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Abstract

The class of logic problems whose decision is based on parallel algorithms
described by signal flow graphs of a ,butterfly” type, has been extended. This
class consists of the problem of modern Computer-Aided Design (CAD) of
discrete devices: polynomial representations of logic functions, Logic
Differential Calculus, solving Logic and Differential Logic equations and others.
It means that architectural principles, hardware and software to realise the fast
algorithms well-known in digital signal processing, can be used to solve the
problems.

Introduction

Modern Logic design is of inter-disciplinary form. Parallel computations is one of main it's
principles, since the size of the decided problems are large enough. There 1s a class of CAD tasks
that can be characterised by the fact that its computational processes are like a signal flow graph
configuration, such as well-known ,butterfly” of the fast Fourner transformation. It means that
known and proven architectural principles of hardware and software for fast transformation
(Fourier, Walsh, Chrestenson and its later modifications) can be applied to solve this class of logic
tasks. This paper systematized authors’ well-known results from the point of adequate signal flow
graph configuration, i.e. the paralieling of computational process.

1. General characteristics of this class

The class, named below as the ,butterfly” class, 1s formed by four groups of tasks. Two are
concerned with CAD with multivalued devices realising multivalued logic functions. The next two
groups are concerned with CAD for traditional binary gates (Fig.1).

Calculaton process based on
signal flow "butterfly’ graphs
Logic transformation of Logic transformaton Anthmetica transformation Anthmetical transformation
the MVL function of Boolzan functions of the MVL funcnon of Boolean functions

Fig 1. The four classes of calculation processes realised on the base of signal ‘butterfly " graphs

Most of all. an operation based on . butterfly” graphs 1s applied in Logic Differential Calculus. The
Logic Differential operators are applied in analysis, finding test for binary and Multivalued
switching circults [1-3]. Computing the values of a Logic Dervatve of a k-valued function with
respect to a variable defined by a matrix-vector procedure. corresponding to an iteration of -point
fast Fourter transform {4] In particular, computing the values of m-ordered Derivative likes m-
iteration fast transform. The same 1s true for so-called Anthmetical Denvative of an MVL-function
with respect to variables, ie. analogues of the Logic Denvatinves [3] The synthesis of various
classes of Polvmomial forms of MVI.-functions is also represented by graphs of “butterflv’”
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configuration. These are such forms as generalised Reed-Muller canonical forms with fixed and
mixed polarity [6], Arithmetical polynomial forms with different types of polarity [7], ap
extension of the class for GF(k) field, including non-polynomial and polynomial-similar forms. So
all computational procedures over logic data have their analogies in Arithmetical logic.

2. Parallel computations of polynomial forms for logic functions

The term ,,Polynomial Forms of logic functions” describes a large class both Boolean and
Multivalued functions which can be represented by the Reed-Muller expansion, its generalisations
[6], and its arithmetical analogues [5]. Parallel computation of these forms denotes the problem of
their synthesis and the inverse problem - recognition of a logic function from the form. The general
scheme of the computations 1s shown in Fig.2.

Direct and inverse discrete orthogonal transformation can be executed based on fast transformation
which are reduced to the well-known , butterfly” configurations. In other words, any computing
facilities to fulfil the classic fast transform, in principal, can be used to synthesise polynomial
forms of logic functions [6,8,9].

3. Parallel computations of Logic Derivatives

The central question of the applied Logic Differential Calculus theory is computing the differential
operators. It was shown [9] that practically all Boolean differential operators are reduced to
computational processes based on a ‘butterfly” configuration. So for example, truth vectors of
Boolean Differences of a Boolean function f(X) of »n vanables with respect to variable x; (x;), &
J1X)/éx, | is computed based on the simplest ,butterfly” graph (Fig.3). Computation of m-order
Boolean Differences corresponds to an m-iteration fast transform consisting of ,,butterfly™ - based
operations. The natural mapping of these operators is linear systolic arrav of m Computing Cells
(CC) [11}.

Computation of Boolean Differentials with respect to vanables and Full Differentials applied to
find tests for switching circuits [1], has quite different features. So, the truth vector of the Full
Boolean Differential of a function of » vanables includes (2°-1) truth vectors of Boolean
Differences with respect to all possible variables and vectors of variables. A tree-network systolic
array to compute Boolean Differentials was proposed [12]. Each cell in such a structure realises an
iteration represented by the ,.butterfly” (it corresponds to computing a difference with respect to
one variable). Such structure when #»=3 is given in Fig. 4. Note, that this arrayv 1s used to find tests
for switching circuits. All considered above is true for anthmetical analogs of Boolean differential
operators.

The pattern of the signal flow graph for Logic Derivatives of Multivalued (k-valued) logic
functions [5,6] is like the graph of fast Fourier transformation over GF(k). In particular, the signal
flow graph corresponded to computing the Logic Derivative of a 3-valued logic function with
respect to variables x;, x, with 1- and 2-order cyclic inversion is shown in Fig. 5. The computation
of Partial Direct and Inverse Logic Derivatives for a k-valued function [4] is simple enough to
reach the . butterfly” (Fig.6).

Truth  Orthogonal Coefficients vector
vector V' Transform F. of a form

Im erse
Fig 3. Signal flow graphs of compunng

Fig 2. Scheme of applying orthqgonal Boolean Differences with respect 10
transformation for logic polynomial forms variables v, 1~ 23 ne3
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dX/[dx, 0X/dx,dx, 0X/ox,0x, dX/oxdx,dx,

Fig.4. Tree-network systolic array to Fig.5. Signal flow graphs of computing
compute Full Boolean Differential, n=3 Logic Derivatives

4. Computation of prime implicants when minimising Boolean functions

As it was shown in [13], the computed prime implicants can be executed based on the signal flow
graphs of a ,butterfly” type.
A linear systolic array to realise the computational process is represent in Fig.7.
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Fig 6. Signal flow graphs of computing Fig. 7. Linear systolic array to compute
Parral Logic Derivatives, k=3, n=2, i=12 prime implicants

5. Solving Logic and Differential Logic Equations

In Logic Design, testing and the diagnostics of digital devices it is necessary to solve Logic and
Differential Logic equations [1]. The problem is in the fact that the size of the problem is quite
large. Therefore it needs to decompose the imitial systems of the equations. In this case, methods of
paralleling are efficient enough.

To solve the Logic equation or a system of the equations represented by the Reed-Muller form or
other polynomial forms, it is necessary to fulfil inverse discrete orthogonal transformations in a
corresponding basis {3,14]. It means that algorithms to realise such decision are described as fast
transformations and , butterfly” graphs and are mapped into parallel and pipelining structures, in
particular, linear systolic arrays. So, to solve Boolean Differential Equations, homogeneous
parallel array was proposed [9]. The focus was the fact that solving these Equations was come to
deciding a system of linear Logic Equations of Reed-Muller canonical form. 2" x 2" array was
needed to solve the Logic Differential Equation of » variables. However, in {14] a reduced
algorithm generalised for k-valued functions, was proposed where the problem was divided into
sub-tasks, each of them requiring » X n sub array or even linear array of » elements 0 be
realized

Conclusions

The authors have obtained the following main results:

1) a class of logic problems described by the algonithms based on signal flow graphs of the
butterfly” type, were extended; besides polynomial transformations, the Logic Differential
Calculus problems and some stages of Boolean functions minimisation, are included.
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2) a technique was worked out to meet the class of logic problems to the computationa] procedures
of the , butterfly” type; this technique 1s based on matrix mathematical tools;

3) a number of new generalisations for Arithmetical Logic (as analogues of logic methods ang
algorithms) was proposed; this means practically, that some logic problems can be solved on the
basis of the same flow graphs, with logic or arithmetical operations in the graph nodes:

4) The results of this paper change the established views on the character of computationa]
processes in Logic Differential Calculus for Multivalued functions; these processes have also come
to ,.butterfly” configurations.
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