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Spectral techniques in digital logic design have been known for more than thirty
years. They have been used for Boolean function classification, disjoint decomposition,

parallel and serial linear decomposition, spectral translation synthesis (extracton of
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linear pre- and post-filters), multiplexer synthesis, prime implicant extraction by spectral
summation, threshold logic synthesis, estimation of logic complexity, testing, and state

assignment.

This dissertation resolves many important issues concerning the efficient applica-
tion of spectral methods used in the computer-aided design of digital circuits. The main
obstacles in these applications were, up to now, memory requirements for computer sys-
tems and lack of the possibility of calculating spectra directly from Boolean equations.
By using the algorithms presented here these obstacles have been overcome. Moreover,
the methods presented in this dissertation can be regarded as representatives of a whole
family of methods and the approach presented can be easily adapted to other orthogonal
transforms used in digital logic design. Algorithms are shown for Adding, Arithmetic,
and Reed-Muller transforms. However, the main focus of this dissertation is on the
efficient computer calculation of Rademacher-Walsh spectra of Boolean functions, since
this particular ordering of Walsh transforms is most frequently used in digital logic
design.

A theory has been developed to calculate the Rademacher-Walsh transform from
a cube array specification of incompletely specified Boolean functions. The importance
of representing Boolean functions as arrays of disjoint ON- and DC- cubes has been
pointed out, and an efficient new algorithm to generate disjoint cubes from non-disjoint
ones has been designed. The transform algorithm makes use of the properties of an array
of disjoint cubes and allows the determination of the spectral coefficients in an indepen-
dent way. By such an approach each spectral coefficient can be calculated separately or |
all the coefficients can be calculated in parallel. These advantages are absent in the exist-
ing methods. The possibility of calculating only some coefficients is very important since
there are many spectral methods in digital logic design for which the values of only a few

selected coefficients are needed.
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Most of the current methods used in the spectral domain deal only with com-
pletely specified Boolean functions. On the oilier hand, all of the algorithms introduced
here are valid, not only for completely specified Boolean functions, but for functions
with don’t cares. Don’t care minterms are simply represented in the form of disjoint

cubes.

The links between spectral and classical methods used for designing digital cir-
cuits are described. The real meaning of spectral coefficients from Walsh and other
orthogonal spectra in classical logic terms is shown. The relations presented here can be
used for the calculation of different transforms. The methods are based on direct manipu-
lations on Karnaugh maps. The conversion start with Karnaugh maps and generate the

spectral coefficients.

The spectral representation of multiple-valued input binary functions is proposed
here for the first time. Such a representation is composed of a vector of Walsh
transforms, each vector is defined for one pair of the input variables of the function. The
new representation has the advantage of being real-valued, thus having an easy interpre-
tation. Since two types of codings of values of binary functions are used, two different
spectra are introduced. The meaning of each spectral coefficient in classical logic terms
is discussed. The mathematical relatonships between the number of true, false, and
don’t care minterms and spectral coefficients are stated. These relationships can be used
to calculate the spectral coefficients directly from the graphical representations of binary
functions. Similarly to the spectral methods in classical logic design, the new spectral
representation of binary functions can find applications in many problems of analysis,

synthesis, and testing of circuits described by such functions.

A new algorithm is shown that converts the disjoint cube representation of
Boolean functions into fixed-polarity Generalized Reed-Muller Expansions (GRME).

Since the known fast algorithm that generates the GRME, based on the factorization of
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the Reed-Muller transform matrix, always starts from the truth tablc (minterms) of a
Boolean function, then the described method has advantages due to a smaller required
computer memory. Morecver, for Boolean functions, described by only a few disjoint

cubes, the method is much more efficient than the fast algorithm.

By investigating a family of elementary second order matrices, new transforms of
real vectors are introduced. When used for Boolean function transformations, these
wansforms are one-to-one mappings in a binary or ternary vector space. The concept of
different polarities of the Arithmetic and Adding transforms has been introduced. New
operations on matrices : horizontal, vertical, and vertical-horizontal joints (concatena-

tions) are introduced.

All previously known transforms, and those introduced in this dissertation can be
characterized by two features: "ordering" and "polarity”. When a transform exists for all
possible polarities then it is said to be "generalized". For all of the transforms discussed,
procedures are given for generalizing and defining for different orderings. The meaning
of each spectral coefficient for a given transform is also presented in terms of standard
logic gates.

There exist six commonly used orderings of Walsh transforms: Hadamard,
Rademacher, Kaczmarz, Paley, Cal-Sal, and X. By investigating the ways in which these
known orderings are generated the author noticed that the same operations can be used to
create some new orderings. The generation of two new Walsh transforms in Gray code
orderings, from the straight binary code is shown. A recursive algorithm for the Gray
code ordered Walsh transform is based on the new operator introduced in this presenta-
tion under the name of the "bi-symmetrical pseudo Kronecker product”. The recursive
algorithm is the basis for the flow diagram of a constant geometry fast Walsh transform
in Gray code ordering. The algorithm is fast (N logy N additions/subtractions), computer

efficient, and is implemented in an iterative architecture.
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CHAPTERI

INTRODUCTION

Computer aided design tools have been used for both the design and verification
of digital systems for many years. Such tools have been applied to all the stages of the
design of such systems, from integrated circuit technology to the design of complex com-
puter architectures. The growing complexity of recently introduced Very Large

Integrated Circuits (VLST) has made the use of such sophisticated design tools indispens-
able.

A complete synthesis system should generate a layout from the high-level
description of a VLSI system. The target technology, the design constraints and thé cost
functions should clso be defined. Silicon compilers have been designed to carry out the
entire synthesis process [1]. The approach used is to break the synthesis process into

stages and to optimize the chip area and performance stage by stage [2].

The following basic components make parts of a synthesis system:

° Layout including floor planning, partitioning, placement, routing, and compac-
tion.

® Logic synthesis, including combinational and sequential logic.

° Procedural design and module generation.

Since this dissertation concentrates on only one aspect of the synthesis process, combina-

tional logic, then the developments in this area will be described in more detail.

Over the last few years a lot of attention has been paid to the logic minimization

of two-level circuits. A series of very efficient logic minimizers have been developed:
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ESPRESSO-II, ESPRESSO-IIC, and ESPRESSO-MV [3], [4] and [5]. When a logic

function is implemented using a Programmable Logic Array (PLA), logic minimization
reduces the area occupied by the PLA and improves its electrical performance. Since the
algorithmic complexity of complete logic minimization problem is very high, heuristic
logic minimizers are used when medium and, in particular, large functions have to be
minimized.

It has been found, however, that some control logic can have more efficient
implementation in the form of multi-level circuits [2]. The optimization criterion of all
multi-level logic synthesis systems is to minimize the area occupied by the logic equa-
tions and at the same time satisfy the timing constraints. Other considerations, such as
testability, should also be considered in the synthesis process. The first multi-level syn-
thesis system was the IBM Logic Synthesis System [6], [7]. Other systems are: York-
town Silicon Compiler [8], SOCRATES [9], and MIS [1C].

Two basic techniques are used for multi-level design [2]:

. Global optimization, where the logic function is re-factored imto an optimal

multi-level form,

. Peephole optimization, where local transformations are applied to globally optim-

ized logic functions.

New global optimization algorithms have appeared to be effective in partitioning com-
plex logic functions [11]. In addition, rule based systems [7], {9] have been found to be

effective in the design of large systems.

Logic synthesis for recently developed field-programmable gate arrays and PLDs
creates new requirements for design automation systems because of fundamental archi-
tectural differences with respect to existing technologies. A high demand exists for the
methods that produce circuit realizations with EXOR gates [12], [13]. "A four-input

XOR (in Xilinx 2000 Logic Cell Arrays) uses the same space and is as fast as a four-
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input AND gate." - quoted from [12]. Logic design for Xilinx devices is therefore lim-
ited by fan-in - not by logic complexity as in PLDs." - quoted from [12]. "Any system
which flattens functions into 2-level AND-OR form, or which factors based on the "unate
paradigm"” (as do MIS-II, BOLD, and Synopsys), is going to have problems with strongly
non-unate functions like parity, addition or multiplication. Since these sorts of functions
occur frequently in real designs, synthesis tools need reasonable ways of handling them."

- quoted from [13].

The DIADES design automation system [14] methodology is oriented towards
detecting the linear (EXOR) part of a Boolean function. It uses, among other methods,
spectral ones to detect the EXOR part of a Boolean function. Since the DIADES system
uses spectral methods together with the programs based on the "unate paradigm” then it
can easily handle not only functions close to strongly unate but also strongly not-unate
ones as well. The decomposition of Boolean functions with both pre- and post- linear
parts by spectral means leads to highly testable circuit realizations that can be efficiently
implemented in several technologies (LHS501 from Signetics, 2000 Logic Cell Arrays
from Xilinx, and other EPLDs with EXOR gates). Cufrently only spectral methods allow
for this kind of decomposition [15], [16].

This Dissertation covers the fundamental background information on orthogonal
transforms and their use in generating spectral data of logical functions. The conven-
tional binary data, exemplified by Boolean expressions, or truth tables, may be
transformed into the spectral domain, yielding coefficients which may represent some
global information on the function or functions being considered. This is in contrast to
the conventional functional domain, where the information concerning the overall func-

tion or functions is available from an isolated item of data.

In digital logic design, spectral techniques have been used for more than thirty
years. They have been applied to Boolean function classification [17], [21], [22], [34]
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and {35], disjoint decomposition [22], [47]-[49] and [51], parallel and serial linear
decomposition [15], [16], [21]-[23], [48] and [49], spectral translation synthesis (extrac-
tion of linear pre- and post-filters) [16}], [22]-[25], [27], [48], and [49], multiplexer syn-
thesis [22] and [29], prime implicant extraction by spectral summation [22], [25], [27]
and [28], threshold logic synthesis [15], [17], and [21], logic complexity {15] and [52]
and state assignment [15] and [50]. Spectral methods for testing of logical networks by
verification of the coefficients in the spectrum have been developed {201, [22], [23], [25],
[30]-[33], [36], [45] and [46]. It should be stressed that an important problem of finding
the complement of a Boolean function that has high complexity in the Boolean domain
[3] and [44], can be solved very easily in the spectral domain because complementing the
Boolean function corresponds to changing the sign of every spectral coefficient [21],
[22]. Tautology of a Boolean function can be verified by calculating a certain coefficient
(dc coefficient). The problem of constructing optimal data compression schemes by
spectral techniques has also been considered. The latter approach is very useful for
compressing test responses of logical networks and memories [23], [25], [45] and [46].
The renewed interest in applications of spectral methods in logic synthesis is caused by
their excellent design for testability properties and the possibility of performing the
decomposition with gates other than the ones used in classical approaches [15], [48]-[50]
and [52].

Two design automation systems have used spectral methods as the tool for
designing of digital circuits [14], [16], [48], [49], and [52]. Computation of the spectrum
is a complex operation that requires, in the general case, n2" operations of
additions/subtractions when the Fast Walsh Transform [24] is used and the Boolean func-
tion has » input variables. In order to store the calculated spectrum 2" memory locations
are required [22], [24]. The SPECSYS (for SPECtral SYnthesis System) developed at
Drexel University on a VAX 11/780 uses the Fast Walsh Transform [24] for the calcula-

tion of the spectrum and can process Boolean functions having only 20 input variables
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[16] and [48]. The DIADES design automation systern developed at Portland State

University [14] does not have any limit on the number of input variables of Boolean
functions that can be processed and uses the methods described in this Dissertation for

the generation of spectral coefficients of Boolean functions.

The following orthogonal transforms are discussed in this work: Walsh, Reed-
Muller, Adding, and Arithmetic. All the above transforms can be calculated by either of
the two methods introduced in this Dissertation. The first method for the generation of
spectra explains the links between classical and spectral methods. The second method is
based on the disjoiﬁt cube representation of Boolean functions. In this dissertation, the
main emphasis is placed on the efficient computer calculation of the Rademacher-Walsh
spectrum of Boolean functions since this particular ordering of the Walsh transform is
most frequently used in digital logic design [17], [21]-[24], and [51]. However, the
methods presented are of a general nature, and therefore they can be applied easily not
only to all new orthogonal transforms introduced in this Dissertation but also to any

future orthogonal transforms of Boolean functions.

In this Dissertation two new methods for the calculation of the Rademacher-
Walsh spectrum of incompletely specified Boolean functions are shown. Both methods
presented can calculate a Walsh spectrum of any ordering since the algorithms are
independent of the ordering of the spectral coefficients. The first method, that allows
calculation of the spectrum directly from a Karnaugh map, is introduced here for better
understanding of the meaning of spectral coefficients in classical logic terms. The second

method has been implemented in the DIADES automation system [14].
This Dissertation answers many important questions concerning efficient applica-
tion of spectral methods in the computer-aided design of digital circuits. The main obsta-

cle in these applications was, up to now, memory requirements for computer systems.

By using the algorithms presented in this Dissertation this obstacle has been overcome.
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The advantages of the approach presented were possible due to new insight and
the formulation of spectral techniques. By investigating the links between spectral tech-
niques and classical logic design methods, This interesting area of research is presented
in a simple manner, by investigating the links between spectral techniques and classical
logic design methods. The real meaning of spectral coefficients in classical logic terms
(such as minterms and cubes) is shown. All the mathematical relationships between the
number of true, false and don’t care minterms, and spectral coefficients as well as

between the size of disjoint cubes and spectral coefficients are stated.

One of the drawbacks of spectral techniques is that practically all the existing
algorithms for calculating the spectral coefficients start from a Boolean function,
represented either as a list of true minterms (altemnatively - a list of false minterms) [15],
[16], [21], [22], [25], [48], and [49] or as an already minimized sum-of-products Boolean
expression [22] and [33]. The algorithm presented in Chapter V overcomes this weakness
by representing a completely specified Boolean function as a set of disjoint cubes that
completely covers the function. By such an approach, each spectral coefficient can be
calculated separately or all the coefficients can be calculated in parallel. These advan-
tages are absent in the existing methods. The possibility of calculating only some
coefficients is very important since there are many spectral methods in digital logic
design for which the values of only few selected coefficients are needed. Some of such
cases where the entire spectrum need not to be computed are: Walsh and Reed-Muller
spectral techniques for fault detection [20], [22], [23], [25], [30]-[32], [36], [105] and
[106], spectral translation techniques for extracting core functions [21], [22], [27] and
[28], designing of multiplexer based universal-logic-modules [29], prime implicants
extraction [25] and [27], estimation of logic complexity [15], [50] and [52], and approxi-

mate implementation of logic functions [33].

Most of the current methods in the spectral domain deal only with completely
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specified Boolean functions. On the other hand, all the algorithms introduced in this
Dissertation are valid not only for completely specified Boolean functions but also for
functions with don’t cares, since don’t care minterms can be simply represented in the

form of disjoint cubes as well.

In order to use Boolean functions that are represented as arrays of non-disjoint
cubes, an additional fast algorithm to generate disjoin: cubes is presented. Use of the dis-
joint cubes representation of Boolean functions has been found advantageous in many
algorithms used in digital logic design [3], [18], [37]-[39] and [54]. A detailed descrip-

tion of cube calculus operations can be found in 3], [43] and [54].

The theory of the calculation of spectral coefficients for Boolean functions is new
for both of the methods introduced. The second method also allows for the calculation
of spectra of a system of Boolean functions. When the system of incompletely specified
Boolean functions is processed there is a restriction that all the functions in the system
are assumed to be undefined at exactly the same points (minterms of a Karnaugh map).
Optimal completion of don’t care minterms for such a system of Boolean functions, from
the point of view of a minimal number of spectral coefficients different from 0 (and by
that obtaining simpler implementation of such a system of functions), was presented in
[15]. However, this is a large restriction. The second method can process not only such
functions but any system of completely and incompletely specified Boolean functions.
Each function in the system of functions processed by the second method can have a

don’t care minterm anywhere in function’s domain.

A short description of previously known properties of the classical Rademacher-
Walsh transform when such a transform is applied to Boolean functions should make this
Dissertation self-sufficient. All properties regarding incompletely specified Boolean
functions are new. The formal proofs of these new properties by mathematical induction

are trivial and therefore cmitted.
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The choice of a suitable transform for a given application is an important task for
a designer who uses spectral techniques to design digital circuits. This Dissertation shows
that by using the two concepts of "ordering” and "polarity" and by applying some new
mathematical matrix operations, previously known transforms can be generalized and
some new transforms can be created. The generalized transforms allow decomposition
of logic functions described in terms of corresponding spectral coefficients calculated for

orthogonal transforms with any ordering and polarity.

A systematic analysis of the concepts of ordering and polarity allowed the author
to introduce the following transforms and to generalize the concept of some existing
ones: Generalized Walsh Transforms for any ordering, two Walsh Transforms in Gray
Code Ordering, Generalized Arithmetic and Adding Transforms for any ordering, and

Generalized Reed-Muller Transforms for any ordering.

Spectra of Boolean functions of all of the above transforms can be calculated by
either of the two methods introduced in this Dissertation. For all but one of the above
transforms there exists an appropriate Fast Transform, and therefore the Fast Transform
methods based on Good’s concept of fast Fourier transform [64], [82] and {88] can be
used also for the calculation of spectral coefficients. While introducing the concept of
Generalized Arithmetic and Adding transforms, the author confined himself to the
mathematical consideration of only elementary radix-2 matrices composed of only ele-
ments 0, 1 and -1. It is however obvious, that the elementary radix-2" matrices, where n
is an arbitrary integer number can be a basis for the generation of other Generalized
transforms. Which of the transforms generated in such a way have potential usefulness
should be a topic of further investigations. During the research on new transforms, the
author introduced some elementary operations on matrices: the vertical, horizontal and
joint vertical - horizontal transformations and the bi-symmetrical Pseudo Kronecker pro-

duct that is different from the Pseudo Kronecker product in the reference [55]. The same
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name is a coincidence because the author was not aware of the name used in the refer-
ence at the time of the introduction of new operator [111]. It is interesting to note that it
is possible to apply the new operators to other families of orthogonal elementary radix-2
matrices by what the alternative orthogonal and some not-orthogonal transformations can

be created.

Here is a list of the chapters and a brief description of their contents, to establish a

perspective on the Dissertation’s presentation:

Chapter II: An introductory survey of discrete Walsh transforms. Examples of Walsh

transforms with different orderings are shown.

Chapter HI: Gives basic properties of Walsh transforms when they are applied to
Boolean functions. Describes the important notion of standard trivial functions. Shows
R and S coding of Boolean functions. Provides all of the relationships for Walsh spectra
in both codings. Expresses values of spectral coefficients in terms of numbers of dif-
ferent types of minterms. Describes the first method of calculaton of Walsh

transforms. Builds bridges between spectral and classical approaches to logic design.

Chapter IV: Introduces Walsh transforms for multiple-valued input binary functions.
Describes definitions and properties of two-dimensional maps that represent multiple-
valued input binary functions. Gives all the algorithms necessary to calculate the spectral

representation that is presented for multiple-valued input binary functions.

Chapter V: Describes the algorithm that generates the disjoint cube representation of
Boolean functions. Introduces the second method of calculating Walsh spectra from the
disjoint cube representation of a Boolean function. Expresses values of spectral
coefficients in terms of disjoint cubes. Shows the calculaton of Walsh spectra for sys-

tems of Boolean functions without any restriction on the domain of such functions.

Chapter VI: Introduces generalized Adding and Arithmetic transforms for both R and §

codings. Describes new operations on matrices. Gives the properties of the new
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transforms and expresses the values of spectral coefficients in terms of a number of dif-

ferent types of minterms.

Chapter VII: Describes the algorithm that calculates a generalized Reed-Muller
transform from a disjoint cube representation of a Boolean functions. Provides all the

basic definitions and properties of Reed-Muller spectral coeificients.

Chapter VIII: Introduces the generalized Walsh transform. Shows Adding, Arithmetic,
and Reed-Muller transforms for different orderings. Presents circuit interpretation of

spectral coefficients for different transforms.

Chapter IX: Introduces two Gray code orderings for Walsh transforms. Describes new
operators on matrices: vertical mirror transformation, horizontal mirror transformation,
vertical - horizontal mirror transformation and bi-symmetrical pseudo Kronecker pro-
duct. Gives Fast Walsh transform for one of the introduced orderings. Presents constant

geometry iterative architecture for Gray code ordered transform.

Chapter X: Conclusions reached.



CHAPTER II
PROPERTIES OF DISCRETE WALSH TRANSFORMS

I1.1 RELATIONS BETWEEN DISCRETE FOURIER AND WALSH TRANSFORMS

The decomposition of continuous time signals into sums of sinusoids (The
Fourier Transform) has been shown to be very important for studying of linear time-
invariant systems [88]. This is a significant process because the response of a linear
time-invariant system to a sinusoidal input is also a sine wave of the same frequency, but

generally, with a different amplitude and phase.

Suppose that the signals considered are discrete time periodic or non-periodic
functions. Such functions are of special interest to us because Boolean functions and their
extensions to multiple-valued logic can be regarded as non-periodic functions. It has
been shown that the Discrete Fourier Transform (DFT) is particularly suitable for
describing phenomena related to a discrete time series [88]. Since the DFT is directly
related to the Fourier Transform, many. of the properties of the DFT are parallel to the
properties of the Fourier Transform. The properties of the DFT and relationships between
the DFT and the Fourier Transform are presented in [88]. The Fast Fourier Transform
(FFT), a computational algorithm that reduces the number of multiplications and addi-

tions required for determining the coefficients of the DFT is also described in the same

reference.

A number of linear transformations exist that have the form of the one-

dimensional discrete Fourier transform relations. Such transformations can be written in

the form [88]
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where a(k, i) is the forward transformation kernel and b (k, i) is the inverse transforma-
tion kernel. In the case of the DFT, the functions a(k,i) and b(k,i) are
exp(-2nkij/N) and exp(2mk i j/N ), respecively. In all the equations,
j2=-1, N is the number of samples (an even number), and f (k) is a sequence of N
samples. The interval of { from 0 to N — 1 describes a finite time window for which the

data sequence is available.

Another transformation pair of interest that is of this general type is the Walsh
transformation. In the case of Boolean functions, i.e., functions on a two element field

0,1, the transformation kernel can be defined as

a, (k,i)=exp(2mkij/2)=(-1)i=%1 (1.3)
when k£ =0 or k = 1. The subscript w denotes a kernel that describes Walsh functions.
The above kernel can be regarded as a generic kernel (i.e., a kernel that generates orthog-
onal functions for a given ordering) of the Walsh transformation when it is compared to
the kernels of Walsh transformations in Hadamard or Kaczmarz orderings [88]. Each
ordering of the Walsh transform differs from the others by the order in which spectral
coefficients corresponding to a given ordering are generated. The kernels for chosen ord-
erings of Walsh functions will be presented later. When multiple-valued logical func-
tions are considered then the generic kernel of orthogonal Chrestenson functions is
obtained from Equations (I1.2 and I1.3) {15]. Since the interest of the author is only in the
orthogonal transformations that can be used for Boolean and multiple-valued input logi-
cal functions the Chrestenson functions used for multiple-valued input multiple-valued

output functions are not discussed. The interested reader can find more information on

these other functions in reference [15].
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1.2 WALSH FUNCTIONS

Walsh functions form a complete set of orthogonal functions in the interval [0, 1].
The advantage of a Walsh function expansion over other orthogonal expansions is that
Walsh functions have only + 1 values and multiplication by a Walsh function involves
only algebraic sign assignment. Since the functions have only two values + 1 then they

can be easily generated by digital circuits.

Due to the binary nature of Walsh (and related) transforms, these transforms have
an advantage over the Fourier transform because of their computational simplicity. That
is, the transform matrices are made of only * 1 values and the required computations in
any digital signal processing application are only additions and subtractions. The result-
ing hardware implementation of such transforms is relatively simple [57], [65] and [80].
An example of such a hardware realization for Walsh transforms in Gray code ordering,
newly introduced by the author, are presented in Chapter IX. These general properties of
Walsh and related orthogonal transforms have made them of interest to scientists in many
fields: image processing [56], [77], [82], [117] and [118], signal coding [24], [64], [69]
and [88], filter design [120], imaging in spectroscopy and astronomy [116] and [117]-
[119], telecommunication [24] and [69], statistical analysis [76], digital control systems

[115], associative memory systems [121], and many other areas.

The basic properties of the spectral Walsh coefficients of Boolean functions are
given in Chapter IIl. The Walsh functions may be presented in different orderings. The
mutual relationships between different orderings of discrete Walsh functions are shown
in Chapter IX. The Walsh functions are not sinusoidal nor do they possess the notion of
frequency in any conventional sense. However, the functions cross the zero axis, and as
an analog to frequency, the term "sequency" has been introduced by Hartmuth [69]. The

comparison of sequencies for different Walsh transform ordering is done in Chapter IX.
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Figure 1. Kaczmarz ordered Walsh functions.
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It is possible to apply different approaches to the definitions of Walsh functions

[64] and [88]. For example, Walsh functions can be defined recursively or in the terms of
Rademacher functions {15], {64] and [88]. However, the Walsh functions in any order-
ing comprise block waves (changing between +1 to —1) over the interval [0, 1].
Because Walsh functions form an orthogonal set, they are useful in creating additional
transforms in the same way that sine and cosine functions are useful in a number of

transforms.

Let us consider the Kaczmarz ordered Walsh functions shown in Figure 1. If
these functions are sampled at the designated 8 =23 points (more generally at N = 2"
points) then the 8 x 8 matrix is obtained. This matrix is shown in Figure 2, which shows

only the signs (all of the amplitudes are equal to 1).

Ol+ + + + + + + +
i+ + + + - - - -
20+ + - - - - + +
31+ + - - + - -
4 |+ - - + - -+
51+ - - + - + + -
6 |+ - S
7L+ - - 4+ -+ -

Figure 2. Values of the Kaczmarz ordered Walsh transform.

All rows (or columns) in this matrix are mathematically orthogonal to each other. The
matrix represents discrete Walsh-ordered functions. The one-dimensional kernel for this

function is as follows [15], [64], and [88]:

)'gp, ®a @)

a, (k,i)=(-1 (I1.4)
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where
qo(i)=pr-1(i)
q1(i)=p, -1 (i )+pr_2(i)
q2(i)=p,—2(i)+p,r-3(i)
gr-1(i)=p1(i)+po (i)
and where the arguments of p, (k ) and ¢, (i ) are written in straight binary code, with

the value of p, (i )equal to the r—th bit in the binary code of i . In particular, the Walsh

transformation in Kaczmarz ordering is written explicitly as:

AGTAC

F (i)=Nk§_blf(k) (-1) (IL5)

. Spe ()4 ()
f@=4"5 Fo) (- O @)

Example I1.1:

The element a,, (4, 3) of the matrix shown in Figure 2 can be calculated using Equation

(I1.4) (notice that r = 3) as follows:

ez (r =3)=(~ 1)26"' O@ O ()P 2 +p1® 013 +pa® 23] =
(= DLPoAA) p203) +p1(4) [P23)+p1(3) ] +p24) [P1(3) +P0(3)]]

The values of p, (k) are as follows:

po(4) =po(100) =0; p3(4) =p(100) = 0; p2(4) =p2(100) = 1;
Po(3)=po(011)=1;p1(3)=p1(011) = 1; p2(3) =p2(011) =0
Therefore, the value of the element considered is:

Qa3 (r =3)=(= DIOO+0x[0+11+1x[14+1]] = (= 12 =4 ] =+,

Figure 2 also shows that the value of the considered element is +.
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Consider now Walsh functions with Hadamard ordering as shown in Figure 3. In
fact, the Hadamard-ordered Walsh function transformations are precisely the same as the
Walsh function transformation described by the Equations (II.5) and (I1.6). The only
difference is the way in which the values for £ and i are written. For each & and i, the
straight binary code is written first, as it is with the Walsh-ordered functions. Next the
binary forms are bit reversec and then the Gray code conversion of the bit reversed

number is used.

When the Hadamard-ordered Walsh functions are sampled in 8 equal samples, an

8 x 8 matrix is obtained as shown in Figure 4.

K

+ +
[}
+
[}

+
'
+ o+
+ + + +
+
'
.

t
1
+
1

N N W AW N —=O

Figure 4. Hadamard ordered discrete Walsh transform.

Notice the presence in this matrix of an array of second order matrices (one of the sub-
matrices has a simple change of the sign). The second order Hadamard matrix H, can be
used to construct recursively any higher order matrices (of order 2xN ). This is done by
taking the Kronecker product of the elementary second order H, matrix with the same

matrix. The details of the Kronecker product operation are explained in Chapter IX.

The basic properties of other commonly used Walsh orderings are discussed in
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Chapter IX. The Walsh functions can also be defined by the sets of other related orthog-

onal functions. S. Kaczmarz developed the definition of Walsh functions by using only
Haar functions [15]. R. Paley defined the Walsh functions using Rademacher functions
[64]. By investigating different orderings and definitions of Walsh functions, the author

introduced two new orderings of Walsh functions that are presented in Chapter IX.

Walsh transform calculations can be presented in forms analogous to FFT calcu-
lations. All the Fast Walsh Transform algorithms use a Cooley-Tukey type data flow
graph [64]. The reader can find these fast flow graphs in [24], [56], [64] and [88]. The

fast flow graph for the transform introduced by the author is presented in Chapter IX.



CHAPTER I

ESSENTIAL RELATIONS BETWEEN CLASSICAL AND SPECTRAL APPROACHES
TO ANALYSIS, SYNTHESIS, AND TESTING OF COMPLETELY
AND INCOMPLETELY SPECIFIED BOOLEAN FUNCTIONS

II1.1 DESCRIPTION

Some necessary background information on Rademacher-Walsh transforms is
presented in this Chapter. This particular ordering of Walsh transforms is frequently used
for logic design. However, the new method presented by the author in this Chapter can
calculate the Walsh spectrum for any ordering since the method is independent of the
ordering of the spectrum. An investigation of the links between spectral techniques and
classical logic design methods yields a simple presentation of this interesting area of
research. The real meaning of the spectral coefficients from R and S Walsh spectra in
classical logic terms is shown. Moreover, two algorithms are shown for easy calculation
of spectral coefficients, for completely and incompletely specified Boolean functions, by
handwritten manipulations directly from Kamal;gh maps. All mathematical relationships
between the number of true, false and don’t care minterms and the Walsh spectral
coefficients are stated. A number of examples are given which should help to introduce
these ideas to engineers working in the areas of test generation and logic design automa-
tion. The use of complicated mathematical formulas, so typical in articles on the subject,
is minimized in this presentation. This is iﬁportant, since unfortunately up to now
unfamiliarity with the mathematical side of the spectral approach seems to be too great a

hurdle to overcome for finding a fruitful place for practical applications of these ideas.
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I11.2 BASIC PROPERTIES OF RADEMACHER-WALSH SPECTRUM

The Rademacher-Walsh spectra S and R of an n-variable Boolean function are
alternative canonical representations of the Boolean function. Other related canonical
descriptions of Boolean functions are: the Adding and Arithmetic forms (Chapter VI),.
and the Reed-Muller form (Chapter VII). The latter form is, however, a canonical

representation of only completely specified Boolean functions.

The Rademacher-Walsh spectrum S is formed as the product of a 27 x 2%
Rademacher-Walsh matrix T and a 2" vector representation, M of a Boolean function F.
When the Boolean function is represented as a truth table of all minterms, M will be
either the <+1, -1> vector representation of the truth table for a completely specified
Boolean function, or the <+1, 0, -1> vector representation of the truth table for an incom-
pletely specified Boolean function [15], [21], [22], [24], [25] and [32]. In the coding
scheme the conventional <0, 1, -> values (false, true and don’t care minterms)
correspond to <+1, -1, 0> codings, respectively (‘-’ stands for ‘don’t care’). This type of
coding of the truth vector is called the S coding, and the coded truth vector is denoted by
M. The values of the minterms in the original truth vector and the coded vector M are
ordered according to the straight binary code of variables describing the minterms. For
example, the first entry in the vector is the logical value of the minterm that is described
by all negated variables (minterm 0), the second entry in the truth vector is the logical
value of the second minterm that is described by all but x; negated variables, etc. The
Rademacher-Walsh matrix T represents the Walsh functions in Rademacher ordering.

The rules for recursive generation of such matrices are described in [15].

The Rademacher-Walsh spectrum R results from another coding of the truth table
of a Boolean function with the conventional <0, 1, -> values corresponding to <0, 1, 0.5>
respectively. This Rademacher-Walsh spectrum is called the R spectrum and this type of

coding is called R coding. The relationships between the spectral coefficients of the S
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and R spectra are given later in this Chapter.

Besides the matrix method presented in this Chapter, recursive algorithms, data
flow-graph methods and parallel calculations, similar to the Fast Fourier Transform, have
also been used to calculate the Rademacher-Walsh and other related transforms [22],
[24], [25] and [51]. All of the methods that have been mentioned reduce the necessary
number of calculations from nxn to nxlog; n, but they still require excessive computer
memory. They also have some undesirable properties that are overcome by using the

second spectrum calculation method which will be introduced in Chapter V.

The principal properties of the coefficients of the S spectrum for completely
specified Boolean functions are shown below. The Properties derived from the fo.r well
known Walsh type transform matrices are taken from references [15], [21], [22], [24] and
[25]. Properties II1.4, 1.7, II1.9-T11.13, I1.16 and I1.17 are new.

II.1 The transform matrix of each ordering of the Walsh functions is complere and
orthogonal , therefore, there is no information lost in the S and R spectra, con-

cerning the minterms of the Boolean function F.

II.2 Only the Hadamard-Walsh matrix describing the Hadamard-Walsh transform has
the recursive Kronecker product structure. Other possible variants of the Walsh
transforms, described by the corresponding matrices, are known in the literature
as the Walsh-Kaczmarz, Rademacher-Walsh, and Walsh-Paley transforms.

I0.3 Only the Rademacher-Walsh matrix is not symmetric; all other variants of Walsh
matrices are symmetric, so that, disregarding a scaling factor the same matrix can

be used for both the forward and inverse transform operations.

II.4 Each spectral coefficient s; or r; is described by its order, subindices and magni-
tude . The order of the spectral coefficient is equal to the number of subindices,
and the subindices are the subscripts of all variables of a standard trivial function

corresponding to the coefficient. The magnitude of a spectral coefficient is its
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value. In the following material i, j, k denote subindices, and the order is

denoted by 0.

When the classical matrix multiplication method is used to generate spectral
coefficients for different Walsh transforms (different T matrices represent dif-
ferent Walsh functions with different orderings), the only difference in the result
is the ordering of the spectral coefficients. The coded vector M is the same for
all orderings of the Walsh functions. The values of the coefficients s; and r; with

the same subindices are the same for every ordering of the Walsh transforms.

Each spectral coefficient (either s; or r;) gives a correlation value between the
Boolean function F and a standard trivial function u; corresponding to the
coefficient. The standard trivial functions for the spectral coefficients are, respec-
tively: for the dc coefficients (direct current coefficients) sy or r; (I =0) - the
universe of the Boolean function F denoted by ug; for the first order coefficients
s;orr; (I =i,i#0) - the variable x; of the Boolean function F denoted by u;;
for the second order coefficients sy (I =ij, i #0, j #0, i #J) - the Exclusive-OR
function between variables x; and x; of the Boolean function F denoted by u;;;
for the third order coefficients sy or ry (I =ijk, i #0, j#0,k#0,i #j,i =k,
J #k) - the Exclusive-OR function between variables x;, x;, and x; of the

Boolean function F denoted by u;j; etc.

The number of spectral coefficients of z—th order is equal to CZ = [’zzJ , where n is

the number of variables of a Boolean function.

For a completely specified Boolean function the maximal value of any individual
spectral coefficient s; is + 2" and the minimal value is ~ 2”. This happens when
the Boolean function F is equal to either a standard trivial function u; (sign +) for
the maximal value or to its complement (sign -) for the minimal one. In either

case, all the remaining spectral coefficients have zero values because of the
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orthogonality of the transform matrix T'.

The maximal value of any spectral coefficient r; except rg is +27 1 and will
result when the Boolean function F is equal to complement of a standard trivial
function #;. The minimal value is —2” ~1 and will result when F is equal to a
standard trivial function u;. In either case, all the remaining spectral coefficients

have zero values because of orthogonality of the transform matrix T .

For an incompletely specified Boolean function the maximal value of any indivi-
dual spectral coefficient s; is +2” — 1 and the minimal value is —2" + 1. This
happens when the Boolean function F is equal to either the standard trivial func-
tion, for the maximal value of 57, or to its complement for the minimal value, in

all but one of the minterm.

The maximal value of the rg spectral coefficient is + 27 and will result when the
Boolean function F is tautology. The minimal value is ~ 2" and will result when
F is equal to the complement of the tautology. The tautology is the logical func-

tion for which all the minterms are true.

When for more than half of spectral coefficients, of any completely specified
Boolean function F the majority of the minterms have the same logical values as
the minterms of standard trivial functions the sum of all of the coefficients of the
S spectrum has a maximal value equal to +2". When for more than half of spec-
tral coefficients the majority of minterms of F have the complemented logical
values to the minterms of standard trivial functions the sum of all of the

coefficients of the S spectrum has a minimal value equal to — 2.

For any incompletely specified Boolean function the sum of all of the spectral

- coefficients of the spectrum S has a maximal value of +2* — 1 and a minimal

value of — 27 + 1. The maximal or minimal value happens when the Boolean

function has exactly one don’t care minterm and all the spectral coefficients and
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minterms follow the rule from Property II.12.

Every standard trivial function uy, except g, corresponding to an n variable
Boolean function F has the same number of true and false minterms, equal to
2n -1,

For each true minterm the coefficients from the spectrum S are: 5o =2" -2, and
all remaining 2" — 1 spectral coefficients sy are equal to £ 2. The way of choosing
the signs of spectral coefficients is defined in Chapter V (Properties V.6 - V.8).
The spectrum S of each false minterm is given by sy = 0.

For each don’t care minterm the coefficients from the spectum S are:
sp=2n~1-1, and all of the remaining 2* ~ 1 spectral coefficients s; are equal to

+ 1. The way of choosing the signs of spectral coefficients is defined in Chapter V
(Properties V.6 - V.8).

Example I11.1:

An example of the calculation of the Rademacher-Walsh spectrum S of a four variable

completely specified Boolean function is shown in Figure 5. The matrix T describes

discrete Walsh functions in Rademacher ordering. The coded truth vector M represents

the values of minterms of a Boolean function in the S coding. For this example, the func-

tion from Figure 7 is used.
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Figure 5. Calculation of Rademacher-Walsh S spectrum of completely specified function.

Example Il 2:

An example of the calculation of Rademacher-Walsh spectrum S of a four variable

incompletely specified Boolean function is shown in Figure 6. In this example, the func-

tion from Figure & is used. One can notice easily, that the first entry in the vector M has

value O since it corresponds to the logical value don’t care of the minterm described by

all variables negated on the Karnaugh maps of Figure 8. Since the Boolean function has

only one don’t care minterm, all other entries in the vector M are either + 1 or — 1.
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T M S

111111111111 1111][]O0 -9 |Isg
1111111 1-1-1-1-1-1-1-1-1]}-1 -1 sy
111 1-1-1-1-11111-1-1-1-1]]-1 55
1 1-1-111-1-111-1-111-1-1|]-1 5
1-1 1-1 1-1 1-1 1-11-1 1-11-1[] 1 51
111 1-1-1-1-11111-1-1-1-1{]-1 -5 |53y
1 1-1-111-1-1-1-111-1-111]]-1 -1 {5y
1-1 1-1 1-1 1-1-1 1-1 1-1 1-1 1]}-1 [=] 3 [s5
1 1-1-1-1-1 111 1-1-1-1-111(]1 3 |54
1-1 1-1-1 1-111-11-1-11-1 1]|1 -1 [sq3
1-1-1 1 1-1-111-1-111-1-11][]-1 3 sy
1 1-1-1-1-111-1-11111--1]]-1 -5 |5p34
1-1 1-1-11-11-11-111-11-1[]-1 -1 {5934
1-1-1 1 1-1-11-111-1-111-]]-1 3 {8504
1-1-1 1-111-11-1-11-111-1]{}-1 -1 {5193
1-1-1 1-111-1-111-11-1-1 1{]-1 -1 {51934

Figure 6. Calculation of Rademacher-Walsh S spectrum of incompletely specified function.

II1.3 LINKS BETWEEN SPECTRAL AND CLASSICAL LOGIC DESIGN

A method of calculating Chow parameters, that are used in the classification of
linear logical functions was shown in [23]. The method was stated only for completely
specified Boolean functions. It was based on the computation of the number of agree-
ments minus the number of disagreements between the values in the truth table of a
Boolean function rewritten to S coding and the values of each successive row of the
Rademacher-Walsh matrix T. Due to the relationships between the Chow parameters
and Rademacher-Walsh spectral coefficients [22], [23] and mutual relationships between

both spectra § and R stated for completely specified Boolean functions in [22], the same
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method can be applied for finding spectral coefficients of only completely specified
Boolean functions. However, the agreement - disagreement method, that is suitable for
hand calculations, takes into the consideration all 2* combinations of values of » vari-

ables of a Boolean function which number is equal to 27.

A similar method for hand calculation was proposed in [51]. The advantage of
this approach is that only one half of all the combinations of » variables of a Boolean
function has to be considered. Thus, the speed of this proposed technique is at least
twice the speed of the agreement - disagreement method. However, this method has been
presented only for completely specified Boolean functions and only for the spectrum S
(which was erroneously denoted by the symbol R in [51]). Due to mutual relationships
between both spectra this method can be easily extended for the calculation of the R
spectrum. In this Chapter, all possible relationships between spectral coefficients from
both spectra and classical logic terms are stated. Moreover, for the first time these rela-
tionships are presented not only for completely specified Boolean functions but for
incompletely specified Boolean functions as well. The latter problem has been solved by
the author for both § and R spectra. It has also been checked that the relationships that
bind both these spectra together (equations IIL.4 and IILS) are still valid for tne spectra
calculated for incompletely specified Boolean functions. By expressing spectral
coefficients through different formulas (what has never been done thoroughly even for
completely specified Boolean functions) one is able to calculate the spectral coefficients

from different available data what makes the methods more flexible.

Let us show more clearly the meaning of r; and s; spectral coefficients in classi-

cal logic terms. Moreover, let us expand our considerations for incompletely specified

Boolean functions as well.

The following symbols will be used in the equations. Let a; be the number of

true minterms of a Boolean function F, where both the function F and the standard
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trivial function u; have the logical values 1; let b; be the number of false minterms of the
Boolean function F, where the function F has the logical value 0 and the standard trivial
function u; has the logical value 1; let ¢; be the number of true minterms of the Boolean
function F, where the function F has the logical value 1 and the standard trivial function
uy has the logical value 0; let d; be the number of false minterms of the Boolean function
F, where both the function F and the standard trivial function #; have the logical values
0, let ¢; be the number of don’t care minterms of the Boolean function F , where the stan-
dard trivial function u; has the logical value 1, and let f; be the number of don’t care
minterms of the Boolean function F, where the standard trivial function u; has the logi-

cal value 0.

Then, for completely specified Boolean functions having » variables, the follow-

ing formulas hold for all but the s and rq spectral coefficient (whenI #0) :

ar+by+c+dp=2n (1I1.1)

and

a+by=cr+dy=2n"1 (11.2)

For the 5s¢ and r spectral coefficients (when/ =0) :

ar+by =2 (1I1.3)
as ¢y and dy are both zero.
The relationships between both spectra R and S are as follows [22]:

ro=- (2" =50 (OL4)

and
rp=— -%- sy (IIL5)
when I #0.

Accordingly, for incompletely specified Boolean functions, having n variables, the fol-

lowing formulas hold for all but the s and rq spectral coefficient (when #0) :
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ar+br+cr+dr+e +fy=2n (111.6)

and

ar+byte=cr+dr+fy=2n"1 {17

For the s ¢nd r spectral coefficients (when =0) :

ar+by+e=2" (1I1.8)

as ¢y, 4y, and f; are all zero.

Subsequently, relations (III.1-I11.8) are used, where necessary, to derive different

alternative expressions for spectral coefficients and the final formulas are presented.

The sy spectral coefficient (when I =0) for completely specified Boolean functions can

be defined in the following altemative ways:

s =2"~-2aq (1IL.9)

or
s§;=2by—-2n (I1.10)

or
s;=br —ap (OI.11)

The 57 spectral coefficients (when I % 0) for completely specified Boolean functions can

be calculated according to any of the following formulas:

s;=2(ar+dp)-2" (I.12)

or
sp=2"=2(br+cy) (1II.13)

or
sr=2(ar—-c¢cy) (I1.14)

or
s;=2(dy—=by) (1.15)

or
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sr=(ar+d;)—(br+cy). (1II.16)

Similarly, for completely specified Boolean functions having » variables, the 7;
spectral coefficient (when I =0) can be defined in three ways from equations (IIL.9-
I0.11) by using the relationship of equation (IIL.4). The r; spectral coefficients (when
I #0) for completely specified Boolean functions having n variables can be defined in

five ways from equations (III.12-II1.16) by using the relationship of equation (I1.5).

Let us now expand our considerations for incompletely specified Boolean func-
tions having n variables. Then, the s; spectral coefficient (when I = 0) can be defined in

the following alternative ways:

sp=2"-2qa; ~¢ L7

or
Sy =2by+e =20 (I1.18)

or
sy=br —ay (111.19)

The s; spectral coefficients (when I  0) for incompletely specified Boolean functions

can be calculated according to the following formulas:

s;=2(a;+d;)+e +fr—2n (120}

or
s;=2"=2(br+cy)=(Cer+f1) (I1.21)

or
sr=2(ar~cr)+er —fr (111.22)

or
S1=2(dr—-br)+fr—e (I1.23)

or

s;=(ar+dr)—(by+cy ). (II1.24)
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Similarly, for incompletely specified Boolean functions having n variables, the r;
spectral coefficient (when / =0) can be defined in three ways from equations (II.17-
I11.19) by using the relationship of equation (IIl.4). The r; spectral coefficients (when
I = 0) for completely specified Boolean functions having n variables can be defined in

five ways from equations (II1.20-1I1.24) by using the relationship of equation (IIL.5).

Here, it is interesting to note the following properties of the above equations.
First, equations (1.4} and (II1.5) are valid for spectra calculated for both completely and
incompletely specified Boolean functions. Secondly, formulas (III.11) and (II.19) for
the calculation of direct current (sg) and comresponding formulas for the calculation of
the rg coefficient are exactly the same for both, completely and incompletely specified
Boolean functions. The same phenomenon occurs in formulas (IT1.16) and (II1.24) and in
the corresponding formulas for the calculation of the r; (when I #0) spectral
coefficients. A number of don’t care minterms ¢; and f; are eliminated from these for-

mulas.

Of course, this does not mean that the spectral coefficients for incompletely specified
Boolean functions do not depend on the number of don’t care minterms. They do, but this

dependence is included in the formulas (II1.6-1I1.8).
Example II1.3:
As a numerical example, consider a four variable completely specified Boolean function

for which all standard trivial functions and the values of all corresponding ay, d; are

given in Figure 7. This is the same Boolean function that was used in Example III.1.
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Figure 7. Standard trivial functions for completely specified Boolean function.
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Then, according to equations (III.9) and (III.12) the spectral coefficients sy for this func-
tion are as follows:

sg=16-14=2,5,=18-16=2,

§2=18—-16=2,53=18-16=2,

§4=22-16=6,517=18-16=2,

s13=10-16=-6,514=22-16=6,

§3=10-16=-6,54=14-16=-2,

§33=22-16=6,5123=18-16=2,

5124=14-16==2,5134=14~-16=-2,

5934=22-16=6,51234=14-16=~-2.
As can be seen from the above example the graphical method can generate spectral
coefficients of Walsh functions in any ordering, or only some subset of them. The spec-
tral coefficients obtained have exactly the same values as the ones obtained for this

Boolean function by using the classical matrix multiplication method (Figure 5).

Example 111 4:

As a numerical example, consider a four variable incompletely specified Boolean func-
tion for which all standard trivial functions and the values of all corresponding ay, 4, ¢;,

and fy are shown in Figure 8. This Boolean function was used previously in Example

m.2.
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Figure 8. Standard trivial functions for incompletely specified Boolean function.
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According to equations (III.17) and (I1.20) the s; spectral coefficients for this function
are as follows:
50=16-24-1=-9,5;=18+1~16=3,
§2=22+1-16=7,53=184+1-16=3,
S4=14+1-16=-1,512=18+1-16=3,
s3=14+1-16=-1,514=18+1-16=3,
$sp3=18+1-16=3,54=14+1~16=~1,
§34=10+1-16=-5,513=14+1-16=-1,
$124=18+1-16=3,5134=14+1~16=-1,
§734=10+1-16=-5,51234=14+1-16=-1.

The spectral coefficients obtained have exactly the same values as the ones obtained for
the same Boolean function by using the classical matrix multiplication method (Figure
6).

The relations that have been determined in this Chapter allow the derivation of

many properties of spectral coefficients that are important in their applications in the

analysis and synthesis of logic circuits.



CHAPTER IV

WALSH TYPE TRANSFORMS FOR COMPLETELY AND
INCOMPLETELY SPECIFIED MULTIPLE-VALUED
INPUT BINARY FUNCTIONS

IV.1 DESCRIPTION

A multiple-valued input binary function is an extension of a Boolean function.
Multiple-valued input binary functions find several applications in logic design, pattern
recognition, and other areas {38], [39] and [99]-[102]. In logic design, they are primarily
used for the minimization of PLAs that have 2-bit decoders on the inputs [5], and [100].
A PLA with r-bit decoders implements directly a sum-of-products expression (SOPE) of
a 2r-valued input binary function. As shown in [5], every set of m Boolean functions,
where each of them has n binary variables, can be represented as a n + 1 multiple-valued
input binary function with n binary inputs and one m-valued input. Thus, the standard
logic minimization problem for multiple-output functions can be seen as a multiple-

valued minimization problem.

The choice of an orthogonal transform for a given problem is very important
since it affects the complexity of the calculations in the spectral domain as well as the
calculation of the forward and inverse transforms. Currently, the main tools that are used
for Boolean and multiple-valued (input as well as output) functions are the following
transforms : Walsh, Chrestenson, Haar, Watari, polynomial Fourier transform, number-
theoretic transform and the generalized discrete Fourier transform [15], [24] and [25]. In

general, the interpretation of the spectral coefficients, except for Walsh, of the above
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transforms is cumbersome or impossible. Only the Walsh spectrum, that can be applied
for Boolean functions, has an interpretation in classical logic terms. The Walsh spectral
coefficients can be calculated either from the minterms (Chapter IIT) or the disjoint cube
representation (Chapter V) of the function. Special transforms for multiple-valued input

binary functions have never been proposed.

In [39] the Mixed-Radix Exclusive Sum of Products concept was introduced for
multiple-valued input binary functions. This points out the usefulness of multiple-valued
generalizations of Reed-Muller transforms. Similarly, in this Chapter, Walsh-type spectra
for multiple-valued input binary functions are proposed. There are two Walsh spectra for
Boolean functions, S and R (Chapter III). Conventionally, the first spectrum, S, is used
for analysis and synthesis of Boolean functions while the second one, R, is used in the
design for testability of digital circuits [22]. It should be noticed, however, that each of
these spectra can be used interchangeably since they are linearly related by Equations
(III.4) and (IIL.5). One can expect similar applications of the transforms S and R

transforms introduced here for multiple-valued input binary functions.

The author’s main reason for the introduction of such type of new transforms was
for the author the requirement of developing the transform which has a minimal number
of coefficients and an easily understood interpretation. This Chapter introduces a new

approach to spectral methods. First, the transform for a binary function of n multiple-
valued variables is a vector of [’2’] partial transforms of all pairs of these variables what

minimizes the necessary spectral information to be kept about the function (partial
coefficients). Secondly, the partial coefficients describe some global properties of the
function and can be used by themselves, as well as for generating the final coefficients.
Thirdly, the interpretation of each partial transform is given in classical logic terms (min-
terms). The values of partial spectral coefficients for completely and incompletely

specified multiple-valusd input binary functions are expressed by the number of true,
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false and don’t care minterms in the standard trivial functions corresponding to these

coefficients.

All of the investigations presented can be applied to any multiple-valued input
binary function. In the case that such a function has more than two multiple-valued vari-
ables then either the presented below approach can be applied to them or the multidimen-
sional Walsh, transform can be used [21]. The latter approach is similar to pattern

analysis and image processing and is not considered in this Dissertation.

IV.2 MULTIPLE-VALUED INPUT BINARY FUNCTIONS

A multiple-valued input binary function called a (binary function for short) is a
mapping f (X1,X2,..., X, Py XP3X,....,P, = B, where X; is a multiple-valued
variable that takes the values from the set P; ={0,1,...,p;~1}and B ={0,1,~} (
where — denotes a don’t care value ). This is then the generalization of an ordinary n-

input incompletely specified Boolean function f :B”® — B.

A literal of multiple-valued input variable X;, denoted by X,S i, is defined as fol-

lows:
s, _J1ifX;eS;
| Xt ={0 ifX;eS; av.n
where S; ¢ P;.
A product of literals, X ‘f‘ X ‘%2 yeeer X s", (k €n ) isreferred to as a product term

(also called as term for short). A product term that includes literals for all function vari-
ables X,X9,X3,...,X, is called a full term. A minterm of a multiple-valued input
binary function is a full term in which every set S; reduces to a single logical value. The
logical function has value 1 for a true minterm, value 0 for a false minterm and is not
specified for a don’t care minterm. A sum of products is denoted as a sum-of-products

expression (SOPE) while a product of sums is called as a product-of-sums expression
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(POSE).

IV.3 DEFINITIONS AND BASIC PROPERTIES OF TWO-DIMENSIONAL
MAPS FOR MULTIPLE-VALUED INPUT BINARY FUNCTIONS

Two spectral representations, S and R, are introduced in the next section for
multiple-valued input binary functions. The analogous definitions exist for Boolean func-
tions (see Chapter IIT). In order to apply new spectral representations to binary functions,
they are first represented by the set of two-dimensional maps on which the Walsh type
transforms are performed. The auxiliary algorithm allowing any multiple-valued input

binary function to be represented by a set of two-dimensional maps will be introduced.

The approach presented in this Chapter is not the only one possible for finding
new spectral representations of the multiple-valued input binary functions. For example,
instead of presenting each multiple-valued input binary function in the form of two-
dimensional maps it is possible to use high-dimensional Hadamard matrices and
transforms [56]. The approach presented however, enables the application of two-
dimensional transforms to two-dimensional maps and, as a result, each spectral
coefficient has an easy interpretation in logic terms. Moreover, the spectra can be calcu-
lated by known fast Walsh algorithms [22], [24], [25] and [56], and by the method

presented in Chapter V.

The following symbols will be used in the presentation. Let n denote the number
of different variables of a completely or incompletely specified multiple-valued input
binary function. Let p,, denote the number of different logical values that can be
assigned to any of the variables. It is obvious, that there exists only one such p,, that is
maximal for the entire set of input variables, and that each input variable can take a dif-

ferent number of logical values.

The following properties are valid for any multiple-valued input binary function
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and can be proven by mathematical induction.

Property IV.1: Any multiple-valued input binary function can be represented by [ﬁ]
two-dimensional maps where each map has, as the coordinates, two different variables
from the set of all variables and the dimension of p; X p; where p; and p; are the maxi-
mal number of logical values that can be assumed by two different variables X; and X,
accordingly.

Property IV.2: A full term of a multiple-valued input binary function of »n variables is

represented by [ﬁ] two-dimensional maps. The number of cells (areas on these map) that

. =1
correspond to the full term can be found according to the formula '21 [m i f‘, lm;] where
= =+
m; is the number of logical values of the i = literal. This property is valid for any term.
However, for variables that are not included in this term, one has to take the value of p;

instead of m; in the above formula for each variable X;.

Property IV.3: A minterm of a multiple-valued input binary function of n variables is
represented by [ﬁ} two-dimensional maps and on each of these maps the minterm is

represented by one cell. Hence the number of cells that correspond to such a minterm is

equal to the number of two-dimensional maps.

Property IV 4: The two-dimensional p,, X p, maps described above can be transformed
to partial spectral coefficients by an orthogonal Walsh-type transform without loss of any

information if both numbers p,, and p, are some powers of 2, possibly different.

Let us observe, that while in classical tables for multiple-valued logic [39] and
[99] each minterm corresponds to a cell, in the proposed representation each minterm is
represented by a set of cells, one cell from each map. The last requirement (Property
IV.4) for the dimension of the map representing the function is due to the known ways of
generating Hadamard matrices and to the requirements for the orthogonality of such

matrices [81]. Since such a requirement would limit the possible number of different
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logical values for input variables, the more general approach is presented below.
Proposition IV 1: The two-dimensional p,, X p, map is expanded to the two-dimensional
Dm X pp map where p,, and p, are any integer values describing the multiplicity of logi-
cal values of input variables, p,s =pp +4 — (pm mod 4) and p,f =p, +4—(p, mod 4)
accordingly. When the map is expanded all of the introduced cells have don’t care

values.

Proposition IV 2: The number of additional don’t care cells that have to be added during

the expansion process of the two-dimensional p,, X p, map is equal to
a) Dn [4—(pm mod 4)] when (p, mod 4)=0and (p, mod 4)#0
b) Dm [4—(pn mod 4)] when (p,, mod 4)=0and (p, mod 4)#0
¢)  pPnl4—(pnmod4d)]+pn[4~(p,mod4)]

+[4-(pnmod 4)] [4-(p, mod 4)]

when both ( p,, mod 4)+#0and (p, mod 4) #0.

The following algorithm describes how an arbitrary multiple-valued input binary
function can be represented by the set of two-dimensional maps. It is assumed in the fol-
lowing description that the function is represented in the SOPE form. The dual algorithm
can be derived for the function represented in the PGSE form. It is obvious, that the
algorithm can be applied to the binary function represented in the form of cubes as well.
Algorithm IV .1: Transformation of multiple-valued input binary function in SOPE form

to the set of two-dimensional matrices of any dimensions.

1. Set nl (number of literals in the binary function) and »nr (number of terms in
SOPE form).
2. For each pair of literals of the function create a two-dimensional py, X p,,, map

where p,, and py, are the maximal values of the i = and j~** literal. The

number of such maps is equal to [’élJ (Property IV.1).
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3. For each term from the SOPE expression enter the true values into some cells of
the two-dimensional maps. The total number of such cells in the maps having
true values can be found for each term using Property IV.2. If siep 3 has been per-

formed for each term (i.e, nt times) then stop.

Hence, by using Algorithm IV.1, one can represent any multiple-valued input
binary function in the form of the set of two-dimensional maps. In general, both dimen-
sions of such maps are equal to any integer numbers. Due to Property IV.4, the addi-
tional algorithm converts a two-dimensional map to its equivalent (from the point of
view of the logic function this map is representing) that has the dimensions equal to 2/

where j is any integer number.

Algorithm IV.2: Conversion of any two-dimensional map having one or two dimensions

different from a power of 2 to its logical equivalent having dimensions that are powers of

2.

1. Set the value k - the number of two-dimensional maps for a given multiple-
valued input binary function.
2. For each map do:
k=k-1.

If either p,, or p, or both these values are not some powers of 2 then
modify either p,, or p, or both to either p,. or p,; or both using Proposi-
tion IV.1.

If there was any modification of the dimensions of the map then fill the
expanded map’s cells with don’t cares, and the number of such cells can

be calculated using Proposition IV.2.
3. If £ =0 then stop otherwise go to step 2.

The following proposition deals with the dimension of the transform matrix that

is necessary to calculate the spectrum of a two-dimensional map. In the case when
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Algorithm IV.2 has not expanded the original map’s dimension (dimensions) then instead

of p, or p,;” the original values p,, and p, should be used in the following formula.
Proposition IV.3: The Hadamard-Walsh matrix T of the dimension 27x2” can transform

the two-dimensional map having the dimension p,; X p," iff n =log, [ Dm Pr ]

The application of both algorithms will be shown in the following example.

Example IV 1:
Consider the following three-variable multiple-valued input binary function:

fl=X{(01y{1}) 4+ X{1.2]y{03} Z{1,2,3} av.2)
Then, according to Algorithm IV.1 nl =3 and nz =.2. The three two-dimensional maps
for this binary function that correspond to each pair of the variables are shown in Figure
9. (the areas on the maps filled with ones and zeros only). For instance, the term
X{0JY{1} corresponds on the map X Y to the cell X0} Y{1} on the map Y Z to the
cells Y11} Z{0,1,2,3} and on the map X Z to the cells X{9/ Z{0.1.2.3} Then all these
areas are filled with ones. Originally, according to Algorithm IV.1 the dimensions of
these maps are 4 x 3, 4 X 4 and 3 X 4. After the application of Algorithm IV.2 the dimen-
sion of the first and third maps have increased to 4 X 4 and the expanded areas are filled

with don’t cares. The final result is shown in Figure 9.
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YX 0 1 2 3 YZ 0 1 2 3

0 0 1 1 - 0 0 1 1 1

1 1 0 0 - 1 1 1 1 1

2 0 0 0 - 2 0 0 0 0

3 0 1 1 - 3 0 1 1 1
XZ 0 1 2 3

f= x12y0371230 0yl

Figure 9. Set of two-dimensional maps for 3-variable binary function.

Hence, by using Algorithm IV.1 and Algorithm IV.2 one can always represent a
multiple-valued input binary function in the form of a set of two-dimensional maps hav-
ing the dimensions equal to powers of 2. In the next section the application of Walsh-

type transforms to these two-dimensional maps will be shown.
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IV.4 BASIC PROPERTIES OF HADAMARD-WALSH SPECTRA S AND R FOR

TWO-DIMENSIONAL MAPS REPRESENTING MULTIPLE-VALUED
INPUT BINARY FUNCTIONS

In order to shorten the notation and make it similar to that of other authors, it is
assumed that the symbol n that is used in what follows conforms to the requirements of
Proposition IV.3. The properties of Walsh spectral coefficients for Boolean functions
presented in Section II.2 will be rewritten in what follows to conform to the properties
that are valid for the spectral representation of the multiple-valued input binary functions
presented in this Chapter. Since possible alternative spectra of such binary functions can
be based on high-dimensional Hadamard matrices [56] the Hadamard order of Walsh
functions is used in this presentation. Such an approach allows the alternative spectrum
of binary functions to be derived from the presented spectra. Since both spectra are
based on the same ordering there is no need to do additional conversion operations
between orderings. Since the spectrum based on high-dimensional Hadamard matrices
has a non-minimum number of spectral coefficients only the spectrum based on the con-
cept of two-dimensional maps is presented in this Chapter. The properties of

Hadamard-Walsh spectra of such maps follow.

The Hadamard-Walsh § spectrum of a two-dimensional map is an alternative
representation of the map. When the map is represented as a vector V formed of consecu-
tive rows the Hadamard-Walsh S spectrum is formed by the multiplication of the <+1, 0,
-1> vector representation VS (corresponding to the original vector V for an incompletely
specified map) by a 2" x 2" Hadamard-Walsh matrix (Chapter II). In the coding scheme,
the conventional <0, 1, -> values correspond to <+1, -1, 0> coding, respectively (- stands
for a don’t care). In the case of a completely specified two-dimensional map the conven-

tional <0, 1> values correspond to <+1, -1> coding only.
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If one keeps the original coding scheme then the alternative R spectrum can be
defined. The Hadamard-Walsh R spectrum of a two-dimensional map is an alternative
representation of the map. When the map is represented as a vector V formed of consecu-
tive rows, then the Hadamard-Walsh spectrum R is formed from the multiplication of the
<0, 1, 0.5> vector representation VR (corresponding to the original vector V for an
incompletely specified map) by a 2% x 2" Hadamard-Walsh matrix T. In the coding

scheme, the conventional <0, 1, -> values correspond to <0, 1, 0.5> coding, respectively.

The principal properties of the R and S spectra for two-dimensional maps are
described below. It will be assumed without loss of generality that each map has two 4-
valued variables as the coordinates, denoted in this description as X, - the horizontal vari-
able and Y, - the vertical variable, accordingly. Also, for simplicity, instead of using the
full set notation for the description of the multiple-valued literals, only the members of
the set will be denoted. For example, the literal X{ -3} will be described as X 13 and the
same abbreviation in the notation for spectral coefficients will be used as well. When the
properties of the spectral coefficients of both the S and R spectra are the same, such pro-
perties will be given for the coefficients of the S spectrum only and this fact will be

noted in the description of the property. When these properties differ then both spectra
will be described separately.

The new properties of the spectra for two-dimensional map representation of the
multiple-valued input binary functions given below can be derived from the properties of
the spectral coefficients describing Boolean functions that were described in Chapter III.
The names of transforms used below, refer, of course, to the multiple-valued counterparts
of the respective transforms known in the literature as Walsh-Kaczmarz, Waish-Paley,
Rademacher-Walsh, and Hadamard-Walsh. Only these four basic orderings are com-
pared. The transform matrices for each of these four basic orderings are the same for

multiple-valued input binary functions and Boolean functions. The former are described
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by the vector of spectra of each two-dimensional map (where each of such maps is

treated as a separate two-variable binary function), while the latter is described by only

one spectrum (a Boolean function can be treated as only one two-variable binary function

and be represented by only one two-dimensional map).

1111111

i ek e b pmd et ped b b ek e ped e s e
-
[y
—
—
—
[y
—
]
—
[
p—t

1-11-1 1 1-1-1 1

11
1 -1
1 -1
411
11
1 -1
-1 -1
4101
-1 -1
1 -1
11
1 -1
-1 -1
411
1 1
1 -1

1 1

1 -1

—_ e = O O O 0O O i o e e e e = O

Figure 10. Spectrum R for completely specified map of Z and Y variables.
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Properties describing spectra of Boolean functions are mainly based on the ortho-

gonality of the transform matrices (Chapter III). When properties describing multiple-

valued input binary functions are derived then the restrictions on the dimensions of the

transform matrices have to be considered as well.

IV.5 The transform matrix is complete and orthogonal, and therefore, there is no infor-

mation lost in the § and R spectra, concemning the cells of the map.
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IV.6  Only the Hadamard-Walsh matrix has the recursive Kronecker product structure

Iv.7

Iv.8

Iv.9

[22], [24], [56], [68] and [82] and for this reason is preferred over other possible
variants of the Walsh transform, known in the literature as Walsh-Kaczmarz,

Rademacher-Walsh, and Walsh-Paley transforms.

Out of the four considered orderings of Walsh functions, only the Rademacher-
Walsh transform is not symmetric ; all other variants of Walsh transforms are
symmetric, so that, disregarding a scaling factor, the same matrix can be used for

both the forward and inverse transform operations.

Each spectral coefficient sy (as well as 7;) gives a correlation value between the
two-variable input binary function F corresponding to a given two-dimensional
map and a standard trivial function u; corresponding to this coefficient. The stan-
dard trivial functions for the spectral coefficients are, respectively, for the dc
coefficient (direct current coefficient) - the universe of the function (where all
cells on the map have true value) denoted by ug; for the coefficients sy1.2, sx23,
Syr2, Syzs etc. (first order coefficients) - the literals X1:2, X23, Y1.2) Y23 of the
binary function shown on the map and denoted by uyi.;, uxi.s, Uyi.i, Uy;.+; for the
coefficients Synzgyz3, Sxasgyns Sx23g@y2’ Sxnzeynz etc. (second order
coefficients) - the exclusive-or function between literals X1.2@ Y23,
X23@yL2 X239 Y23, X12@ Y12 of the binary function shown on the map
and denoted by uy:.; ¢ yi.x or by uyi.j gyi;. In all the formulas, i, j, and k are
different integer numbers, i =1, j =2, k = 3. In short, the dc coefficient can be
denoted by s; (I =0), first order coefficients by s;r (I =i,j,i #0,j#0,i #/,
and L is a literal), second order coefficients by sy gry 0 =i,j, i #0, j #0,

i #j,and L1, L2 are two different literals).

The sum of all spectral coefficients of the S spectrum for any completely

specified two-dimensional map is + 27,
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IV.11

Iv.12

Iv.13

Iv.14

V.15

IV.16

Iv.17
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The sum of all spectral coefficients of the § spectrum for any incompletely
specified two-dimensional map is not & 2",

The maximal (minimal) value of any individual spectral coefficient of spectrum S
is +27, This happens when the binary function represented in a given two-
dimensional map is equal to either a standard trivial function u; (sign +) or to its
complement (sign -). In either case, all the remaining spectral coefficients have

zero values because of the orthogonality of the transform matrix T.

The maximal (minimal) value of any but r¢ individual spectral coefficient r; is
+27 -1 This happens when the binary function represented on a given two-
dimensional map is equal to either a standard trivial function u; (sign -) or to its
complement (sign +). In either case, all but r¢ remaining spectral coefficients

have zero values because of the orthogonality of the transform matrix T.

The maximal value of the rg spectral coefficient is 2%, It happens when all the
cells of the two-dimensional map have the logical value 1.

Each standard trivial function u;, except ug, corresponding to a two-dimensional
map has the same number of true and false minterms equal to 27 ~ 1,

The S spectrum of each true cell of a two-dimensional map is given by
So=2" —2, and all remaining 2" — 1 spectral coefficients s; are equal to £ 2.

The S spectrum of each don’t care cell of a two-dimensional map is given by

sg=2" — 1, and all remaining 2" —~ 1 spectral coefficients s; are equal to % 1.

The S spectrum of each false minterm of a two-dimensional map is given by

Sr =0.

Example IV.2:

An example of the calculation of the R spectrum of a completely specified two-

dimensional map is shown in Figure 10. The calculation of the S spectrum for the same
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map is shown in Figure 11.

T yS S
111111111111111171 4 s
1-1 1-11-11-11-11-11-11-1]]-¢21 4 {523
1 1-1-111-1-111-1-111¢--11//¢:2 4 |s,13
1-1-111-1-111-1-111¢--11/]-= 4 |s,12
1 1 1 1-1-1-1-1 11 1 1-1-1-1-1]]}-1 8 [s,03
1-1 1-1-11-111- 1-1-11¢-1 11]-1 0 |523 13
1 1-1-1-1-11111¢--1-1-111/]-1 0 Is,13 13
Lal-l 1-1 1 10 1-1-0 121 1 11 -1 | =f 0 [s,1B3
11 11111 1-1-1-1---1-1-1 1 8 |23
1-1 1-11-11-11-11-11¢-1 1-1 1 0 |s23 23
1 1-1-111-1-1-1-111¢-21-111 1 0 |s,1B23
1-1-111-1-1 1-111-1-111-1 1 0 [s,1m23
111 1-1-1-1-1-1-1-1-1111 1 1 4 |s,12
1-1 1-1-11-11-11-111-11-1]}-1 4 2B 12
1 1-1-1-1-111-1-1111T1-¢-1-¢-1]|]|-=2 4 5,18 12
1-1-1 1-111-1-111-11-1-1 1]|-= 4 s 12

Figure 11. Spectrum S for completely specified map of Z and Y variables.

The next example of the calculation of the R spectrum of an incompletely specified two-
dimensional map is shown in Figure 12. The calculation of the S spectrum for the same
incompletely specified map is shown in Figure 13. All of the examples are done for two
maps of the multiple-valued input binary function considered previously (Figure 9). The

spectrum for the third map of this function can be calculated in a similar manner.
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1111111111111 111]|]o 7 |1
11 1-1 1-11-11- 1-11- 1-1 1 1|23
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1-1-1 1-111-1-111-11¢-- 1|05 5 |r1m 2
L I [N A I

Figure 12. Spectrum R for incompletely specified map of X and Y variables.

Recursive algorithms, data flow-graph methods and parallel calculations similar
to the Fast Fourier Transform [22], [24], [25], [56], [82] and [88] can be used to calculate
the transforms introduced above. The advantages of calculating Walsh spectra based on
the cube representation of logic functions are discussed in Chapter V. The corresponding
algorithms for Boolean functions are presented in Chapter V as well. The Walsh spec-
trum of multiple-valued input binary functions described in this Chapter can also be cal-
culated in the most efficient way also by using the disjoint cube representation of these
functions. The extension of the method presented in Chapter V for the spectral represen-

tation of multiple-valued input binary functions is described in [92] and [103].
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Figure 13. Spectrum S for incompletely specified map of X and Y variables.

IV.5 LINKS BETWEEN SPECTRAL AND CLASSICAL LOGIC DESIGN

The material presented in this section is valid, not only for two-dimensional maps
representing multiple-valued input binary functions, but for Boolean functions and their
Karnaugh map representations as well. If the latter is the case then in all of the following
formulas n corresponds to the number of variables of the Boolean function and the two-
dimensional map corresponds to a Karnaugh map rewritten from Gray-code to straight
binary code (in the case of a 4 X 4 dimensioned map, the second and third rows have to
be mutually interchanged - the same applies to the second and third columns). For

multiple-valued input binary functions » fulfills the requirements of Proposition IV.3 and
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when both p,; and p,' from this proposition are equal then n represents the number of
different logical values that can be assumed by each of the literals of the binary function.

The meaning of all other symbols that are going to be introduced below is the same for

both Boolean functions and two-dimensional maps.

Hence, let us show more clearly, in classical logic terms, what the real meaning
of the spectral coefficients is for each map. The following symbols will be used. Let a;
be the number of true cells in the two-dimensional map, where both the map and the
standard trivial function u; have the logic values of 1; let ; be the number of false cells
in the two-dimensional map, where the map has the logic value O and the standard trivial
function u; has the logic value 1; let ¢; be the number of true cells in the two-
dimensional map, where the map has the logic value 1 and the standard trivial function
u; has the logical value 0; let d; be the number of false cells in the two-dimensional map,
where both the map and the standard trivial function u; have the logic values 0, let ¢; be
the number of don’t care cells in the two-dimensional map, where the standard trivial
function u; has the logic value 1, and let f; be the number of don’t care minterms of a
two-dimensional map, where the standard trivial function #; has the logic value 0. Then,
for a completely specified n X n two-dimensional map, these formulas hold:

ar+by+cy+dp=2n Iv.3)
and

ar+by=cy+dy=2n-1, (Iv.4)
Accordingly, for an incompletely specified n X n two-dimensional map, these formulas

hold:

ay+by+cy+drte +fy=2" av.s)
and

aj+by+e=cr+dy+fy=2n-1, (Iv.6)
The s; spectral coefficients for a completely specified two-dimensional map can be



defined as follows:
sp=2" -2Xxa, av.7n
when/ =0,
st =2x(aqr +d1) -2™ Iv.8)
when #0.

The spectral coefficients for an incompletely specified two-dimensional map can be

defined as follows:

sp=2"-2Xay-e, Iv.9)
when/ =0
and
sp=2x(a;+dp)+e +fr-2m Iv.10)
whenl #0.

As one can see, for the case when both e; =0, and f; =0, i.e., for the completely
specified two-dimensional maps, equations (IV.9) and (IV.10) reduce to equations (IV.7)
and (IV.8). And again, by easy mathematical transformations, one can define all spectral

coefficients, except s, as follows:

s; =(ar +dp) — (br +cy), Iv.11)
when I #=0.

The s spectral coefficient can be rewritten as follows:

sg=by—ay. Iv.12)
Thus, in the final formulas, describing all s; spectral coefficients, the number of don’t

care minterms ¢y + f; can be eliminated. Moreover, the final formulas are exactly the
same as the ones for the completely specified two-dimensional map. This is due to the

fact that equation (IV.6) for the numbers gy, by, ¢, d;, er, and f; links all these values

together.
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Let us show now the meanings of the r; spectral coefficients. The meanings of all

the symbols ay, by, ¢/, d;, €1, and f are exactly the same as described previously.

The r; spectral coefficients for a completely specified two-dimensional map can be

defined as follows:
rp=aj, av.13)
whenl =0,
ry=¢r—ay, Iv.14)
when ] #0.

The spectral coefficients for an incompletely specified two-dimensional map can be

defined as follows:

I =al+%1— (Iv.15)
when/ =0
and
ry=c¢p—ay +—T—f1 —eL (Iv.16)
when/ #0.

As one can see, for the case when ¢; =0 and f; =0, i.e., for the completely specified
two-dimensional map, equations (IV.15) and (IV.16) reduce to equations (IV.13) and

(IV.14) presented previously for r; spectral coefficients.
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The application of the above formulas will be shown in the following examples
(all examples are for the spectra in Hadamard-Walsh order).
Example IV.3:
Consider the completely specified two-dimensional map describing the relationship
between four-valued variables Y and Z for the binary function from Figure 9. All stan-
dard trivial functions and the corresponding values of ay, ¢;, and d; for this map are
shown in Figure 14.
The R spectrum for this map can be calculated using equations (IV.13) and (IV.14):
ro=10,r23=4-6=-2,
rps=4-6=-2,r2=4-6=-2,
ryns=3-T==-4,rp3gy3=5-35 =0,
rpsey3=5-5=0,ru2g9y3=5-5=0,
rya3=T7-3=4rpsgys=5-5=0,
r;3@y23=5-3=0,rn29y23=5-5=0,
ryn2=6-4=2,ragy2=4-6=-2,
rpsgyte=4-6=-2,ru29y2=4-6=-2.
The S spectrum for this map can be calculated using equations (IV.7) and (IV.8):
50=16-20=~4,5,23=20-16=4,
5,13=20-16=4,5,12=20-16=4,
Syu3=24-16=8, 5,239,1.3=16-16=0,
Sz139y13=16-16=0, S,129y13=16 - 16 =0,
Sy23=8-16=-8,5,239,23=16-16=0,
Sz139y23=16-16=0, 5129423 =16 - 16 =0,
Syz=12-16=-4,5,239,.2=20-16=4,
Sp3@y12=20-16=4, 55129,12=20-16=4.
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As one can find, the obtained R and S spectra are exactly the same as the ones calculated

by the classical method shown inl Figure 10 and Figure 11.
Example IV 4:

Consider the incompletely specified two-dimensional map describing the relationship
between four-valued variables Y and X for the binary function from Figure 9. All stan-
dard trivial functions and the corresponding values of ay, ¢y, dy, ¢, and f; for this map

are shown in Figure 15.

The R spectrum for this map can be calculated using equations (IV.15) and (IV.16):
r0=5+2=7,rxz.3=3—2+—(-)—2_—4-'-=1—2=—-1,
ras=l=-2==1,rm==3+2=-1,
ryLs=-— L, rpsgyus=- 1,
rasgys==—1,rmagyus=—1,
ryas=1,raigyas=1,
reis@y23 =l rpzgyas=1,
rynz= 3, rasgyrez=—1,
reasgyr2=—1rugye=-3.

The S spectrum for this map can be calculated using equations (IV.9) and (IV.10):
s0=16-10-4=2,523=14+4~16=2,
§53=14+4-16=2,5,12=14+4-16=2,

Syr3=14+4-16=2, 5039 ,13=14+4-16=2,
Serigyt3=14+4-16=2,5129,3=14+4-16=2,
5y23=10+4-16=-2,5219,20=104+4-16=-2,
Sx3@y23=10+4-16=-2,5129,23=10+4~-16=-2,
Sy2=6+4-16=-6,5239y.2=14+4-16=2,

Se@yre=14+4-16=2,5020,10=22+4~16= 10.
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As one can find, the R and S spectra obtained are exactly the same as the ones calculated

by the classical method shown in Figure 12 and Figure 13.

As the final example the S and R spectra for the third two-dimensional map representing
the binary function f will be shown. This time, the calculations are not shown but can be

performed by any of the methods already presented.

ExampleIV.5:

Consider the incompletely specified two-dimensional map describing the relationship
between four-valued variables X and Z for the binary function from Figure 9.
The R spectrum for this map is as follows:

ro=12,rps=-2,

r;3=-= 2, raL2=-— 2,

Fyl3= 2, r23g4l3= 0,

rai3gxl3= 0, rjl2g 13 = 0,

rea3=2,ra3g,23=0,

rasgx23=0,rn2g523=0,

rez=0,ragn2=2,

ra3@xl2=2, Mg ez =2,
The S spectrum for this map is as follows:

So=— 8, S;23= 4,

3= 4, §p12= 4,

Syl3=— 4, S;23g 13 = 0,

S;L3gx13 = 0, SzlL2gxl3= 0,

Sy23 =~ 4, ;239 x23= 0,

S;130x23=0, S;12923=0,

Se12=0, S23 9 2=~ 4,



SpL3g 2= 4, S22 xl2=— 4.

Then the multiple-valued input binary function from the Figure 9 is represented
by a vector which is composed of three sets of spectral coefficients. The values of all

three spectra are given in Example IV.3, Example IV .4, and Example IV.5.



CHAPTER V

EFFECTIVE COMPUTER METHODS FOR THE CALCULATION OF
THE RADEMACHER-WALSH SPECTRUM FOR COMPLETELY AND
INCOMPLETELY SPECIFIED BOOLEAN FUNCTIONS

V.1 DESCRIPTION

In this Chapter a new computer method for the calculation of the Rademacher-
Walsh spectrum of incompletely specified Boolean functions is introduced. The method
can calculate a Walsh spectrum of any ordering since the algorithm is independent of the
ordering of the spectrum. Since a direct linear relationship exists between the R and S
spectra described by equations (IIL.4) and (IIL5) then this Chapter uses mainly the S
spectrum. The computer method has been implemented in the DIADES automation sys-

tem [14], [89], [90] and [92].

The method presented in this Chapter can be regarded as representative of a
whole family of two kinds of methods and approach that is presented here can be easily
adapted to other transforms used in digital logic design. For example, the adaptation of
the method for Adding and Arithmetic Transforms was described in [104], while the
adaptation of the same merhod for the Reed-Muller Transform is presented in Chapter
VII. The method is also universal for multiple-valued binary functions and its extension
to Walsh spectra of such functions was presented in [103]. The method was also applied

to the Reed-Muller transform of multiple-valued binary functions in [92].

The algorithm presented can be applied to both completely and incompletely

specified Boolean functions. It operates on the disjoint cube representation of a Boolean
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function. By this approach, each spectral coefficient can be calculated separately or all
of the coefficients can be calculated in parallel. These advantages are absent in existing

methods.

In order to use Boolean functions that are represented as arrays of nondisjoint
cubes, an additional fast algorithm to generate disjoint cubes is presented. Use of the dis-
joint cubes representation of Boolean functions has been found advantageous in many
algorithms used in digital logic design [3], [18], [37]-[39], [54] and [108].

The theory introduced for calculating the spectral coefficients is new. The
method presented also allows for the calculation of the spectra of a system of Boolean
functions. When the system of incompletely specified Boolean functions is processed
there is a restriction that all the functions in the system are assumed to be undefined at
exactly the same points (minterms of a Karnaugh map). Optimal completion of don’t
care minterms for such a system of Boolean functions from the point of view of a
minimal number of spectral coefficients different from O (in order to obtain a simpler
implementation of such a system of functions) was presented in [15]. However, this is a
large restriction. The method presented here can not only process such functions but can
also deal with any system of completely or incompletely specified Boolean functions.

Each function in the system of functions processed by the method can have a don’t care

minterm anywhere in the function’s domain.

V.2 ALGORITHM TO GENERATE DISJOINT CUBES

A new algorithm is shown that generates a representation of completely or incom-
pletely specified Boolean functions in the form of arrays of disjoint ON- and DC- (if any)
cubes or an array of disjoint OFF-cubes. A peculiar feature of the algorithm, which
speeds up its execution, is the fact that in comparison to known algorithms it minimizes

the number of cube calculus operations. The algorithm introduced here generates a dis-
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joint cubes representation of a Boolean function. In such a representation each Boolean
function is shown in the form of a set of arrays of disjoint cubes that completely covers

the function.

The new algorithm can be applied to completely as well as to incompletely
specified Boolean functions. As the input data, the Boolean functions are represented in
the form of arrays of nondisjoint ON- cubes (in the case of a completely specified
Boolean function) and ON- and DC- cubes or ON- and OFF- cubes (in the case of incom-
pletely specified Boolean functions). An ON- array of the Boolean function F
corresponds directly to a sum-of—pr_oducts expression (SOPE) of F (the cubes are com-
posed of true minterms). A DC- array (an array of don’t care cubes) has cubes that
include minterms where function F evaluates to either 0 or 1 (don’t care minterms). An
OFF- array includes cubes of all minterms, where the function F evaluates to 0 (false
minterms). The computer algorithms that operate on incompletely specified Boolean
functions represent them either as arrays of ON- and DC- cubes or as arrays of ON- and
OFF- cubes [3], [54], [29] and [30].

The algorithm introduced here converts an array of nondisjoint cubes to an array
of disjoint cubes. The main motivation for this part of the research was to create a very
fast preprocessing method to generate input data for the new algorithm calculating the
Rademacher-Walsh spectrum of Boolean functions directly from disjoint ON- and DC-
cubes rather than minterms (Secticn V.3). Hence, the new algorithm for the generation
of the disjoint cubes representation of Boolean functions is important for both classical
[3], [43] and [54] and spectral [15], [21], [22], and [25] techniques of designing digital
logic. Similar preprocessing algorithms were described and used previously in the PAL-
MINTI [37], UMINI [38], EXORCISM (18], and EXORCISM-MYV [39] programs, but the
new algorithm is more efficient since it does not use sorting and minimizes the number of

cube calculus operations used.
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Reference [38] discusses applications of minimally split product implicants in
logic synthesis. Table 1 in [38] presents the ratio of the number of minimally split pro-
duct implicants to the number of minterms for each function from the MCNC bench-
mark. This ratio varies from 0.008 for function t3 to 1 for function pla4. However, for
large functions this ratio is significantly smaller than 1. This results from the method of
generation of the minimally split product implicants [38] that their number is usually
much larger than the number of disjoint cubes, which is close to the number of prime
implicants in a minimal cover. Therefore, for most Boolean functions, the number of
disjoint cubes is much smaller than the number of minterms in the classical algorithms

used to generate spectra.

The same new algorithm for creating disjoint cubes can be applied separately to
an array of ON- cubes, an array of DC- cubes, and an array of OFF- cubes when the last
array is used in the description of Boolean functions. The only drawback of the new algo-
rithm is the fact that the generated arrays of cubes do not always have the largest avail-
able disjoint cubes as the solutions. However, this feature is not important in the case of
the programs mentioned above which can use this algorithm as a preprocessor for their

data representation of Boolean functions.

It is assumed, that the data for the algorithm is a logical function represented in
the array of cubes form. It is enough to have any two of the three possible arrays of
cubes. It will now be demonstrated how, from the nondisjoint set of cubes, one is able to
generate a disjoint set of cubes, by applying a sequence of well-known operations on
arrays of cubes [3], [43] and [54]. Cube operations of disjoint sharp, absorption, and

intersection are used in the algorithm.

The following notation will be used in the description of the new algorithm. Dur-
ing the execution of the main loop, every time two cubes ¢, and ¢, are compared. The

cubes describing a given Boolean function are stored in an array A. The pointer a indi-
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cates the position of the cube ¢, in the array A which is the first in the pair of cubes
being compared, the pointer b indicates the position of the second cube in the pair. Note,
that the pointer a changes its values from 1 to cu — 1 (where cu is the current number of
cubes in the array) and the pointer b changes its values from cu to 2 accordingly. At any
given moment, the value of the pointer b is always greater by at least 1 than the value of
the pointer a. During the execution of the algorithm the content of the array A changes
dynamically and the final number of cubes in this array can be different from the original
number of cubes. That is due to the fact that two cube operations used in the algorithm
have the following properties : 1) the disjoint sharp operator (denoted by #;) can generate

more than one cube as its result, 2) absorption can remove some cubes and decrease by

that the total number of cubes.
Algorithm V.1: Generation of disjoint cubes.
Symbols:
a,b :pointers to two different cubes,
cube,, cubey, : determine the cubes pointed to by @, and b in the cube list,
d : number of solution cubes generated by the disjoint sharp operation,
m  :number of cubes in the cube list before entering a new loop,
cu  :number of cubes during execution of the loop.
so :final number of disjoint cubes.
Algorithm:
step 1. set a and b to the following positions in the cube list :
a=1bw=nc,m:=cu
where cu is the initial number of cubes in the cube list.

step 2. Main loop :



For each pair of cubes cube, and cubep from an array A do:
if an intersection of cubes cube, and cube, is not an empty set
then
{ if cube, absorbs cubey
then { substitute cubey, by the last cube of the array A ;
cu =cu -1,
if b=a then go to step 3
else go to step 2}
else { calculate the d solution cubes from the disjoint sharp
operation cubey, #; cubey;
replace cubey by one solution cube and add
the other ones to the end of the array A ;
cu =cu+d -1,
if b <a then goto step 3
else goto step 2} }
else{b:=b-1;
if b < a then go to step 3

else go to step 2}

step 3.
b =cu;
a:=a+1l;

if @ =m then so = b; stop

elsem =cu;

68
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g0 to step 2.

Example V.1:
An example of an application of this algorithm is shown below. The array cube[cu]
describes the array A, the array sol[so] is the result of one disjoint sharp operation. The
order of the cubes is chosen in such a way that all different branches of the algorithm are
passed through. Figure 16 shows the states of the algorithm when the content of the
array of cubes has been changed. The figures in Figure 16 are referred to in the descrip-
tion below. The symbol "e" denotes the beginning of a new loop in the algorithm, the
indentation shows the inner and outer loop.
step 1 : Initialization

number of cubes cu =5,

Figure 16 a
step 2 : Loop

ecu=b=5;a=1;

intersection cube[l] N cube[4] = 1100;
absorption cube[4] # 1100;
disjoint sharp : cube[4] #; cube[l] :

sol[1] = 0IXX

sol[2] = 111X
sol[3] = 1101
substitute cube[4] with sol[1];

place the rest of solution cubes at the end of the array

Figure 16 b



70

cu=cu+d-1=7
scu=7;a=1;b=3;
intersection : cube[l] N cube[3] = D
scu=7;a=1;b=2;
intersection : cube[l] N cube[2] = D
scu=7;a=2;b=7;
intersection : cube[2] M cube[7] = D
scu=7;a=2;b=6;
intersection : cubef2] mcube[6] = 111X,
absorption : cube[6] = 111X;
substitute cube[6] with cube[n] and remove cube[n]
Figure 16 ¢
scu=6;a=2;b=5;
cube[5] is DC-cube
scu=6;a=2;b=4;
intersection : cube[2] N cube[4] = D
ecu=6;a=2;b=3;
intersection : cube[2] N cube[3] = 1X11;
absorption  : cube[3] # 1X11;
disjoint sharp: cube[3] #; cube[2] :
sol[1] = 0X11;
substitute cube[3] with sol[1]

Figure 16 d
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ecu=6;a=3;b=6;

intersection : cube[3] N cube[6] = D
ecu=6;a=3,;b=5;

cube[5] is DC-cube
ecu=6;a=3,;b=4;

intersection : cube[3] N cube[4] = 0111;

absorption : cubef4] #0111

disjoint sharp : cube[4] #; cube[3] :

sol[1] = 010X
sol[2] = 0110

substitute cube[4] with sol[1];

Dlace sol[2] at the end of the array

Figure 16 d

ecu=7;a=4,;b=7;

intersection : cube[4] N cube[7] = &
ecu=7;,a=4,b=6;

intersection : cube[4] N cube[6] = D
ecu=7;a=4;b=5;

cube[5] is DC-cube

scu=7;a=5,;b=7;
cube[7] is DC-cube
ecu=7;a=6;b=7;

intersection : cube[6] N cube[7] = &



solution array :

Figure I6 e

In order to generate disjoint DC-cubes the same algorithm has to be performed on
the DC-cubes. In the above example, it is obvious, that the single DC-cube is a disjoint

one and the algorithm does not have to be called.

The next two sections describe the properties used to develop the computer
method to generate the Rademacher-Walsh spectra for completely and incompletely
specified Boolean functions (Section V.3) and for systems of completely and incom-

pletely specified Boolean functions (Section V 4).

V.3 APPLICATION OF AN ARRAY METHOD FOR THE CALCULATION
OF SPECTRAL COEFFICIENTS OF COMPLETELY AND
INCOMPLETELY SPECIFIED BOOLEAN FUNCTIONS

An algorithm already exists for calculating spectral coefficients for completely
specified Boolean functions directly from a sum-of-products Boolean expression [22] and
[33]. In case the implicants are not mutually disjoint this algorithm requires additional
correction to calculate the exact values of spectral coefficients for minterms of Boolean
function F that are included more than once in some implicants. By using a representa-
tion of Boolean functions in the form of an array of disjoint cubes one can apply the
existing algorithm without having to perform any additional correction operations,
because, for an array of disjoint cubes as input data the exact values of spectral
coefficients can be calculated immediately. Here the extension of the algorithm to

incompletely specified Boolean functions is proposed.
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In what follows the properties of the existing algorithm are rewritten in notation
corresponding to our representation of Boolean functions with »n variables in the form of
arrays of disjoint cubes. This is the first time all the properties describing incompletely

specified Boolean functions have been prescnted.

Definition V.1: The cube of degree m is a cube that has m literals that can be either in
affirmation or negation (i.e., m is equal to the sum of the number of zeros and ones in the

description of a cube).
Let symbol p denote the number of X’s in the cube. Then, n =m +p.
Example V.1:

Consider the cube 1X00. It is a cube of degree 3 since three of the literals describing this
cube are either in affirmation (x) or negation (x5 and x4). The cube does not depend on

literal x .

Definition V2: The partial spectral coefficient of an ON- or DC- cube with degree m of a
Boolean function F is equal to the value of the spectral coefficient that corresponds to the

contribution of this cube to the full n-space spectrum of the Boolean function F .

The number of partial spectral coefficients npsc describing the Boolean function F is
equal to the number of ON- and DC- cubes describing the function. When the Boolean
function is described by its truth table (a set of true, false, and don’t care minterms) then
the number of partial spectral coefficients of the Boolean function in this representation
is equal to the sum of the number of ON- and DC- minterms. Let symbol fm denote the

number of false minterms. Then, npsc =2% - fm.

Example V.2:

Consider Table I representing the array method of calculating spectral coefficients. Each
row in this Table shows the partial spectral coefficients of either ON- or DC- cubes of a
Boolean function. The function in the example has seven partial spectra. The number of

partial spectra is equal to the number of disjoint ON- and DC- cubes describing the
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function (npsc =7).
Suppose arrays of disjoint ON- and DC- cubes that fully define Boolean function
F are given. Then each cube of degree m can be treated as a minterm within its particu-
lar reduced m-space of function F. Let us recall that the spectrum of each true minterm
is given by s =2" —2, and all remaining 2" — 1 coefficients are equal to £ 2 (Property
III.15). Similarly the spectrum of each don’t care minterm is given by spc g=2" - 1,
and all the remaining 2% —1 -1 coefficients are equal to + 1 (Property III.17). The sym-
bols spc 1 denote spectral coefficients corresponding to DC- cubes (when I =0, the sym-

bol spc o denotes a direct current spectral coefficient corresponding to a DC- cube).
Cubes of degree m have the following properties.
V.1  The contribution of an ON- cube of degree m to the full n-space spectrum of

function F (where n is the number of variables in the function F) is:

soin full n—space =27 -2 x 2P (V.1

and

sy in full n—space =s; in m—space x 2P V.2)
where I # 0.

V.2 The contribution of a DC- cube of degree m to the full n-space spectrum of func-

tion F is:
Spc oin full n—space =20 ~1-2p (v.3)
and
spc 1 in full n-space =spc ; in m—space x 2P (V4)
where I #0.

Notice that when the above formulae are applied to minterms (i.e., form =n,and p =0)
they reduce to Properties II1.15 and II1.17. The contribution of a DC- cube of degree m is

equal to one half of the contribution of an ON- cube that has the same degree m. More-
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over, the contribution of ON- or DC- cubes of degree m to the full n-space spectrum of
function F can be expressed for s¢ as the absolute value of the sum of all negative spec-

tral coefficients corresponding to these cubes.

Equations (V.2) and (V.4) determine the absolute values of those partial spectral
coefficient s; that are not equal to zero for a given cube. Properties V.3 - V.5 determine

the signs of the partial spectral coefficients, and if some of them are equal to zero.

Example V.3:

Consider again Table 1. The value of partial spectral coefficient s, corresponding to the
ON- cube 1X 00 (n =4, p =1), is equal to 2% — 2 x 2! = 12 according to (V.1). The abso-
lute values of those partial spectral coefficients 5; that are not equal to zero are calculated

according to (V.2) and are equal to 2 X 21 =4,

The value of partial spectral coefficient s corresponding to the DC- cube 0000 (n =4,
p =0) is equal to 23 — 29=7 according to Equation (V.3). The absolute values of those
partial spectral coefficients s; that are not equal to zero are calculated according to equa-

tion (V.4) and are equal to 1 x 20 =1,

The following properties determine which partial spectral coefficients have values

zero for an ON- or DC- cube of the degree m .

V.3 Ifin a given cube the x; variable of a Boolean function is denoted by the symbol
"X", then all of the partial spectral coefficients s; whose indexes I contain the

subindex i are equal to 0.

V.4  Ifina given cube each of the variables of a Boolean function x;, x;, x, etc. from
the complete set of all variables of the function is denoted by the symbol "X",
then every partial spectral coefficient s; whose index I' contains the subindices i,

J>k,etc. isequal to 0.

V.5  For an ON- or DC- cube of degree m the number of nonzero partial spectral
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coefficients is equal to 2" =7,
Example VA4:

Consider again Table I. The variable x, is denoted by symbol X in the cube 1X 00. Then,
by Property V.3 the values of all partial spectral coefficients with a subindex of 2 are
equal to zero. Therefore, so=512=523=524=5123=5124=5234=5123¢=0. For this
cube, by Property V.5, the number of partial spectral coefficients different from zero is
equal to 24-1=8.

The cube 1X 1X has two variables denoted by the X symbols: x5, and x4. Therefore, by
Property V.4, only the partial spectral coefficients s, 51, 53, and 53 are different from

zero (by Property V.5 the number of these coefficients is equal to 24-2=4).

The following properties describe the signs of each partial spectral coefficient sy,

where I #0, and are valid for ON- and DC- cubes of any degree:

V.6 Ifin a given cube the x; variable of a Boolean function is in affirmation, then the
sign of the corresponding first order coefficient is positive; otherwise for a vari-
able that is in negation, the sign of the corresponding first order coefficient is
negative. If in a given cube the x; variable of a Boolean function is in
affirmation, then the sign of the corresponding first order coefficient is positive;
otherwise for a variable that is in negation, the sign of the corresponding first

order coefficient is negative.

V.7  The signs of all even order coefficients are given by multiplying the signs of the

related first order coefficients by — 1.

V.8  The signs of all odd order coefficients are given by multiplying the signs of the

related first order coefficients.
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Example V5:
Consider again Table I. In the ON- cube 1X 00 the variable x is in affirmation, while the
variables x3 and x4 are in negation. Therefore, by Property V.4 the sign of the partial
spectral coefficient s is positive and the signs of partial spectral coefficients s3 and 54

are negative.

The signs of second order coefficients are determined by Property V.7. The sign of the
even order partial spectral coefficient 513 of cube 1X 00 is positive, since this sign is
determined by the product of the related first order coefficients, s, and 53, times -1, i.e.,
Dx1IxED)=1

The signs of the third order coefficients are determined by Property V.8. The signs of the
partial spectral coefficient s 134 of the same cube is positive since it is determined accord-
ing to Property V.8 as the product of the related first order coefficients, 54, 53, and 54 and
theresultis 1 X (-1 x(-1D=1.

The algorithm is as follows:

Algorithm V.1: Calculation of spectral coefficients for completely and incompletely

specified Boolean functions.

1. For each ON- and DC- cube of degree m, calculate the value and the sign of the
contribution of the cube to the full n-space spectrum according to the properties

described previously.
2. The values of all of the spectral coefficients sy, except s¢ are equal to the sum of

all of the contributions to the spectral coefficients from all ON- and DC- disjoint

cubes from an array of cubes.

3. For a completely specified Boolean function the value of the dc spectral
coefficient sq is equal to the sum of all of the partial spectral coefficients

corresponding to all of the disjoint ON- cubes describing the function, times the
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correction factor — (k — 1) X 2#, where k is the number of disjoint cubes in the
array of ON- cubes.

4. For an incompletely specified Boolean function the value of the dc spectral
coefficient s¢ is equal to the sum of all of the partial spectral coefficients
corresponding to all of the disjoint DC- cubes describing the function, times the

correction factor — (w — 1) x 27, where w is the number of disjoint cubes in the

array of DC- cubes.

5. For an incompletely specified Boolean function the value of the dc spectral
coefficient sg is equal to the sum of all of the partial spectral coefficients
corresponding to all of the disjoint ON- and DC- disjoint cubes describing the
function, multiplied by the correction factor — (k — 1) X2 —~w x 27 =1 where k

is the number of disjoint ON- cubes, and w is the number of disjoint DC- cubes.

The correction factor — (k — 1) X 2" is due to the fact that the cubes over the complete
n-space have been added k times during the calculation of the k partial spectral

coefficients. A similar explanation applies to DC- cubes as well.

Of course, the algorithm can calculate each coefficient separately or in parallel. If some
of the 2" spectral coefficients are not needed for a particular application, then a reduced

number of operations can be performed.

Example V.6:

An example of the calculation of the S spectrum for a four variable incompletely
specified Boolean function is shown in Table 1. The function in this example is the same
as the one used in Example IT1.2, I11.4 and V.1. Figure 16 showed the stages of the execu-
tion of the algorithm generating the disjoint cube representation for the same function.
The input data for the algorithm for this section was presented in Figure 16.e. The array
of disjoint cubes representing the function is repeated from Figure 16.e as the first

column in Table I. The values and signs of all of the partial spectral coefficients for this



80

function are determined by Properties V.1 - V.8. The results of the application of these

properties are shown for two cubes.

The spectral coefficients of the first ON- cube in Table I (cube 1X00 of degree m =3) are

as follows:

1. within its own m -space, ireated as a single minterm:
50=6,51=2,50=0,53=—2,54=-2,512=0,513=2,54=2,
523=0,524=0,534=-2,5123=0,5124=0,5134=2,5234=0, 51234 =0.

2. within the full n-space of Boolean function F (partial spectral coefficients):

so=12,51=4,53=—4,54=-4,s3=4,513=4,533=-4,5134=4.

On the other hand, the spectral coefficients of the DC- cube in Table I (cube 0000 of

degree m =4 i.e., single minterm) are as follows:

1. within its own m -space, treated as a single minterm:
so=17, s1=—-1, s9=-1, s3=-1, s4=-1, sp2=-1, s13=-1,
siu=-1,
sp3==1, syu=-1, s34=-1, si3=-1, siu=-1, siy=-1,
Spe=—1,5134=-1.

2. within the full » -space of Boolean function F (partial spectral coefficients) - the

same as within its own m -space since it is a single minterm.

In order to obtain the values of all of the spectral coefficients of the whole function,
except s, the columns of partial spectral coefficients corresponding to all cubes describ-
ing the function are added (step 2 of the algorithm). The value of 54 is obtained by the
addition of all partial spectral coefficients with the correction factor (step 5 of the algo-
rithm).

The resulting spectrum is shown at the bottom row of Table I, and, as it can be easily

checked, is exactly the same as the one obtained by matrix multiplication in Example



II1.2 and by using the standard trivial functions in Example IIL.4.

COMPLETE RADEMACHER-WALSH SPECTRUM 8§

TABLEI
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X1X0X3X4 || So || S1 | S2 | S3 | S4 || S12 | 513 | S14 { $23 | S94 | S34
1X00 ON 12 {1 4 0]-4] -4 0 4 4 0 0 -4
1X1X ON ] ] 0 3 0 0 -8 0 0 0 0
0X11 ON 121-410 4 4 0 4 4 0 0 -4
010X ON 1201414 1-410 4 -4 0 4 0 0
0000 DC 7 0-14¢-11-17-1 -1 -1 -1 -1 -1 -1
1101 ON 14 ] 2 2 1 -21 2 -2 2 -2 2 -2 2
0110 ON 41 -27 2 2 1 -2 2 2 -2 -2 2 2
-9 3 7 3 1 -1 3 -1 3 3 -1 -5

X1X2X3Xq || 5123 | S124 | 134 | $234 || S1234

1X00 ON 0 0 4 0 0

1X1X ON 0 0 0 0 0

0X11 ON -4 0 -4 0 0

010X ON 4 0 0 0 0

0000 DC -1 -1 -1 -1 -1

1101 ON -2 2 -2 -2 2

0110 ON -2 2 2 -2 -2

-1 3 -1 -5 -1

V.4 CALCULATION OF SPECTRAL COEFFICIENTS FOR SYSTEMS OF
COMPLETELY AND INCOMPLETELY SPECIFIED BOOLEAN FUNCTIONS

The algorithm from the previous Section can be modified easily to calculate

Walsh spectra of systems of Boolean functions. The calculation of a Walsh spectrum for

a system of completely specified Boolean functions was presented in [15] for the R cod-

ing. There, the calculation of the R spectrum of a system of incompletely specified

Boolean functions, with the following restriction is considered.

Restriction V.I: When a system of incompletely specified Boolean functions is con-

sidered then all of the functions of the system have the same don’t care minterms (i.e.,

the same cells of Karnaugh maps are not specified in every function of the system).
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The method presented in [15] has, however, all the drawbacks of the classical approach

of spectral methods since it uses matrix calculation methods.

In this section the representation of systems of Boolean functions with the above
restriction on a system of incompletely specified Boolean functions is presented for the
first time for S coding. Moreover, the representation of systems of incompletely
specified Boolean functions that can have any don’t care minterms is introduced. When
applied to a system of Boolean functions, the method still has all of the advantages

described in the previous section.

Let us assume that the functions in the system are in the order: F [1], F [2],
F [3],...F [u], where u is the number of the functions in the system and the function
F [u] is on the rightmost position in the system. Then, for the system of completely
specified Boolean functions and for the system of incompletely specified Boolean func-

tions, with Restriction V.1, the following properties hold:

V.9  The contribution of the spectrum of the function F [i],i =1,2,.., u to the total
spectrum of a system of Boolean functions Stor is equal to the spectrum Sy;; of
the function F [i] calculated by Algorithm V.1, which in turn has to be modified
by Equation (V.5).

V.10 The total spectrum of a system of ﬁmlem functions Stor is equal to the sum of

all the modified spectra of all the Boolean functions in the system.

The contribution of the spectrum of the "i-th" function F [i] to the total spectrum of a
system of u4 Boolean functions is denoted in Equation (V.5) by Sl*[,-] and the spectrum of

the "i-th" function calculated by Algorithm V.1 is denoted by Syy;].

STy =24~ X8y (V.5)
Recall that § denotes the spectrum and s a spectral coefficient.

When the more general case of a system of incompletely specified Boolean func-

tions having arbitrary don’t care minterms is considered, the system has to be represented
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by two spectra - one corresponding to the don’t care minterms of the system and the
second corresponding to the true minterms. The requirement of having two separate
spectra for a system of arbitrary incompletely specified Boolean functions is caused by
the properties of the Rademacher-Walsh matrix T. If Properties V.9 and V.10 were
applied to don’t care and true minterms of an arbitrary system of incompletely specified
Boolean functions, then the original system of functions would not be retrieved when the
inverse transform is applied. For example, the contribution of the don’t care minterm for
the function F [u — 1] to the total spectrum of the system of Boolean functions would be,
in a case of using both Properties V.9 and V.10, the same as the contribution of the true
minterm of the function F [u]. Therefore, Properties V.9 and V.10 can be applied to an
arbitrary system of incompletely specified Boolean functions only after representing each
of the functions in this system by two arrays of cubes: one of only don’t cares minterms
and the other of only true minterms. The total spectrum has to be calculated for each of
these arrays separately. Then, the system of incompletely specified Boolean functions

should be processed by the following algorithm.

Algorithm V .3: Spectral coefficients calculation for a system of arbitrary incompletely

specified Boolean functions.

1. Represent each functiori in the system of Boolean functions by arrays of disjoint

ON- and DC- cubes according to Algorithm V.1.

2. Calculate the spectrum of an array of ON- cubes for each separate function F [i]
according to Algorithm V.2,

3. Calculate the total spectrum Stor oy Of the system by using Properties V.9 and
V.10.

4. Calculate the spectrum of an array of DC- cubes of each separate function F [i]

according to Algorithm V.2,
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5. Calculate the total spectrum Stor pc of the system by using Properties V.9 and
V.10.
Example V.7:

An example of the calculation of spectra Stor on and Stor pc of a system of two incom-
pletely specified Boolean functions (u =2), having four variables, is shown in Table II
and Table III. The funcdon F [2] in this example is the same as the one used in Example
m.2, 1.4, V.1, V.6. The function F [1] is taken from [12]. Both functions have no res-
triction in the choice of don’t care minterms, therefore Algorithm V.3 has to be per-
formed. The original functions are presented in Figure 17a - function F [1], and Figure
17d - function F [2]. The sets of ON- minterms that describe ON- cubes is presented in
Figure 17b, and Figure 17e. The sets of DC- minterms are shown in Figure 17¢ and Fig-
ure 17f. The corresponding arrays of ON- and DC- cubes are generated by Algorithm V.1

(step 1).
3X 3.x 3X
oot ot 0 g N0 o0, N008 o1 110
ool0j1]0]0 c0l|0}1|0][O 0010101010
o1 0fj1]-10 01 |0|11]0]0 01/0]0]-1]0
wlof1j1]o wlof1|1]o0 wlojojoio
a, b. c.
x3X X3X X3X
*1k2 08 01 11 10 X1%2 0d o1 11 10 X172 of 01 11 10
00 |- jOo(11]0 000|010 o[- [(0]0]0
01|11 (1}1 o111 (14141 01{00 1010
1111171 ]1 1111141 1110101010
10j1(0}1 |1 10111011 (1 10{0{01]0 |0
d. e. f.

Figure 17. Incompletely specified Boolean functions F [1] and F [2].
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The execution of the second step of Algorithm V.3 for ON- cubes is shown in the first

two rows of Table II. The modified value of the specttum of function F [1] is shown in
the third row of Table II (step 3). Since for the function F [2] the modified value of the
spectrum is equal to the original one this value is not repeated in the table. The total
spectrum StoT on Of this system of functions is the sum of rows one and three. The result

of this addition is shown in the row 4 of Table IL

TABLE I
SPECTRUM S TOT-ON OF A SYSTEM OF BOOLEAN FUNCTIONS

So Il S1 | S2 § 83 | Sqa il S12 | S13 | S14 | 593 | S24 | S34
S 0216 (2 [ -2 2 -2 2 2 2 | -6
Sty 6 2 [21-212 2 -6 6 -2 2 10
St 1201 41}1-4]-41 4 4 -12 ] 12 -4 4 20
SToT ON 2 6 2 |21 2 6 -14 | 14 -2 2 14
$123 | 5124 | 5134 | 5234 | 51234
S -2 2 -2 -6 2|

1 2 -2 -2 2 -2

S 4 -4 -4 4 -4

SToT ON 2 -2 -6 -2 -6

The execution of the fourth step of Algorithm V.3 is shown in the first two rows of Table
II. The modified value of the spectrum of function F [1] is shown in the third row of
Table II (step 5). Since for the function F [2] the modified value of the spectrum is
equal to the original one, this value is not repeated in the table. The total spectrum

Stot D of this. system of functions is the sum of rows one and three and is shown in row
y

4.

The system of Boolean functions considered is represented by two spectra, Stor oy and

Stot DC » shown in Table I and Table III.
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TABLE II
SPECTRUM S TOT-DC OF A SYSTEM OF BOOLEAN FUNCTIONS

So Il 81 | 82 ] 8§53 | S4 4| S12 | 513 ) S14 | S23 | S24 | S34
S191 7 -1 -1 ]-11-11-1 1 -1 -1 -1 -1
Sti] 6 012 2 2 0 0 0 -2 ) -2
St 12 ] 0 4 4 4 0 0 0 -4 -4 -4
StoT DC 19 1-11]3 3 3 -1 -1 -1 -5 -5 -3

S123 | §124 | S134 | S234 || 51234

N7 -1 -1 -1 -1 -1

d11] 0 0 0 2 0

Sty 0 0 0 4 0

SToT DC -1 -1 -1 3 -1

A system of completely specified Boolean functions or incompletely specified Boolean

funcdons with Restriction V.1 can be represented by one spectrum. For this Algorithm

V.3 can be simplified to V.4.

Algorithm V 4: Spectral coefficients calculation for a system of an incompletely specified

Boolean functions (with Restriction V.1) or a system of completely specified Boolean

functions.

1.

(o]

Represent each function in the system of Boolean functons by arrays of disjoint

ON- and DC- cubes according to Algorithm V.1.

Calculate the spectrum of each separate function F [i{] according to Algorithm
V.2.

Calculate the total spectrum Stgr of the system by using Properties V.9 and V.10.



CHAPTER VI

A FAMILY OF ALL ESSENTIAL RADIX-2 ADDITION AND SUBTRACTION
MULTI-POLARITY TRANSFORMS WITH ALGORITHMS AND
INTERPRETATIONS IN THE BOOLEAN DOMAIN

V1.1 DESCRIPTION

Encouraged by a multiplicity of applications of Fourier, Walsh and Reed-Muller
transforms the author is investigating new orthogonal transforms that can find applica-
tions in Boolean minimization, testing, image coding, cryptography and communication.
With respect to the simplicity of the implementation the author assumes that the opera-
tions used in the transformations are ordinary addition and subtraction. One of these
transforms is the well-known Hadamard-Walsh transform (Chapter II) that is applied
here to binary and ternary vectors. One of the other transforms considered, when applied
to binary vectors, is called the Arithmetic transform [96]. However, this transform has
never been applied to ternary vectors. The third transform, which is completely new, is

called the Adding transform, and is applied to binary and ternary vectors.

The transforms mentioned above are obtained by introducing some operations on
matrices and considering a family of first order matrices. Two new operations on
matrices: the row-wise and column-wise joins (concatenations) of two matrices are used
to create transforms of radix-2. The elementary second order matrices are expanded by
using the standard tensor product of matrices known also as the direct or Kronecker pro-

duct [15], [22], [24], [56], [64], [68] and [82].

In this Chapter it will be shown that when elementary second order matrices are



88

composed of only 0, 1 and - 1 there are only four essential types of radix-2 transforms
(one of them is the identity matrix). All other permutations of elements 0, I, and - 1
create second order matrices that can be obtained from the essential types by multiplica-
tion with some permutation matrices. Since the identity matrix is a trivial case from the
point of view of transformation there are only three essential matrices of second order
considered. After expansion of the basic types by using the Kronecker product the

derived higher radix transforms are used to create spectra of binary and temary vectors.

For each of the three transforms, the interpretation of each particular spectral
coefficient on a Karnaugh map is presented. All mathematical relationships between the
number of true, false, and don’t care minterms in the Karnaugh map regions which
correspond to standard trivial functions (where a standard trivial function is the region of
a Karnaugh map corresponding to the given spectral coefficient) are stated for both cod-

ings and all three types of transforms.

In this presentation only ordinary subtraction and addition operations are used.
Since the generalized Reed-Muller transforms [19], [55], [93], [94] and [95] (with all
possible 2* fixed polarities for » variable Boolean functions) have been found useful in
Boolean minimization, design for testability, and image processing, the author proposes
here to apply the same idea of fixed polarities for all the three transforms. The detailed
description of the calculation of the generalized Reed-Muller transform using a disjoint
cube description of Boolean functions is presented in Chapter VII. The concept of dif-
ferent polarities of the new transforms is important from the point of view of the analysis
and synthesis of digital networks. It is already well known, for example, that the fixed-
polarity Reed-Muller form can be better implemented for many Boolean functions than
the standard sum-of-products expression [94]. The same savings, from the point of view

of the computer memory used for storing the spectra, are valid for the new transforms as

well.
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A very important property of the new transforms should also be noted. With
Reed-Muller transforms there is more than one expression for an incompletely specified
Boolean function [95]. In the case of the new transforms this property is no longer valid -
on the contrary, each incompletely specified Boolean function has only one spectrum.
Hence, there is an exact relationship between incompletely specified Boolean functions
and their spectra. So, it is always possible to use the new transforms to calculate inverse
transforms for incompletely specified Boolean functons. In the case of completely
specified Boolean functions none of the new transforms, nor the Reed-Muller transform

lose any information and it is always possible to calculate the inverse transforms.

V1.2 DEFINITIONS OF ESSENTIAL RADIX-2 MATRICES

Some families of matrices will be defined. The building blocks for the definitions
are three fundamental elements (matrices of orders 1 x 1) : 0, = 1, and + 1. The following

operations on these matrices are introduced here.

Definition VI.1: A row-wise join or concatenation of a matrix A of order n xm and a
matrix B of order n X m is the partitioned matrix C of order nxX2 m such that its first m
rows are exactly the same as the rows of matrix A and the rows from m + 1 to 2m are

exactly the same as the rows of matrix B . This operator is denoted by the symbol "RWIJ".

Definition VI.2: A column-wise join or conc;atenation of amatrix A of order n xm and a
matrix B of order n X m is the partitioned matrix  of order 2 nx m such that its first n
columns are exactly the same as the columns of matrix A and the columns from » + 1 to
2n are exactly the same as the columns of matrix B. This operator is denoted by the

symbol "CWJ".

Let us apply the CWJ operator to three elementary matrices, of orders 1 x 1, for
all possible combinations of these matrices. The nine different matrices of order 2 X 1

that result from the application of C/JW to all these permutations are shown in Figure 18.
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Figure 18. Nine different matrices of order 2 X 1.

Let us now apply the RWJ operator to all possible combinations of the nine
matrices shown in Figure 18. The result will be 81 different matrices of order 2 x 2.
Some of them are not-orthogonal and are of no interest to us. All orthogonal matrices can
be classified into four basic types. The first 45 matrices of the 81 matrices are shown in
Figure 19, with the 4 basic types marked. The symbol "NO" on this Figure denotes a non
orthogonal matrix. The way that the remaining 36 matrices are generated can be deduced
from this figure. In each row of matrices shown in Figure 19, a different one of the nine
matrices from Figure 18 is joined with all nine of the 2 x 1 matrices, one at a time, using
RJW operation to form all nine of the 2 x 2 matrices in the row. The same 81 matrices
could be generated by applying the RWJ operator to the three basic elements to obtain 9
matrices of order 1 X 2, then joining them by using the CWJ operator to the elementary

row matrices obtained in the previous step.

All basic types have been found by-observing the following properties of these
matrices: any matrix (of order 2 x 2) from a basic type can be obtained from another
matrix of the same type by applying some of the following operations on matrices: tran-
sposition of rows, transposition of columns, change of all signs in a whole row or change
of all signs in a whole column. So there are only four elementary types of matrices of
order 2 X 2 composed from the elements 0, + 1, and — 1. One of these types, type I, is the
identity matrix, and therefore is not interesting from the point of view of the transforma-
tions. There are three types of orthogonal, radix-2 matrices remaining and their applica-

tion to the transformation of binary and ternary vectors is presented later. From each of
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the three types one particular representative has to be chosen. In our case, in order to get
some transforms which are already known, the matrices denoted by * in Figure 19 have
been chosen. These three elementary matrices of 2 X 2 order will be denoted by the sym-
bols H ( the Hadamard transform [24], [56], [64], [96] and [82], Chapter I ), AR, (the
Arithmetic transform [96] ), and AD , (the Adding transform ).

11 11 1-1 1-1 10 11 10 1-1 10
11 1-1 11 1-1 11 10 1-1 10 10
NO WAl v NO ¥ I I I NO
11 11 1-1 1-1 10 10 10 1-1 10
At f-atarf v jaraaf {arn ) [ctof {araa je10] a1 0
v NO NO v m* o i )i NO
55 0 U I I T I I TR T T 'Y T N O O O Y I OO B B
11 1-1 11 1-1 11 10 1-1 10 10
v NO NO v 1 m I I NO
S5 U I ST T T S O IO I DY Y N PSS TR O S Y I DSOS
S5 0 W I P IS T T IO T AN O O P T T O OO T I Y O B O
NO v v NO m m I 11 NO
11 11 1-1 1-1 10 11 10 1-1 10
01 0-1 01 0-1 01 00 0-1 00 00
1 I m m r* NO I NO NO

Figure 19. First 45 possible matrices with the four basic types marked.

The Walsh functions in Hadamard order are generated when the standard
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Kronecker product of the elementary Hadamard matrix H, is performed with itself.
Similarly, the Arithmetic transform of higher orders is obtained by successive application
of the Kronecker product to the core matrix AR,. The same is true for the Adding
transform as well where the core matrix is AD,. When all these three elementary
matrices are denoted by the same symbol TR 5, then

TRy =(TR3) ("1, (VL)
where [ n ] in the exponent means the application of the Kronecker product n times, N is

the order of the transform matrix, and n =logy N.

Later it will be shown, how the derived transforms are used to create the spectra of ter-
nary and binary vectors. Since the detailed description of the properties of the
Hadamard-Walsh spectrum of Boolean functions has been presented in Chapter III, only
the application and properties of Arithmetic and Adding transforms will be considered

here.

VI.3 GENERALIZED ARITHMETIC AND ADDING TRANSFORMS

The Arithmetic transform ARy has been used for the generation of a canonic
arithmetic expansion of Boolean functions [55], [96] and [98]. In the literature, this
expansion has only been used for completely specified Boolean functions. The author
proposes three extensions of the currently used Arithmetic transform. First, it is proposed
to use this transform not only for completely specified Boolean functions but for incom-
pletely specified ones as well. Hence, the Arithmeric transform can be applied not only
to binary but also to ternary vectors. Secondly, two types of codings of Boolean func-
tions are used. In the first type, in the case of the completely specified Boolean function,
the true minterms of the function are represented by 1 and false minterms by 0. When the
second coding is used, the true minterms are represented by — 1 and the false minterms

by 1. In the case of the incompletely specified Boolean functions, in the first coding



93

scheme the don’t care minterms are represented by 0.5, and in the second coding scheme
by 0. The coding of the true and false minterms for the functions with don’t cares is the
same as the one for the completely specified Boolean functions. The same types of cod-
ing schemes have been used for Hadamard-Walsh spectrum of Boolean functions
(Chapter II) and the corresponding Walsh spectra are known as the R spectrum (for the
first type of coding later called the R coding) and the S spectrum (for the second type of
coding later called the S coding). Thirdly, the notion of the polarity of the Arithmetic
transform is introduced. Since for the Boolean function having »n variables there exist 2#
possible substitutions of a given i~* variable by its complement it is possible to have an
equal number (2*) of possible expansions in which each variable is in either comple-
mented or not-complemented form. All of these possible expansions are called the gen-
eralized Arithmetic transforms and are classified by their polarities. The latter notion is
similar to the one used for Reed-Muilcr transforms [19], [95] and will be rewritten for

our needs.

Definition VI.3: A polarity number is calculated by taking the decimal equivalent of the
n-bit straight binary code formed by writing a 0 or a 1 for each variable dependently
whether this variable is in a positive or complemented form respectively.

Let us illustrate the notions introduced by the following examples.

Example V1.1:

An example of the calculation of the Arithmetic transform of a fourth-order completely
specified Boolean function in R coding is shown in Figure 20. The transform is in zero

polarity, and all the variables describing the coefficients of the arithmetic canonical

expansion are positive.
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Figure 20. Calculation of Arithmetic transform for a completely specified function.

The canonical arithmetic expansion for this function is as follows:

FX)=X3X14+X4=X4X2X 1 ~X4X3—X4X3X1+X4X3X0+X4X3X2X (V1.2)

The addition symbol in the canonic arithmetic expansion "+" is an arithmetic addition
Yy P

and not Boolean "or". The value of a given minterm can be obtained from the arithmetic

expansion of any polarity. When the binary equivalent of a minterm is substituted into

the expansion, the value of each term in the expansion is calculated logically and the

ones that correspond to the terms that are true after the first substitution are arithmetically

added or subtracted. This rule is valid for both codings of completely and incompletely

specified Boolean functions.
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As can be easily checked, the values of all the minterms of this function can be generated
from its canonical arithmetic expansion by replacing the literals x4, x3, X7, and x{ with
the binary code of a given minterm. For instance, the minterm 0000 has the value 0, and

the minterm 1111 hasthevalue 1 +1~1-1-1+1+1=1.

Xgr Xs
— = — ) ~— - ~— — —
0 0 0 1 1 1
0 0 0 1 2 0
0 0 0 1 2 0
0 0 0 1 4 0
0 0 0 1 2 0
AR AR AR AR
1 1 1 -1 2 -2
0 0 0 1 4 0
1 2 0 -1 4 0
1 1 1 -1 0 -2
1 2 0 -1 0 0
AD AD AD AD
1 2 0 -1 0 0
0 3 -1 1 2 2
0 1 -1 1 2 2
0 3 -1 1 2 2
1 3 1 -1 2 )
1 7 1 -1 2 -2

Figure 21. Calculation of Arithmetic and Adding transforms.

The other arithmetic canonical expansion can be obtained for this function from the
second S coding. The coefficients for the second expansion are shown in Figure 21 (the
vector on the right side of this figure with the arrow AR pointing to it). Since the polarity
number is zero again the variables of the Boolean function occurring in the terms of this

arithmetic canonical expansion are exactly the same as in the previous case. And again, it
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can be easily checked that the values of the minterms of the function in the § coding can
be obtained from the second canonical form by substituting the literal x4, x3, X9, and x

with the binary code of a given minterm.

The Arithmetic transform can be applied to both completely and incompletely
specified Boolean functions in both S and R codings. Similarly to the Arithmetic
transform, the Adding transform can be applied to both completely and incompletely
specified Boolean functions. Two types of codings can be used for this transform as well.
Moreover, the Adding transform can have the same polarities as the Arithmetic
transform. Before showing the examples of other polarities, and applications of the
transforms to incompletely specified Boolean functions let us state the fundamental rela-
tionship between these two transforms. For the zero polarity, both matrices ARy and

ADy are inverses of each other, i.e.,

(ARy ) ~1=AD, (VL3)
and

(ADy ) ~1=AR, (V14)
The transform matrix for the Adding transform looks similar to the transform matrix for
the Arithmetic transform shown in Figure 20 - the only difference being the fact that all
the entries in the matrix are + 1 i.e., all — 1 in the matrix for the Arithmetic transform
should be replaced by + 1 for the Adding transform and all + 1 remain not changed. The

next two examples are only for zero polarity only.

Example VI.2:

An example of both Arithmetic and Adding spectra for the same fourth order completely
specified Boolean function Xp (in R coding) and X5 (in S coding) is shown in Figure 21.
This is the same function that was used in Example VI.1. The arrows in this figure show
the applications of the Arithmetic AR and Adding AD transforms. It is also shown that

the transforms’ matrices are inverses of each other.
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Xg | Xg
0 0 0 1 1 1
0 0 0 1 2 0
0 0 0 1 2 0
0 0 0 1 4 0
0 0 0 1 2 0
AR AR AR AR
1 1 1 -1 e 2 -2
0 0 0 1 4 0
1 2 0 -1 4 0
1 1 1 -1 0 -2
1 2 0 -1 0 0
AD AD AD AD
1 2 0 -1 0 0
0 3 -1 1 2 2
0 1 -1 1 2 2
0 3 -1 1 2 2
0.5 0.5 0 3 -1
0.5 1 0 4 -2
L ] ] — I

Figure 22. Calculation of Arithmetic and Adding transforms for an incompletely specified function.

Example V1.3:

Transformations of the same fourth order incompletely specified Boolean functions in
two codings by means of the Arithmetic and Adding transforms are shown in Figure 22.
Also for incompletely specified Boolean functions both transforms’ matrices are inverses

of each other.

It is very important to notice that both Arithmetic and Adding spectra are canoni-
cal representations of completely and incompletely specified Boolean functions for any
polarity. This property of both transforms makes them especially distinct from other

related transforms. For example, the Reed-Muller transform that has the same
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transformation matrix as the Adding transform (for any given polarity this correspon-
dence exists) and only the operations of addition are executed "modulo-2" instead of nor-
mal arithmetic addition as in the case of the Adding transform, does not have a canonical

form for the transformation of incompletely specified Boolean function [95].

An important relationship exists between the Arithmetic spectral coefficients cal-
culated according to R and S codings for both completely and incompletely specified
Boolean functions and for all polarities. When arr; (where the I are different natural
numbers) denotes the coefficients calculated for R coding, and ars; denotes the
coefficients calculated for S coding then for all ar; except arg the following formula
holds:

arrp =-— 71- arsy (VL5)

For arro and arsg equation (V1.5) is not valid. Instead, the following formula holds:

arrg= %— (1=arsgp). (VL.6)
Let us note, that the same relationship as equation (VL5) is valid for Hadamard-Walsh
spectral coefficients (equation III.5). However, equaton (VL5) does not hold for the

coefficients from the Adding spectrum as can be easily checked in Figure 21 and Figure
22.

Let us now show examples of the generalized Arithmetic transform for the same
completely specified Boolean function. Only one example of the generalized Arithmetic
transform for the polarity 0011 is shown and only for the completely specified Boolean
function. The examples for an incompletely specified Boolean function and for other
coding can be derived by an interested reader in a manner similar to the one presented.
The Adding transform can be calculated for this polarity by replacing all - 1 by + 1, and
rewriting all + 1 from the matrix describing the Arithmetic transform. Only one R coding

is shown. The methods used to calculate the generalized Arithmetic and Adding
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transforms for any coding and any Boolean function should be obvious from the previous

examples.
Example VI 4:
The calculation of the Arithmetic transform with 0011 polarity for a fourth-order com-

pletely specified Boolean function is shown in Figure 23.

The standard trivial functions corresponding to the coefficients of the canonical
arithmetic expansion for this polarity have positive and complemented forms. The sym-

bols ¢; have exactly the same meaning here as s7 in the case of Walsh transforms. See

Property II1.6 for more details.
AR Xgr C
- T T — 7]
0 001 0O0OO0OOOODOOTOOODW 0 0 |cg
0 01-1000O0O0OO0CO0DO0OGOOO0OTQ O0OD0 0 0 |
010-1 000 O0OOOCOTOOTU ODWO 0 0 i
1-1-1 1000 00O0O0OCO0GO0OTO||oO 0 {cpp
0 00-100O0O1O0O0UO0OO0OO0OO0OTQO0OTO 0 1 e
600-11001-1000O0O0UO0TUO0TO 1 -1 |cy3
0-1r 01010-100O0O0O0CO0TO0O0 0 0 |c3
11 1-11-1-1100000000O0[[1/[=]0 [cpg
0 00-100O0OO0OO0OCOT1O0O0TU 00 1 0 icy
0 0-110000O00O0T1-10000 1 1 jci4
0-1010060O0O0OO0OT1UO0-10000 1 1 {exg
-1 1 1-10000T1-1-11000TCO0][]|O0 -1 {cg94
0 001 00 0-1 00UO0-100 01 0 Cyg
001-100-1100-1100T1-1[]|o0 €134
010-10-1010-1010120-]|1 2 ey
1-1-11-111-1-111-1-1- 1 1 1 |cip34

Figure 23. Calculation of Arithmetic transform for a function for polarity 0011.
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Example VI.5:

The calculation of the inverse Arithmetic transform with 0011 polarity for the function

from the previous example is shown in Figure 24.

AR C Xgr
1000000D0OCOOOCGO0O0O0O||oO 0
1 0100000000O0O0O0GO0O]|]| 0 0
110000000O0O00O0O0O0GO0O||oO 0
10000000O0O0OOO0OO0O0|| O 0
1111111100000000O0]|]|1 0
1 0101010000000 GOCO0]]|-I 1
1100110000000O00O0GO0[]|O0 0
1000100000000GO0GO0GO|]|O0]|=|1
1111000011110000(]|oO0 1
1010000071010000O0]|]|1 1
1100000011 0000G0O0]|]|1 1
10000000T10000O00O0O]]-1 0
1111111111111 111][]0 0
1010101010101010]|]|o0 0
110011001 100T1100]|]|-2 1
100010001000°100T0](]|:]1 1
_ JLd L

Figure 24. Calculation of an inverse Arithmetic transform for a function for polarity 0011.

V1.4 LINKS OF ARITHMETIC AND ADDING TRANSFORMS
WITH CLASSICAL LOGIC DESIGN

Let us show the real meaning of the Arithmetic and Adding spectral coefficients
in classical logic terms. Let the symbol a; denote the spectral coefficient from either an
Arithmetic or an Adding transform in any coding. The definition of standard trivial

functions and their relationships to the spectral coefficients (from both Arithmetic and



101
Adding spectra) follows.
Definition VI4: Each spectral coefficient gy gives a correlation value between the
Boolean function F and a standard trivial function u; corresponding to the coefficient.
The standard trivial functions for the spectral coefficients are, respectively, for the
coefficients @; (where I =0) - the minterm of the Boolean function corresponding to a
given polarity denoted by u, for the first order coefficients @y (where I =i , i #0) - the
minterm of the Boolean function ¢ and one of its neighbors, in turn, denoted by u;, for
the second order coefficients g; (where I =ij,i #0, j #0) - the minterm of the Boolean
function ug and three of its neighbors, in turn, denoted by u;;, for the third order
coefficients a; and (I =ijk,i #0, j #0, k #0) - the minterm of the Boolean function ug

and seven of its neighbors, in turn, denoted by u;j, etc.

Since the formulas for the calculation of spectral coefficients are derived for both
spectra the necessary symbols are introduced together. Moreover, let us expand our con-
siderations for incompletely specified Boolean functions as well. The following symbols
will be used. Let g; be the number of true minterms of the Boolean function F, where
both the function F and the standard trivial function u; have the logic values of 1; let by
be the number of true minterms of Boolean function F, where the function F has the logic
value 1 and the standard trivial function »; has the logic value 0; let ¢; be the number of
don’t care minterms of the Boolean function F, where the standard trivial function u; has
the logic value 1; let 4y be the number of don’t care minterms of Boolean function F,

where the standard trivial function u; has the logic value 0.

The arr; Arithmetic spectral coefficients for completely specified Boolean functions with

R coding having n variables, can be defined in the following way :

arrg=ay, VL7
and

arry =ay - by, (VL8)
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when [ # 0.
The arr; Arithmetic spectral coefficients for incompletely specified Boolean functions

with R coding having n variables, can be defined in the following way :

arrg=ag+ —% co, (V1.9)

and

aﬂ1=(41—b1)+-%-(01-d1), (V1.10)
when I #0.
The formulas for the calculation of the Arithmetic spectral coefficients with § coding can

be found from equations (VI.4, V1.5, VL.7-VL9).

When the Adding spectrum with R coding is to be calculated the formulas for its
coefficients are the same as equations (V1.7-V1.9) - the only difference being the replace-

ment in all these formulas of the sign - with -+.

Example V1.6:

The standard trivial functions for the completely specified Boolean function of Example
VI.1 for the 0000 polarity are shown in Figure 25. The circles denote the areas where the
standard trivial functions have the logic values 1 while triangles denote the areas where

the standard trivial functions have the logic values 0.
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Figure 25. Standard trivial functions for polarity 0000.

Then, according to equations (V1.7) and (VI1.8) the arithmetic spectral coefficients for this

function are as follows:
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c0=0,c;=0-0=0,

c3=0-0=0,c3=0-0=0,

c4=1-0=1,¢19=0-0=0,

c3=1-0=1c1u=1-1=0,

cp3=0-0=0,cqu=1~-1=0,

c34=0-1=-1,c13=1-1=0,

Ciu=1-2=-1,cy4=1-2=~-1,

cxy=2-1=1,c1134=4~-3=1.
One can easily check that by calculating spectral coefficients according to the above for-
mulas one obtains exactly the same results as previously when the classical matrix multi-

plication method was used (Figure 20).
Example V1.7:

The standard trivial functions for the function from the previous example for 0011 polar-

ity are shown in Figure 26.

Then, according to equations (V1.7) and (VI.8) the arithmetic spectral coefficients for this
function are as follows:

c9p=0,c1=0-0=0,

c2=0-0=0,c3=1-0=1,

c4=0-0=0,c12=0-0=0,

ci3=0-1==1,cy=1-0=1,

cn=1-1=0,cu=1-06=1,

cu=1-1=0,cy3=1-1=0,

Ciu=1-2=-1,c134=2-2=0,

Cya=1-3==-2,c194=4-3=1.
One can easily check that by calculating spectral coefficients according to the above for-

mulas one obtains exactly the same results as before when the classical matrix
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Figure 26. Standard trivial functions for polarity 0011.



CHAPTER VII

THE CALCULATION OF GENERALIZED REED-MULLER CANONICAL EXPANSIONS
FROM DISJOINT CUBE REPRESENTATIONS OF BOOLEAN FUNCTIONS

VII.1 DESCRIPTION

The classical approach to analysis, synthesis and testing of digital circuits is
based on the description by the operators of Boolean algebra. However, for many years,
an alternate description based on the operations of modulo-2 arithmetic has been
developed [19], [55], [99] and [100]. The algebra corresponding to this second approach,
is an example of a finite field and supports such familiar digital signal processing opera-
tions as matrices, and fast transforms. Modulo-2 algebra is the simplest case of an alge-
bra known in references [19] and [55] as a finite field or Galois field algebra and it is why
it is frequently denoted by the symbol GF (2).

Any Boolean function can be represented in modulo-2 algebra. The modulo-2
sum-of-products expression is known in the literature [19], [55] and [100] as the
complement-free ring-sum or Reed-Muller expansion. In such an expression there are 2"
possible product terms selected from the n variables of a Boolean function. Each term is
made up of un-complemented variables of a Boolean function only. By allowing the
complementation of the input variables one can derive the Generalized Reed-Muller
expansions (GRMEs) where each input variable x; can appear either true throughout the
expansion or complemented throughout it. It is apparent that there are 2* GRMEs for a
Boolean function with n variables, each with a different polarity, including the positive

polarity form (i.e., Reed-Muller expansion). Since the input polarity of a GRME is con-
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stant in these expansions they are termed fixed-polarity forms. It should be noted that for

a given Boolean function each GRME is unique and is a canonical form.

The application of exclusive OR gates has some advantages over the gates com-
monly used in logic design. One of the reasons is that many useful functions have a high
content of the so called linear part (the EXOR part) of the function. Some examples of
such functions are: adders and parity checkers. What is more, circuits built with EXOR
gates are easily testable. Reddy showed that when a circuit is designed using a Reed-
Muller expansion and if only permanent stuck-at faults occur in either a single AND or
only a single EXOR gate is faulty, then only (n + 4) tests are required for fault-free pri-

mary inputs for an arbitrary » input Boolean function [41].

VII.2 BASIC DEFINITIONS AND PROPERTIES

The properties of the disjoint cube representation of a Boolean function, used in
the description of the algorithm for calculating the GRME will be stated later. An algo-
rithm that generates such a representation has been shown in Chapter V and its imple-
mentation has been described in [114]. In what follows, the definitions of the RME [19]
and GRME are also presented.

Definition VII.1: The n -variable Reed-Muller expression takes the form:
a1 €in vE€inzl €1
F(xpXp-1,...,%1)= 2‘1 o7 AL RELE LI 4 0 (VILD)
=

In the above definition 3 means summation over GF (2), and the ¢;, ; are either 0 or 1 so

that literal x0 = 1 and x! =x.

Property VII.1: The n-variable Reed-Muiler expression has 2" possible product terms

(piterms represented by symbol 1) selected from the n variables.

Property VII 2: The subscript i in the piterm m; represents the decimal equivalent of the

straight binary code (SBC) formed from the join of symbols ¢; ,,€; n-1,..,€. 1,
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where the most significant bit of the SBC is ¢;, , and the least significant bit of the SBC

is € 1.

Definition VII.2: The n-variable Reed-Muller expression can be represented in short by:

27 -1
F(xpXp-1,...,X1)= ; Ci T, (VIL.2)
1=

where the meaning of the summation is exactly the same as in Definition VII.1.
The next property is the consequence of Definition VII.1 and Definition VII.2.

Property VI1.3: The n-variable Reed-Muller expression is fully described by the set of all

c¢; Reed-Muller spectral coefficients.

Definition VII.3: The n -variable Generalized Reed-Muller expression takes the form:

F (X Xn1-. %1 )=2:§1 ¢ xS xRt | xed (VIL3)
In the above definition 3 means summation over GF (2), and the ¢;%; are either 0, 1, or
—1 so that literal x2 =1, x;! =x;, and x; 1 =x;. The symbol @ denotes the polarity of
the GRME.
Property VII 4: The n -variable Generalized Reed-Muller expression has 2" possible pro-

duct terms (generalized piterms represented by symbol n®) selected from the n variables.

Definition VII.4: The polarity number of the GRME expression denoted by ® is a binary
string computed by taking the n bit straight binary code (SBC) formed by writing aQ or a
1 for each variable according to whether it is used in affirmative or negative form respec-
tively.

Property VIIS5: For a given polarity ® each variable in all generalized piterms can be
either in affirmative or negative form, or be absent from the piterm.

Definition VII.5: The n-variable Generalized Reed-Muller expression can be represented
in short by:

2l_.

1
F(xp Xp-1,...,X1)= ; c; nf (VIL4)
i=
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where the meaning of the summation is exactly the same as in Definition VIL3.
The next property is the consequence of Definition VII.3 and Definition VIL5.

Property VII.6: The n-variable Generalized Reed-Muller expression is fully described by

the set of all ¢; Reed-Muller spectral coefficients.

Definition VII.6: The cube of degree m is a cube that has m defined literals that can be
either affirmative or negative (i.e., m is equal to the sum of the number of zeros and ones

in the description of the cube).

Let symbol p denote the number of X’s in the cube (for explanation of the symbol X see
Definition VIL.9) and n denote the number of variables of a given Boolean function F.
Then,n =m +p.

Definition VIL.7: The cube and the piterm are of the same degree (order) when the

number of defined literals is the same for both of them.

Property VII.7: The number of piterms of z—th order is equal to C§ = [’z‘J , Where n is the

number of variables of the Boolean function.

Definition VIL.8: The partial Reed-Muller spectral coefficients of an ON- cube cu; of
degree m from the disjoint cube representation of a Boolean function F are those parts of
the final Reed-Muller spectral coefficients ¢; that correspond to the contribution of the
cube cu; of degree m to the full n— space Reed-Muller spectrum of the Boolean function

F described by the array of all the disjoint cubes.

Property VII.8: Each final Reed-Muller spectral coefficient is obtained by adding modulo

2 all partial coefficients of all the disjoint cubes describing the function.

Property VII.9: The number of partial Reed-Muller spectral coefficients npsc describing

the Boolean function F is equal to the number of ON- cubes describing the function

times 27.
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Property VII.10: When the Boolean function is described by its truth table (a set of true

and false minterms) the number of partial spectral coefficients of the Boolean function in
this representation is equal to the sum of the number of ON- minterms times 2. Let

symbol f denote the number of false minterms. Then, apsc =27 (2" ~f ).

In Table VI and Table VII each row of symbols "0" and "1" next to the cube gives the
values of the partial spectral coefficients of the given cube. The order of each of these
coefficients is the same as the order of the piterm placed in the top of the column above

the particular partial spectral coefficient.

Definition VII.9: A cube is represented by a positional notation where "0" corresponds to
a negated literal, "1" to an affirmative literal, and "X" to the literal that is absent in a

given cube.
For example, the cube x; f; X4 1s represented by 1X 01.

Definition VII.10: A piterm nt® is represented by a positional notation that is the same as
in Definition VIL9 for cubes.
For example, the piterm ©f#§! = x, x3 x4 is represented by 1X 10.

Definition VII.11: A cube adjusted to a polarity ® is a cube built of the literals of the ori-
ginal cube that are different from the bits of the polarity w in the SBC. These literals are
marked by the symbol "-".

TABLEIV
ADJUSTMENT OPERATOR BETWEEN CUBE AND POLARITY

olart

S
&g

P = A%
>+ |2
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The adjustment operator is defined in Table IV. When the cube cy; =1X 01 is adjusted

to the polarity @ = 0000 then it is equal to cu;%%9=1X-1, and when the same cube is

adjusted to the polarity @ = 0101 then it is equal to cy;0101 = 1X — —,

Definition VII.12: A cube and a piterm of the same degree match exactly when both of
them have the same literals in the same polarity ® or the cube has some literals that have

been created by the adjustment operation and are marked by "-".

TABLE V
EXACT MATCHING OPERATOR BETWEEN CUBE AND PITERM

Piterm
Cube JOT1 1| X
0 11T0] 0
1 011710
X 070711
- 1 1 1

The exact matching operator is defined for bits of a piterm and a cube in positional nota-
tion in Table V. When a cube is adjusted to some polarity the value of the exact matching
operator for the bits of the adjusted cube marked "-" is always 1 regardless of the value of
the piterm. This is shown in the fourth row of Table V. From this point on it will be

understood that the exact matching operation is defined by Table V.

Definition VII.13: A cube and a piterm of the same degrees match in all but one literal
when there exists one literal in the piterm that is negated in the cube and the rest of the

literals in both the cube and piterm match exactly.
The above definition can be extended to a more general case.

Definition VII.14: A cube and a piterm of the same degrees match in all but k literals
when there exist £ literals in the piterm that are negated in the cube and the rest of the

literals in both cube and piterm match exactly.
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Definition VII.15: A cube and a piterm of the same degree match opposing when all the
literals in the piterm are in negation to the literals of the cube, i.e., literals in the cube are
in the polarity @ ( ® means bit by bit negation ).

Definition VII.16: A set of expanded piterms, for a given cube and a piterm that matches
it in all but k literals, is composed of the highest order piterm that exactly matches plus
all the higher order piterms that are formed from the expansion of the literals of the
exactly matching piterm by the remaining literals of the cube in such a way that the

resulting piterms match the given cube in either all but one, all but two, ..., all but £

literals.
Property VIL11: A set of expanded piterms from Definition 16 has 2 members.

Properry VII.12: All members of the set of expanded piterms match exactly the adjusted

cube for which they are generated.

Property VII.13: The order of the highest order member of the set of expanded piterm of

a given cube is not higher than the order of the adjusted cube itself.
The next property is a consequence of Property VII.13.

Property VII.14: The number of the piterms that has to be checked for exact matching in
order to generate the whole set of expanded piterms for an adjusted cube of order z is
equal to Cl +C2+C2+,,,+CZ, where n is the number of variables of a Boolean

function. It can be seen that n > z.

VIL.3 ALGORITHM TO GENERATE GRME FROM DISJOINT CUBES

This algorithm refers to properties and definitions from the previous section. It is
assumed that a Boolean function is described by an array of disjoint ON- cubes that can
be generated by the algorithm presented in Chapter V. During execution of the algorithm
the values of the partial spectral coefficients corresponding to adjusted cubes are stored

in a temporary array. The dimension of the array is m X 2%, where m is a number of
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disjoint cubes that represent an n variable Boolean function.

Algorithm VII.1: Generation of GRME from disjoint cubes.
step 1.
Set a number of disjoint cubes and adjust all piterms to a given polarity .
step 2.
Adjust all disjoint cubes to a given polarity .
step 3.
For each adjusted cube generate a set of all piterms that match exactly.
The operation of exact matching starts with the piterms that have the same
order as the cube and continues for piterms of all smaller orders.
If all cubes are matched go to step 4 else repeat step 3.
step 4.
Add, modulo 2, each column of the temporary array. The result
describes Reed-Muller spectral coefficients of the Boolean function.
A detailed example of the execution of this algorithm is shown next.
Example VI 1:

An example of the calculation of a Reed-Muller canonical expansion for a four variable
completely specified Boolean function described by a set of disjoint cubes in positional
notation is shown in Table IX and Table X. In order to obtain the values of all Reed-
Muller spectral coefficients the columns of the partial spectral coefficients from the tem-
porary array corresponding to all cubes describing a given Boolean function are added

modulo 2.

Let us show the execution of all of the steps of the algorithm simultaneously for both

tables. First, the number of cubes is determined to be 6. The piterms for Table IX are in
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the polarity @ = 0000, and for Table X they have polarity @ =0101. The piterms from

both tables have the same symbols. It should be noticed, however, that piterm 71734 from
Table IX corresponds to group x; x3 x3 x4 while piterm 71234 from Table X corresponds

10 gTOuUp X X3 X3 X4, €1C.

Secondly, all the cubes are adjusted to the given polarities. The results of this operation

for both tables are shown in Table V1.

TABLE VI
CUBE ADJUSTMENT TO POLARITIES 0000 AND 0101

Cube Table 6 || Table 7
0000 0101
1X00 ON 1X-- IX-0
I1XON 1X1X IX1X
0X11 ON -X11 -X1-

010X ON -1-X ---X

1101 ON 11-1 1---

110 ON -11- --10
TABLE VII

GENERATION OF EXPANDED SET OF PITERMS FOR POLARITY 0000

Cube Piterm
1X-- IXXX | IX1X | 1XX1 | 1X11
1X1X || 1X1X

-X11 || XX11 | 1X11
-1-X ] X1XX | T1XX [ X11X | 111X
11-1 11X1 1111
-11- X11X | 111X | X111 | 1111

In the third step, the exact matching operation generates the expanded set of piterms.

The result of this operation for the adjusted cubes from Table IX is shown in Table VI

and from Table X in Table VIII.
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TABLE VIII
GENERATION OF EXPANDED SET OF PITERMS FCR POLARITY 0101

Cube Piterm
1X-0 1XX0 1X10
IX1X 1X1X

-X1- T XXIX | IX1X [ XX10 | 1X10
--X I XXXX ] IXXX | XOXX | XX1IX | 10XX | 1X1X | X01X | 101X
1--- IXXX | 10XX | 1XIX | IXX0 | 101X | 10X0 | IX10 [ 1010
--10 XX10 1X10 | X010 1010

For the sake of explanation Table VII is rewritten to Table IX, and Table VIII to Table

X.
TABLE IX
REED-MULLER SPECTRAL COEFFICIENTS FOR POLARITY 0000
X1X2X3Xg || T || Mg | T | M3 § Tq [| Wyp | W33 | Mg | To3 | TWoq | T3y
1X00 ON 0 1 0 0 0 0 1 1 0 0 0
1X1X ON 0 0 0 0 1] 0 1 0 0 0 0
0X11 ON 0 0 0 0 0 0 0 0 0 0 1
010X ON 0 0 1 0 0 1 0 0 1 0 0
1101 ON 0 0 0 0 0 0 0 0 0 0 0
0110 ON 0 0 0 0 (1] 0 0 0 1 0 0
0 1 1 0 0 1 0 1 0 0 1
X1X2X3X4 T123 | T24 | T34 | T234 || 1234

1X00 ON 0 0 1 0 0

1X1X ON 0 0 0 0 0

0X11 ON 0 0 1 0 0

010X ON 1 0 0 0 0

1101 ON 0 1 -0 0 1

0110 ON 1 0 0 1 1

0 1 0 1 0

Note that both pairs of tables contain the same information but with a different notation.
First, the columns cube in Table IX and Table X correspond to the cubes before adjust-
ment (see Table VI). Secondly, the members of the set of expanded piterms from Table

VII and Table VII are marked in Table IX and Table X by 1-es accordingly. In both
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tables all the partial coefficients are given for each cube - not only those that have 1
values (that mark the piterms from the set of expanded piterms) but also the partial spec-

tral coefficients that have O values.

The last step of the algorithm is the operation of addition modulo 2 of all the partial spec-
tral coefficients. The result of this operation is shown in the bottom rows of Table IX

and Table X.

TABLE X
REED-MULLER SPECTRAL COEFFICIENTS FOR POLARITY 0101

X1X2X3Xa f| To | T | o | W3 | T4 || T2 | T3 | T4 | To3 | Tpq4 | T3y
1X00 ON 0 0 0 0 0 0 0 1 0 0 0
IX1X ON 0 0 0 0 0 0 1 0 0 0 0

X11 ON 0 0 0 1 0 0 1 0 0 0 1
010X ON 1 1 1 1 0 1 1 0 1 0 4]
1101 ON 0 1 0 0 0 1 1 1 0 0 0
0110 ON 0 0 0 0 0 0 0 0 0 0 1
1 0 1 0 0 0 0 0 1 0 0
X1XoX3X4 || T123 | T4 | T34 | T34 || Ti234

1X00 ON 0 0 1 0 0

IXIXON | 0O 1] 0 0 0

0X11 ON 0 0 1 0 0

010X ON 1 [\ 0 0 0

1101 ON 1 1 1 0 1

0110 ON 0 0 1 1 1

0 1 0 1 0

The resulting 4-variable Reed-Muller expression for Table IX takes the form (the symbol
"@" stands for the sum modulo 2):

F (x1,X2,X3,%X4)=x1Dx2@x1x2Px1x4Px3x4Px1x2x4DPx2x3x4
The resulting 4-variable Generalized Reed-Muller expression for Table X is as follows

(the symbol "®" has the same meaning as above):

F(x1,%X2,x3X3)=1@x,®x2x3Bx1x2x4 DXy x3%4.
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Note that the original set of disjoint cubes can be taken directly as one possible
mixed polarity Generalized Reed-Muller form [18], [39] and [40] of the considered

Boolean functon.



CHAPTER VIII

GENERALIZATIONS, ORDERINGS AND CIRCUIT
INTERPRETATIONS OF SPECTRAL TRANSFORMS

VIII.1 DESCRIPTION

This Chapter presents a unified approach to different transforms used in logic
design. It shows that all of the transforms that are discussed can be generalized. Each of
the transforms can be defined for an arbitrary ordering. All the transforms can be applied
to completely and incompletely specified logic functions that are coded in both R and §
codings. Finally, each spectral coefficient has a meaning in terms of standard logic gates

and this is shown for different transforms.

The extensions of previously known transforms presented here and those intro-
duced by the author transforms are important from the point of view of the application of
these transform extensions in logic design. It is, for example, well known that for some
Boolean functions the best circuit realization (from the point of view of the number of
gates and the number of inputs) is based not on the Reed-Muller canonical expression of
zero polarity but on the expression for some other polarity [19]. The same applies to gen-
eralizations of other transforms: Adding, Arithmetic, and Walsh. Only a generalized
Walsh transform is introduced here because generalized Arithmetic and Adding
transforms were already presented in Chapter VI. The definition of generalized Walsh
transforms also applies to two-dimensional map representations of multiple-valued input

binary functions (Chapter IV).

The importance of different orderings of Walsh transforms when such transforms
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are used in signal processing is discussed in Section IX.2. Either Rademacher or
Hadamard orderings are used when Walsh transforms are applied to logic design. The
choice of the ordering depends on the particular application. For example, the
Rademacher ordering is used for the classification of logic functions [21] and [22], the
Hadamard ordering is preferred for testing of circuits [22]. The Gray Code Ordered
Walsh transform introduced by the author is presented in the next Chapter. It is advanta-
geous from the point of view of the number of connections needed for its hardware

implementation.

VII.2 GENERALIZED WALSH TRANSFORM

When Walsh transforms are applied to logic functions the concept of standard
trivial functions can be introduced (Property IT1.6). Note that for this Property all of the
logic variables are in affirmation. Therefore, the Walsh transform discussed in Chapter II,
Chapter III, Chapter IV, and Chapter V can be regarded as the zero polarity transform.
Polarity numbers for Adding and Arithmetic transforms were given by Definition V1.3

and the same definition is valid for the case of the generalized Walsh transform.

Definition VIII.1: A Generalized Walsh transform of a logic function F for a given polar-
ity is a Walsh transform that has standard trivial functions described by variables of the

logic function that are either in affirmation or negation depending on the chosen polarity.

Example VIII.1:

An example of the calculation of a Generalized Walsh transform in the polarity 0011 for

the four variable Boolean function of Example II.1 is shown in Figure 27.



120

T M S
11 1111111111111 1|1 50
11111 1 1 1-1-1-1-1-1-1-1-1][]-1 54
111 1-1-1-1-11111-1-1-1-1]][1 53
-1 1 1-1-111-1-111-1-111][1 2 sy
‘1 1-1 1-1 1-11-1 1-11-11-1 1[][1 2 |5
111 1-1-1-1-1 111 1-1-1-1-1}]24 S34
-1 1 1-1-11 11 1-1-111-1-1]}1 S24
111 1-11-111-11-11-11-1{]-1|-= 593
-1 1 11 1-1-1-1-11111-1-1}|1 -6 1594
1111 1-11-1-11-111-11-1]][-1 6 |53
1-1-1 1 1-1-111-1-111-1-11}]-1 S12
1-11 11 1-1-11 1-1-1-1-111/][1 -6 |5y34
1 1-1 111 1-11-11-1-11-11]|]1 2 |sy34
1-1-111-1-1 1-111-1-111-][]1 2 |54
1-1-1 111 11 1-1-11-111-}]-1 2 |sip3
1-1-1 1-1 1 1-1-111-11-1-11]]-1 2 {51934

Figure 27, Calculation of generalized Rademacher-Walsh spectrum.

It is obvious that a generalized Walsh transform can be defined not only for the
Rademacher-Walsh ordering shown in Example VIIL1 but for an arbitrary ordering as
well. When the resulting spectrum for the same Boolean function with 0000 polarity
(Figure 5) and 0011 polarity are compared it is easy to see that the magnitudes of all the
spectral coefficients are the same. The only differences are the signs of the following

spectral coefficients: sy, 5, 24, $23, 514 $13» 5234 and 5 134.

In order to modify Algorithm V.1 to calculate Generalized Walsh transforms,
only one property that this algorithm is based on has to be changed. Property V.6 should
be replaced by the following property. The algorithm itself remains the same.
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Property VII1.1: If in a given cube the x; variable of a Boolean function is in affirmation,
and the bit of polarity number corresponding to this variable is O, then the sign of the
corresponding first order coefficient is positive; otherwise for the same polarity of this
variable, when a variable in the cube is in negation, the sign of the corresponding first
order coefficient is negative. If in a given cube the x; variable of a Boolean function is in
affirmation, and the bit of polarity number corresponding to this variable is 1, then the
sign of the corresponding first order coefficient is negative; otherwise for the same polar-
ity of this variable, when a variable in the cube is in negation, the sign of the correspond-

ing first order coefficient is positive.

VIIIL.3 DIFFERENT ORDERINGS OF ARITHMETIC, ADDING
AND REED-MULLER TRANSFORMS

The Arithmetic and Adding transforms introduced in Chapter VI and the Reed-
Muller transform discussed in Chapter VII were presented only for one ordering, which,
like the Walsh transforms, will be called the Hadamard ordering for Arithmetic, Adding,
or Reed-Muller transforms. The Arithmetic transform in Hadamard ordering was
presented in Figure 20. When all of the —1 symbols are replaced by 1 and all of the other
symbols remain unchanged the transform matrix from Figure 20 represents either the
Adding transform matrix or the Reed-Muller transform matrix in Hadamard ordering. It
should be noted that both Reed-Muller and Adding transform matrices are the same - the
only differénce between both transforms is the way in which the multiplication of the
transform matrix with a data vector is performed. The operations used for Adding
transforms are standard multiplication and addition while for Reed-Muller transforms

they are multiplication modulo 2 and addition modulo 2.
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Since the relations discussed above between Arithmetic, Adding, and Reed-
Muller transforms are valid in any ordering, only some chosen orderings of Arithmetic
transforms are shown. From the explanation above the reader can easily derive transform

matrices for Adding and Reed-Muller transforms from the Arithmetic transform.

AR X C

1 00060000O0O0O0O0O0O00O0O0|[|0O 0 |¢
-1 000000O010000O0O0GO[]|oO 1 ey
-1 000 1000000O0000O0O0GOI|oO 0 |cg
-1 00100000000 O0O0O0GO]|oO 0 |c
-1 100000000O0O0O0O00O0O0||O 0 |¢
1 000-1000-100071000}]|1 -1 feay
10-100000-1010000G0||0 0 |cy
10-10-10100000000O0||1]|=]0/cys
1-1 00000 0-110000O0O0]|]|°1 0 [c4
1-1 00-110000000O00O0O0]|]|1 1 {cp3
1-1-110000000O00GO0O0GO0O0]]| 1 0 |cpg
101010-1010-10-1010|]|0O0 1 |cy3a
-1 1001-1001-100-1100||0 -1 |ejas
41 1-100001-1-110000|]|oO0 -1 |cpo4
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Figure 28. Calculation of Arithmetic spectrum in Rademacher ordering.

Arithmetic transforms can be created with all of the known orderings of Walsh
transforms. Since the notion of generalized Arithmetic, Adding and Reed-Muller
transforms for Hadamard ordering have already been discussed in Chapter VI and
Chapter VII the following example is only for 0 polarity. The following example shows

the calculation of an Arithmetic transform for a Boolean function.



Example VIII.2:

An example of the calculation of an Arithmetic transform in Rademacher ordering for
0000 polarity for the four variable Boolean function of Example VI.1 is shown in Figure

28.

The values of all the spectral coefficients for Arithmetic transforms in Hadamard and
Rademacher orderings are the same as can be seen by comparing Figure 20 with Figure

28. The only difference is the order in which the coefficients are generated.

From the above example one can see how to change an Arithmetic transform
matrix in order to obtain other possible orderings that are important for Walsh

transforms: Paley, Kaczmarz, Cal-Sal, and X.

VIIL4 CIRCUIT INTERPRETATIONS OF
DIFFERENT SPECTRAL COEFFICIENTS

Each spectral coefficient can be expressed in terms of a standard trivial function.
For example, recall Property II1.6 for Walsh spectral coefficients. The notion of a stan-
dard trivial function can be used for any transform and standard trivial functions for
Arithmetic, Adding (and therefore also for Reed-Muller transforms) were shown in
Chapter VI. Examples of standard trivial functions for generalized Arithmetic and

Adding transforms were shown also in Chapter VI.

Based on the links between the spectral and classical approaches to logic design
(Sections IV.5 and VI.4) the circuit interpretation of each spectral coefficient for any
transform can be found. The circuit interpretation of a given coefficient, like the stan-
dard trivial function corresponding to such a coefficient, depends only on the polarity and
is independent of the ordering of a given transform. Since the circuit interpretation of
Reed-Muller transforms is known from [19], only generalized Walsh, Arithmetic and
Adding transforms will be discussed here. The following property is valid for all
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transforms in both R and S codings.

Property VIIL.2: Each spectral coefficient of a generalized transform represents the logic
circuit corresponding to a standard trivial function of the coefficient. The affirmation or
negation of the variables describing a given standard trivial function agrees with the
polarity of a given generalized transform.

All the following examples concern different spectral coefficients of a four vari-

able Boolean function F (x4,X3,X2,X1).

Example VIII.3:

Spectral coefficient 543 of a Walsh transform with 0000 polarity describes the function
X1Dxy®Pxs.

The same spectral coefficient for Walsh transform with 0001 polarity describes the func-
tion x; ® xo D x3.

As can be seen from the above example with 0001 polarity the variable x; is negated
because the least significant bit (LSB) of the polarity corresponding to it is equal to 1.
Example VIII 4:

Spectral coefficient add 4 from Adding transform in polarity 0000 describes the function
X1X4

When the polarity 1001 is used for the same spectral coefficient of Adding transform
then this coefficient describes the logical function x; x 5.

Example VIII.5 :

Spectral coefficient arr 4 from Arithmetic transform in polarity 0000 describes the func-
tion (x; D x4 )xqx3.

When the polarity 1001 is used for the same spectral coefficient of Adding transform

then this coefficient represents the logical function ( x; ©x4 ) x2 x3.



CHAPTER X

ALGORITHM AND ARCHITECTURE FOR GRAY CODE
ORDERED FAST WALSH TRANSFORM

IX.1 DESCRIPTION

Usually Walsh functions are dcrived from the product of one or more
Rademacher functions [51], [60], [63], [64], [73] and [74]. This principle has been used
to build hardware Walsh function generators which, unfortunately, have orthogonality
errors [63]. The latest designs by Besslich have overcome this problem by using synchro-
nous clocking [57], [65] and [83]. Global Walsh function generators have been built that
produce three different ordered outputs, that is, Nawural (known also as Hadamard),
Strict Sequency (known also as Walsh or Walsh - Kaczmarz) and Dyadic (known also as
Paley). These three Walsh transforms are symmetric, i.e., the inverse transform for each
of them is the same as the forward transform except for a constant coefficient. Micropro-
cessor based generators of basic three ordered sequences have also been built [78].
Besides these three symmetric Walsh transforms there is a non-symmetric one, known in
the literature as the Rademacher-Walsh transform, in which the Rademacher functions
are used directly as the entries for the first n + 1 rows in the transform matrix of order
N =28,

Walsh function generators are built for applications in communication, signal
analysis and synthesis, sequency filtering, multiplexing and, encoding and decoding [51],
[64], [69], [78] and [120].

One other ordering of Walsh transforms, known as the Cal-Sal ordering, has the
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advantage of providing discrimination between signals having even or odd symmetry
[51] and [85]. In this ordering the first half of the entries are arranged in the order of the
increasing number of even zero crossings (corresponding to Cal functions) while the
second half of the entries are arranged in the order of the decreasing number of odd zero

crossings (corresponding to Sal functions).

Besides generating Walsh transforms by using Rademacher functions, aiternative
constructions of Walsh functions have been derived by using the concepts of symmetric
copying and shift copying. Originally, developed by Swick [80], this method was applied
by Zhihua and Qisham [87] to the three known symmetric orderings mentioned previ-
ously, and also to derive a new Walsh function ordering which they called the X-
ordering. The X-ordered Walsh transform has the following features: Lower order X-
ordered entries correspond to even functions. Even order X-ordered entries are associ-

ated with lower sequencies, while odd ones correspond to higher sequencies [87].

The relationships between the three Walsh function ordering methods (Natural,
Strict Sequency and Dyadic) are well known and have been described in references [51],
[64], [75] and [84]. The author has observed that by using the previously discovered
operations of: bit-reversal for the position of each component in a binary number, Gray
code conversion, dyadic addition, and the combination of some of them, one is able to
generate not only all the known Walsh orderings from the straight binary code but some
new orderings as well. A procedure for carrying out some of these conversions for the
known orderings was described by Yuen [84]. When the sequence of these operations is
changed then it is possible to generate two new Walsh transforms in Gray Code Ordering
1 and Gray Code Ordering 2. Hence, both new orderings can be generated by the same
operations that are used for the known ordering. What is more, no more operations are
needed than for the known orderings. Since matrix operations that will be defined later

can be potentially useful in investigations of still other transforms and orderings there
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follows a detailed description of such operations and of the orderings being introduced.
The advantages of the new transforms for digital logic design have been discussed in the
previous Chapter. The application of new transforms to image coding suggests itself and

should perhaps be the topic of a future investigations.

One of the new transforms in Gray Code Ordering can be defined in a recursive
form by using a new operator which in this dissertation is called bi-symmetrical pseudo
Kronecker product. This new operator differs from the standard Kronecker product of
matrices by having, when expanded, vertical and horizontal symmetries through the
center of the expanded matrix. Of course, this property is valid for the bi-symmetrical
pseudo Kronecker product operator for matrices of different orders with the restriction
that the orders are even numbers and the order of one of the matrices is (2x2). The
result of applying the bi-symmetrical pseudo Kronecker product operation to two
matrices will be called the bi-symmetrical matrix. Since Walsh type transforms are
always described by square matrices of even orders this will be the only case considered.
For an N X N square matrix the number N will be subject to the same restriction when
considering the bi-symmetrical pseudo Kronecker product operator as it is with the
Hadamard-Walsh transform generated using the standard Kronecker product. The
number N has to be equal to 2#, where n is an integer number greater than 2 [56], [68],
[701, [77], [81] and [86]. Although this restriction on the order N is sufficient in the case
presented here, an open question still remains whether there are bi-symmetrical matrices
for which the order NV is divisible by 4. The latter problem is due to the relationships that
exist between the Hadamard matrix and the bi-symmetrical one (for orders higher than 2)
when the Hadamard matrix of the second order H; is used in the expansion of the bi-
symmetrical pseundo Kronecker product. It is still not known whether there are
Hadamard matrices of order N for all N divisible by 4 [56]. Wallis noted that the highest

order for which the existence of a Hadamard matrix is known is 268 [81].
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The recursive definition of the Walsh transform in Gray code ordering is also
derived like Good’s formula for the standard Kronecker product [51], [58], [61], [64],
[66], [67], [79] and [84]. This definition is the basis for the flow diagram architecture of

a constant geometry Fast Walsh Transform in Gray code ordering.

IX.2 GRAY CODE ORDERED WALSH TRANSFORMS:
RELATIONSHIPS AND METHODS OF GENERATION

The relationships between the three methods of ordering the Walsh functions:
Natural, Dyadic, and Sequency, have been investigated by many authors [51], [62], [64],
[701, [82], [84], [86] and [87]. The known operations for Gray code conversion, dyadic
addition, bit reversal of the binary number, and combination of some of these operations
are being used [51], [64] and [84]. The relationships between the X-ordering [87] and
two new orderings in Gray code that use some of these operations but in a different order

are shown in Figure 5.

Since there is no natural ordering of Walsh functions then investigations leading
to the development of new, useful orderings, particulz:iy those that can be described by
sets of recursive equations, are of great importance [86]. The method by which Walsh
functions are ordered is determined mainly by convenience. It is usually desirable to
relate the order of the emrieé to the convergence of the signal representation so that the
higher order spectral coefficients of this representation make a lower contribution to the
transformed signal [82]. Sometimes another property, the smoothness of the spectrum
defined as the function of the number of spectral component, is important [82]. It has
been found that when this parameter is important, the smoothest spectrum is obtained by
using the Strict Sequency ordering. On the other hand, the Natural ordering gives a spec-

trum of chaotic and unpredictable character [82].
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Figure 29. Relationships among 3 orderings of Walsh functions.

In order to characterize Walsh functions, Harmuth [69] coined the term sequency
which can be expressed in terms of sign changes per unit interval (i.e., the interval for

one complete cycle of the lowest sequency) as follows:

1 (nzc ) for even nzc
seq = 1_2.
5 (nzc +1) for odd nzc

where nzc stands for a number of zero crossings.
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The sequencies for all previously known as well as the new orderings introduced here for

Walsh transforms denoted by the names of Gray Code Orderings 1 and 2 are shown in

Figure 30.
Natural Sequency Rademacher Dyadic
order sequency orderg sequency orderg sequency order% sequency
0 i o0 00 00 0 i o0
7% 4 1 i1 1§01 11
312 2 i1 3} 2 3 1 2
4 i 2 3 i 2 7 i 4 2 i
141 4 i 2 2 i1 7 i 4
6 i3 513 6 i 3 6 i 3
2 i1 6 ! 3 4 i 2 4 i 2
5 i3 7 i 4 5 i 3 5 103
X Cal-Sal Gray Code 1 Gray Code 2
order§ sequency orderg sequency orderg sequency orderé sequency
0o 0o 0o 0o
4 i 2 2 i1 141 4 12
2 i1 412 3§ 2 6 i 3
6 i 3 6 i 3 2 i1 2 i
101 7% 4 6 i 3 32
53 5 i3 714 7% 4
302 302 563 5 i3
714 1 i1 4 i 2 1 i1

Figure 30. Comparison of order and sequency for all Walsh orderings.
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IX.3 FAST WALSH TRANSFORM FOR

GRAY CODE ORDERED TRANSFORM

Two Walsh transforms with Gray Code Orderings are shown in Figure 31. The
symbol + denotes +1 and - denotes -1, respectively. These two Gray Code Ordered

transforms will be called Transform 1 and Transform 2 as labeled in the figure.

k ko
i i

01 2 3 45 6 7 01 2 3 45 6 17
O+ + + + + + + + O+ + + + + + + +
1+ + + + - - - - i+ - - 4+ + - - +
2 (+ + - - + + - - 21+ - + - - + - +
31+ + - - - - + + 34+ + - - - - + +
41+ - + - - + - + 4 |+ + - - + + - -
S+ - + - + - + - S|+ - + - + - -
61+ - - -+ o+ - 6 |+ - - -+ -
71+ - - + - - + 71+ + + - - - -

Transform 1 Transform 2
+=+1 -=-1

Figure 31. Matrices for two Walsh Gray ordered transforms.

Transform 2 can be defined in a recursive way by using a new operator called the
bi-symmetrical pseudo Kronecker product. Before defining this operator, three addi-
tional operations on matrices will be developed. In what follows the orders of the
matrices will be denoted by capital letters, and for square matrices of order N the follow-
ing relationship exists: n =loga N.

Definition IX.1: A vertical mirror transformation of a matrix A where A =[ g;; ] of order
M x N is the matrix AVT of order M x N such that the first column in the matrix AT is

the same as the last N column in the matrix A, the second column in the matrix A7 is
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the same as the (N — 1 ) column in the matrix A , and so on.
Definition IX.2: A horizontal mirror transformation of a matrix A =[a;; ] of order
M x N is the matrix AHT of order M x N such that the first row in the matrix A#T is the
same as the last M row in the matrix A, the second row in the matrix AT is the same

as the (M —1)* row in the matrix 4, and so on.

Definition IX.3: A vertical - horizontal double mirror transformation of a matrix
A =[agj] of order M XN is the matrix AVHT of order M xN such that
AVHT = [ AHT 1 vr.

It is obvious that the last operator can be defined in an alternative way:

AVHT = [ AVT 1HT since both vertical and horizontal transformations are mutually com-

mutative.

Example IX.1: Figure 32 shows the results of the application of operators HT, VT, and
VHT to the matrix A of order 2 x 4.

i1 2 A3 24 VT d14 213 42 21
N1 2 B3 4 D4 N3 Py P
‘ HT VAT \( HT
91 ¥ B3 Py VT D4 N3 Iy B
a1 22 33 24 314 213 33 43

Figure 32. Transformations of the matrix A.
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As was stated in the introduction to this Chapter, the new Kronecker-type operator is res-
tricted to pairs of matrices such that at least one of them is a square matrix of order 2.
The second matrix can be of any order. However, for the generation of new Walsh

transforms only square matrices of orders equal to powers of 2 are needed.

Definition IX 4: A bi-symmetrical pseudo Kronecker product of a square, second order
matrix A and a matrix B of order (M XN ) is a partitioned matrix of order
(2M x2N ) composed of four submatrices, where each of them is the product of one
element of the first matrix and the entire second matrix or its transformation. In particu-
lar, the element a1; is multiplied by B, the element a1, by BYT, the element a4 by BT,

and finally, the element a4, by BVHT

Example IX2: A comparison of the standard Kronecker product and the bi-symmetrical

pseudo Kronecker product of two second order matrices A and B is shown in Figure 33.

The Walsh functions in Hadamard order are generated when the standard Kronecker pro-
duct of the elementary Hadamard matrix H is performed with itself. Similarly, the Gray
Code Ordered Transform 2 is obtained by successive application of the bi-symmetrical
pseudo Kronecker product to the core matrix H5. Then,

. GKy =(Hy) [}, . (IX.2)
where [n ] in the exponent means the application of the bi-symmetrical pseudo

Kronecker product n times.

In {59] Butin showed a permutational matrix which describes the relationship
between Natural (Hadamard) and Sequency (Walsh) ordered matrices for N = 4. The per-
mutational matrix P 4 that describes the relationship between the Natural ( H4 ) and Gray

Code Ordering 2 ( GK 4 ) is shown in Figure 34 for N =4 as well.
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[ apn abp apy  appp |
a1 ubn Py P
P BP wPn HPp
nbiz 2P 2Py wPn

'A®B

P P2 2P APy
A g 5 - b wPn adn Py

L1 2bn BPn uy
P b2 2P BPy

Figure 33. Kronecker and pseudo Kronecker product of two matrices.

EEEE BEEEEIEEERE
1-1 1 -1 - 0010 1-1-1 1
11-1-1 0001 1-1 1 -1
1-1-11 0100 11 -1 -1

L J L 4L .J
Hy P, GK,

Figure 34. Relationships between Natural and Gray code orders.
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Figure 35. a) Principle of generation of matrix F, b) Factorization for N=8.

It is well known [51], [56], [58], [64], [71] and [82], that the matrix Hy describ-
ing Hadamard ordering can be factorized and represented by the n-th degree of the Good

matrix Gy such that

Hy =(Gy ). IX.3)
Similarly, the matrix GKy describing Gray code ordered transform 2 is also factorizable

and can be represented by the following formula:

GKy =(Fn )", (IX.4)
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where the principle of construction for the Fy matrix is shown in Figure 35 a. An exam-
ple of factorization using equation (IX.4) for N =8 is shown in Figure 35 b. The dotted

lines on the Transform 2 matrix show the bi-symmetrical axes for the transform.

A flow diagram corresponding to equation (IX.4) is given in Figure 36 for N = 8.

£(0) Q Q O F@)
f(1) O F(1)
f(2) O F(2)
f(3) O F(3)
f4) O F4)
£5) O F(5)
i OF F(6)
£(7) O F(7)

add

Sub[ract ..............

Figure 36. Flow diagram for the recursive Gray code transform.

The recursive nature of the algorithm derived from this flow diagram can be seen in the
figure. The reduced computer storage requirements, achieved by the consecutive recur-
sion steps (the total number of these steps is n), can also be seen. This algorithm is well

suited for the constant-geometry hardware system presented in the next paragraph.
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IX.4 CONSTANT GEOMETRY ITERATIVE ARCHITECTURE

FOR A GRAY CODE ORDERED TRANSFORM

The new Walsh transform in Gray code ordering is factored to the product of n
identical matrices (equation IX.4) so this transform is well suited for constant-geometry
iterative hardware systems. Since the interconnection pattern is the same for all computa-

tion stages of the new transform (Figure 36), the hardware can be reduced to only one

stage and the output fed back to the input »# times.

o) f K2 3 @ 5 K6 K7

P TP YYTYOT

MODE 1
MULTIPLEXER

8 BIT BUS VNG CONTROL

$0 .
[+ + + + - - - -
DATA
REGISTER TAKEN
MODE 2

e

FO) F@1) F@) F@) F@ FGS) Fe6) FO)
Figure 37. An iterative block of the fast Walsh transform in Gray code ordering.

The basic bloc of an iterative implementation of the Fast Walsh transform in Gray

code ordering (for n = 3) is shown in Figure 37.
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The basic iterative bloc is composed of a multiplexer, a storage register, a simple control
unit and arithmetic elements that are able to perform ordinary addition and subtraction
and that have a fixed arrangement of connections. The content of the storage register is
fed back to the input of the multiplexer. The multiplexer is switched between two basic
modes by the control unit. In the first mode new data are supplied to the arithmetic ele-

ments. In the second mode data from the storage register are applied to the arithmetic

elements.

For the case of the iterative block shown in Figure 13, i.e., where N = §, new data
will enter through the multiplexer every third operating cycle. For the next two cycles
the transformed data from the storage element will be fed back twice through the multi-
plexer. At the end of the conversion process, the control unit will send a data ready sig-
nal to report that the transformation has been performed and the spectrum is available in
the storage register. When the spectrum data are taken from the storage register, a data
taken signal is sent to the control unit which will then accept the new data and send it to

the multiplexer for the next calculation sequence.



CHAPTER X

CONCLUSION

A new, efficient algorithm for the generation of Walsh function spectral
coefficients of Boolean functions has been described. A computer method for perform-
ing this algorithm for "calculating spectral coefficients has been implemented in the
DIADES automation system developed at Portland State University [38], [89] and {90].
The SPECSYS (for SPECtral SYnthesis System) developed at Drexel University on a
VAX 11/780 uses the Fast Walsh Transform for the calculation of the spectrum but can
only process Boolean functions having up to 20 input variables [48] and [51]. The
DIADES program has no limit on the number of input variables of Boolean functions and
it applies the methods described in this dissertation for the generation of spectral

coefficients of Boolean functions.

The authors of the SPECSYS program [16] have encountered the disadvantages
which are listed below while using Fast algorithms for calculating Walsh spectra. By
implementing the approach described in this dissertation, the DIADES system success-

fully overcomes most of these disadvantages.

The first disadvantage of SPECSYS, one which causes the use of excessive com-
puter memory, is that the computation of the Walsh spectrum requires the representation
of the Boolean function in the form of a truth table composed of minterms. While, in the
DIADES system the spectrum is generated directly from the reduced representation of
Boolean functions (arrays of disjoint cubes) [3], [43] and [54]. Since the number of such
cubes can be considerably smaller than the number of minterms, the memory require-

ments can be reduced significantly. The advantages of this kind of representation, and



140

especially the fact that for practical functions, the number of disjoint cubes is much

smaller than the number of minterms, result from [38].

The second disadvantage of SPECSYS is that all spectral coefficients must be cal-
culated at once. In our approach, the entire spectrum - if required - can be computed
incrementally for groups of coefficients - this feature does not exist in SPECSYS. There-
fore our computer method is very efficient for the calculation of only the few selected
spectral coefficients that is needed in many synthesis methods [20]-{25], [27]-[33], [36],
[45], [46], [50] and [52].

The third disadvantage of SPECSYS is that it can only use completely specified
Boolean functions. DIADES operates on systems of both completely and incompletely
specified Boolean functions. The other advantages of the algorithms implemented in
DIADES have been described in this dissertation. The only drawback of the DIADES’s
approach is the exponential growth of hard disk storage requirements with the increase of
the number of coefficients. This is inherent to the nature of the problem. In SPECSYS
the storage requirements are even worse since internal memory is all that is used. The
implementation of the algorithm described in [89] and [90] allows the calculation of the
spectrum for completely and incompletely specified Boolean functions having up to 32
variables. A detailed comparison of execution times for the DIADES and SPECSYS sys-
tems is done in [89] and [90]. Since our system can calculate coefficients either by
groups (whole orders - see Property II1.4) or separately, in the worst case we require only
enough memory to hold the first order spectral coefficients. The n < 32 constraint refers
to the generation of either the complete order or the whole spectrum. It should, however,
be noticed that even for the cases when » is limited, it can be increased when a list struc-
ture that describes the indices (see Property IILS5) is created. With such a list, the spec-
trum of a Boolean function having an arbitrary number of variables can be calculated -

the only limitation being the available memory on the hard disk. When the coefficients
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are calculated separately then even with the current implementation there is no limit on n
since the coefficients can be stored in groups on the hard disk. This increase in problem
size is, however, traded off for the increased processing time. When the whole spectrum
is not required, the algorithm can calculate chosen spectral coefficients for Boolean func-

tions of an arbitrary number of variables.

Computer algorithms similar to the one presented in this dissertation have already
been developed for the newly introduced Generalized Arithmetic and Adding transforms
[104], Walsh type transforms of completely and incompletely specified multiple-valued
input binary functions [103] and for Reed-Muller transforms (Chapter VII). The decom-
position and linearization methods for the spectra of systems of incompletely specified
Boolean functions with Restriction V.1 are presented in [15]. A suggested goal for future
research is the development of new decomposition and linearization methods for systems
of arbitrary Boolean functions. One possible approach to this problem is to apply the
known methods of [15] to Stor on and Stor pc in tum. More investigations are needed

in this area.

The essential relationships between classical and spectral methods used in the
design of digital circuits have been stated. Resulting from these relations new algorithms
for the generation of spectral coefficients for both S and R spectra for completely as well
as incompletely specified Boolean functions have been shown. The graphical method for
the calculation of spectral coefficients directly from a Karnaugh map is a powerful and
efficient tool for functions with the number of variables less than or equal to six. All pos-
sible alternative formulas for the calculation of s; and r; spectral coefficients are also

presented.

The fundamental formulas presented in Chapter III are very helpful when used for
the investigation of new transforms, relations among various transforms and the relation-

ships between classical logic analysis and synthesis methods and spectral methods, espe-
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cially when one attempts to explain the meaning of new concepts using well-established
notions. Understanding these principles gives us the working tool to translate in both
directions the notions of classical and spectral theories, design of new hardware realiza-
tions for various transforms (including also those that are different from Walsh type),

testing procedures, and synthesis methods.

The interpretations and algorithms, analogous to those presented in Chapter ITI,
for only s; and r; spectral coefficients can be derived in a similar way for the weighted
sum of the spectral coefficients as well as for the autocorrelation function of the Boolean
function [32], [45] and [46]. Both these parameters of Boolean functions have been
found very useful in testing. For example, the testing of programmable logic arrays by
the weighted sum of the spectral coefficients provides 100% coverage of all stck-at

faults and very high coverage of multiple-faults [45].

A new concept of a spectral transform for a multiple-valued input binary function
has been introduced. Such a transform is composed of a vector of transforms of all pairs

of the function input variables.

The class of these new transforms corresponds to the well-known transforms for
Boolean logic and can find analogous applications in classification, analysis, synthesis,
design for testability and test generation of multiple-valued input binary functions. Such
functions have been implemented as PLA’s with input-variable decoders [100], PLA’s
with programmable encoders [102], Mixed-Radix Exclusive Sums of Products [39], or
multiple-level functions [101] and have found applications in state assignment and syn-
thesis of any type of multiple-output Boolean functions. Since the spectral methods for
Boolean functions have been used successfully to realize the PLA’s, multi-level circuits,
and circuits with EXOR gates and due to the fact that the multiple-valued input binary
functions are generalizations of the Boolean functions, it seems natural that the spectral

transforms for the multiple-valued input binary functions will find applications in
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analysis, synthesis and testing of all the circuits mentioned above.
Classical Walsh transforms have applications to the design with multiplexers
[29], decomposition and design with EXOR pre-processing and post-processing circuits
[15] and [21]-[24]. One can expect that similar applications can be found for the
multiple-valued technologies described above. The interpretation of spectral coefficients
from Chapter IV is not only useful for hand calculations of coefficients but, what is even
more important, it helps to formulate new theorems and algorithms in the spectral
domain by analogy to the ones in the classical domain. Some of the new developments
deal with the decomposition and testing of circuits described by multiple-valued input

binary functions.

It would also be interesting to investigate the relations of the new transforms with
the multidimensional transforms used in image coding and the application of the new
transforms to image processing. There are also possibly other formulations of transforms
for multiple-valued input binary functions that do not use complex numbers as the
coefficients. The work in these areas as well as formulations of the mutual relationships

between different kinds of transforms are the topics of the current research of the author.

By using two types of coding, each of the three basic types of transforms con-
sidered has two types of spectra for a given Boolean function. The considerations are
confined to the transforms that are created by Kronecker products of three elementary
order-2 matrices. Such a limitation has been applied in order to satisfy the requirements
of hardware and software realizations of transforms in recursive data-flow or systolic
architectures [24], [64] and [82]. This approach enables creation of the corresponding

fast transforms for each of the considered transforms, using Good’s formula [24], [64].

Since the Walsh spectral coefficients have recently received a considerable atten-
tion for network analysis, synthesis and test purposes it is interesting to consider applica-

tions of the new transforms in these areas as well. For instance, the author sees the possi-
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bility of using these transforms for spectral-based testing, layered Boolean network

decomposition and adaptive image coding.

Besides the applications in designing and testing digital circuits the new
transforms can have applications in multidimensional digital signal processing (including
image processing) [82]. It is well known that the simplest representation form for images
is a binary or ternary vector representation. By applying new transforms the structure of

the binary or ternary images can be represented in compact form.

In Chapter VII, a new algorithm that generates fixed-polarity GRM expressions
from the disjoint cube representation of Boolean functions is shown. The Boolean func-
tions are represented in the form of arrays of disjoint cubes (Chapter V). For each cube
the appropriate partial GRME is obtained. Its fixed polarity GRME is found by adding,
modulo-2, all the entries corresponding to the full set of disjoint cubes describing the

given Boolean function. This algorithm can be executed in parallel.

A new Walsh transform in Gray code ordering is described in Chapter IX.
Hardware implementation of this transform is based on a matrix factorization that is suit-
able for a constant geometry iterative design. Since there is no natural ordering for Walsh
functions the investigations leading to the development of new, useful orderings, particu-
larly those that can be described by sets of recursive equations, are of great importance
[86]. The method by which Walsh functions are ordered is primarily determined by con-
venience. It is well known, that Sequency ordering is favored by communication
engineers [24], [64], [69] and {86]. On the other hand, Dyadic ordering is used in most
mathematical derivations involving Walsh functions [84]-[86]. Natural and Rademacher
orderings are used in the applications of Walsh functions in digital logic design [24].
Further research on the applications of two new transforms in Gray Code orderings is
necessary - one can suspect that they will find many useful applications in different areas

like existing transforms have. The ordering that best suits a given situation is determined
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by the application.

The research, the results of which are presented here, and that which is currently
continuing, will have an iﬁxpact on the application of Boolean and multiple-valued input
logic, not only in the synthesis, analysis, and testing of digital circuits but in areas of pat-
tern recognition, and signal processing as well. The goal of future research is to develop
new decomposition methods for systems of incompletely specified Boolean functions
based on the representation of the Rademacher - Walsh spectrum presented. A major
advantage of the presented approach to Walsh spectrum calculation is its convenience for

computer implementation and its ability to yield solutions to problems with very high

numbers of dimensions.
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