Contd.)

Circuit name n m k
Experiment 1

no optimization ESPRESSO TIE_BDD

NEWTPLA2 10 4 9 9263 8588 7310

P82 5 14 24 23124 22008 19971*

RADD 8 5 120 39824 14982 8465*

RD53 5 3 32 13571 12142 9843

RD73 7 3 147 23347 23414 15925

ROOT 8 5 256 55750 34429 26717*

RYY6 16 1 112 4754 3337 4224

SEX 9 14 23 13124* 14692 13928

soar 83 94 529 175564 172483 167484*

SQN 7 3 96 43167 28319 23743

SQR6 6 12 64 66011 33262 27069*

SYM10 10 1 837 77785 69906 19882

T3 12 8 152 20105 18866* 19223

TIAL 14 8 640 323690 336022 295952*

vtx1 27 6 110 18386* 18386* 20216

x9dn 27 7 120 19195* 19195* 22342

Z4 7 4 128 52379 7527 6992

Z5XP1 7 10 128 148121 43172 26499*

Z9SYM 9 1 420 59896 42994 18018

Number of best solutions 7 7 31

The logical operators in VHDL are denoted as fol�
lows: not (negation), and (conjunction), and or (dis�
junction). Input variables are written as input (in)
ports and implemented functions correspond to out�
put (out) ports.

Furthermore, the following notations are used in
the tables with the experimental results: n is the num�
ber of input variables, m is the number of functions,
and k is the number of conjunctions in the initial set of
DNF functions.

The synthesized logical circuits in the basis of
library elements serve as the resulting data in the
experiments. An example of such a circuit is shown in
Fig. 4. The information on the summary area of the
elements of the circuit is given by the LeonardoSpec�
trum synthesizer after the fulfillment of the technolog�
ical synthesis stage. The following characteristics of
the synthesized logical circuits are used in the tables
with the experimental results: SASIC  is the circuit area,
τ is the delay of circuit (ns).

Experiment 1. This experiment consisted of an
investigation of the influence of procedures of global
optimization on the area and delay of a circuit from
library elements. We compared the synthesis without
the preliminary optimization and with the preliminary
global joint DNF minimization (ESPRESSO) and
BDD minimization (TIE_BDD).

The results of the first experiment on the evaluation
of the area of the circuits are presented in Table 6, and
Table 7 gives the delays of the circuits synthesized in
this experiment.

Experiment 2. This experiment consisted of the
influence of decomposition (programs SEPT_BDD,
DECU_BDD, DEC_FT, DEC_HIE, DEC_TRIV)
and subsequent DNF�minimization (ESPRESSO) of
the formed decomposition blocks on the area and
delay of the circuit from library elements.

Experiment 3. This experiment consisted of the
influence of decomposition (programs SEPT_BDD,
DECU_BDD, DEC_FT, DEC_HIE, DEC_TRIV)
and subsequent BDD�minimization (TIE_BDD) of
the formed decomposition blocks on the area and
delay of the circuit from library elements.

The results of experiments 2 and 3 are presented in
Tables 8 and 9. It resulted in each of the 62 initial
examples being implemented 13 times—thrice in the
first experiment and five times each in the second and
third experiments.

The best results in the tables with the experimental
results (with a smaller area or with a smaller delay) are
marked by symbol *. For example, for the first exam�
ple of the add6 circuit (see the first lines in Table 6 and
Table 8), the circuit with the smallest area  =
18414 was acquired with the preliminary optimization

ASICS
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Table 7. Delay of circuits (ns)

Circuit name n m k
Experiment 1

no optimization ESPRESSO TIE_BDD

ADD6 12 7 1092 11.03 7.46 5.50

ADDM4 9 8 512 10.41 6.49 7.00

ADR4 8 5 256 7.38 3.50 3.90

ALU1 12 8 19 1.11* 1.11* 1.11*

B12 15 9 431 4.05 4.24 3.37*

B2 16 17 110 10.05* 11.05 10.24

B9 16 5 123 3.92 4.59 3.64*

BR1 12 8 34 6.54 5.47 6.08

BR2 12 8 35 6.44 6.11 6.43

CLPL 11 5 20 3.44* 3.44* 3.44*

CO14 14 1 47 4.73* 4.73* 4.73*

DC2 8 7 58 4.73 4.09* 4.11

DIST 8 5 256 7.97 5.92 5.51

EX7 16 5 123 3.92 4.59 3.64*

F51M 8 8 256 11.17 5.74 5.49

gary 15 11 442 6.66* 7.09 7.52

IN0 15 11 138 9.39 7.60 7.52*

IN1 16 17 110 10.05* 11.05 10.24

IN2 19 10 137 7.77 8.10 7.49*

INTB 15 7 664 11.03 9.02* 9.77

LIFE 9 1 512 5.54 4.90* 4.99

LOG8MOD 8 5 47 4.94 4.55 4.38

M1 6 12 32 5.34 4.59 3.53

M181 15 9 430 3.72 2.96* 3.43

M2 8 16 96 7.51 6.28 5.53

M3 8 16 128 7.86 7.69 5.18*

M4 8 16 256 11.01 8.07 5.88

MAX1024 10 6 1024 10.77 7.90 7.33

MAX46 9 1 46 5.68 5.13* 5.13*

MAX512 9 6 512 8.30 5.81* 6.80

MLP4 8 8 256 8.06 6.17 5.67*

MP2D 14 14 123 7.57 4.46 4.68

NEWAPLA 12 10 17 2.99 2.75* 4.08

NEWAPLA1 12 7 10 2.49* 2.51 3.39

NEWAPLA2 6 7 7 2.79 2.79 2.45*

NEWBYTE 5 8 8 2.57 2.57 2.52

NEWCOND 11 2 31 4.73 3.88* 5.71

NEWCPLA1 9 16 38 4.91 4.91 4.52*

NEWCPLA2 7 10 19 3.13* 3.63 3.64

NEWILL 8 1 8 3.54 3.54 3.43

NEWTAG 8 1 8 1.71* 1.71* 1.90

NEWTPLA 15 5 23 3.52* 3.52* 4.60

NEWTPLA1 10 2 4 2.60 2.60 3.16
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Table 7. (Contd.)

Circuit name n m k
Experiment 1

no optimization ESPRESSO TIE_BDD

NEWTPLA2 10 4 9 4.52 4.94 3.61*

P82 5 14 24 4.17 3.46 2.85*

RADD 8 5 120 5.65 4.04 4.44

RD53 5 3 32 3.42 4.05 2.85*

RD73 7 3 147 4.75 4.70 3.94*

ROOT 8 5 256 6.47 4.55 4.81

RYY6 16 1 112 1.77* 2.43 2.23

SEX 9 14 23 2.32* 3.12 2.85

soar 83 94 529 5.63* 5.88 6.12

SQN 7 3 96 5.32 3.70* 4.34

SQR6 6 12 64 5.97 5.04 3.40*

SYM10 10 1 837 9.60 7.85 5.71*

T3 12 8 152 5.63 4.20* 4.31

TIAL 14 8 640 8.37* 8.67 9.56

vtx1 27 6 110 4.08* 4.08* 5.15

x9dn 27 7 120 5.24 5.24 4.57*

Z4 7 4 128 6.32 5.05 3.09

Z5XP1 7 10 128 7.03 5.18 3.85*

Z9SYM 9 1 420 9.90 6.07 5.39

Number of best solutions 15 16 21

using the SEPT_BDD program (experiment 3); it also
turned out that this circuit has the shortest delay τ =
4.27 (ns) among all the 13 fulfilled circuit implemen�
tations of this example (see first lines in Table 7 and
Table 9). For certain examples, programs DEC_FT,
DEC_HIE, and DEC_TRIV failed to perform the
decomposition; therefore, the area and delay parame�
ters are absent in the corresponding places of the
tables.

6. DISCUSSION OF EXPERIMENTAL RESULTS

Let us initially analyze the results according to the
area criterion of the circuits using Tables 6 and 8. The
largest number of best solutions by area (example 31)
was provided by the TIE_BDD program of global
BDD minimization (experiment 1). The SEPT_BDD
program of the separate decomposition (experiment 3),
which is fulfilled along with the BDD minimization of
the found expansion blocks, turned out to the second�
most efficient program. The route of the circuit imple�
mentation without the preliminary optimization also
turned out to be rather successful since the optimiza�
tion programs implemented in the LeonardoSpectrum
synthesizer was competitive.

The analysis of the results of small�dimensionality
examples, i.e., sets of functions with a small number n

of arguments and a small number k of conjunctions,
shows that the preliminary optimization is not
required for such examples, and the synthesizer builds
“good” circuits for them both by area and by delay.

Programs DEC_FT, DEC_HIE, and DEC_TRIV
for the decomposition of the matrix forms gives good
results for examples of small and average dimensional�
ity; therefore, we can apply the combined approach for
the decomposition fulfilling initially the “large�block”
decomposition using programs SEPT_BDD and
DECU_BDD, while the decomposition of compara�
tively small blocks can be achieved using the decom�
position programs of the matrix forms.

The analysis of Tables 7 and 9 shows that the design
of circuits with a smaller delay is also provided by the
TIE_BDD program of the global BDD minimization
(21 examples) and the ESPRESSO program of the
joint DNF minimization. The fulfillment of the syn�
thesis without optimization also allows us to design
small�delay circuits. It is also possible to design small�
delay circuits after the decomposition; however, the cir�
cuit delay increases as a rule due to the decomposition.

CONCLUSIONS

Our experimental comparison of the efficiency of
optimization programs and analysis of the experimen�
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tal results allowed us to rank the optimization pro�
grams by area and delay criteria and reveal the regions
of their preferential use. The results of this study are
used in the expert system of logical design [1] to form
efficient combined design routes of functional units of
custom digital VLSIs.
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