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MVL-MIN: A New Heuristic Minimization
Tool For Multiple-valued Logic Functions

Ibrahim Savran

Abstract—In this paper, a new heuristic method to minimize
multiple-valued logic (MVL) functions and its implementation results
will be introduced. The motivation for this work has been to develop
a light weight MVL minimization algorithm which is simpler than
existing algorithms so that it can serve as a basis for the
future work. MVL-MIN is designed and implemented from scratch
and it is compared with MVSIS. MVSIS is a MVL minimization
program developed by the Electronic Systems Design group at
Berkeley. The advantages of the new algorithm include a new cube
calculus based technique for detecting and eliminating the totally
redundant prime implicants. A comparison with MVSIS approved
that the proposed algorithm is able to solve all test files within
a fixed allocation of computer resources. Since conventional
testbenches are fairly small, we generated 3 sets of testbench in blif-
mv format. Each set includes 8 multiple-valued logic functions.
MVL-MIN is able to solve all test-benches about 5 times faster
than MVSIS on average.

Keywords—Multiple-valued  logic, multiple-valued
minimization, cube calculus, heuristic minimization.

logic

. INTRODUCTION

HE performance of binary logic is limited due to high

number of interconnections, which occupy a large area
on an integrated circuit. More than half of the chip area is
devoted to wires [1, 2]. As a result, researchers are looking for
a way to reduce it. One can achieve a more cost-effective way
of utilizing interconnections by using a larger set of signals
over the same area in MVL. Using fewer wires to transmit
multi discrete values allows denser information content per
interconnection and thus results in a circuit with fewer
conductors than the binary-valued counterpart [3, 4]. For
example, in the case of 4-valued logic, half of the wire space
is saved [5].

In modern VLSI technology, the chip size and performance
are closely related to the number of wires, pins, etc. In
principle, MVL can provide high data processing capability
per unit chip area, and decrease the connection between circuit
units.

Since 1970s, the Complementary Metal-Oxide Semi-con-
ductor (CMOS) has been the main technology for imple-
menting dense and energy-efficient VLSI circuits. However,
the general trend of reducing the size of CMOS (Comple-
mentary Metal-Oxide-Semiconductor) technology in nano-
scale has confronted many difficulties. The main obstacles
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include very high leakage currents, high power density, para-
sitic effects, and restriction of routing and placement processes
[6, 7, 8]. Thus, many nano-scale technologies such as Quan-
tum-dot Cellular Automata (QCA) [9], Single Electron
Transistor (SET) [10], and CNTFET [11] have been
introduced to overcome these challenges. Among them,
CNTFET is the most promising candidate to be a successor to
the CMOS technology in the near future [12]. Several
arithmetic MVL circuits have been proposed [13, 14]. In 2006,
IBM demonstrated the first IC built using SWCNTs [15].
Then, a decoder, a sensor interface circuit, stand-alone circuit
elements such as half-adder sum generators, D-latches and
memory (SRAM) cells have been fabricated [16, 17, 18, 19,
20, 21, 22]. In 2008, Cao et al. [23] announced that they made
medium size IC using CNTFETSs. Recently, Shulaker et al.
[24] fabricated first CNT computer entirely using CNTFETS.

The minimization of logic expressions is an important step
in modern circuit design. Unfortunately, since the MVL
functions have more literals to deal with, the designing MVL
devices is more complicated than those of their binary
counterparts [25].

In logic design, the most common optimization metric is the
number of terms in the logic expression, which is easily
calculated during the minimization phase. The correlation
between the number of terms and chip area is very high in the
binary case, i.e. it is a good estimate.

Due to the exponential nature of finding the optimal cover,
the state-of-the-art optimization algorithms can only handle
functions that have a limited number of terms. Therefore, most
of the tools rely on heuristic minimization methods such as
MVSIS [26]. In the literature, there are several methodologies
reported for the synthesis of MVL functions, such as direct-
cover-based approaches [27, 28], network learning via local
search methods [29, 30], genetic algorithms [31, 32, 33], and
artificial intelligence methods [34].

The organization of the paper is as follows: Section 2
covers the background of the study and the terminology. Then,
section 3 briefly explains the “Cube Calculus Operators”
which are used to find the prime cover. Section 4 describes
our MVL heuristic minimization algorithm MVL-MIN, and
presents an example. Finally, Section 5 concludes the paper
and gives future applications.

I11.BACKGROUND

To be consistent with the literature we want to give
definitions and algebraic procedures in this section. For
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simplicity and formality of the explanations in this study the
following notation is used.

A. Definitions

e  Let Son, Soff, Sdc, Snow, Spc be the set of on-cubes, the set
of off-cubes, the set of “don’t-care” cubes, uncovered
part of Son Set, and the prime cover set respectively
[35].

e Let X1, X2, ..., Xn be multiple-valued variables such
that each variable Xi can take values from a certain
finite discrete set Vi (Vi ={0,1,...,7;_,}). A literal Xi® of
variable Xi represents a characteristic function of subset
Siof Vi, that is, the literals value is ‘1’ for symbols from
this subset. A multiple-valued dont’care is depicted as
XiVor Xi".

e Let X, be an n-dimensional cube which X =
Xn-1Xn-2...Xo where Xi’s are multiple-valued variables.

e Prime cube: cube X is prime if there is no other
cube Z such that Z 5 X.

e Let f be an n-input 1-output multiple-valued function.
We can show the MV function as a mapping: f(Xo,
X1,..., Xn-1): X Vi {0, 1, #} where Viis the radix of
ith variable. When all radixes are same (V = Vi; for all
i),
multiple-valued mapping will be simplified, f :
{0, 1, #}.

e Cover: a set of cubes which together cover every
element of the set Son.

e Prime Cover: a cover in which all cubes are prime.

The goal of multiple-valued logic minimization is to find
an optimal prime cover for a given function

Vi -

I1l. CuBE CALCULUS

In this section, we are going to explain the cube operations
which are needed for the minimization algorithm [36].
The cube calculus operators in the study of Marek et. al which
use positional notation. Thus handling these operators are
more complex than what we introduce here.

A. Expansion Operator -E

This operator is the first operator to find local primes
of a given on-set cube. The expansion operator requires two
operands: The first parameter is a cube from the set Snow, A 2
Snow, Which is used as the expander for the second operand
which comes from Soff set.

Let A = Amm P Ano2 L Ag° be an n-coordinate expander
cube, and let B = B/";* B/">2 ... B,° be the expandee cube
where A € Snow; B € Soff respectively. The expansion operator
produces a new cube C =C,™;! €)™ ...C,°, where C = E(A, B)
as follows:

E(A, B) = if t’.‘l;‘_: *V oy = f3; then v = %
else if ey #£ 3 then v = s

The special character s is for coordinates which we
need to use in the ‘non-disjoint sharp operator.” The byproduct
set holds the cubes that are produced by the expansion
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operators. Here we can express this set as Ss = {C|C = E(A, B),
A € Snow, B € Soff}.

B. Elimination Operator —X

This operator processes the byproduct set Se which is
produced by the expansion operator. Elimination is used to
remove the non-maximal cubes from the byproduct set,
because these are not necessary for finding primes.

Let A and B be two cubes where A, B € Se. This
operator works based on the following rules:
if ov; =%V ay = 5,

Yi=0,1,...,n—1

then the cube B is eliminated
else if B; = * V oy = S5i, (2)
Yi=0,1...,n—1
then the cube A is removed
else both of the cubes remain.

The work of this procedure can be expressed as follows.
This operator takes two elements —A, B- as parameters and
does the following:

e If Alis non-maximal cube then X (A, B) = {A},

e If Beliminates Athen X (A, B) = {B},

e If neither A nor B is eliminated then X (A, B) = {A, B}.

X(A,B) =

C. Non-disjoint Sharp Operator —$

This MVL operator is introduced in [36] as well. For
computing local primes, this process is the final procedure.
After eliminating the weak elements by using the X operator,
the cubes remained in Ss set are going to be trimmed. The
sharp procedure starts with using a full-cube which is a cube
where all coordinates are assigned to “don’t care”, F =
Xn_1 Xn_o ... X5 A trimmig can be done on any coordinate of
the cube F, if that coordinate is not assigned “don’t care”.

0 when AC B
§(A'- B) = A#B = A when ANB =10 (3)
A#pasicB otherwise
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Algorithm 1 MVL-MIN Algorithm

v

1: Suuw = Son

2: while S,,,., # () do

3 A € S0 // Choose a cube from the set
4: SB =0

5: for VB € S5y do

6: Sp = SpUE(A,B)

7 end for

8: for VC,D € Sp where C' # D do
9: SB:SB—{C.D}UX(C,D)
10: end for
11: Sp={X;_X; ,...X}}
12: for ¥C € S do
13: Spy =10
14: for VD € Sp doﬁ
15: Spy = SpyUS(D,C)
16: end for
17: SP = Spb
18: end for

19: end while

1IV. MVL-MIN MINIMIZATION ALGORITHM

Due to high complexity of the existing direct-cover
minimization methods may be avoided by using the above-
mentioned proposition that suggests to expand of cubes Soff
instead of all possible expanding of the on-set cube, for which
it is necessary to obtain the complete sets of prime implicants.
This can be done by applying the algorithm 1 for a single
output logic function as follows.

V.DATA SETS AND TESTING

A.Blif-MV Format

An MV function can be expressed as a netlist of MV-nodes.
An MV-network is a network of nodes; each node represents
an MV-relation with a single multiple-valued output. Here we
use a subset of the “blif-MV” format that is used to specify
MVL functions [37]. blif-MV format is a standart by the
Verilog to blif-MV (vi2mv) tool. After a design specification is
read, it is converted into an MV-network, a design represen-
tation used within MVL-MIN.

blif-MV is a file format designed for describing hierarchical
symbolic sequential MV systems. A system can be composed
of interacting sequential subsysterps.
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A multiple-valued logic can be expressed with four basic
primitives: multiple-valued variables, tables, wires and
latches. A MV-variable takes values from some finite domain.
A relation defined over a set of variables is represented by a
table. The variables of a table are divided into inputs and
outputs. Wires are used connection among tables. A latch is a
memory unit saves the value of the input wire, and transfers
the values to the output [2].

Set-1 50% 50%
Set-2 66% | 34%
Set-3 I 33% 33% A%
0.2 0.4 0.6 0.8 |
I Son Sopr C Sae

Fig. 2: The Structure of Data Sets

Due to small size of conventional testbenches, we generated
3 sets, each includes 8 multiple-valued logic functions in MV-
blif format. The numbers of input variable in Datasets are
ranging from 4 to 12. Nomenclature of data file names are
based on input variable count and domain of a variable. For
example the file names have the form MV-g-v-r, where g is
the group number, v is the MV variable count and r is the
domain of a variable. MVL functions in the first benchmark
group consists of %50 Son cubes and %50 Soff cubes. The
distribution of the second group test files are %66 Son, %34
Soff.
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Fig. 4: Run time comparison of MVSIS and MVL-MIN on the third
dataset
The third group is constructed evenly su%33 Son, %33 Soff
and %34 Sdc. The fig. 1 depicts the features of the data sets.



18th IIE International Conference on Latest Trends in Engineering and Technology (ICLTET-18) March 21-23, 2018 Istanbul (Turkey)

MVL-MIN achieved around 5x speedup over MVSIS. A
comparison with MVSIS shows that the proposed algorithm is
able to solve all test files within a fixed allocation of computer
resources.

VI. RESULTS AND FUTURE APPLICATIONS

A heuristic Multiple-valued logic function simplification
algorithm has been introduced. This algorithm uses MV cube
calculus operations which are “expansion,” “elimination,” and
“Non-Disjoint Sharp.”

This can be adapted into the Verification Interacting with

Synthesis (VIS), which is a research tool. This application
operates on MVL networks as well [38]. Otherwise a new
MVL synthesis tool can be compiled by integrating our tool
with “vI2mv” and a place and route program, such as ODIN
[39].

Marek et. al. accelerated MVL operations on GPUs and on
FPGAs [namely cube calculus machine]. We want to compare
our algorithm with others but since most of them are using Al,
they can only handle limited MVL functions (usually 2-3 MV
variable input). The columns labeled as s(Son) and s(Soff)
depicts the number of the cubes in Son and Soff respectively.

TABLE |
TIMING RESULTS OF MVSIS AND MVL-MIN ON BENCHMARK SET 1

Eﬁ?:ch w r s(Son)  s(Sers) l‘vl\r'S]'guml\-(Is\«)'Lf MmN Speedup
MV-1-4-3 1 3 40 41 0.030 0.035 0.9
MV-1-4-4 4 4 134 122 0.330 0.192 1.7
MV-1-5-3 5 3 112 131 0.460 0.310 1.5
MV-1-7-3 7 3 1105 1082 3.270 0.704 4.6
MV-1-7-4 7 4 8250 8134 18.410 4.109 4.5
MV-1-7-5 7 5 39152 38973 79.675
MV-1-8-3 8 3 3362 3199 9.080 0.934 9.7
MV-1-8-4 8 4 32678 32858 445.250 69.054 6.4
MV-1-85 8 5 195151 195474 2204.622
MV-1-9-3 9 3 9732 9951 20.740 8.213 3.6
MV-1-9-4 9 4 131059 131085 9513.500 1207.837 7.9
MV-1-10-3 10 3 20250 20799  644.380 77.657 8.3
MV-1-10-4 10 4 523670 524906 19089.376
MV-1-11-3 11 3 88391 88756 T38.118
MV-1-12-3 12 4 265355 266086 6714.434
* 4 of Input variable
** Radix
TABLE 11
TIMING RESULTS OF MVSIS AND MVL-MIN ON BENCHMARK SET 2
Test Time (s
Bench noor sSn)  s(Sers)  \ygig I\E\J’L-I\-II}I Speedup
MV-2-4-3 4 3 57 24 0.100 0.125 0.8
MV-2-4-4 4 4 167 89 0.120 0.087 1.4
MV-2-5-3 5 3 165 78 0.180 0.114 1.5
MV-2-7-3 7 3 1436 751 1.270 0.746 1.7
MV-2-7-4 7T 4 10991 5393 17.310 4.918 3.5
MV-2-7-5 7 5 51958 26167 92.744
MV-2-8-3 8 3 4421 2140 3.870 1.068 3.6
MV-2-8-4 8 4 43781 21755  362.130 80.271 4.5
MV-2-8-5 8 5 260026 130599 2461.869
MV-2-9-3 9 3 13020 6663 27.660 9.558 2.9
MV-2-9-4 9 4 174746 87398  T7436.280 1286.171 5.8
MV-2-10-3 10 3 39391 19658  281.290 88.300 3.1
MV-2-10-4 10 4 699151 349425 22029.749
MV-2-11-3 11 3 118656 58491 895.367
MV-2-12-3 12 4 354591 176850 7815.372
TABLE I
TIMING RESULTS OF MVSIS AND MVL-MIN ON BENCHMARK SET 3
Test , Time (s
Bench noor slSen)  s(Sorr)  \ysis L-I(\«'JL-MIN Speedup
MV-3-4-3 4 3 30 33 0.050 0.094 0.5
MV-3-4-4 4 4 105 114 0.090 0.113 0.7
MV-3-5-3 5 3 106 111 0.680 0.461 1.4
MV-3-7-3 7 3 966 977 0.690 0.083 8.3
MV-3-7-4 7 4 6822 6769  34.550 3.209 10.8
MV-3-7-5 7 5 31016 31373 54.173
MV-3-8-3 8 3 2917 2891 6.720 0.775 8.7
MV-3-8-4 8 4 27245 27361  944.370 72,447 13.0
MV-3-8-5 8 5 155985 156462 1409.629
MV-3-9-3 9 3 8666 8844  60.850 6.788 8.9
MV-3-9-4 9 4 109345 109129 815.900
MV-3-10-3 10 3 26339 26217  766.950 60.972 12.6
MV-3-10-4 10 4 436750 437043 13591.574
MV-3-11-3 11 3 78795 78489 570.188
MV-3-12-3 12 4 236031 236300 5290.462
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