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ABSTRACT

The computing power in terms of speed and capacity of today's digital computers has
improved tremendously in the last decade. This improvement came mainly due to a
revolution in manufacturing technology by developing the ability to manufacture smaller
devices and by integrating more devices on a single die. Further development of the
current technology will be restricted by physical limits since it won't be possible to shrink
devices beyond a certain size. Eventually, classical electrical circuits will encounter the
barrier of quantum mechanics. The laws of quantum mechanics can be used for building
computing systems that work on the principles of quantum mechanics. Thus quantum
computing has drawn the interest of many top scientists in the world. Ion Trap
technology is one of the most promising prospective technologies for building quantum
computers. This technology allows the placement of qubits - ions in 1-, 2- and 3dimensional regular structures. Development of efficient algorithms and methodologies
for designing reversible quantum circuits is one of the most rapidly growing areas of
research. All existing algorithms for synthesizing quantum circuits use multi-input
Toffoli gates that have very high quantum cost in terms of electromagnetic pulses. They
also do not use the opportunity of regular structures provided by the Ion Trap technology.

In this thesis I present a completely new methodology for synthesizing quantum circuits
that use only small ( 3 3 ) Toffoli gates and new gate families that have similar properties
i

and use regular structures. These methods are for both binary and multiple valued
quantum circuits. All my methods require adding some limited number of ancilla qudits
but dramatically decrease the quantum cost of the synthesized circuits. I also present a
new family of gates called "D-gates" that allows synthesis of quantum and reversible
logic functions using structures called layered diagrams. The designed circuits can be
directly mapped to a Quantum Logic Array implemented using the Ion Trap technology.
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CHAPTER 1
Introduction.
There exists a growing body of papers about Computer Aided Design of reversible and
quantum circuits. Most of these papers are related to designing and optimizing circuits in
binary quantum computing. The area of logic synthesis for multiple-valued quantum
circuits was started by my advisor professor Marek Perkowski in the year 2000, and the
first paper was published in 2001. When I was charged with the task of developing
algorithms and software for synthesis of reversible quantum circuits, there was no
literature available. This situation changed in the years 2003-2009 when several papers
were published by Marek Perkowski, Xiaoyu Song, Anas Al-Rabadi, Lee Casperson,
Erik Curtis, Michael Miller, Dr. Bullock, Faisal Khan, and Mozammel Khan. There were
also many papers published on binary quantum circuit synthesis and general-purpose
multiple-valued logic that I took into account when working on my subject. All synthesis
problems related to reversible logic are NP hard and the solutions are so far restricted to
rather small circuits. Because these problems are difficult, the algorithms to be developed
should be approximate, rather than exact. (NP hard are optimization problems that are
counterparts of NP complete problems. NP complete problems as far as known require
exponential complexity to find the solution but polynomial complexity to verify it.)

Let me explain the motivation for this dissertation, called ―Design of Regular Reversible
Quantum Circuits‖. During the development of my M.S. thesis I investigated regular
structures for FPGAs (Field Programmable Gate Arrays) and testing of such structures in
VLSI (Very Large Scale of Integration). It is therefore a natural extension of my previous
1

work that the regular structures, known to be very promising in many forthcoming
nanotechnologies and in quantum circuits in particular, will be the subject of my
research. After developing methods for binary quantum circuits I became interested in
multiple-valued quantum circuits, because this is the first available technology where
building multiple-valued circuits is of similar complexity as building binary circuits – it
was not so in the previous realization technologies such as CMOS. In the past, a large
body of theory on multiple-valued logic, synthesis methods and circuits was accumulated
(ISMVL conferences and ―MVL and Soft Computing‖ Journal) with practically little use
to design circuits. The field of synthesis of multiple-valued reversible circuits started with
papers [DeVos02, Al-Rabadi01, Perkowski02] and the field of study becomes even more
difficult when one attempts to synthesize and minimize multiple-valued (MV) Quantum
circuits [Muthukrishnan00, Perkowski05]. Most of the current algorithms are
predominantly based on heuristic and evolutionary ideas, while a few algorithms are
based on matrix algebra or group theory. All these algorithms are applicable only to very
small circuit specifications, and most of the current research efforts assume existence of
no ancilla bits. I think that this is not necessarily a good assumption since a few ancilla
bits do not cost much even with the current high costs of quantum bits (the width of the
―quantum register‖). These few qubits will have even less meaning when quantum
technology advances. One more aspect of my interest was design for test of quantum
circuits. It is well known how important testing of classical digital circuits is and as a
Design for Test (DFT) engineer for Intel and previously at Motorola and Mentor
Graphics I have extensive experience with testing and test theories for the currently
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available technologies. I was thus interested in developing methods that would produce
highly testable circuits.

Currently there are not many papers on synthesizing and optimizing circuits for Ion Trap
Quantum circuits and computers, the recently invented breakthrough technology that is
praised as a leading future technology by top specialists. In this dissertation a new
approach for solving several hard problems in Computer Aided Design (CAD) for such
computers, and particularly logic synthesis of quantum circuits, and even more
particularly permutative circuits and oracles realized in Ion Tap computers, is given.
Oracles are the most important part of the famous algorithm by Grover and other similar
algorithms. They answer only yes/no questions. The applications of Grover’s algorithm
to solve various NP-hard problems changes by designing new oracles for them, so the
question is how to design these oracles at all, and more importantly how to design them
efficiently. The permutative circuits that are not oracles have the same number of inputs
and outputs, and the inputs are not necessarily repeated on outputs, as it is required in
oracles. They are useful to build parts of oracles. For instance the spectral transforms,
arithmetic blocks, image processing blocks, calculations of cost functions, ―counting
number of ones in input vector‖ and many other similar tasks (that are normally built into
the data path of a standard or signal processing computer) all belong to this group. We
also deal with fast quantum transforms, another important class of algorithms by itself,
used for instance in the famous Shor’s algorithm or in those quantum computers for
vision which use the Fast Quantum Fourier Transform. Thus the thesis covers design of
two kinds of blocks so far used in quantum computing: binary and multiple-valued.
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Mixed (hybrid) and analog (continuous, fuzzy) quantum circuits (which seem to be too
far from the methodologies developed herein) are not discussed in this dissertation.

Based on works on Ion Trap Quantum Computing [Wineland98, Garcia-Ripoll03,
PHDLee], quantum teleportation [Steane97, Milburn00] and ideas of the architecture of
quantum computers [Metodi05] proposed by Chuang (the creator of the quantum
computer with most number of qubits until year 2008), I develop a model for circuits in a
hypothetical, yet to be built multiple-valued quantum computer in Ion Trap technology.
Although I borrow some ideas from the literature, my design is original. Whenever I was
influenced by some previous work, the text of the dissertation clearly describes what is
new and what is taken from other sources. Chapters 2, 3 and 4 are mostly based on the
literature. The remaining chapters present my original work.

Next we analyze possible application areas of such computers and their advantages over a
binary NMR (Nuclear Magnetic Resonance) quantum computer as discussed in
[PHDSazzad]. There is of course much speculation in my dissertation related to a nonexistent technology as of 2010, since only NMR computers for 10 bits exist and there are
no Ion Trap Quantum Computers with that many qubits yet. Recent information from the
press and scientific journals about Ion Trap computers is therefore used to make accurate
predictions based on the most modern state of the art developed in year 2010. When it
comes to applications of these new computers, we are particularly interested in their uses
in solving NP-complete and NP-hard discrete problems, computer vision and robotics. It
has to be pointed out that although we speculate on the existence of a quantum computer
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with hundreds or even thousands of qubits (and qudits for MV quantum computers), the
physical reality of all quantum phenomena such as quantum parallelism, superposition
and entanglement required to build quantum computers is no longer a matter of
speculation. This is because they have already been experimentally verified. For instance
the Grover and Shor algorithms have already been experimentally verified. The interested
reader is referred to the growing literature on Ion Trap computing and especially to an
excellent introduction in [Milburn00, Steane97, Leibfried03, Monroe95].

Multiple-valued logic is not used much in any hardware designed with classical logic and
only very few quantum algorithms that use MV signals are known at this time. In this
dissertation I will develop the research on designing such circuits, to be implemented in a
practical quantum technology. Many generic algorithms used in classical computing such
as satisfiability, graph coloring, scheduling and others can be either generalized to
multiple-valued logic or naturally formulated in it. This dissertation creates methods that
can be used to implement practical quantum algorithms realized on future Ion Trap
quantum Computers. These algorithms include: quantum covering (a generalization of
the even-odd covering problem), unate covering (classical), graph coloring, scheduling,
vision transforms, pattern classification problems and several others.

Ion Trap quantum computers will find various practical applications, including those in
the area of quantum computational intelligence. Quantum computers will be used to solve
a variety of combinatorial problems and will become a basis of future intelligent robotic
and media systems. To aid in inventing these future algorithms a new multi-valued
5

quantum logic system is invented and investigated in this dissertation. I introduce Galois
Field and Controlled Gate quantum logics. These new logic algebras should be of
interest to the quantum logic synthesis community because of their analogies and
extensions to the classical Reed-Muller Logic and classical reversible logic of Feynman,
Toffoli and Fredkin [Feynman82, Fredkin82, Toffoli90, Feynman96], and hence their
properties of high testability. Biamonte and Perkowski extended the classical ReedMuller logic algorithm based synthesis method of Reddy to quantum circuits, using an
equivalent of Positive Polarity Reed-Muller logic. Sarabi and Perkowski [Perkowski92a,
Perkowski95], Sasao, Bhattacharya and others generalized the results of Reddy and
Pradhan to more complex circuit structures than Positive Polarity Reed-Muller forms. In
this thesis I will show how Kronecker Decision Diagrams and Lattices, Fixed Polarity
Reed-Muller forms (FPRM), Generalized Reed-Muller forms (GRM), and Exclusive-OrSum-of-Products (ESOP) binary circuits can be generalized to multiple-valued quantum
circuits. I will discuss classes of MV expansions, canonical forms, trees and diagrams as
well as corresponding flattened expressions and circuits in their quantum realizations. In
this sense this thesis is a continuation of the PhD theses of Anas Al-Rabadi and Sazzad
Hossein, the M.S. thesis of Jeff Allen and the journal papers of Jake Biamonte and Prof.
Perkowski. I do not analyze in detail the testability of the new circuits but because they
use group logic properties, they are similar to circuits analyzed in papers of Biamonte,
Perkowski and Allen.

Design implementation of multiple-valued quantum circuits with quantum arrays using
multiple-valued Muthukrishnan-Stroud gates [Muthukrishnan00] in Ion Trap and similar
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technologies recently became practically possible. Moreover, based on generalizations of
binary circuits to multiple-valued circuit families shown in the literature [Perkowski97,
Perkowski97d, Perkowski02, Perkowski05, Pierzchala94, Sasao78] and extended in this
dissertation, such circuits can be practically built using new design methods proposed
here. However, the algorithmic complexity of synthesizing large circuits of this type
exceeds by far the complexity of designing classical circuits. Efficient heuristic methods
of synthesizing them are therefore necessary. The researches of previous PhD students at
PSU such as Anas Al-Rabadi [PHDAl-Rabadi] as well as researchers world-wide have
been only partially successful and there exist as yet virtually no CAD tools for MV
quantum computing. Isolated design programs are restricted to toy size problems. In
particular, there are no logic synthesis tools for Ion Trap QC, which have certain specifics
that do not exist in other circuits. In addition to the fact that the circuits discussed in this
dissertation are realized in Ion Trap technology and many of them are multiple-valued,
there are two other main ideas that drive my research interest: the regularity of the
FPGA-like substrate of Ion Trap circuits and the related property of their high testability.

The organization of the chapters will be now outlined in more detail. I first show how
new families of algebras, which are generalizations of classical binary AND-EXOR
forms non-canonical expressions can be developed in multiple-valued logic. These circuit
families play the role of building blocks for MV quantum circuits realized in the Ion Trap
technology. The descriptions with these new logics also allow an easy conversion of nonreversible MV specifications to MV reversible specifications. A complete logical
hierarchy of expansions, trees, decision diagrams, and forms for these new MV families
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is developed in my dissertation, following, expanding and systematizing the methods
developed in the work of Professor Marek Perkowski and his students: Richard Safranek,
Konika Ganguly, Karen Dill, Edmund Pierzchala, Craig Files, Rolf Drechsler, Nouraddin
Alhagi and Sazzad Hossain. These ideas are influenced on the one hand by algebraic
structures, both those already used in quantum mechanics [Brassard, Brylinski] and on
the other hand by the real quantum technology such as that presented in papers of Isaac
Chuang, Muthukrishnan, Stroud [BrassardGalois03, Brylinski01, Muthukrishnan00].

I present a multiple-valued logic that can be realized in regular structures (examples of
regular structures are classical PLAs and Akers Arrays). Regular 2D structure is a
fundamental aspect of building MV quantum arrays with generalized Toffoli gates, a
concept somehow similar to classical PLAs, but adapted to MV quantum circuits. Such
structures can be created using Ion Trap technology where ions are located in twodimensional or three-dimensional structures in space. In this dissertation I present ternary
and quaternary logic for illustration, but some of these ideas are general and can be
extended to arbitrary radices. Some logics with other radices cannot however be mapped
naturally to three-dimensional spaces of our Universe. Galois Field logics exist for
radices 3, 4, 5, 7, 8, 9 and so on. Because of space limitations we discuss only the cases
of 3 and 4 but larger fields are similar. There exist multi-valued circuits based on Rings
and other algebra, but how to map them to 3D space? This can be done only on smaller
circuits, or without the perfect regularity possible for Galois Field (2) and Galois Field
(3). The research for other logics becomes thus more complicated as Galois Fields do not
exist for all radices and because there are only 3 geometrical dimensions in our universe.
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A number of different families of algebras are presented and the presented theory is next
further generalized to different types of multi-valued logics with various radices. Hybrid
circuits that mix various radices have also been introduced in the literature. For some
regular or quasi-regular structures such circuits can be efficiently mapped and our
methods can be extended to the hybrid circuits, but these are not covered in the
dissertation. Several expression types presented in the dissertation have a high degree of
quantum testability. This provided me further motivation for their introduction and study.
The most important multi-valued Quantum logic family is the Galois Field family (that
takes its roots in mathematics). The generalized Controlled Gates family takes its roots in
physics - quantum technologies and Ion Trap in particular. I will discuss the relations
between the two families and how they relate to regularity of circuit structures.

Additionally, new families of logic are invented on top of these families from the insight
gained by analogies of the different, presented algebras. The previous research has shown
that the hierarchy of Reed-Muller Expansions can be generalized to a subset of the
Linearly

Independent

Hierarchy

of

expansions

[Perkowski97a,

Perkowski97b,

Perkowski97c]. Previous PhD students from PSU, Bogdan Falkowski, Ingo Schafer,
Karen Dill, Ugur Kalay and Anas Al-Rabadi, have demonstrated how some Galois
diagrams and forms [Zeng95] can be obtained by extending the Linearly Independent
(LI) Reed-Muller concepts to arbitrary Galois Fields [Dill97, Dill97a, Alrabadi01]. We
are able, however, to show here some further improvements and generalizations. These
methods are related to modern quantum technology and some breakthroughs occurred in
quantum realizations just very recently, in years 2004-2009.
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Because of high algorithmic complexity, some kind of search is the basis of efficient
CAD algorithms for quantum circuits. In this thesis I propose methods for ordering
regular logic structures. These methods are based on trees, diagrams and forms. Search
algorithms find applications for ordering gates for cascades and selecting gates for them.
They are also used to find orders of expansion variables and orders of expansion types in
pseudo- types of decision diagrams, trees and lattices. Search also has other applications.
As in classical design, the structure, the search and the representation are the most
important components of successful CAD programs for regular quantum circuits. The
search algorithm technique provides a means for designing a quantum circuit using
quantum gates. In case of synthesis of Reversible Logic Circuits, search parameters
corresponds to various reversible gates and their input/output wires.

In this dissertation I present a new approach to creating a quantum array for designing
reversible quantum circuits using Kronecker Functional Lattice Diagrams (KFDD). Any
given Boolean function is first synthesized in KFDD and then converted into a quantum
array. My method of creating a quantum array from the KFDD is unique and never
presented in the literature before. Unlike the other contemporary algorithms for synthesis
of reversible functions that always use n  n Toffoli gates, my method invariably
synthesizes functions using 3  3 Toffoli gates, Feynman gates and NOT gates. My


method adds a small cost by adding extra ancilla bits, however, the overall quantum cost

of the circuit is reduced as the circuit is designed with smaller primitives. This method

can create a quantum array for any Boolean function, whereas all other well known
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methods require reversible specification of the function to synthesize a circuit. The
comparison of benchmark results proved my method to be superior compared to other
contemporary approaches. I also invented a family of new gates called ―Dipal Gate‖
(name given by my advisor Dr. Marek Perkowski). This gate is a reversible counterpart
of the classical multiplexer. This is generalized as a one control qubit and two target
qubits reversible gate. Several variants of Dipal gate are presented in the Chapter 7. I also
developed a concept of layered diagrams that efficiently use gates from the Dipal gate
family. The CAD tool for creating the KFDD and creating the quantum array is
developed as a part of this dissertation.

Concluding, there are several new ideas proposed in my dissertation.
1.

New concepts of binary regular structures based on known and new
expansions are presented.

2.

The concept of creating a quantum array from a Kronecker Functional
Decision Diagram (KFDD) is developed, and this method can be used for
other similar diagrams. This algorithm synthesizes a reversible circuit for
any Boolean function.

3.

A new gate, called Dipal Gate (by Dr. Perkowski), has been invented and
shown useful. Respective algorithms have been programmed and shown to
be superior compared to previously known methods.

4.

A multi-valued logic family of algebra is introduced. My interest is, mostly,
however in multiple-valued circuits. It is presented in many examples how
the concepts developed for binary quantum circuits in the first part of the
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dissertation can be expanded and generalized to various multiple-valued
logics.
5.

Expansion methods for multiple-valued families of GFSOP circuits

and general multiple-valued reversible circuits with ancilla bits have been
presented. Algorithms similar to the one used for binary logic can be
developed for them.
A short description of the content of the dissertation is given below.
1. Chapter 1 is an overview of the presented research. It presents the history of this
thesis and its main concepts and ideas – no details just basic concepts. However, to
thoroughly understand the contents of this chapter the reader should be familiar with
the next chapters of the thesis first.

2. Chapter 2 is based on the literature. It presents the details of the Ion Trap
technology which is one of the most promising technologies for building quantum
computers. This Chapter introduces binary and multiple valued reversible gates.

3. Chapter 3 presents basic ideas of types of trees, decision diagrams, and
expansions for designing quantum circuits.

4.

In Chapter 4, ideas on CAD tool development for binary and multiple valued
quantum circuits are presented. This chapter also introduces the drawbacks of
contemporary methods for designing reversible logic circuits and provides
motivation for addressing those problems by introducing new algorithms
presented in Chapter 6 and Chapter 7.
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5. Chapter 5 introduces concepts of regularity in binary quantum circuits.

6. Chapter 6 presents one of the main contributions of my research. In this chapter I
present the idea of creating a quantum array for any Boolean function, from the
Kronecker Functional Decision Diagrams (KFDD). The quantum circuits
synthesized using this methods use basic Toffoli gates, Feynman gates or NOT
gates. The ideas presented in this Chapter are completely new and never presented
in the literature before.

7. Chapter 7 is about the new gate that I invented during the course of my research
work. Dr. Perkowski called it a Dipal gate. Many variants of the Dipal gate are
presented along with the concept of layered diagrams that use variants of the
Dipal gate in synthesizing reversible logic circuits.

8. Chapter 8 presents basic ideas for creating valued quantum arrays.

9. Chapter 9 generalizes all my ideas from chapters 5-8 from binary to multiple
valued logics. This Chapter provides insight on Galois field logic, Group logic
and their use for regular quantum circuit synthesis.

10. Chapter 10 concludes the dissertation with final remarks about future work.

The order of topics, structure and flow of my dissertation is shown in Figure 1.1.
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CHAPTER 2
Binary, Ternary and Hybrid (mixed Binary-Ternary) Quantum Gates.
2.1. Introduction.
This chapter is based on the literature and the material is taken from many sources. This
chapter describes Ion Trap technology and experimental implementation of this
technology. Wolfgang Paul and Hans Dehmelt, who developed the first ion trap in the
1950s, they received the Nobel Prize for their work. In 1995 Cirac and Zoller proposed a
scheme to implement quantum controlled-NOT gate using trapped ions and introduced
Ion Trap technology as one of the most promising technologies for quantum computers.
Further in this chapter I will introduce the concepts of binary, ternary and hybrid
quantum gates and quantum circuits. This is meant as an introduction to the following
chapters, which will present formal descriptions of circuits and synthesis methods. The
concepts of quantum mechanics and notations will be included. This chapter should
motivate the reader to appreciate the concept of MV-logic design of quantum circuits for
Ion Trap technology. Our treatment of binary, multiple-valued and hybrid quantum
circuits will be unified.
2.1.1. Overview of Ion Trap technology for Quantum Computing.
The ability to trap ions in three dimensional space has contributed to many advances in
atomic physics, laser cooling, and atomic clocks, as well as applications such as mass
spectrometers. Quantum Computing was first introduced to ion trap system in 1995 by
Cirac and Zoller. They proposed a scheme for implementing a quantum controlled-NOT
gate using trapped ions by coupling the internal state of two ions in which ions interact
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via their Coulomb interaction, which creates common vibrational modes of the ion string
[Cirac95]. Later there were many other schemes presented for implementation of the
controlled-NOT gate [Monroe95, Schnidt-Kaler03, Molmer99, Milburn00, Sackett00,
Garcia-Ripoll03, Leibfried03]. The functioning of these gates relies on the concept of
spin-dependent force and has many improved characteristics compared to the original
Cirac and Zoller proposal. In addition, the idea of a quantum charge-coupled devices was
also presented as a scalable architecture for trapped ion quantum computing, using an
array of trap zones where ions can be stored and transported to specific locations for
computation when required (flying ions) [Kieplinski02]. This theoretical and practical
work provided a foundation for trapped ion quantum computing and a complete
framework for a scalable universal quantum processor. The primary requirements for
physical realization of quantum computations are given in [Cirac95]:
1. A scalable physical system with well characterized qubits
2. Ability to initialize the state of a qubit
3. Long decoherence time
4. A set of universal quantum gates
5. A qubit specific measurement capability
2.1.2. Why reversible logic circuits?
Landauer [Landauer61] proved that binary logic circuits built using traditional
irreversible gates inevitably lead to energy dissipation, regardless of the technology used
to realize the gates. Zhirnov et al. [Zhirnov03] showed that power dissipation in any
future CMOS will lead to an impossible heat removal problem and thus the speeding-up
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of CMOS devices will be impossible at some point which will be reached before 2020.
Bennett [Bennett73] proved that for power not to be dissipated in a binary logic circuit, it
is necessary that the circuit be built from the reversible gates. A gate (or circuit) is
reversible if it is a one-to-one mapping between sets of input and output values. Thus all
output vectors are just permutations of input vectors. (Such a circuit can be described by
a binary permutation matrix [Nielsen00]). Bennett's theorem suggests that every future
(binary) technology will have to use some kind of reversible gates in order to reduce
power dissipation. This is also true for multiple-valued reversible logics, which is an
additional advantage because the multi-valuedness by itself demonstrates several
potential advantages over binary logic. These potentials of MV logic so far have not been
taken advantage of since they bring no technological improvements when applied to
existing technologies such as CMOS. All these fundamental results of Landauer, Bennett
and Zhirnov are technology-independent but practically applicable to future nanotechnologies, especially to quantum technology as being the most advanced of all the
nano-technologies. They are also applicable in quantum dots and DNA circuit realization
technologies.
2.1.3. How does reversible logic applies to quantum circuits?
Quantum technology is inherently reversible and is one of the most promising
technologies for future computing systems [Nielsen00]. In addition to reversibility, it has
powerful properties such as quantum superposition, quantum parallelism and quantum
entanglement that allow for solving problems much more efficiently than in classical
computing. For instance, while a classical algorithm needs N steps to search an
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unstructured database, a quantum algorithm proposed by Grover [Grover96] for the same
problem needs only

N steps where N is the number of elements in the searched

unstructured space. It can be proved, moreover that there is no classical algorithm that

fewer steps than O(N) [Zalka99, Boyer96]. (Observe that the quantum
would require
circuit is reversible when it calculates in Hilbert Space before the measurement. It is no
longer reversible after measurement, since the probabilistic measurement cannot be
reversed). Although only a few quantum algorithms are known in 2010, many problems
can be reduced to some of these algorithms, for instance to the Quantum Fast Fourier
Transform or to Grover’s algorithm. Thus, any NP-hard problem can be reduced to
Grover’s algorithm to give a practically useful and substantial reduction in complexity for
large values of N. This reduction is, however, not as high as in the case of the exponential
speedup obtained by the famous Shor’s quantum algorithm [Nielsen00] for integer
factorization.
2.1.4. What are oracles and why are they important in quantum computing?
An oracle is a logic circuit that answers ―yes/no‖ to a question asked of it, for instance –
―is this mapping of nodes to colors in a non-oriented graph a correct graph coloring?‖ A
quantum oracle must be built from quantum gates to allow superposition and
entanglement of its outputs, which is the basis of Grover’s algorithm. Remember that
inputs to the oracle are also repeated as some of the oracle’s outputs in order to make the
measurement of all inputs together with the (output) oracle qubits. The states of inputs to
the quantum oracle encode the solution, using the so-called ―phase kick-back‖
[Nielsen00]. Without going into details of how an oracle works in a quantum algorithm,
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let us observe here only that the oracle must be built from quantum gates and that many
oracles include special types of quantum circuits such as: arithmetic blocks, logic blocks,
relational blocks, and mixed blocks [Sazzad08]. If one only know how to build a
respective oracle, then with the availability of the physical quantum computers Grover’s
quantum algorithm (and its variants and modifications) would be immediately useful to
solve very many highly important problems such as Travelling Salesman. It is therefore
important to study methods and algorithms to build various types of oracles and their
parts. The problem of building various classes of oracles or their blocks (components) is
well-known in the case of binary quantum circuits [Nielsen00]. It was discussed in the
review about automatic quantum synthesis [Perkowski04]. Many papers on how to
synthesize them from binary quantum gates, or that propose general-purpose logic
synthesis algorithms for binary quantum circuits, have been published [AgrawalJha04,
Mishchenko02, AlRabadi04, Miller03a]. In this dissertation I will propose new methods
and algorithms to build various types of quantum circuits, and specifically circuits used
as oracles. Although the main results of the thesis are documented using binary logic, the
ultimate goal of this research is to develop methods for ternary, hybrid and other MV
quantum circuits. Some of the new MV logic synthesis methods for quantum circuits are
discussed in full detail although they are not programmed. Some others are just sketched
as I found that the number of new methods based on my basic principles formulated in
the introduction is vey high.
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2.1.5. Are multiple-level circuits realizable in quantum technologies, and if so which
ones?
After year 2005 there was a growing interest in the quantum and particle Physics research
communities in the realizations and applications of d-level quantum systems (a different
name used by them for multiple-valued quantum logic circuits). The interest in such
circuits is not only because natural quantum mechanics systems are inherently d-level and
because they generalize the standard binary quantum logic, but mainly because the dlevel systems improve some standard quantum circuits, algorithms and protocols.

The case of special interest in recent times is d = 3, for which the qudit is called a qutrit.
This is the simplest MV logic but it is already more complicated than binary quantum
logic. Some results from classical ternary logic and reversible ternary logic can be
adapted. On the other hand, new important properties can be analyzed. For instance, the
following facts are known when comparing the cases of d = 2 and d = 3:
1. Some cryptographic protocols such as quantum bit commitment and coin-flipping
protocols have been proved to be more secure for d=3 [Peres00, Bourennane01,
Spekkens02].
2. The quantum cryptographic protocols, such as those that generalize the Ekert’s
entanglement-based protocols for d=3, are more robust against optimal individual
eavesdropping attacks, such as cloning-based attacks for d=2. They are also more
robust than using un-entangled qutrits [Bruss02, Cerf02, Durt03].
3. For d=3 quantum information processing is more powerful than for d  3 as the
best use of Hilbert space dimensions is achieved [Greentree04].
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4. Higher error-tolerance is achieved for fault-tolerant quantum computation for d=3
than for d=2 [Knill04].
5. Usefulness for quantum simulation [Terhal99], quantum tomography [Thew02],
and quantum games [Flitney02].

There are recent publications that propose various ways of building ternary quantum
circuits with existing or new quantum realization technologies. Muthukrishnan and
Stroud [Muthurkrishnan00] proposed for the first time the ion trap realization technology
for arbitrary radix. This paper was seminal, but it was only theoretical. Klimov et al
[Klimov03] realized ion-trapped qutrit-based generalization of the quantum circuits built
by Cirac and Zoller. D. McHugh and J. Twamley [McHugh05] and modified the work on
ion trap quantum computers from [Mintert01, McHugh05a] to qutrits. An axial magnetic
field gradient was applied across an ion chain that allows the three hyperfine Zeeman
energy levels of each ion, forming the qutrit, to be individually frequency addressed. This
technology demonstrated also the coupling between qutrits, thus leading to conditionally
controlled gates where the state of one qutrit selects an operation executed on another
qutrit. These gates are natural generalizations of those, which are fundamental to binary
quantum computing such as controlled-NOT (Feynman gate). Finally, Das et al [Das03]
presented experimental realization in NMR of all single-qutrit gates that I use in our
designs in this dissertation. They were also able to demonstrate preparation of pseudopure ternary states used by such circuits. Their design was based on utilizing deuterium
(spin-1) nuclei partially oriented in liquid crystalline phase.
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Based on work of [Klimov03, Lawrence04, Mintert01, Nielsen02] we can conclude that
there are a few existing competing technologies in which universal sets of ternary
quantum gates are realizable. There are also formal Lie group theory based [Brylinski01]
and software-based [Bullock05, Curtis04, Denler04a, Khan05, Yen05] synthesis methods
for MV quantum circuits. The research on binary quantum blocks for oracles has started
recently (2005) and there are even fewer works on multiple-valued quantum blocks – I
want to fill this void in my dissertation.
2.1.6. Practical examples of multiple-valued quantum circuits.
Reversible adders from conservative gates have been presented in [Bruce02]. Quantum
realization of a ternary full-adder was given for the first time by Miller et al. in [Miller04,
Miller04a] and a quantum realization of a ternary parallel adder/subtractor with lookahead carry was reported by Khan and Perkowski [Khan05a]. This dissertation presents
exact and approximate synthesis of quantum realization of the ternary circuits, using the
macro-level ternary Feynman and Toffoli gates that are built on top of the Ion Trap
realizable 1-qudit and Muthukrishnan-Stroud gates [Muthurkrishnan00].
2.1.7. Costs of gates and circuits in multiple-valued quantum technologies.
As the realization experience of building ternary quantum circuits is limited, it is difficult
to compare costs of gates realized in various quantum realization technologies. Counting
the gate cost only in terms of the number of elementary gates may be misleading; because
the costs of various gates, even in binary, differ a lot. It is also difficult to compare costs
of gates with multiple-valued measurements based on qudits [Curtis04, Denler04a,
Khan04, Khan04a, Khan05c, Perkowski02, Perkowski04, Yen05] and the gates realized
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on encoding multiple-valued symbols to Hilbert space but with binary measurements
(ternary case in [Miller04, Miller04a] and quaternary case in [Kim00]). One can
theoretically compare the number of electromagnetic NMR pulses [Das03, Kempe02,
Lee06] as the cost function, and evaluate the cost of observables, but these costs may
differ a lot in various specific quantum realization technologies such as NMR or Ion Trap
(it is an open problem how much can they differ). It is the long-term goal of the PSU
quantum group to compare realization costs in various multiple-valued quantum
technologies, but this topic is beyond the scope of this dissertation. More studies on
practical realizations of preparation and measurement circuits in MV quantum
technologies are also necessary. In this dissertation, I counted the numbers of elementary
―primitive quantum‖ gates (i.e. directly quantum realizable ―primitive‖ gates) or the
numbers of elementary pulses as the measures of circuit’s cost. In another variant I
counted the numbers of rectangles (or ions) in 2-dimensional realizations.

Let us point out that Nature does not favor binary quantum states. Quantum circuits with
ternary or quaternary states are therefore as natural as binary quantum circuits. In theory
every unitary transformation in Hilbert space Hk can be used as a basic quantum gate.
Similarly as in the binary case, I have selected some subset of gates that are easily
realizable and at the same time allow the creation of a good mathematical base for
synthesis. In the binary case the basic gates are Hadamard, Controlled-Square-Root-ofNot, Feynman and Toffoli. I asked myself the questions:
 ―What are their counterparts in ternary?
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 What are the counterparts of X, Y and Z rotations and Pauli rotations in
particular? This thesis is an attempt to answer these questions.

As observed in [PHDAl-Rabadi], the mathematically useful in synthesis counterpart of
the Hadamard gate is the Chrestenson gate. It performs the well-known Chrestenson
Transform [Cerf02], being the special case of the Fourier Transform. For the ternary case
we deal with Hilbert space H3 and we should use analogies to Hilbert space H2 being the
base of all binary quantum gates.

Interestingly, quantum mechanics let you build ―hybrid‖ circuits that mix binary and
ternary logic. The quantum wires in such circuits correspond either to qubits (binary) or
qutrits (ternary) logic. All single qubit operations in binary wires are binary and all single
qutrit operations in ternary wires are ternary. Similarly, the target controlled operations in
binary bits are binary and the controlled operations in ternary wires are ternary. The
controls from binary wires are binary and the controls from the ternary wires are ternary.
Such circuits can be synthesized using methods introduced in this dissertation.
2.2. Ion Trap technology for quantum computers.
This section describes details of the experimental setup for trapping ions in three
dimensional space.
2.2.1. Ion trapping.
This section outlines the basic function of ion trapping including ion traps and their
loading mechanism as well as the laser system for probing the ions. The physical system
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presented here [PHDLee] contains the quantum mechanical degree of freedom which is
employed for computing purpose, such as the qubit stored in the internal electronic
structure of the ion and the external quantum mechanical motion of the ions in the trap
available for quantum information transfer. Basic operations such as initialization and
readout of the qubits can be performed using a specialized laser imaging system. The ion
trap technology proposed [PHDLee] is based on the design invented by Wolfgang Paul
that confines charged particles with an electric quadrupole field oscillating at radio
frequency. Such traps are also called ―Paul‖ or ―rf‖ traps. Two types of traps are
proposed in [PHDLee], a ―ring-and-fork‖ asymmetric quadrupole trap and a three-layer
linear trap as shown in Figure 2.1. In a ring and fork trap, the potential near the center of
the trap can be modeled as an asymmetric 2-quadrupole potential when a rf potential
V0cos(ΩTt) is applied to the ring electrode and a static potential U0 is applied to the endcaps. The potential at coordinate (x, y, z) is given by
 x 2  ( 2   ) y 2  2 z 2 
V ( x, y, z )   (U 0  V0 cos( T t )) 


d 02



Where α ~ 0.8 and κ ~ 0.8 are parameters determined by the geometry of the electrodes,

d0  r02  2z02 is the characteristic internal dimension of the trap, with r0 being the
radius of the ring electrodes and 2z 0 being the separation between the two end-caps.
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Figure 2.1 Schematic diagram of an ion trap electrode. (a) Asymmetric quadrupole trap
with a 400 µm diameter ring electrode and a 300 µm gap between the form electrodes.
The rf is applied to one electrode while the other electrode is held at rf ground with a
possible dc offset. (b) Three-layer linear trap made of gold-coated electrodes on alumina
substrates. The rf is connected to the middle layer which is 125 µm thick, while static
voltages are connected to the electrodes on the segmented outer layer that are 250 µm
thick. In this experiment ions are coupled to motion in the direction zT defined to be the xaxis in the asymmetric quadrupole shown in (a) and the z-axis in the linear trap shown in
(b).
The standard equation of motion with dimensionless parameter can be written as
d 2x
 (a  2q cos 2 ) z  0
d 2
Where
8eU
md T2
4eV
q
md 02 T2
a



T

t

2

The lowest-order approximation of motion of the ion yields a solution
x(t )  x0 cos( 

  q

t ) 1  cos(t )
2  2


Where   a  q 2 / 2 , and x0 depends on initial conditions. The slower oscillation at the
frequency  x   / 2 , is called the secular motion. When a  q 2  1 and static
26

potential U 0  0 , then the ion acts as though it is confined in a harmonic pseudo-potential
where

V

1
m x2 x 2
2

With  x  2eV0 /(md 02 ) being the secular frequency. The secular motion is used as
a quantum databus where information can be transferred from one ion to another. The
oscillation at the faster frequency cos(t ) is called the micromotion because the
amplitude is suppressed by q

2

 2 2



.

The linear trap consists of four rods running parallel Figure 2.1(b) along the z axis. Rf is
applied to a pair of diagonal electrodes while static potential is applied to the other two
electrodes that are segmented. The outer segments are held at U 0 while the middle
segments are held at ground. In this case, the potential in a trap becomes
 x2  y 2 
 2z 2  x2  y 2 
  U 0 

V  V0 cos t 
2
2


 r0 

Where κ is a geometric factor. The trap provides a static harmonic potential in the z
direction, with oscillation frequency  z 

2U 0 q

m . Along the axis of a trap where

x  y  0 , there is no micromotion. Compared to the ring-and-fork trap where the rf node
is a single point at the center of the trap, the linear trap can support many ions at its rf
nodal line simultaneously and avoid unwanted micromotion.
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Figure 2.2 Vacuum apparatus enclosing the three-layer linear trap. Located inside the 4
inch diameter hemisphere chamber in the lower right corner, the trap is visible from
large quartz window. The RF resonator is connected to the trap electrodes by the
feedthroughs on top of the chamber. The vertical structure in the middle is the Titanium
sublimation pump with the ion pump to its left.
An ion trap is placed under ultra high vacuum inside the hemispheric chamber in Figure
2.2. The chamber has optical access from the cross-section of the hemisphere and two
smaller windows at 450 around the equator and forming a right angle with each other as
shown in Figure 2.3. Trap voltages are controlled from outside and connected to the
electrodes via feedthroughs. An rf resonator consisting of a helical coil inside an enclosed
cylinder made of copper transforms a 2W rf signal from an amplified source to high
voltage and is attached to the trap electrodes via vacuum feedthroughs.
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Figure 2.3 A side view of the vacuum chamber. Two windows at 45o allow laser access to
the ions inside the trap.
2.2.2. Loading Ions.
The design for loading ions in a trap is as follows: cadmium or cadmium oxide metal
inside an alumina tube is heated by passing current through a tungsten coil to produce a
beam of atomic vapor aimed in the vicinity of the trap; an electron gun consisting of a
charged plate with an aperture in front of a heated tungsten coil generates a beam of
electrons aimed at the trap region. The high velocity electrons (~100eV) collide with the
neutral cadmium atoms and ionize them, leaving the positively charged cadmium ions
inside the trap. If the atoms are ionized outside the trap region, conservation of energy
dictates that the ion entering the trap region has higher energy than the trap barrier,
therefore these ions will not stay trapped. On the other hand, if the atoms are ionized
inside the trap region, then the ions cannot escape as long as the depth of the trap is larger
than the initial kinetic energy of the ion. With careful alignment of cadmium oven and
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electron gun with respect to the trap electrodes, this method is very effective at loading
ions into the trap.
2.2.3. Cadmium 111 as a Qubit.
The type of ion is selected with careful consideration of the technology available and of
properties favorable towards quantum computation. Typical atomic ion species for
quantum information application are hydrogen-like, with a single valance electron with a
2

S1 / 2 ground state. The ion’s internal electronic state serves as the quantum memory and

two states are designated as the qubit levels |0> and |1>, where information can be stored
in the amplitude and phase of these states. A ―hyperfine qubit‖ uses two ground state
hyperfine levels, while an ―optical qubit‖ uses the ground state and an excited D state
with energy lower than the P state. A ―hyperfine qubit‖ of cadmium ion has the
advantage of having an extremely long life, on the order of thousands to millions of
years, compared to the life time on the order of seconds for the excited D state. In
addition, hyperfine qubits can be manipulated using simulated Raman transition via
coupling of excited states, thus having a less stringent requirement on the frequency
stability of the laser than optical qubits, which are coupled using electrical quadrupole
transitions with linewidths on the order of less than 1 KHz. The experiment in Lee’s
thesis [PHDLee] uses ground state hyperfine levels of

Cd  ions as qubits. Hyperfine

111

interaction exists only in isotopes with a non-zero nuclear spin (I=1/2 for

Cd  ). The

111

qubit states are defined as |0> = |F = 0, mF = 0> state and |1> = |F = 1, mF = 0> state,
where F denotes the angular momentum of electron and nucleus and mF denotes the z
component of the total angular momentum. These levels are especially chosen for their
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insensitivity to magnetic field, with coherence time of the qubit memory on the order of a
few seconds according to Lee’s measurements. The frequency splitting is  = 2π ×
14.53GHz.

Figure 2.4 Internal energy level of a 111Cd  ion. Ground state hyperfine levels (nuclear
spin I = ½) serve as a qubit, with a frequency splitting of 14.5GHz. The excited states
P1 / 2 and P3 / 2 are separated by a fine structure splitting of 72THz, and the transition from
S1 / 2 is resonant with a 214.5nm and a 226nm ultraviolet radiation respectively. The qubit
levels |F = 0, mF = 0> and |F = 1, mF = 0> states are magnetic filed insensitive to first
order, resulting in a coherence time on the order of few seconds.
2.2.4. Initializing and detecting the Qubit states.
A quantum register needs to be initialized to a definite state before any operation can be
performed. For trapped

Cd  ions, the qubits are prepared in S1 / 2 (F = 0, mF = 0) ground

111

state with nuclear spin I=1/2 at the onset of computation by optical pumping with
radiation near-resonant to the S1 / 2 (F = 1) → P3 / 2 (F’ = 1) transition. For this transition,
there is always a dark state composed of a superposition of the S1 / 2 (F = 1) manifold for
polarization of the light. Therefore the optical pumping field is tuned to be in between the
S1 / 2 (F = 1) → P3 / 2 (F’ = 1) and S1 / 2 (F = 1) → P3 / 2 (F’ = 2) transition in order to remove

any remaining population of state in the dark state. The exact polarization of the laser
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light is not critical as long as it is not purely   or (   ) polarized. Preparing the ions in
the S1 / 2 (F = 0, mF = 0) state with a 60µW beam focused to a 20 µm waist typically takes
about 1 µs based on the laser experimental setup [PHDLee].

Assuming sufficient time is always given to the optical pumping process, the initialized
state S1 / 2 (F = 0, mF = 0) still maintains a small probability of coupling off-resonantly to
the P3 / 2 (F = 1) states and decaying to a S1 / 2 (F = 1) state through spontaneous emission.
The time for one scatter from S1 / 2 (F = 1) to the P3 / 2 (F’ = 2) state, the probability of the
S1 / 2 (F = 0, mF = 0) state leaking to the S1 / 2 (F = 1) state from undesired scattering is

approximately the square of the detuning ratio (400MHz/14.1GHz)

2

= 8 × 10-4. This

error is sufficiently small to not significantly affect the fidelity of qubit measurements or
operations.

In binary quantum computation a qubit can be in superposition of both |0> and |1> states
and/or be entangled with the state of other qubits while quantum operations are
performed. However, results of computation can only be obtained by measurements,
which collapse the qubit into a |0> or |1> state and potentially alter the state of the
entangled system. The entangled system is a fundamental property of quantum systems,
in which two quantum systems can become correlated in such a way that the two systems
retain this correlation such that, under certain circumstances, subsequent action on one
system can then have implications for the outcome of a measurement on the other. In the
Cd 111 system, the state of an ion can be detected by applying a σ_ polarized radiation
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resonant with the cycling transition S1 / 2 (F = 1) → P3 / 2 (F = 2) and collecting the
florescence using a CCD camera. The |1> state is optically pumped to the S1 / 2 (F = 1,

mF = -1) state and continuously cycled and scattered from the P1 / 2 (F = 2, mF = 2) state.
Since the other qubit state is far detuned from the only available scattering channel
S1 / 2 (F = 0) → P3 / 2 (F = 1), the ions in this state remain dark. A photomultiplier tube

(PMT) or a camera collects the emitted photons for a certain amount of time. If the
emitted photon counts exceed a certain threshold, the ion is determined to be in the one
state. Otherwise ion is determined to be in the zero state.
2.2.5. Two ions entangling gate.
The scheme proposed by Cirac and Zoller implements a controlled-NOT (CNOT)
through coupling of each qubit to a common mode of motion in the trap. The CNOT gate
flips the state of a target qubit (e.g. | 2  | 2  ) only when the control qubit is in state
|1  . This universal two qubit logic gate yields the following truth table:

|↑↑  →|↑↑ 
|↑↓  →|↑↓ 
|↓↑  →|↓↓ 
|↓↓  →|↓↑ 
How can the spin of one state be rotated coherently conditional on the state of the other
qubit? Upon closer examination of the scheme, the CNOT gate can be decomposed into
three steps:
(1) a carrier 

2

pulse on the target qubit with associated phase 
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(2) a  phase gate on two ions
(3) a carrier  

2

pulse on the target qubit with phase  (step (1) reversed)

Steps (1) and (3) are simply carrier coupling on the target qubit ion, and the step (2)
contains the essential entangling process. In the original proposal, the internal qubit state
of the control ions is mapped onto the collective motion, and a 2 pulse coupling a
specific spin and motion state of the target ion to an auxiliary sate outside of the
spin/motion system is applied, resulting in a  phase shift only for that particular state.
The motion is then mapped back on the control qubit. The key mechanism here is to
obtain a phase that is dependent on the qubits’ state, which is satisfied by a resonance
condition for accessing the auxiliary level. This  phase gate produces a truth table
shown above. The Figure 2.5 shows the fluorescence detected by the CCD camera that
allows us to differentiate two ions during detection.

Figure 2.5 Detecting the state of two qubits with an intensified CCD camera. The images
corresponds to the states shown in the figure. With CCD camera states can be
differentiated which can not be done using PMT (photo multiplier tube).
2.2.6. Quantum charge coupled device (QCCD).
Quantum charge coupled device architecture was proposed [Kielpinski02, Cirac95] to
build large-scale quantum computers. An array of ion traps is created in which
computation can be performed within each ion trap, and a mechanism is established to
facilitate communication between these ion traps. The basic QCCD model is shown in
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Figure 2.6a. Ion traps are created between electrode segments that operate on varying
voltages to trap or shuttle ions through traps. As shown in Figure 2.6a, the trapped ions
storing quantum information are held in the memory region. In order to perform certain
logic gate operations relevant ions are moved into interaction regions by applying
appropriate voltages to the electrode segments. The required trapping and transport
potential are provided using a combination quasi-static and radio-frequency electric field.
The quasi-static field is provided by electrode segments and multiple layers are built to
facilitate radio-frequency signals and electrode segments. Each ion can be considered as
an independent qubit or a cascade of multiple ions can represent single qubit. This type of
ion trap region naturally creates regular structure which inevitably lead to constructing
FPGA-like regular arrays. The major challenge in accurately operating ion traps is
decoherence. Decoherence is a process of disturbing the quantum state through the
interaction with the environment which causes inaccurate computational results. Research
community working in the area of quantum computing has shown significant interest in
addressing the error correction problem, which results from the existence of decoherence.
Based on the QCCD model, a Quantum Logic Array (QLA) architecture is proposed in
[Metodi05], that takes into account the fundamental requirements for quantum
computers.
1. Realizable and realistic implementation technology.
2. Robust error correction and fault tolerant structure.
3. Efficient quantum resource distribution.
The technology used for implementing quantum information processors must satisfy the
following four requirements,
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1. It must allow initialization of an arbitrary n-qubit quantum system to a known
state.
2. A universal set of quantum logic operations must be available to manipulate qbits.
3. The technology must have ability to reliably measure quantum systems.
4. It must allow a sufficiently long qubit lifetime.
The quantum logic gate is a multiple qubit operation, thus it implies that quantum
architecture must also allow for sufficient and reliable communication between physical
qubits. Due to the high volatility of quantum data, actively stabilizing the system’s state
through error correction will be one of the most vital operations through the course of
implementing quantum algorithms. A successful architecture must be carefully designed
to minimize the overhead of error correction, and must be able to accommodate some of
the most efficient error correction codes.
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Figure 2.6 Quantum Logic Array architecture, (a) QCCD model in which ions are
ballistically shuttled between memory region and interaction regions. (b) High level
quantum computer structure where the letters Q represents the qubit and letters R
represents switch islands for quantum data communications. (c) The building block of the
QLA architecture 4 level 1 building blocks are shown where the far right side outlines a
single block. The solid circles are data ions and clear circles are cooling ions.
2.2.7. Quantum Logic Array (QLA) Architecture.
Figure 2.6b shows the QLA architecture proposed by Metodi [Metodi05], which is
designed with error correction capabilities. This architecture also shows an efficient
method for teleportation, which is used for communication between qubits. At the lowest
level QLA is based on trapped ion technology, which uses a single trapped atomic ion as
storage for a qubit. In particular, QLA is based on the highly scalable model of (CCD)
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style ion-trap quantum information processing architecture proposed by Kielpinski
[Kielpinski02]. This model consists of an ion trapped in interconnected trap arrays and
moved from trap to trap to interconnect. The QLA is designed as a block structure, which
fits naturally for quantum error correction, where each building block reflects the error
correction algorithm used. The QLA itself is built by tiling these building blocks to form
the hierarchies required for larger and more reliable encodings. In addition, channels are
created to facilitate movement of ions from trap to trap.

Figure 2.6b shows the high level structure of a QLA system. The computational units
denoted by Q are encoded logical qubits that represent a single qubit of information. Each
logical qubit is a regular structure of physical ions controlled by sequences of laser
pulses, as shown in Figure 2.6c. The logical qubits are positioned on the substrate in a
regular array fashion, connected with tightly integrated repeater-based interconnect as
shown in Figure 2.6b. This makes high level design very similar to classical tile based
FPGA like architectures. The key difference is that the communication paths must
account for data errors in addition to latency. The communication paths are composed of
similar physical building blocks as the logical qubits. The integrated repeaters, denoted
by the letter R in Figure 2.6b, are called teleportation islands. They redirect traffic in the
four cardinal directions by teleporting data from one repeater to the next.

The underlying structure of the QLA is intended for error correction, by far the most
dominant and basic operation in the quantum machine. Error correction is expensive
because arbitrary reliability is achieved by recursively encoding qubits at the cost of both
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exponential resources and operation overhead. Recursive error correction works by
encoding N physical ion-qubits into a known highly correlated state that can be used to
represent a single logical data bit. This data bit is now at level 1 recursion it now has the
property of being in a superposition of ―0‖ and ―1‖, much like a single physical qubit.
The QLA structure fits naturally with quantum error correction because the structure of
the building blocks reflects the error correction algorithm used. Each basic building block
represents a single level-one logical qubit as shown in Figure 2.6c. As shown in the
figure, each building block consists of data ions supported by their cooling ions and
trapped between electrode cells.
2.3. Mathematical Background of Binary Quantum Circuits, qubits and
measurements.
Now that the basic Ion Trap architecture has been explained for completeness of the
thesis, I move to present the quantum gates that are our real concern in this thesis. It is
not required to understand previous sections of this chapter to appreciate the new ideas of
this thesis and its contents, but understanding of the next sections is a must with this
respect.
2.3.1. Bloch Sphere, rotations and gates.
The most common graphical representation of a qubit uses the concept of a Bloch Sphere.
The state of a qubit is represented using three real numbers  , ,  , as

 
 
|    ei cos | 0  ei sin | 1    0 | 0  1 | 1
2
2 

With
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 0  ei cos



1  ei ei sin

2


2

In this representation e i is an overall phase factor that is not observable in measurements
and is generally ignored. Figure 2.7a shows a geometrical representation of the state of
the qubit |  . The qubit is a vector r from the origin to a point on the three-dimensional
sphere with a radius of one. In this representation, the position of a point is defined by  ,
the angle between vector r and the z axis, and  , the angle between the projection of the
vector in the xy plane and the x axis. Figure 2.7b shows the Bloch sphere representation
of one qubit in the superposition state |   ( 0 | 0  1 | 1 ) / 2 . In this case

 0  1 

1
and we can easily derive:
2

1

 0  cos 
, thus   90o
2
2

1  ei sin


2



1
, thus   0o
2

The classical bit can be in one of two states, 0 or 1, while a qubit can be in a continuum
of states represented as points on the Bloch sphere, as shown in Figure 2.7(c). The state
space of a qubit contains the two ―basis‖ or ―logical‖ states | 0 and | 1 , also called
―kets‖. The initial state of a qubit is always assumed to be one of the basis states. The
classical information revealed by a qubit is the label of one of the two basis states, while
the contents of the quantum information encoded by a qubit is considerably richer.
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Figure 2.7 Bloch Sphere. (a) A qubit |ψ> is represented as a vector r from the origin to
the point on the sphere with a radius of one. θ is the angle of the vector r with the z axis
and φ is the angle of the projection of vector in xy plane with the x axis. (b) A qubit in the
superposition state. (c) A qubit can be in one of the basis states 0 or 1, or in a
superposition state.

A good metaphor to think intuitively about a qubit is to perceive it as a little spin that can
rotate in three axes. Operators on this qubit are external forces such as radiation that
change the orientations of the spin. The state of the spin changes in the same place, and
the changes are executed in time. The ―gates‖ are thus virtually created in time by
external forces. The quantum circuit model invented by Deutsch is thus different from
classical (CMOS) circuits. In the classical model the gates exist in space and the signal is
propagated in them in time. When the change of signal passes the gate, the gate still
exists in the circuit. It is not so in a quantum circuit, as the gate changes dynamically to
another gate and only its state remains. This is a very different intuition when compared
to classical circuits, and, although the quantum circuit drawing looks like a classical
circuit schematics, its physical interpretation is very different as the vertical axis X in it is
time, not space.
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Figure 2.8 presents the symbols and unitary matrices of Pauli rotation gates and the
Hadamard gate. Figure 2.9 presents the symbols and unitary matrices of the V gate (short
notation for the Square-Root-of-NOT gate), the Phase gate S, the pseudo-Hadamard and
the inverse pseudo-Hadamard. These are all single-qubit gates. They are all composed
from basic rotations. Ternary or quaternary single qudit gates are also compositions of
basic rotations. They differ from binary only in the measurement phase, as a different
observable (measurement apparatus) is constructed for them.
NOT Pauli x

Pauli y

XX

Pauli z

ZZ

YY

 0 1

0


 x  
 1 0

 y  
i


(a)

Hadamard

i

0 

1

HH

0


 z  
 0  1

H

1 1 1 


2 1  1

(c)

(b)

(d)

Figure 2.8 Basic single qubit gates, symbols and their respective unitary matrices in
Hilbert space. (a) NOT (or Pauli X), (b) Pauli Y, (c) Pauli Z, (d) Hadamard.
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It is 
a good intuition for a circuit designer to think about quantum gates as unitary
matrices and compositions of gates as Kronecker and matrix multiplication operators.
Observe that the Hadamard gate is its own inverse, as can be checked by multiplying
matrices, but the pseudo-Hadamard gates h, h-1 introduced below are not their own
inverters. However, multiplying h and h 1 gives the identity, which is very useful in
several gate realizations and equivalence transformations (Figure 2.9).
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Table 2.1 has unitary matrix equations for P, X, Y and Z rotations. These equations use
identity matrix I, and rotation matrices X, Y and Z, which are the Pauli rotations from
Figure 2.8. Figure 2.14 illustrates how to use these matrix equations to transform these
generalized rotations to a form that will be used later in the dissertation. Observe that in
rotations P(), X(), Y() and Z (), the angles in cosines and sines are actually only /2,
the interpretation of which should also be appreciated on the Bloch sphere and in the
future examples given by us. The fact that a single matrix represents a gate says nothing
about the complexity of this gate, as every matrix must be first decomposed to matrices
of gates realizable in given quantum technology. The unitary matrices of quantum
theorists and mathematicians are thus not the unitary matrices of practical quantum
circuit designers and quantum CAD engineers!! This is another difference from classical
design, where the AND gate is the same at any stage of design.
V Gate

VV

1 i  i 1 i 

V  
2 1  i 1  i 
(a)

Phase gate

Pseudohadamard gate Inverse pseudohadamard gate

SS

1 0
S ( )  
i 
0 e

h1

hh





h

(b)

1 1  1


2 1 1 

h1 

1  1 1


2   1 1

(c)

(d)

Figure 2.9. (a) Controlled Square Root of NOT (or V gate), (b) Phase Gate, (c) pseudoHadamard and (d) inverse pseudo-Hadamard.
Figures 2.10, Figure 2.11, Figure 2.12 and Figure 2.13 have many examples of controlled
gates and some of their matrices. The reader can build other matrices using the same
principle – Figure 2.10 shows the Identity matrix, and a matrix of controlled gates is
shown in Figure 2.11. This means that if the control signal (upper qubit) is zero then the
identity operation is executed on the lower qubit. Otherwise, when the control signal is
one the operation in the box is executed on the lower input qubit.
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Observe also in Figure 2.11 (b) that the CNOT gate (Feynman gate) can be realized with
a Controlled-Z gate surrounded by two Hadamard gates, and it also can be realized as in
Figure 2.11 (c) where the Hadamard gates are replaced with the pseudo-Hadamard gates
and inverse pseudo-Hadamard gates. The pseudo-Hadamard gates are not self-inverses,
but h*h-1 = h-1 * h = I, which is very useful in several gate realizations and equivalence
transformations. Observe that the circuit from Figure 2.11b has a quantum cost of five
pulses, while the same quantum logic is realized with a cost of also three in Figure 2.11c.
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Figure 2.10. Controlled gates. (a) Controlled Hadamard gate, (b) Controlled Rotation
with respect to angle . This symbol applies to any angle, particularly X, Y and Z.
Additional symbol is used to denote the angle, (c) symbol of Pauli rotation where
subscript i = X,Y,Z, (d) controlled phase and its unitary matrix.
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Figure 2.11. (a) Controlled Z and its unitary matrix, (b) CNOT realized with controlled Z
and Hadamard gates, (c) CNOT realized with controlled-Z and pseudo-hadamard gates.
Symbol h stands for pseudo-hadamard gate and symbol h-1 for inverse pseudo-hadamard
gate.
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Figure 2.12. Realization on controlled phase gate.
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Figure 2.13. (a), Controlled V gate and its equivalent realization with controlled phase
gate surrounded by Hadamard gates, (b) Controlled V+ gate and its equivalent
realization with inverse of phase gate surrounded by Hadamard gates, (c) Controlled V+
realization with inverse of phase gate surrounded by inverse pseudo-hadamard gate and
pseudo-hadamard gate.
Similarly the controlled-square root of NOT (controlled V gate) gate implementation
using a phase gate surrounded Hadamard gates is shown in Figure 2.13 (a). Figure 2.13
(b) depicts controlled V adjoint gate with inverse of phase gate and Hadamard gate and
Figure 2.13 (c) shows implementation of same gate with inverse of phase gate surrounded
by pseudo- Hadamard and inverse pseudo-Hadamard gate. We can appreciate again that
using h and h-1 reduces the cost of the gate CV, CV+ which are the most important
primitives for building binary quantum oracles. Interestingly, quantum computers have
been practically built for more than 10 years and every year new design tricks and rules
are found for the design of gates, so I can have a hope that I may invent some useful
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concept, such as the quantum multiplexer that was invented by Dr. Perkowski in the year
2000 and the pseudo-Hadamard gate by Prof. Jones in 1998.

A quantum circuit can be easily analyzed. A parallel connection of gates corresponds to
the Kronecker product (Tensor product) of the unitary matrices of respective gates. A
serial connection of gates corresponds to a serial multiplication (in reverse order) of the
matrices of these gates. It is thus easy to check that the equivalence transformations from
Figures 2.11, Figure 2.12 and Figure 2.13 are correct. Figure 2.12 presents the controlled
general phase gate used together with a pair of pseudo-Hadamard and its inverse. Figure
2.12(a) has the symbolic unitary matrix when the control signal is |1. By substituting
various values of angles, 0o, 90 o, -90 o, 180 o unitary matrices are created which are next
combined with pseudo-Hadamard matrices as in Figure 2.18b. The table from Figure
2.18a demonstrates that by changing the angle in the controlled middle gate the gate from
Figure 2.13 can work as a 2-qubit identity, controlled-V, controlled-V+ and CNOT.
Actually this gate can be used as controlled root of various degrees. Figure 2.18a
illustrates unitary matrices for various angles of Y. This figure thus demonstrates the
usefulness of Y and Z rotations to create quantum gates. I will be using single qubit gates
that are commonly used in papers on quantum synthesis. They are: the NOT gate (called
also the Pauli rotation X, denoted also in literature by x), the Hadamard gate, the Phase
gate, and the T gate. Some of these gates are shown in Figure 2.8. Some gates are also
shown in Table 2.1. I use Pauli rotations X, Y and Z or arbitrary angle rotations with
respect to axes X, Y and Z of the Bloch sphere and some of their special cases for fixed
angles which are multiples of 45o. I will also use two new gates, pseudo-Hadamard h and
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its adjoint pseudo-Hadamard gate h-1 because they are used to build many quantum gates,
both the permutative (pseudo-binary) gates and the general-purpose-quantum gates that
are most useful in synthesis [Jones98a]. Useful transformations are shown in Figures 2.14
- 2.17.

In Table 2.1 symbols X, Y, and Z are the earlier defined Pauli spin matrices, and P(),
X(), Y(), and Z() are the corresponding 2  2 matrices of arbitrary parameterized
angle rotations by angle . The rotations X(), Y(), and Z()

can be explained as

rotations with respect to angles X, Y and Z giving on the Bloch sphere [Nielsen00]. P is
a phase rotation by /2 to help match identities automatically, its idea comes from
[Lomont03].
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Figure 2.14. Example how to calculate unitary matrices of generalized rotations from
general matrix formulas in Table 2.1.
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Figure 2.15. (a) Equivalent transformation of Z gate, (b) equivalent transformation of
CNOT and Hadamard gates.
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Figure 2.16. (a) CNOT and NOT transformation, (b) CNOTs and Pauli Y transformation.
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Figure 2.17. (a) Controlled-Z gate surrounded by pseudo-hadamards, (b) Calculation of
unitary matrix for the target qubit of this gate.
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Figure 2.18. (a) Various gates realized by  for angles 0 o, 90 o, -90
rotations. (b) gates realized by Y rotations.

o

and 180o in X

2.3.2. Basic operations of Square-Root-Of-NOT and its adjoint gates.
Cascading two Square-Root-of-NOT gates operates as an inverter gate (Figure 2.19).
Cascading a Square-Root-of-NOT gate and its adjoint gate works as an identity (V * V+ =
V+ * V = I).

48

| 1

NOT

| 0

NOT

Intermediate random state

Figure 2.19. Explanation of operation of the Square-Root-of-NOT gate.
A qubit 0 given at the input to the Square-Root-of-NOT gate Figure 2.20 (a) produces
output V0 = ½ [1+i 1-i] T. Similarly, all possible output values can be calculated for all
possible values of the algebra with set {0, 1, V0, V1} of values (Figure 2.20 (b), (c), (d),
(e), (f), (g) and (h)).
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Figure 2.20. Operation of gates V and V+ on binary states | 0 and | 1 and quantum
states | V0  and | V1  .
Observe that no new values are created and the set {0, 1, V0, V1} is closed; thus we deal
here with a four-valued algebra (multi-valued logic). Gates V, V+ and NOT are rotations
and are used to realize binary and quaternary quantum circuits. In order to be universal,
we have, however, to be able to control them and build arbitrary-sized gates by multiple
controls. These constructions are fundamental to generating universal multi-qudit gates in
any radix. In this dissertation I will concentrate on binary (radix 2), ternary (radix 3) and
quaternary (radix 4) gates. I will show a unified approach to all these radices. The set of
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useful classical gates and their quantum binary equivalent gates are given in Figure 2.21.
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Figure 2.21. Representation of one qubit, two qubit, three qubit and four qubit quantum
binary gates and their classical counterpart gates. Observe the use of undesirable ancilla
qubits in most gates.
2.4. Mathematical Background of Ternary Quantum Logic.
2. 4.1. Qudits and Dirac Notation for ternary quantum circuits.
In the ternary quantum logic system, the unit of memory (information) is a qutrit. Ternary
logic values of 0, 1, and 2 are represented by a set of distinguishable different quantum
states of an object that represents the qudit. After encoding these distinguishable
quantities into ternary constants, qutrit states are represented by 0 ,
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1 , and

2 ,

respectively, and are called the computational basis states. Qutrits exist in a linear
superposition of basis states, and are characterized by a wave-function ψ . In ternary
quantum logic, the notation for the superposition is α 0  β 1  γ 2 , also written as a
vector  ,  ,   , where , , and  are complex numbers. These intermediate states cannot
be distinguished, rather a measurement will yield that the qutrit is in one of the basis
states, 0 , 1 , or 2 . The probability that a measurement of a qutrit yields state 0 is
α

2

γ

2

where α      (   a  jb,    a  jb, j   1 ), state 1 is β , and state 2 is
2

2

2

2

2

. The sum of these probabilities is one, which implies α + β + γ =1. The absolute

values are required since, in general, ,  and γ are complex quantities. Once the
measurement is done and the result of 0 , 1 , or 2

is read, every subsequent

measurement gives the same result as the one read before. Thus, the meaningful
measurement of a single qutrit can be done only once. Afterwards this qutrit should be
initialized again. Quantum gates carry around and manipulate quantum information. Any
transformation of the qutrit state represented by a 33 unitary matrix specifies a valid 1qutrit (ternary) quantum gate. There are many such non-trivial 1-qutrit gates. The output
qutrit state of a gate is determined by matrix multiplication of the unitary matrix
characterizing the gate and the vector representing the input qutrit state.

An n-qutrit quantum system has

3n

computational basis states denoted as

00  0 , 00 1 ,  , 111 . An n-qutrit system exists in superposition of these 3n states.

For example, a 2-qudit ternary system represents nine distinct states, 00 , 01 , 02 , 10 ,
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11 , 12 , 20 , 21 , and 22 , as well as all possible superposition of these states. This

property may be mathematically described using the Kronecker product (tensor product)
operation  [Nielsen00]. As an example, consider two qudits with  1   1 0   1 1   1 2
and  2   2 0   2 1   2 2 . When the two qutrits are considered to represent a state, that
state  12 is the superposition of all possible combinations of the original qutrits, where
 12   1  2
  1 2 00   1  2 01   1 2 02   1 2 10   1  2 11   1 2 12   1 2 20   1  2 21   1 2 22

Any 3n  3n unitary matrix represents an n-qutrit gate. Determining the output qutrit state
of such n-qutrit gates requires matrix multiplication of one 3 n  3 n matrix characterizing
the gate and one 3 n  1 matrix representing the input qutrit state. Currently it is still
difficult to build multiple-valued quantum systems with n  2 . In this dissertation, we
concentrate on the Ion Trap realizable 2-qutrit Muthukrishnan-Stroud gates
[Muthurkrishnan00]. Other n-qudit ( n  2 ) gates such as ternary Feynman and Toffoli
gates can be built as macro-level gates on top of ternary 1-qutrit and MuthukrishnanStroud gates. New gates and their structures are an innovation of this dissertation.
2.4.2. Potentially useful Operators.
In creating ternary quantum logic, I should take into account both the existing Ion Trap
technology and the existing algebras and the ternary-logic synthesis methods. Otherwise I
would end up with non-realizable circuits. There are two existing candidates for Toffolilike generalizations. One is based on Galois Fields.
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2.4.3. Galois Field 3 Logic.
The Galois Field 3 (GF3) consists of the set of elements T  {0, 1, 2} and two basic binary
operations – addition (denoted by ) and multiplication (denoted by  or absence of any
operator) as defined in Table 2.2. Readers should note that GF3 operations are nothing
but modulo 3 operations.
Table 2.2 Galois Field 3 operations
 0

1

2



0

1

2

0 0

1

2

0

0

0

0

1 1

2

0

1

0

1

2

2 2

0

1

2

0

2

1

A GF3 variable A may have many literal representations [Bullock05, Greentree04], but in
this dissertation, I will start first only with the normal variable A.
2.4.4. Ternary 1-qutrit permutative gates.
Any transformation of the qutrit state represented by a 33 unitary matrix specifies a
valid 1-qutrit ternary quantum gate. There are many such non-trivial 1-qutrit gates.
However, in this work, I use only the permutative transforms as shown by permutative
matrices of Figure 2.22 (see [Perkowski02] and [Khan04]). Transforms Z 3 (1) and Z 3 (2)
shift the qutrit states by 1 and 2, respectively. Transform Z 3 (12) permutes the qutrit states
1 and 2 , Z 3 (01) permutes the qutrit states 0 and 1 , and Z 3 (02) permutes the qutrit

states 0 and 2 without affecting the other qutrit state. The logical equivalent of these
1-qutrit transforms can be expressed using GF3 expressions and truth tables as shown in
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Table 2.3. Observe that these are the permutative ternary operations that directly realize
the binary rotations from Section 2.3.2. They can be realized in terms of single qubit
gates from section 2.3.3. These permutative operations are thus good both technologically
and algebraically.

The transforms Z 3 (1) and Z 3 (02) are referred to as C1 and N, respectively, by De Vos et
al. [DeVos02] and the same notations are used by Miller et al. [Miller04, Miller04a]. The
transforms Z 3 (2) , Z 3 (12) , and Z 3 (01) are referred to as C2, D, and E, respectively, in
[Miller04, Miller04a].
+2

+1

0 0 1
Z3 ( 1)  1 0 0
0 1 0

(12)

 1 0 0
Z3 (12)  0 0 1
0 1 0

 0 1 0
Z3 ( 2)  0 0 1
1 0 0

(a)

(01)

(b)

 0 1 0
Z3 ( 01)  1 0 0
0 0 1

(c)

(d)

(02)

0 0 1
Z3 ( 02)  0 1 0
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(e)

Figure 2.22. 1-qutrit ternary permutative transforms and symbolic representation.

Table 2.3 1-qutrit ternary permutative transforms.
A(1) 

A(2) 

A(12) 

A(01) 

A(02) 

A 1

A2

2A

2A  1

2A  2

0
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2

0

1
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In [Miller04a], the quantum implementation technology is assumed to be (liquid) NMR,
and it is stated that the 1-qutrit C1 gate is quantum rotation gate R(2 / 3) , C2 is rotation
R(2 / 3) , and N is Z (where Z is the Pauli-Z gate). These gates are elementary building
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blocks and their gate costs are assumed to be 1. In Ion Trap technology, the 1-qutrit
gates Z 3 (1) , Z 3 (2) , Z 3 (12) , Z 3 (01) , and Z 3 (02) can be implemented directly as
elementary operations [Muthurkrishnan00]. Using reasoning similar to [Miller04a], I
assign the gate costs of these 1-qutrit gates to be 1. If two 1-qudit gates x and y in cascade
have the resultant effect that the input signal to gate x is restored at the output of gate y,
then gate y is said to be the inverse gate of gate x. Table 2.4 shows the inverse gates of all
the 1-qudit gates.
Table 2.4. 1-qudit ternary gates and their inverse gates.
Gate

Z (1)

Z (2)

Z (12)

Z (01)

Z (02)

Inverse

Z (2)

Z (1)

Z (12)

Z (01)

Z (02)

gate
2.4.5. Chrestenson gate as a generalization of Hadamard with different properties.
The Hadamard gate is very fundamental in quantum computing in general, but it is
useless for creating single qubit gates in permutative binary quantum circuits because
H*H = I, so inverters cannot be built from it. As we will see below, this is not true when
we go to a higher dimension – the generalization of the Hadamard gate, called the
Chrestenson gate will be sufficient to create a universal system of gates. As we
remember, the Hadamard gate is based on the second order root of unity. Thus by
analogy we take third order root of unity in case of ternary logic.
The complex third order root of unity is
ae

i

2
3

 a cos

 2
 2
 ia sin
 0.5  i 0.866
3
3
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Observe the powerful analogy. In binary quantum logic to negate we rotate by 2 / 2,
while in ternary logic we rotate by 2 / 3. Thus whenever in formulas we have a value 2
in binary, we should expect value 3 in ternary. I used this heuristic in many guesses of
new ternary gates and I was often successful in inventing gates. Using the root of unity,
the Chrestenson gate performs the mapping in H3 described by unitary matrices.

1 1
1 
CH 
1 a
3
1 a 2

1
a 2 
a 

Unitarity of a gate is easy to check from the definition by multiplying the matrix of this
gate by its Hermitian conjugate (conjugate transpose). The result should be an identity
matrix.
1 1
1 

CH * CH 
1 a
3
1 a 2
1 1 1 
1 

1 a a 2  *

3
1 a 2 a 
1 1 1 
1
1
2
 1 a a  * 1
3
1 a 2 a 
1

1
1 1
1 
2
a  *
1 a
3
1 a 2
a 
1
1 
1
1 
*
1 (a)
(a 2 )* 

3
1 (a 2 )* (a )* 
1
1 
*
(a)
(a 2 )* 
(a 2 )* (a )* 

The third root of unity satisfies the property

1
a 2 
a 



a *  a 2 from which we can derive

a  (a * ) *  (a 2 ) *

This leads to a product:


3
1  a  a2 1  a  a2 
1

CH * CH   1  a  a 2 1  a 3  a 3 1  a  a 2 
3
1  a  a 2 1  a  a 2 1  a 3  a 3 
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After applying identities 1+a+a2 = 0 and a3 = 1 the matrix becomes an identity. As
mentioned, I will try to use all kinds of analogies between binary and ternary to be able to
reuse as much as possible from the binary methods and properties, provided that the
newly created ternary gates are quantum realizable. Thus the ideas of constructing more
complex gates from single-qubit gates should also be generalized from binary to ternary.
A well-known construction of three-qubit gates from only two-qubit gates comes from
Sleator and Weinfurter [Sleator94]. A similar scheme to create two-qubit gates from
CNOT and one qubit gates comes from [Barenco95]. The question is, how difficult is to
apply these ideas to ternary? To create a 3*3 unitary matrix the problem is reduced to that
of finding the unitary operators U3, U2 and U1 such that U3 U2 U1 U = I and thus U =
U1+U2+ U3 +U. There exists a closed expression for each of the matrices [Nielsen00].
2.5. Two-Qutrit gates.
2.5.1. Ternary Muthukrishnan-Stroud gates.
Muthukrishnan and Stroud [Muthurkrishnan00] proposed a family of 2-qudit multiplevalued gates and showed their Ion Trap realization. The family of such 2-qudit ternary
gates can be expressed as acting on a 9-dimensional basis of two qudits, where Y3
represents two families of 3-dimensional transforms, Z 3 , or X 3 . 2 [Y3 ] transforms the
second qudit by Y3 , conditional on the first qudit being in 2 . In this dissertation, I am
concerned only with the permutative transform Z 3 as shown in Figure 2.22, that maps a
known single-qutrit state to 2 , Z 3 (c 0 , c1 , c 2 ) : c 0 0  c1 1  c 2 2  2 .
We assign the 2 [Y3 ] symbol to the Muthukrishnan-Stroud (M-S) gate, and represent that
by the diagram from Figure 2.23.
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1
0

0

0
2 [Y3 ]  0

0
0

0
0


0
1
0
0
0
0
0

0
0
1
0
0
0
0

0
0
0
1
0
0
0

0
0
0
0
1
0
0

0
0
0
0
0
1
0

0
0
0
0
0
0
y11

0
0
0
0
0
0
y12

0 0 0 0 0
0 0 0 0 0

y21
y31

y22
y32

0
0 
0

0
0

0
y13 

y23 
y33 

Figure 2.22. Unitary matrix for Muthukrishnan-Stroud gate.
Y1  X 1

X1
X2

Z

 Z transform of X 2 if X 1  2
X2  
otherwise
 X2
where Y 1,  2, 12, 01, 02

Figure 2.23. Symbol of ternary Muthukrishnan-Stroud gate.
The M-S gates are similar to the controlled 2-qutrit De Vos gates [DeVos02] and their
extensions used by Miller et al. [Miller04, Miller04a], namely the CC1, CN, CC2, CD,
and CE gates. The only exception is that in the M-S gates the controlling value is 2 and in
the De Vos gates (including the extensions) the controlling value is 1. In [Miller04a], the
controlled 2-qutrit gates CC1, CN, and CC2 are considered as elementary gates and their
cost is assumed to be 1. Using similar reasoning, I assign the gate cost of M-S gates to be
one.
2.5.2. Ternary Feynman gate.
The ternary counterpart of the binary Feynman gate is shown in Figure 2.24(d), and its
realization is shown in Figure 2.24(b, c). In Figure 2.24(b), when X 1  0 , the data input 0
of the quantum multiplexer is selected, which is qutrit X 2 . This corresponds in Figure
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2.24(c) to the situation where none of the controlling values of the M-S gates is 2 and no
transformation will be applied on X 2 . Here, symbol  denotes modulo-3 addition.
Therefore, Y2 will be X 1  X 2  0  X 2 . If X 1  1 , then the controlling value of only the
second M-S gate will be 2 and Y2 will be X 2  1  X 1  X 2 . If X 1  2 , then the controlling
value of only the first M-S gate will be 2 and Y2 will be X 2  2  X 1  X 2 . The right-most
1-qudit +2 gate is the inverse gate of the +1 gate used to restore the value of X 1 .

X2

0

1

2

0

0

1

2

1

1

2

0

2

2

0

1

X1

(a)

X1

Y1

2

1

X1

Y1

0
X2

+1

1

+2

2

Y2

X2

(b)

2

1

(c)

Y2

X1

Y1  X 1

X2

Y2  X 1  X 2

(d)

Figure 2.24. Ternary 2-qudit Feynman gate. (a) Ternary map for qutrit Y2 , (b)
realization of Y2 using the quantum multiplexer formalism, (c) Circuit with ternary M-S
gates that corresponds to the quantum multiplexer circuit from Figure 2.24(b), (d) the
symbol schematic of the ternary Feynman gate. Modulo-3 addition is used. The symbol is
the same as in binary logic so the reader has to observe the context.
Considering the cost of the ternary 1-qutrit and M-S gates to be 1, the gate cost of the
ternary Feynman gate implementation of Figure 2.24(c) is 4. As far as I know, there is no
published literature showing that the ternary Feynman gate can be implemented as an
elementary operation in NMR or Ion Trap, or other technologies. Even so, in [Miller04a]
the gate cost of a ternary Feynman gate is assumed to be 1 (see related discussion of
[Miller04a]). This is an unrealistic assumption. Moreover, in [Miller04a] the second
Feynman gate is the inverse gate of the first Feynman gate to restore the second
controlling signal. In the case of binary gates it is true, since in GF2 A  A  0 . But in the
case of ternary gates, the figure must have two such inverse Feynman gates to restore the
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second controlling signal, since in GF3 A  A  A  0 . In this respect the cost calculation
of 3-qudit controlled gates in [Miller04a] is not realistic. All calculations in this
dissertation will be executed with precise quantum costs. This has been done so far only
for a few gates and only for binary gates. The ternary case is more complicated.
2.6. Ternary gates with 3 or more qutrits.
2.6.1. Ternary Toffoli gates.
A 3-qutrit ternary Toffolli gate is shown in Figure 2.25(a), where X 1 and X 2 are two
controlling inputs and X 3 is the controlled input. If the two controlling input values are 2,
then the Z transform is applied on the controlled input, otherwise the controlled input is
passed unchanged. Realization of this gate using M-S gates is shown in Figure 2.25(b),
where a constant input 0 is changed to 2 by using two +1 transforms controlled from the
two controlling inputs X 1 and X 2 , and then the resulting constant 2 is used to control the
input X 3 . The right-most two gates are the inverse gates of the left-most two gates used
to restore the constant input 0. The cost of this realization is five, and needs one ancilla
bit.
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X2
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1
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Y3 
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 X3


otherwise
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2
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2
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0

1

2

11

0

1

2

12

0

1

2

20

0

1

2

21

0

1

2

22

2

1

0

(c)

X1

2

Y1  X 1

X2

2

Y2  X 2

X3

(02)

Y3

(d)

Figure 2.25. 3-qutrit ternary Toffoli gate (a) the general schematic, (b) its realization
using ternary M-S gates (c) the ternary map of double-controlled (02) operation, (d) the
schematic of double-controlled (02) gate – this is like one of Toffoli-like gate in ternary
logic.
A 4-qutrit ternary Toffoli gate and its realization using M-S gates are shown in Figure
2.26. In Figure 2.26(b), controlling inputs X 1 and X 2 when in state 2, add one each to
qutrit B, thus together they change the constant input 0 to 2 and that 2 becomes the
controlling value B of the +1 gate in qutrit C. Adding two ones in qutrit C creates value
2. This final value 2 is then used to execute operator U on X 3 . The cost of this realization
is none and needs two ancilla bits. Using a similar technique, any n-qutrit (n > 4) Toffoli
gate can be realized.
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Inverse gates
X1

2

Y1  X 1

X2

2

Y2  X 2

X3

2

Y3  X 3







X4

Y4 

X1

Y1  X 1

X2

Y2  X 2
Y3  X 3

X3
0 1

U transform of X 4 if (i ) X i  2
X4

otherwise

(a)

0

X4

2

1

1

2

1


2

2

0
0

Y4

(b)

Figure 2.26. 4-qutrit ternary Toffoli gate. (a) symbolic schematic, (b) its realization with
M-S ternary gates and two ancilla qutrits. Please analyze the role of the mirror circuit at
the right that restores constants 0 in two qutrits, allowing them to be reused in the next
gates of this cascade.
A 3-qutrit generalized ternary Toffoli gate is shown in Figure 2.27(a), where X 1 and X 2
are two controlling inputs having controlling values x1 , x 2 {0,1,2} , and X 3 is the
controlled input. If the controlling inputs X 1  x1 and X 2  x 2 then the Z transform is
applied to the controlled input X 3 , otherwise the value of X 3 , is passed unchanged. The
realization of this gate is shown in Figure 2.27(b), where the controlling value x i (where
i  1,2 )

is changed to 2 by a 1-qudit gate ai  (2  xi ) (a +0 represents a quantum wire)

and then these two 2s are used to control the input X 3 as is done in the case of Figure
2.25. The inverse gate a i is used to restore the controlling value. The cost of this
realization is 5 + 2  (number of non-2 controlling values). As in Figure 2.25(b), this
realization needs one ancilla bit. An n-qutrit generalized ternary Toffoli gates can be
realized in a similar way, where the cost of the realization will be (cost of n-qutrit Toffoli
gate) + 2  (number of non-2 controlling values). Miller et al. used similar Toffoli gates
in [Miller04, Miller04a]. In [Miller04a], the cost of such 3-qutrit and 4-qutrit controlled
gates is stated to be 5 + (2  number of non-1 controlling values) and 13 + (2  number of
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non-1 controlling values), respectively. As realization details of these gates are not
explicitly given in [Miller04a], there is no way of determining the number of ancilla bits
required for these realizations.
X1

x1

Y1  X1

X1

 a1

2

 a1'

Y1

X2

x2

Y2  X 2

X2

 a2

2

a2'

Y2  ai   (2  xi )
Where i  {1, 2}

X3



Y3 

U transform of
 X3


X 3 if X 1  2 ^ X 2  2
otherwise

(a)

X3



Y3

(b)

Figure 2.27. A 3-qutrit generalized ternary Toffoli gate with arbitrary controlling values
Operator U is executed only if the first qudit X1 has value x1 and the second qudit X2 has
value x2. (a) general schematic, (b) its realization with the schematic of the ternary
Toffoli controlled with values 2 from Figure 2.25(a).
2.6.2. More 3-qutrit gates.
Figure 2.28(a) presents the standard binary Fredkin gate. Please observe that if the
control signal = 0 then P = x and Q = y so the gate is an identity. If the control = 1, then
the gate swaps, which means that P = y and Q = x. The operation of the ternary Fredkin
gate is analogous. When the control = 0 or 2, the gate works as identity. When the
control = 1, the gate swaps. Please observe that the signals that are swapped are ternary
now. In this variant I discussed the case that 1 is an active control value. Similarly a
Fredkin gate can be designed for which value 2 is the active control value, as in MS
gates. We can always design gates for both these control variants. Figure 2.28(b) presents
the binary SWAP gate realized from Feynman gates. Figure 2.28(c) presents the binary
―double SWAP‖ (permutation) gate and its realization. Figure 2.28(d) presents the
realization of the binary controlled double SWAP gate. A imilar gate can be built in
ternary using M-S gates.
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Figure 2.28. (a) Fredkin gate (controlled SWAP) (b) SWAP gate (c) Double SWAP gate
(d) double controlled SWAP gate.
2.6.3. Realization of ternary Sum of Minterms using generalized Toffoli gates.
Let X 1 , X 2 , X 3 be three ternary input variables and F ( X 1 , X 2 , X 3 ) be the ternary function
output. A minterm x1 x 2 x 3 (where xi {0,1,2} ) producing an output f (where f {1,2} )
can be realized using a 4-qutrit generalized Toffoli gate as shown in Figure 2.29. The
realization is trivial. A sum of minterms can be realized by cascading the realizations of
the minterms. Table 2.5 shows the truth table of a ternary half-adder. For the carry output
C, the minterms 12, 21, and 22 produce output 1 and the remaining minterms produce
output 0. Therefore, the C output can be realized as shown in Figure 2.30. When the
inputs X 1 X 2  12 , then the left-most +1 transform is applied on the input constant 0 to
produce an output 1, and the remaining two +1 transforms are not applied. Similarly,
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when X 1 X 2  21 , then the middle +1 transform is applied, and when X 1 X 2  22 , then the
right-most +1 transform is applied. The cost of this realization of carry output C is (5 + 1
 2) + (5 + 1  2) + 5 = 19, and it requires one ancilla bit (the input constant 0 along the
carry output line is not considered as an ancilla bit), which is not explicitly shown in
Figure 2.30.
X1

x1

X2

x2

X2

X3

x3

X3

0

f

X1

f

Figure 2.29. Realization of a single minterm of three ternary variables. Letters x1, x2 and
x3 denote the controlling values of variables X1, X2 and X3, respectively.
Table 2.5 Ternary Truth table of a half-adder
AB

CS

00

00

01

01

02

02

10

01

11

02

12

10

20

02

21

10

22

11
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A

A

1

2

2

A

B

2

1

2

B

0

1

1

1

C

B

0 1 2
0 0 0 0
1 0 0 1
2 0 1 1
(a)

(b)

Figure 2.30 Realization of carry output C of ternary half-adder. (a) the ternary map of C,
(b) its realization with double-controlled ternary Toffoli gates.
Until now, I have presented state-of-the art binary and ternary quantum circuits, with
more emphasis on ternary gates. So far, only the above presented gates have been used.
The dissertation now introduces more gates and synthesis methods using them.
2.6.4. Why and when can multiple-valued quantum circuits be used in quantum
computing?
Why not multiple-valued quantum algorithms, their respective oracles, general blocks,
circuits and gates? Although multiple-valued circuits are not very competitive in existing
technologies, in the case of quantum technology, there is basically no limit to designing
multiple-valued circuits. This is because they use the same physical phenomena as binary
quantum circuits. I believe that more research in this direction has now become
necessary. Some quantum realization technologies also allow the design circuits that will
freely mix various radices and thus binary, ternary, and quaternary gates can co-exist in
the same circuit. This leads to the concept of hybrid circuits. An obvious basic question
thus arises – ―how should future multiple-valued quantum circuits be designed?‖ There is
already a small body of literature on multiple-valued quantum logic gates and
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universality [DeVos02, Nielsen02, Perkowski02, Perkowski04], and synthesis algorithms
[Brylinski01, Bullock05, Curtis04, Denler04a, Khan05, Khan04, Khan04a, Khan05c,
Miller04, Miller04a, Perkowski02, Yen05].
The logic synthesis algorithms for multiple-valued quantum circuits can be divided into
two groups:
(1) Designing the so-called permutative circuits (described by unitary matrices that are
in addition permutative) [Curtis04, Denler04a, Khan04, Miller04, Miller04a,
Perkowski02, Yen05],
(2) Designing circuits specified by arbitrary unitary matrices [Brylinski01, Bullock05,
Khan05, Khan04a].
Although the first problem is a subset of the second one, it is more important in practice
since all oracles in algorithms so far are permutative, and the non-permutative quantum
blocks are usually standardized (like Hadamard or Fourier transforms), or do not require
sophisticated design algorithms. The algorithms designed for the first group above use
evolutionary programming principles or are adaptations of some methods used in Galois
Field classical circuits and classical multiple-valued reversible logic [Curtis04,
Denler04a, Khan04, Khan05c, Miller04, Miller04a, Perkowski02, Yen05]. The
algorithms designed for the second group use evolutionary approaches or adapt the
unitary matrix decomposition methods [Bullock05, Khan05] (matrix decomposition is the
main approach for synthesizing general-purpose binary quantum circuits). All these
methods are so far applicable only to quite small functions, rarely more than 5 – 6 qudits.
There is also nothing in the literature on synthesizing certain types of practical special
circuits, like arithmetic ones, using such quantum CAD tools or by hand. In contrast to
67

binary quantum design [Bruce02, Svore04, Vedral96], there are also no published
examples of such circuits, with one exception [Miller04, Miller04a]. Similarly as in the
binary quantum logic and classical design, researchers should therefore consider
developing by hand examples of the most useful typical blocks; to aid future automated
methods for some special categories of circuits and to evaluate the quality of the generalpurpose MV logic synthesis algorithms. In classical computing much of the computer
hardware is build from standard iterative blocks, and automated synthesis methods are
used mostly for control circuits; at least that was the practice for many years. The PSU
group believes that quantum computer design will be similar, and therefore I work on
designing various ―data path‖ building blocks of future quantum computers [Khan05b,
Sazzad08] in my dissertation.
2.7. Background on hybrid binary-ternary quantum circuits.
In the previous sections I provided insight on binary and ternary quantum logic circuits.
The concept of ternary logic can be generalized as a multiple value quantum logic circuit.
In this section I present mixed quantum circuits. In the case of mixed binary-ternary
quantum circuits, some wires can be presented as binary logic and some can be presented
as ternary logic wires. Table 2.6 presents a truth table for a binary-ternary mixed quantum
gate where x1 is a binary logic wire while x2 , x3 are ternary logic wires. The symbolic
representation of the mixed gate is shown in Figure 2.31. When the value of qubit x1 is 1
and the value of qutrit x2 is 2, the Z transform is performed on wire x3 (any qudit); the
value is copied otherwise.
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Table 2.6 Truth table of a mixed binary-ternary gate. The qudit x1 is binary, qudits x2 and
x3 are ternary.
x1 x2 x3

y1 y2 y3

000

000

001

001

002

002

010

010

011

011

012

012

020

020

021

021

022

022

100

100

101

101

102

102

110

110

111

111

112

112

120

12 Z of ( x3 )

121

12 Z of ( x3 )

122

12 Z of ( x3 )
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Y1  X 1

X2

2

Y2  X 2
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Y3 

 U transform of
 X3


X 3 if X 1  1 ^ X 2  2
otherwise

Figure 2.31. Realization of mixed binary-ternary gate using (a) symbolic doublecontrolled gate with binary qubit X 1 and ternary qutrit X 2 .

(a)

(b)

(c)

(d)

Figure 2.32. Mixed (hybrid) quantum muxes. (a) binary control and binary data and its
realization from standard binary controlled quantum gates, (b) ternary control and
ternary data and its realization from standard M-S gates controlled with values 0, 1, 2
respectively, (c) binary control and ternary data and its realization with M-S gates , (d)
ternary control and binary data and its realization with M-S gates.
2.8. Conclusions and related work in the thesis.
Before I discuss the control functions and data functions for ternary logic, let us present
the concept of the quantum multiplexer, called also a generalized gate or simple
―Perkowski gate‖. Figure 2.32a presents the schematic of the binary quantum
multiplexer. As we see it is equivalent to a sequence of two controlled gates. Figure
2.32b presents the ternary multiplexer and its corresponding circuit with controlled
ternary gates. The analogy to the binary case is perfect. The values of ternary controls are
shown inside the circles in the top wire. As we see, in the case of the binary mux the
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controls are binary and the data are binary. In case of the ternary mux both controls and
data are ternary. Similarly the technology allows the creation of mixed circuits with
binary control and ternary data paths (Figure 2.32c). I call these binary-control/ternarydata or 2/3 circuits. Figure 2.32d presents a ternary control-binary-data quantum mux. All
our circuits are based on these constructions. In the case of ternary logic the controls ci
are the controls of gates as shown in Figure 2.32a and the data are the data from circuits
like from Figure 2.32a.

From the point of view of handling information, ternary quantum technology is
theoretically the most desirable choice for future computing systems. However, similarly
as in CMOS technology, an argument for quaternary logic is the ease of binaryquaternary conversion [Perkowski04]. Also, the nature of entanglement is different in
binary, ternary and quaternary logics. Finally, there are physical phenomena where very
large radices may be realizable for qudits [Muthurkrishnan00]. It is therefore our opinion
that because it is very early to speculate how practical multiple-valued quantum circuits
will be built, the theory should investigate all possible approaches and find theoretical
and experimental ways of comparing them on large examples of practical usefulness. So
far, only small artificially or randomly created MV functions have been used as
benchmarks for synthesis. For the purpose of this dissertation, I have chosen Ion Trap
realizable [Klimov03, Muthurkrishnan00] 1-qutrit ternary permutative gates as the
elementary building blocks, which change the state of a single qutrit. I have also chosen a
family of Ion Trap realizable ternary 2-qutrit controlled Muthukrishnan-Stroud gates
[Muthurkrishnan00] as the elementary building blocks. These gates apply a 1-qutrit
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permutative transform on the controlled qutrit when the controlling qutrit is 2. The
physical realization of these gates is best presented in the literature, as compared to other
potential multiple-valued technologies. The solutions presented in the next chapters
create ancilla qudits in more than minimal numbers, so they decrease the number of gates
at the cost of adding more qudits to our circuits. Normally in the literature one tries to
minimize the number of ancilla bits, but it is not known how important the number of
these bits will really be for future solid state Ion Trap quantum technologies [Monroe95,
Wineland98, Leibfried03]. The circuit with more ancilla bits has a smaller number of
gates, so again I believe that having no ancilla qudits should be not a dogma in quantum
circuit synthesis. I believe that various trade-offs of the number of gates, number of
ancilla bits and number of measurements should be investigated on practical circuits of
non-trivial size. Techniques such as constant overlap and local mirrors should be
investigated in these comparisons [Shivgand05].

Multiple-valued Quantum circuits are a promising choice for future quantum computing
technology since they have several advantages over binary quantum circuits. Quantum
algorithms can be constructed more efficiently in ternary quantum than in binary
quantum logic, including the Deutsch-Jozsa algorithm or the practically useful Grover
algorithm. This requires an ability to design oracles from ternary quantum circuits. There
therefore exists a need to develop software to simulate, design and test ternary and in
general multiple-valued quantum circuits. The goal of the entire research direction started
in this dissertation is to create improved CAD tools for binary, ternary and quaternary
quantum circuit synthesis. These tools should use ternary Feynman and Toffoli gates and
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other gates built on top of the ion trap realizable ternary 1-qudit and MuthukrishnanStroud gates. However, only binary software has been developed and tested. I have
obtained very good results. The general software for other values can be written on
similar principles (as our algebraic methods are unified) and is left for future work.
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CHAPTER 3
Binary Tree and Decision Diagram Expansions for Quantum Circuits Synthesis.
It is well-known [Sasao93e, Sasao95f, PHDSazzad] that Reed-Muller logic is
fundamental in synthesizing binary reversible and permutative quantum circuits. Its study
may be useful for improving synthesis algorithms and designing new algorithms for
multiple-valued quantum circuits. A number of new algebraic families of complete
operator sets and circuit structures, based on the Reed-Muller and Galois Field type
logics, with particular interest in multi-valued logic ESOP-like expressions (noncanonical) and their (canonical) subsets, as well as tree expansions, are introduced below
in Section 3.1 as the starting point for the explanation of the original synthesis methods to
be introduced later.
3.1. Types of Logic.
Several different algebraic systems of group based logics, from the well-known Boolean
to the Galois field types, are presented in this section, based on the literature. Group
based logic is the logic in which the combining operator is a group in the sense of
abstract algebra (see definition below). Classical Boolean Logic, traditionally utilized in
classical logic circuit design, is restricted to binary input/output values and a few simple,
basic gates. Galois Logics (non-quantum) can be viewed as a generalization of Boolean
Logic, as Galois Field mathematical operations are applicable for multi-valued logic,
over an arbitrary finite field. Also, as discrete, multi-valued numbers (nominal values) are
used in Galois Field mathematics, in the quantum world it provides a more natural circuit
implementation than that of Boolean logic.
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Even in classical CMOS design, the AND-EXOR implementation has been shown to be
more economical than AND-OR, generally requiring fewer gates and connections. This
logic is also highly testable, adding powerful arguments to the case for being a
particularly good candidate for quantum circuit design. It is for these reasons that the
research done in this dissertation will generate AND-EXOR-like structures for multivalued quantum logic. First, the binary structures will be presented for completeness and
as an introduction to our methods for both binary and MV.

It is well known that the AND-EXOR form has been developed into a complete hierarchy
of Reed-Muller (RM) Expansions, using the Shannon [Shannon49], Positive Davio and
Negative Davio Expansions. This hierarchy is described with logic equation forms, trees,
and decision diagrams [Sasao93e]. The AND-EXOR representations have interesting
characteristics, allowing the inexpensive construction of large functions and efficient
representation of their properties.

To incorporate the multi-valued logic method, the Reed-Muller form was extended for
Galois Fields [Stankovic97]. Galois theory demonstrates that for every number kn, where
k is prime and n  2, there exists a unique matrix under mathematical operators, such that
all group theory properties are satisfied. It is then apparent that the technique that can be
utilized for the representation of binary logic can also be used for the multi-valued logic.
The research specifying the relationship between the Reed-Muller Hierarchy and Galois
Fields [Dill97, Dill97a, Edward93, Kalay98, Kalay98c, Khan03, Khan04] provides the
capability of expressing multi-valued logic with decision diagrams and compact algebraic
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structures (or canonical forms), which can be represented with ―universal‖ expansion
circuits. Such circuits can be mapped to structural binary technology [Tsai96]. There
exits a Galois Field Sum-of-Product form that is analogous to the binary ESOP. The GF
Sum-of-Products is the most general two-level form for expressing a Galois Field multivalued logic circuit. This form is both highly testable and allows the most efficient twolevel implementation. From this form, a logical hierarchy can be developed and
represented with expressions, trees, decision diagrams, and two-level forms. Hence a
Generalized Galois Hierarchy is obtained as the result of extending the Generalized
Reed-Muller concepts to arbitrary Galois Fields.

Reed-Muller Logic Theory was also expanded with the introduction of Generalized
Kronecker Expansions to the Zhegalkin Hierarchy [Perkowski97a, Perkowski97c] (Note
that the Zhegalkin Kronecker Reed-Muller Form is obtained when a single expansion,
from the set of all possible Zhegalkin (Linearly Independent (LI), AND-EXOR canonical
form) expansions, is applied in every level.). It was also recognized that “the GRM
expansion with functional coefficients is a special case of the LI expansion with
functional coefficients” [Perkowski97b]. The Zhegalkin Hierarchy is a subset of the
Linearly Independent Logic Hierarchy [Perkowski97b]. It includes the Reed-Muller
Hierarchy and all other (known and future) AND-EXOR forms. (Note that the Linearly
Independent Hierarchy is not restricted to circuits built from AND and EXOR gates in the
binary case.) The Zhegalkin Hierarchy is named in honor of the Russian scientist who in
1927 discovered the forms [Zhegalkin29] now attributed to Reed and Muller’s research
published in 1954 [Reed54].
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At the present time, multi-valued hardware realizations are not commonly available.
There is some research on commercial multi-valued hardware circuits such as memories,
FPGAs, and arithmetic operation chips that are emerging in the marketplace [Beers98,
Current95, Hasuo92, James87, Michael92, Zilic93]. This author remains skeptical
however, about the future of multi-valued logic synthesis for hardware design in classical
technologies, while the quantum technology is very promising for multiple-valued logic,
as discussed in the previous and next chapters. It is thus important not only to have a
strong new logic theory, but also to have a methodology for efficient synthesis and
minimization of circuits in a logic which is highly testable. Because of high integration,
those technologies that are highly testable, fault tolerant and repairable will win the future
competition for quantum hardware and will become most prevalent.

Currently, logic synthesis and minimization applications in standard binary hardware
such as ASICs and FPGAs, can be implemented for Galois Logic only in fields of
GF(2n). A practical method for implementing Galois Logic in GF(3), GF(4) and GF(8) is
shown in this thesis. For all mathematical operations of Galois Logic in GF(3) and GF(4),
the quantum implementation is demonstrated to require relatively few gates. Since the
binary implementation of all the operations in the new Galois Logic are simple and
compact, they are easily realizable in quantum gate-based regular layouts, with minimal
interconnections. Further, as multi-valued quantum hardware becomes readily available,
it is expected that these same good design characteristics will be realizable for the multivalued logic implementation with high radices.
77

The Ring Algebra and Min Modsum circuits use the same modulo addition operation but
a different multiplication operation. They both allow an implementation of multi-valued
logic with radices 3, 6 and 8. Ring Algebra consists of two mathematical operations; ring
addition and ring multiplication. MinModsum uses minimum (MIN) as multiplication.
Together they constitute two families of simple gates, creating two complete logic
systems. Both modulo addition (Modsum) and GF addition are group operators. Linearly
independent functions can be constructed within this system, providing a means of
creating universal modules and the corresponding expansions. The Ring Sum-of-Product
form, for both generalized and universal literals, is known for its compact form and good
testability properties [Kalay99b].

In this research, the Galois and controlled gate, multi-valued logic families will be
presented. I build all families of controlled gates but do not use them on higher level of
synthesis, as I do not know how to use controlled gates in expansions that are the base of
my approach. The invention process for these new algebras will also be fully explained.
This should allow the careful reader to apply the same methods in case more new
algebraic structures, similar to fields, are invented in future; they will also be realizable in
any quantum technology. It will be demonstrated in a systematic way that given the
algebra, with mathematical operations constituting a complete logic system, providing the
capability to construct linearly independent functions, there are many ways to create
universal gates and the corresponding expansions. AND-EXOR logic structures are
utilized for their good match to quantum technology. With AND-EXOR-like logics, the
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Sum-of-Products-type forms for the given algebras are the most general, regular (for
possible hardware layout purposes), and highly testable forms for expressing a given
function. Thus, the particular algebra’s SOP (like ―modulo-sum‖ of ―min‖ products) is a
good form to develop the logic family hierarchy. Methodically, starting from expansions,
then trees, followed by decision diagrams, and finally two-level forms, the complete new
linearly independent, multi-valued logical family hierarchies will be developed. The
relations between the Galois Field and Controlled Gate families are shown in Figure 3.1.
This method of logic family invention may also be applied for other group-based logics.
Definition 3.1.1. A group (G,*) is a non-empty set G and a binary operator (*) on G, such
that the following conditions hold:
Closure: For all a, b  G, a*b  G.
Associativity: For all a, b, and c in G, a * (b * c) = (a*b) * c.
Identity: There exists an identity element ―e‖  G, such that a * e = e * a = a,
for all a  G.
Inverse: For each a  G, there exists an inverse a-1  G, such that a * a-1 = a-1
* a = e.
More on groups can be found in [Stewarts89].
Definition 3.1.2:

A non-empty set F is called a field when the two binary

operations ―+‖ and ―*‖ are defined on F and the following properties hold.
Closure: For all a, b  F, a + b  F and a*b  F.
Associative: For all a, b, and c  F, a + (b + c) = (a + b) + c and a * (b * c) =
(a * b) * c.
Commutative: For all a, b  F, a + b = b + a and a * b = b * a.
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Distributive: For all a, b, and c  F, a * (b + c) = a * b + a * c and (a + b) * c
= a * c + b * c.
Identity: For all a  F, a + 0 = a, (since 0 is the additive identity) and a * 1 =
a, (since 1 is the multiplicative identity).
Inverse: For each a  F, there exist inverses –a  F and a-1  F, such that a +
(-a) = 0, (since –a is the additive inverse) and a * a-1 = 1, (since a-1 is the
multiplicative inverse). A finite field is also called a Galois Field. It can only have

r k elements, where r is a prime and k  1 is a natural number. In this thesis we are
interested only in finite fields, but other researchers work on infinite quantum
fields as well.
Multi- Valued Logic

Binary Logic

Multi- Valued

Galois
Zhegalkin Galois

Reed- Muller Logic

Zhegalkin Reed-Muller

Ring
Zhegalkin Ring

Binary Linearly
Independent

LinearlyIndependent

Min ModSum
Zhegalkin Min ModSum
Zhegalkin
- has > 2 gates
- has AND OR
equivalent

Figure 3.1 Algebras and logic families that are of interest to this dissertation. At this
stage the research on Min-Modsum and Rings is less developed but we believe that
similar properties will be found in other families.
3.2. Binary Reed-Muller Logic.
The Reed-Muller Hierarchy is well-known from the literature [Sasao95f]. Therefore only
a limited review of the definitions for the hierarchy of forms will be included. For
classical digital logic design, the AND-EXOR implementation has been shown to be
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economical, generally requiring fewer gates and connections than that of AND-OR logic.
The gate structure also provides for ease of testability, making it desirable for classical
FPGA designs. There are several different classifications of AND-EXOR expressions.
All Reed-Muller forms are canonical, as only one functional expression exists for the
polarity of the specified variables. The general expression for all of the Reed-Muller
forms is given as follows:
f(x1,x2, …, xn) = a0  a1x1  a2x2  ...  anxn  a12x1x2  a13x1x3  ...  an1,nxn-1xn  a12...nx1x2x3...xn
where the ―a‖ coefficients are binary constants.
Function expansions are the basis for the derivation of the hierarchical, logic family. The
Shannon, Positive Davio, and Negative Davio are well known. Given an arbitrary logic
function, f ( x1 , x2 , ... xn ) , where f 0  f (0, x1 , x2 , ... xn ) , and f1  f (1, x1 , x2 , ... xn ) , and
f 2  f 0 ( x1 , x2 , ... xn )  f1 ( x1 , x2 , ... xn ) , these expansions are defined as follows.

Positive Davio: f  f 0 ( x1 , x2 , ... xn )  x1 [ f 0 ( x1 , x2 , ... xn )  f1 ( x1 , x2 , ... xn ) ]
(Equation 3.1)
Negative Davio:

f  f 0 ( x1 , x2 , ... xn )  x1 [ f 0 ( x1 , x2 , ... xn )  f1 ( x1 , x2 , ... xn ) ]

(Equation 3.2)
Shannon Expansion:

f  x1 f 0 ( x1 , x2 , ... xn )  x1 [ f 0 ( x1 , x2 , ... xn )  f1 ( x1 , x2 , ... xn ) ]

(Equation 3.3)
The following definitions describe each of the specific forms within the Reed-Muller
Hierarchy. The most restrictive classification is the Positive Polarity Reed-Muller
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(PPRM) expression form. This type of equation is canonical, with no more than 2

n

products of positive literals. It is more formally defined as follows:
Definition 3.2.1: The Positive Polarity Reed-Muller Form (PPRM) is a Reed-Muller
expression in which all literals of variables are expressed with positive polarities. The
example of the expansion tree using only Positive Davio Expansions is given in Figure
3.2.
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Figure 3.2. (a) Expansion tree with Positive Davio Expansion only, (b) An example of
diagram with positive Davio gates (c) A quantum array directly corresponding to the
classical diagram from Figure 3.2 (b). All Toffoli gates are 3x3 Toffoli gates only. One
ancilla bit is used.

Example

3.1:

An

example

PPRM

function

f ( x1 , x2 , x3 , x4 )  x1  x2  x4  x1 x2  x2 x3  x1x3  x2 x3 x4 is given in Figure 3.3. Figure 3.3

(a) presents the AND-XOR circuit implementation of the function, Figure 3.3b presents
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the pD (Positive Davio) decision diagram for the function and Figure 3.3c illustrates a
quantum array created from the decision diagram.
Inclusive of the PPRM types of expressions, another classification of AND-EXOR
equations is the Fixed Polarity Reed-Muller (FPRM) form. The FPRM form (expression)
can contain either positive or negative literals for each variable, but not a mixture of
terms with various polarities of the same variable. The expression is canonical, having
unique coefficients, and usually requires fewer terms than the PPRM form, but can never
have more.
Definition 3.2.2: The Fixed Polarity Reed-Muller Form (FPRM) is defined as a ReedMuller expression in which all the literals of a variable can be either positive or negative,
but cannot exist in both polarities.
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Figure 3.3(a) AND-XOR circuit implementation of PPRM function in Example 3.3.1 (b)
Positive Davio Decision Diagram presentation of the function (c) Quantum Array
realization of the expressions.

Example

3.2:

An

example

f ( x1 , x2 , x3 , x4 )  x 2  x3  x3 x 4  x1 x3  x1 x 4
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of

a

FPRM

is

given.

The variables x2 and x4 have negative polarities, while x1 and x3 have a positive polarity
throughout the expression. Figure 3.4 presents an FPRM Davio decision diagram, circuit
and quantum array respectively.
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Figure 3.4 (a) Fixed polarity Davio Decision Diagram presentation of the function (b)
AND-XOR circuit implementation of FPRM function in Example 3.2 (c) Quantum Array
oracle realization of the FPRM obtained from the Decision Diagram from Figure 3.4a.
As this is a quantum oracle, the input variable values are restored.

Given an arbitrary Reed-Muller Expression, to formulate the FPRM expression, either
Positive or Negative Davio Expansions are applied for each variable xi (i = 1, 2, 3, ..., n).
Example 3.3: The FPRM form is derived for the expression given.
f (a, b, c, d )  abcd  abc d

Substitutions for literals of variables, with identity expressions, are made as follows:
a  a 1
b  b 1
c  c 1
d  d 1

in order to obtain the FPRM circuit in polarity ( a, b, c, d ).
Thus,
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f (a, b, c, d )  abcd  abc d
f (a, b, c, d )  (a  1) b c (d  1)  a (b  1) (c  1) d
f (a, b, c, d )  (ab  b) (d c  c )  (ab  a) (c d  d )
f (a, b, c, d )  a b c d  b c d  a b c  b c  a b c d  a c d  a b d  a d
f (a, b, c, d )  b c d  a b c  b c  a c d  a b d  a d

Definition 3.2.3: The Kronecker Reed-Muller Form (KRO) is derived by the application
of Shannon, Positive Davio, or Negative Davio Expansions, with the restriction that only
one type of expansion can be applied per level in an ordered tree. An example of a KRO
expansion tree is shown in Figure 3.5.

Figure 3.5 Example of a KRO Expansion tree.
An algebraic expression can be constructed from an expansion tree by combining the
coefficients for each expansion, with multiplication, along each branch to the leaf and
then combining the branches with the exclusive-or operation.
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Example 3.4: Write the algebraic expression for the example KRO Expansion tree shown
in Figure 3.5.

f ( x1 , x2 , x3 )  x1  1  1  f 001  x1  1  x3  f 002  x1  x2  1  f 021  x1  x2  x3 f 022  x1  1  1  f101
 x1  1  x3 f102  x1  x2  1  f121  x1  x2  x3  f122
Definition 3.2.4: The Pseudo Reed-Muller Form (PSDRM) is obtained by applying the
Positive Davio and Negative Davio Expansions, but with different expansions for each
sub-function, as desired. This means that observing the expansion tree for the PSDRM,
either Positive or Negative Davio expansions are applied at will, regardless of the node or
level of the tree, and different types of expansions may be used for the same variable. An
example of a PSDRM Expansion Tree is given in Figure 3.6. In this tree, each level
consists of both Positive and Negative Davio Expansions.
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Figure 3.6 Example of a PSDRM tree.
Example 3.5: For the function f ( x1 , x2 , x3 , x4 )  x1 x2 x3 x4  x1 x2 x3 x4 , the particular
PSDRM form described by the tree in Figure 3.6 can be applied to produce the expansion
tree shown in Figure 3.7.below. The classical circuit for x1 x2 x3 x4  x1 x2 x3 x4 is given
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in Figure 3.8 and the quantum array for the flattened PSDRM form is shown in Figure
3.9.
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Figure 3.7. f ( x1 , x2 , x3 , x4 )  x1 x2 x3 x4  x1 x2 x3 x4 in certain (one of many) PSDRM
form. The flattened form
Figure 3.7b.

f ( x1 , x2 , x3 , x4 )  x1 x2 x3 x4  x1 x2 x3 x4 is illustrated in

x1
x2
x3
x4

f (x1, x2, x3)

Figure 3.8 AND-XOR circuit implementation of function from Example 3.5.
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Definition 3.2.5: The Pseudo-Kronecker Reed-Muller Form (PSDKRO) is derived by the
application of any subset of Shannon, Positive Davio, and Negative Davio Expansions in
an expansion tree level, but the tree is ordered (with the same order of variables for each
branch). Herein, the tree is defined and introduced as desired.
Definition 3.2.6: The Free Kronecker Reed-Muller Form (FKRM) is not canonical and is
derived by the application of the Shannon, Positive Davio, and Negative Davio
Expansions, without restrictions and with no ordering of variables.

Concluding this chapter, we presented here, based on the literature, various concepts used
in the design of binary AND/EXOR circuits that have already been extended to quantum
circuits in previous research of the PSU group. In this dissertation I use all these concepts
and I generalize them to multiple-valued logic quantum circuits. In this chapter I
presented also my own discussion of previous synthesis ideas and what can be done in
my opinion as new research for quantum circuits. These new possible developments are,
however, not the main core of my dissertation work. The next chapters will show the
main work of this dissertation.
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0

Figure 3.9. A quantum array being not an oracle for flattened PSDRM from Figure 3.7.
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CHAPTER 4
Towards Efficient Computer Aided Design Methods for D-level Quantum
Computers.
4.1. Towards Computer Aided Design of d-level Quantum Computers.
In chapter 2 we introduced the Ion Trap and d-level quantum computing technologies in
the full detail necessary for the research of this dissertation, and especially for the
development of quantum synthesis CAD tools. This was done based on the recent
literature and in this aspect I claimed no innovation – I just reported on all the technical
details that will be used in this thesis to create new circuits, synthesis algorithms and
synthesis methods for quantum circuits. Here I will give some new answers to the
synthesis questions, and these answers will lead to the next chapters of this dissertation.

In chapters 2 and 3, I introduced binary, ternary and hybrid quantum logic gates and I
build several simple circuits using these gates. I explained the minimum mathematical
foundations for building these quantum circuits and showed some simple design
principles. Finally, I discussed what influence the particular technology for quantum
realization such as Ion Trap has on the logic synthesis of such circuits. All synthesis
methods need some kind of search. Obviously, everybody familiar with classical search
algorithms such as A* search, Depth-first search, Breadth-first search, deepening search,
Genetic Algorithm, Particle Swarm Optimization (PSO), Bacteria Foraging (BF) or other
search algorithms such as Simulated Annealing, Tabu Search or Scattered Search can
create algorithms of these types that would be more efficient than the exhaustive
algorithm mentioned in chapter 3. An important aspect was thus missing from chapters 2
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and 3: I did not show any efficient synthesis algorithm and the mentioned search
algorithm was applicable only to relatively small circuits.

In future, with the capability to fabricate larger and larger quantum circuit designs, there
will be an increased need for high testability, fault-tolerance and self-repair. Increasing
design complexity and more aggressive time-to-market schedules will place higher
demands on the human design teams that design the quantum computers. Therefore, it is
very likely that the design methodology for quantum computers will be quite similar to
the design methodology for 2010 standard VLSI computers. Thus, new methods of
design become necessary, which will combine both human expertise with that of the
increased computational capabilities of modern (classical) computers. Computer Aided
Design methods should be developed for quantum computers and in this dissertation I
relate them to the particular breakthrough technology of Ion Trap quantum computers.
4.2. How to synthesize quantum circuits on level of pulses, simple gates and circuit
blocks?
In Chapter 2 we explained about the low level synthesis of quantum circuits. Two
important questions are:
1. how to specify such circuits in a way that is convenient to the quantum computer
designer at the level of the device, circuit or quantum array block,
2. how to convert a (higher level, more abstract) specification into an optimized
circuit with gates, and, ultimately, into the low level physical and geometrical
descriptions required by quantum Ion Trap technology.

90

Various methods have been proposed in general for quantum and reversible circuits, of
which the historically first and so far the most advanced are the methods of evolutionary
algorithms, specifically Genetic Algorithms and Genetic Programming. There are,
however, no papers on designing binary and d-level quantum circuits specifically for the
constraints and advantages of Ion Trap technology. This dissertation attempts to fill this
gap.

It is well known that Genetic Algorithm (GA) [Goldberg89, Holland92] and Genetic
Programming (GP) [Koza92, Koza94, Koza99] techniques provide a means for applying
the theory of evolution within an artificial system. GA is a system that evolves problem
parameters directly; GP evolves programs for problem solution. Through a process of
emergent intelligence, GA/GP formulates engineering solutions based on an accumulated
knowledge of the problem and the merit of potential solutions. In recent years Genetic
Algorithm and Genetic Program have been successfully applied to a wide range of
engineering problems and were the main methods used in other research groups working
on (binary) quantum circuits design [Rubinstein01, Spector99, Williams99]. They were
also used in our research group for quantum circuit synthesis [Lukac05, Lukac05a,
Lukac07, Lukac07a, Khan03, Khan04, Khan05, Khan05a, Giesecke07, PHDSazzad],
including synthesis of multiple-valued quantum circuits for NMR technology
[Giesecke07, Khan07, Khan07a] (NMR is similar in some respects to 1D layout of Ion
Trap).
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The other published papers about MV quantum synthesis came from Miller’s and
Bullock’s teams and are not based on evolutionary paradigms but on certain group theory
heuristics [Miller03] or on algebraic matrix decomposition theory [Miller04, Miller04a,
Miller06, Bullock05]. Similarly the work of Faisal Khan at PSU uses the Sine-Cosine
decomposition adapted from the discipline of numerical algebra. However, all these
methods brought only limited success to the design of quantum circuits, as they do not
use knowledge and engineering design ideas sufficiently. It was therefore the assumption
and the starting point of this dissertation to avoid evolutionary algorithms and develop
new algorithms based on combining knowledge-based and heuristic methods to achieve
better results for larger circuits realized with the specific, Ion Trap, technology in mind.
We do this, however, at the cost of adding more ancilla bits and being satisfied with
approximate quality solutions rather than expecting exact solutions.

Past experience has shown that the application of pure evolutionary algorithms to logic
minimization had serious limitations of size, computation time, and solution optimality
[Dill97, Dill98]. Therefore, the PSU team also tried group theory methods and methods
based on exhaustive search. These methods were successfully applied by our PSU
research group for synthesis of quantum circuits, including multiple-valued circuits
[Giesecke07]. So far, these methods have been applied only to small circuits. Yet another
type of methods are the heuristic tree search methods such as the A* algorithm that is
widely used in the area of classical (Good Old Fashioned) Artificial Intelligence
[Lukac03]. Before we discuss our new synthesis algorithms we will systematically
introduce the necessary background on logic gates, expansions, forms and structures.
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4.3. Reed-Muller Logic, Galois Logic and Quantum Computing.
The fundamental gates in binary quantum circuits are:


all single-qubit (rotation) gates (like Pauli rotations) including the NOT operator
of Boolean logic,



CNOT (Controlled NOT) which uses the EXOR operator of Boolean logic,



Toffoli (which uses double-controlled NOT or C = ab  c function) and



generalized Toffoli, like A=a, B=b, …, M = abcde…n  m.

These gates are internally build from Controlled-V (Controlled Square root of NOT) and
its adjoint gate Controlled-V+. These in turn are built from the 2-qubit interaction gate
and single qubit rotations. Thus, the component gates that are really available in quantum
hardware are: the single qubit rotations and the interaction gate. In one-dimensional (1D)
―linear‖ Ion Trap technology the circuit must satisfy the ―neighborhood constraint‖, i.e.,
all gates are only single-qubit or 2-qubit realized on neighbor qubits. This is a very
serious design constraint, not taken into account by logic synthesis researchers so far. It is
important to understand that every binary, ternary, quaternary, hybrid etc quantum circuit
is built only from these primitives and including the neighborhood constraint. When we
generalize these methods to MV logic, the only requirement of such circuits is that the
higher the logic radix is, the more numeric values of discrete angles must be used in the
single-qubit rotation gates. The pulse-level gates are the ―quantum end‖ of synthesis.
What is, however, the other end – the ―abstract model‖ that should be used with this lowlevel quantum description? This model must be a good match with the linear Ion Trap
technology that dominates now, but must be expandable to future 2D and 3D Ion Trap
layouts. In this dissertation I want to find such models.
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The algebra of EXOR and controlled circuits (with commutative operations like (a  c)
and non-commutative operations like (a CONTROL c) is not very similar to the wellknown AND/OR/NOT Boolean logic. Thus the classical AND/OR/NOT logic
design/optimization methods such as finding prime implicants, graph coloring or
unate/binate covering approaches are not directly applicable to quantum logic synthesis.
The reason for this is that these methods are not linked to a useful representation algebra
and are not linked to the underlying physics of quantum pulses and constraints of
quantum layout. Therefore, new methods based on linear algebra, group theory and
enumerative methods have been developed at PSU; they are the background of my
research presented here. In contrast to classical CMOS logic where the realization of the
EXOR operator is rather expensive, the gates based on EXOR are the cheapest gates in
all quantum technologies, because of the similarity of operation of this gate to the
interaction of two particles (recall examples from Chapter 2). As I will demonstrate in
this dissertation, this property can also be generalized to multiple-valued and hybrid
quantum circuits.

The Exclusive-Or Sum-of-Product (ESOP) expression is the most general, unrestricted
AND-EXOR logic expression. It is not-canonical, in contrast to other forms presented
here. ESOP compares favorably in classical digital design to AND-OR Sum-of-Product
(SOP) logic, which is, however, more widely used. In the case of quantum circuits, ANDEXOR logic is of fundamental importance and the use of AND-OR logic is very limited.
Let me cite:
94

Functions realized by such circuits (ESOPs) can have fewer gates, fewer connections,
and take up less area in VLSI and especially, FPGA realizations. They are also easily
testable [Fujiwara86, Pradhan87] It was shown, both theoretically and experimentally
[Salmon89, Sarabi92, Sasao91, Sasao90, Sasao91a] that ESOPs have on average
smaller numbers of terms for both “worst case” and “average” Boolean functions. It
was also shown that ESOPs and all their sub-families have their counterparts in logic
with multiple-valued inputs…
Additionally, as shown in [Kumar07], quantum circuits based on two-level AND-EXOR
realizations are also good for the combinational logic portions of Finite State Machines,
as they have proven more testable and can yield less area than do two-level AND-OR
implementations [Biamonte04, Biamonte05]. Thus it can be concluded that the ANDEXOR logic has proved to be more useful than AND-OR logic in binary quantum
computing, and that when looking for synthesis methods for d-level quantum computing
with ancilla qudits we should be influenced by the achievements of the AND/EXOR
rather the AND/OR synthesis methods of classical logic CAD. We should be influenced
also by layout-related regular arrays of small gates rather than by the large irregular
macros that were used by earlier authors [Miller03]. I prove by experimental results of
my CAD tools in this dissertation that these ideas of AND-EXOR logic [Sasao93,
Sasao97, Salu92] and regularity are very useful. They are, basically the main foundation
of the presented work.

Let us observe that, based on the literature the only universal binary quantum gates
competitor to Toffoli gates are the Peres and Fredkin gates. Therefore, a natural idea in
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MV quantum design is to find the multiple-valued counterparts of all these gates, as well
as to find the counterparts of the single-qubit rotations and the counterparts of the
Feynman, Controlled-Rotation and Interaction gates. The binary Peres gate has
(behaviorally) many EXOR operators inside, so its MV generalizations should have many
logic functions that generalize the EXOR operator to multiple-valued logic. These are the
modulo-addition operators, for example. Binary Fredkin’s internal realization in many
quantum technologies is also based on Toffoli gates and Feynman gates, so the
generalization(s) of Fredkin’s gate should be reducible to our MV-logic-handling
methods. There is one exception, however.

In some technologies, such as

superconducting, the Fredkin gate can be built inexpensively from Square root of Swap
gates.

It is interesting to note that the binary AND-EXOR logic represents a special case of
Galois Field Logic GF(k) [Batisda84, Stewart89, Winter74, Edward93, Bell66], where
the radix k=2 for binary logic. Galois Field logic can be viewed as a generalization of
Boolean Logic because the Galois Field mathematical operations are applicable to multivalued logic values, over any finite field. The use of Galois logic allows us to have a
mathematically beautiful theory of such circuits. Therefore Galois Field logics allow us
to use mathematics in circuit synthesis algorithms. It is, however, still questionable if this
is the best logic from the quantum circuit realization (technology) point of view. This
problem is discussed in this dissertation in relation to the proposed d-level Ion Trap
realization technologies. In general, however, the selection of the best gates depends on
new quantum realization technologies. They appear profusely every year and are hard to
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predict. Several technologies and fundamental discoveries in quantum circuits occurred
in 2006 – 2009, and the author was not able to incorporate all the newly arriving ideas.

Let us just observe that Galois logic is just one of many possible extensions of the
AND/EXOR logic that proved to be dominant in quantum circuits in 2010. The other
candidate is the Controlled-Gate-Logic (my own name as this logic is not known in the
literature), which seems to be the best option for the current d-level Ion Trap
technologies. In our approach we also derive many of new formalisms from the concepts
of Galois Field logic.
4.4. Highly Testable Quantum Circuits.
It is well known that AND-EXOR logic, especially the two-level variant of it, is the most
highly testable of all digital logic structures [Perkowski97] that are used in classical logic.
Observe that the EXOR operator is a (mathematical) group, while the AND and OR
operators are not groups. The property of EXOR is that every change of signal in its
inputs is transmitted to the outputs. Thus every circuit is more testable when it includes
long chains of EXOR gates [Reddy72]. Because quantum circuits have many EXORs,
they transmit to their outputs every change in qubits, making them highly testable. High
testability of quantum arrays is thus inherited from high testability of standard
EXOR/ESOP circuits.

The group property is fundamental to the high testability of EXOR-based circuits and in
test vector generation for them. The same is true in d-level circuits - the ―group property‖
of all our logics is good also for the MV case. When I started the research on this thesis in
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2002 I believed that the AND-EXOR logic was a good candidate for quantum design, for
which the fault-tolerance and high testability issues are especially important
[Drechsler99, Kalay99, Perkowski99, Reddy72, Sarabi93]. This belief was also a starting
point for the research reported in [Perkowski05, Biamonte05, Pierce05, Allen04], and
especially for the work on testable multiple-valued quantum circuits. The top results in
testing classical binary ESOP circuits (these circuits include the GRM, FPRM, and
PPRM forms as special cases) were given for classical multiple-valued technology by
Kalay et al [PHDKalay] as:
…a simple, universal test set which detects all single stuck-at faults in the
internal lines and the primary inputs/outputs of the realization… (the) circuit
realization requires only two extra inputs for controllability and one extra output
for observability. The cardinality of our test set for an n input circuit is (n + 6)…
The test set developed by Kalay et al can also be very successfully applied to Built-in
Self-Test (BIST) applications, and the concept of quantum BIST has been developed by
Biamonte and Perkowski. However, the Kalay et al methods assumed a stuck-at fault
model that is not a good model for quantum circuits in all the technologies that I know.
The quantum circuit testing concepts were developed by Biamonte and Perkowski
[Biamonte05] based on classical models [Kalay99, Sasao97, Reddy72]. Based on the
fundamental principle of ―group gates‖, they can be generalized to the case of binary
oracles realized in d-level Ion Trap quantum circuits from this dissertation using the
known ―gate insertion/removal‖ model [Biamonte05] in place of the ―stuck-at‖ model. I
believe also that the methods from Kalay et al and Biamonte and Perkowski can be
expanded to a wider category of quantum circuits, both binary and multiple-valued, and
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not only binary quantum oracles. Further, Kalay et al [Kalay99] have also devised a twolevel design method and a minimal-universal test set for the more general Galois Field
SOP (GFSOP) form GF(kr). The GFSOP is analogous to the ESOP as the most general
functional representation of its type. Thus, for both the binary and multi-valued logic
cases, it is evident that the two-level AND-EXOR logic family is highly testable with a
very limited number of test vectors. Again, because of the similarity of these circuits to
some quantum circuits, and because of my current understanding of fault models for
quantum computing [Biamonte05, Perkowski07], it is highly probable that all their
methods can be extended to Galois Field logic.

The highly testable EXOR-logic based circuits that originate from Reddy’s seminal 1972
paper were next extended by Sasao [Sasao97] and Kalay et al [Kalay99], and were
further extended in classical logic by Bhattacharya et al [Bhattacharya98] to bridging
faults and to other AND/EXOR structures. It remains to be investigated if the methods
developed for quantum logic by Biamonte and Perkowski [Perkowski07, Biamonte05,
Biamonte04] can be further generalized along the lines of the recent works of
Bhattacharya, and others.

Concluding this section, currently the basic research and CAD tool development for
various binary quantum circuits is increasingly at the forefront of the quantum CAD
research as documented by many papers in the Congress on Computational Intelligence,
RM, ISCAS, ULSI, ISMVL symposia and DAC conferences [Bullock05, Brylinski01],
but the number of papers on d-level design is still less than 20 and most of them come
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from the PSU quantum group [Normen07, Khan05, Khan05a]. The literature listed at the
end of this dissertation includes the complete bibliography on quantum multiple-valued
concepts and circuits as of 2010.

Nowadays, development in the quantum circuit design area is dominated by binary
quantum circuit design (with base |0, |1). So far, there has been no work other than a
book by Anas Al-Rabadi, based on his Ph.D. from PSU [PHDAl-Rabadi, AlRabadiBook], that would try to generalize the existing AND/EXOR approaches to d-level
quantum circuits. The Al-Rabadi book is already obsolete after a few years since it does
not cover the new designs in quantum technologies that appeared after 2002. It should
also be noted that most of the design/theory papers on d-level design are very theoretical,
and no software tools have been developed for any of these methods.

The situation on MVL quantum in 2010 is thus this – on the one hand, new ternary
technologies have proved to be operational, but on the other hand no theory geared
towards them exists. Few design algorithms exists, and the methods that exist do not
address test issues at all. The research reported in this dissertation thus addresses the lack
in this area.
4.5. From binary to multiple-level Quantum Circuits.
The AND-EXOR form has been developed into a complete hierarchy of Reed-Muller
(RM) expansions, using the Shannon, Positive Davio, and Negative Davio Expansions, in
the works of Sasao [SasaoBook], and especially those by the PSU group [Perkowski91,
Perkowski97, Dill97, Dill97a, Schaefer91, Pierzchala94]. This hierarchy is described
100

with logic equations, forms, trees, and decision diagrams. In my dissertation we will
present this hierarchy of binary quantum circuits, both for completeness of the
explanation and to introduce my reversible/quantum concepts. Next I will expand them to
d-level circuits, and moreover I will add new items to the hierarchy, motivated by their
practical applications in d-level quantum circuits. In the quantum interpretation the whole
new extended hierarchy obtains a new meaning as a hierarchy of quantum arrays that are
relatively easily mapped to the recently proposed Quantum Field Programmable Gate
Arrays [Metodi05]. It is also easy to map them to the d-level circuits of my interest.
Below we pay special attention to Davio expansions and the related binary Fixed Polarity
Reed Muller and Generalized Reed-Muller (GRM) forms, because of their relative
simplicity. Our assumption that these forms can be easily generalized to the d-level
quantum circuits proved to be true in the course of writing this dissertation.

Although some of the forms from the binary hierarchy have been the focus of logic
synthesis and minimization research for many years and by many authors, finding the
exact solutions is still very difficult for larger functions, even in the binary case.
Therefore, we did not even attempt at the exact minimum solution algorithms, but in our
desire to create practical algorithms we concentrated on fast approximate approaches. In
the binary case we analyze GRM cascades with ancilla bits, Lattice Diagrams and Nets
(all introduced in the following chapters). I also discuss the decomposition of functions to
these structures combined with EXOR operators. The (binary) GRM logic is a canonical
expression (exhibiting a regular structure), which is a subset of the Exclusive-Or SumOf-Products (ESOP) expression. In GRM, for every subset of input variables there exists
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at most one term with arbitrary (unconstrained) polarities of variables. (The forms and
polarities will be explained in detail in the following chapters). In other words, each term
in the GRM is unique in both the variable name and the polarity. It is interesting to note
that often the GRM forms may produce results with the number of terms very close to
that of the exact minimum ESOPs [Cohn62, Perkowski92, Wu96]. For odd Boolean
functions they create only one product term that includes all the variables. This property
is advantage of our new circuits over the ESOP circuits for Boolean functions with three
to seven variables. The GRM forms are also more easily testable than the general-purpose
ESOPs [SasaoBook].
4.6. Some types of multiple-valued Quantum Circuits.
Several multiple-valued logics have been invented for non-quantum circuits. While
allowing for greater logic density than that of Boolean Logic, these circuits are still not
practical. Although they were used with success in CMOS prototypes, they are not
widely applicable in commercial CMOS technologies. There are several speculations,
however, that the MV logics will become practical in d-level quantum realization
technologies including Ion Trap [Bullock05].

This dissertation is restricted to various variants of the Ion-Trap quantum technologies
taken from the literature and not invented by me. Not being a physicist myself, I have to
rely on authorities with respect to the future prospective proposed quantum technology
and in recent years the Ion Trap is the most dominating future technology, of quantum
computing. This opinion was expressed by many top experts in the field; Isaac Chuang –
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the creator of the first 7-bit NMR quantum computer and Mark Oskin – one of inventors
of Ion Trap quantum architecture.

Quantum technology offers an entirely new prospect for computing, and does not merely
speeds-up the current computing model. This technology also allows for uniform
realization of binary and multiple-valued circuits. Chuang, Chong, Oskin, Bullock and
other authors of aforementioned papers are Physicists or Mathematicians, while Dr.
Perkowski looks to circuits from a CAD tools perspective, the point of view that I take in
this dissertation as well.

The main question is ―how to realize multiple-valued logic efficiently using the existing
quantum realization Ion Trap technology‖ The first idea is to adapt the existing MV-logic
methods from CAD tools for classical realization technologies such as CMOS or bipolar.
Another idea is to use optical computing concepts to develop new algorithms. As an
example, one method of implementing multiple-valued logic is with the two-argument
Min and ModSum operations, the so-called MIN-MODSUM logic. Dueck and Miller
[Dueck86] presented a four-valued CCD PLA utilizing the Min and ModSum operations
in place of the traditional binary AND-OR logic planes. Because the newly proposed
QFPGAs are based on CCD-like models of logic, this dissertation may become quite
practical for the forthcoming quantum technologies.
In their research, Dueck and Miller showed that:
… for one variable and (two variable) latin square functions, the
MODSUM always results in a PLA with no more product terms
103

than a PLA using either the truncated sum (SUM) or the MAX and
typically requires fewer.

Despite the higher unit cost of the

MODSUM, the reduced number of product terms usually results in
a lower overall cost.
However, even for the four-valued logic presented, the circuit is much more complex and
requires more gates than that of its Galois counterpart (with both the addition and
multiplication operations) that will be presented later in my dissertation. A realization
that is nonsensically complex in the contemporary CMOS-based multiple-valued circuits,
may be the best choice in quantum technologies in which there are no natural, physicsbased constraints on the radix of logic (two values is the practical constraint of CMOS).
Therefore, several approaches to build multi-valued quantum circuits have been proposed
[Muthukrishnan00, Kerntopf04, Khan04a], and still proliferate in the recent literature.
Some gates have approximately the same cost in both technologies, Inverter is one
example. The quantum Inverter requires only one Pauli rotation [Nielsen00], so it is thus
the cheapest possible quantum gate. Inserting inverters to any qubit in a circuit is also not
a problem in any quantum layout type that I am familiar with. On the other hand, some
gates are inexpensive in quantum logic when compared to classical logic. The best
example of this cost trade-off between classical and quantum circuits is the Hadamard
transform. A one-bit Hadamard transform requires only two single-qubit Rotation gates
internally, so it is the cheapest ―quantum gate‖ (after the inverter gate) in quantum
design. This gate causes the quantum circuit to operate in the spectral domain, which is
expensive in classical logic. On the other hand in classical logic design the Hadamard
transform uses one multi-bit subtractor circuit and one multi-bit adder circuit, being thus
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a big and complex block using many AND, OR and EXOR gates. Therefore the
Hadamard Transform for many variables is very expensive in the classical hardware
world. However, in the quantum world, the Hadamard Transform costs practically
nothing, since the butterfly of the transform (corresponding to the Kronecker product of
single qubit Hadamard gate) is built for free by the tensor product of parallel quantum
systems. The Hadamard Transform is the perfect example of using the power of quantum
computing in calculations. The Hadamard gate should be the basis for designing those
types of quantum circuits that would not just mimic classical circuits. (This gate is the
basis of the famous Grover algorithm, one of the two main quantum algorithms). One has
to look for more gates like these, inexpensive but powerful in quantum design.

Although for other quantum gates the differences are not as dramatic as for the Hadamard
gate, the problem is very characteristic when comparing quantum and classical circuit
design: ―what is cheap in classical logic may be very expensive in quantum logic (like the
OR of many terms) and what is expensive in classical logic may be very inexpensive in
quantum logic (like Hadamard)”. This is an important observation that explains why the
entire design methodology using quantum gates should be deeply reworked. I believe that
methods may be adapted in quantum design from the classical design only with deep
care. I conclude that my methods should use Hadamard, Inverter, Pauli rotations,
rotations, and CNOT gates as much as possible as these are cheap gates in Ion Trap
technology. The gates should be realized only on neighbor qubits, again to reduce the
costs in linear Ion Trap technology.
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The research of Dueck and Miller on MIN-MODSUM circuits does not present functions
with more than three variables. This is a useful condition for quantum circuits. But
possibly this is a limitation of the PLA technology of the era when their paper was
published. As such, no practical applications were discussed by them since realizing the
multi-input EXORs and MODSUMs

is difficult in all classical technologies (it is

however cheap in Ion Trap technology). Again, it is in contrast with the quantum world
where the EXORs and MODSUMs are two of the few least expensive gates
[Giesecke07]. (Practical ternary/binary quantum circuits are discussed in [Khan05,
Khan05a, Perkowski06].) Further, it is noted within Dueck and Miller’s research that
―minimizing an expression using the MODSUM… appears to be a difficult problem‖ and
is not addressed. In contrast, the minimization of multi-valued logic implementations
with AND-EXOR circuits is very efficiently addressed by the EXORCISM-MV-2
minimization software that was developed in our research group at PSU. (EXORCISMMV-2 is a software package providing ―efficient minimization‖ of arbitrary ESOP
expressions for multiple-output, multiple-valued input, incompletely specified functions
[Song93]). The issue of testability for multi-valued generalized Reed-Muller circuits in
modulo m sum-of-product form was investigated by Dubrova and Muzio [Dubrova96]
(with m being a prime number greater than two). In their research, both the number of
tests required for fault detection and the generation of the tests were addressed. It was
found that:

Just four tests are sufficient to detect all single stuck-at faults on internal lines in the
circuit. Furthermore, this set of tests is independent of the function being realized and
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therefore universal. We give two alternative techniques for testing primary inputs – one
by generating a test set of maximum length 2n, where n is the number of primary inputs,
and the other by adding to the circuit an extra multiplication mod m gate with an
observable output to ensure that the four tests for internal lines also detect all single
stuck-at faults on primary inputs.

Hence, for the Galois Field PPRM (GFPPRM) form, Dubrova and Muzio [Dubrova96]
have developed a universal (possibly minimal) test set for prime cardinality fields. In
contrast, Kalay et al [Kalay99] have developed a two-level design and minimal-universal
test set for the more general Galois Field SOP (GFSOP) form. Here the Galois Field is
not limited, as it is of size GF(kr), and the SOP form is unrestricted by polarities or terms.
Such circuits may be implemented in current CMOS technologies [Zilic93,
Pierzchala94], but their real advantage will be demonstrated in quantum Ion Trap
technology [Muthukrishan00]. This technique may also be applicable to Galois Logic.
Finally, the most significant difference between the Min ModSum and Galois Logics is
that while the former is simply an attempt to extend the high density and good testability
characteristics of the Reed-Muller Expansion to the multi-valued case, the latter presents
a new multi-valued algebra in which an entire hierarchical family of trees, decision
diagrams, and forms can be elegantly developed. Therefore, our approach generalizes the
researches of Hurst and Sasao and the Green/Sasao hierarchy. [Hurst85, SasaoBook]. At
this stage, I believe that all the advantages of Ring Logic and Min-Modsum Logic can
also be found in Galois Field logic, but I will further investigate this topic after
completing my dissertation.
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Boolean AND-EXOR logic is a special case of GF Logic, for a field of size 2. Because
Galois Field Logic, for both the binary and multi-valued case, exhibits the group
property, it is highly testable. Observe that the group property is closely related to the
reversibility that itself characterizes all quantum circuits. AND-EXOR (Boolean Logic)
forms have already been demonstrated to be highly testable [Pradhan78, Reddy72,
Sasao97]. Since the Galois Field addition operation is the generation of the EXOR
operation, I believe that the known testing and error detection techniques can be naturally
extended from Boolean Logic to the quantum multiple-valued Galois Field Logic. This
belief was also based on the fact that the high testability of classical multi-valued logic
GF circuits has also been demonstrated by Kalay et al and Dubrova et al [Kalay99,
Dubrova96].

To incorporate the multi-valued logic method in binary VLSI design and new types of
FPGAs, the Reed-Muller form was extended for Galois Fields [Stankovic97]. However,
as mentioned above, there exists a strong link between the Reed-Muller and Galois logics
and quantum technology. This link is even stronger than that between these logics and
any other existing technology. Hence expansion types such as GF-Shannon and GFDavio exist, which can be utilized to derive all other hierarchical forms (i.e. GF-KRO,
GF-PSKRO, GF-FKRO, etc.). Galois Theory demonstrates that for every number kn,
where k is prime and n  2, there exists a unique matrix under mathematical operators,
such that all group theory properties are satisfied. Thus, it was again demonstrated that
the technique that can be utilized for the representation of binary logic, can also be
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extended to multi-valued logic. Our research specifies the relationship between the
Reed-Muller Hierarchy and the Galois Fields. It provides the capability of expressing
multi-valued logic with decision diagrams and compact algebraic structures (or forms),
which can be represented with ―universal‖ expansion circuits. Such circuits are next
mapped to structural binary technology [Tsai96].

Galois Fields of size 2n can be

interpreted for a binary hardware implementation. It can be also shown that for GF(4)
and GF(8) the field operations of both addition and multiplication can be performed with
few ordinary binary logic gates [Dill97]. We expect therefore that they can also be built
relatively easily using single qubit operations and interaction gates.
4.7. Heuristic search methods for Synthesizing Quantum Circuits from the aboveintroduced gates and circuits.
Much of the research described in this dissertation was undertaken in order to develop
algorithmic approaches to designing application-specific quantum algorithms for selected
classes of multiple-valued logic synthesis and minimization problems. They are included
in the following chapters of this dissertation. However, in order to understand these
approaches, much background on classes of functions and design methods for them will
first be explained to make this thesis self-contained and comprehensive. Several other
new approaches are developed in this dissertation to utilize search techniques for logic
minimization of d-level quantum circuits.

Several new methods have been developed for regular structures in chapter 5. They lead
to a complete detailed synthesis algorithm (Chapter 6) that was programmed, tested and
evaluated on many benchmarks. This algorithm is a representative of a family of
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algorithms related to the design of quantum circuits with ancilla bits for Kronecker
Lattice Diagrams (satisfying 2D neighborhood constraints). Next, the minimization of
multiple-valued generalizations of such diagrams are discussed. Although these methods
require relatively high numbers of ancilla bits, they use only quantum realizable 3 3
Toffoli gates, thus our method reduces the costs of large functions. The research from
[Dill97, Giesecke06] used standard (Darwinian) evolution as a model for which logic
minimization algorithms for quantum arrays without ancilla bits were determined. Till
now, the few exact minimization algorithms developed have required nearly exhaustive
searches on standard computers and are quite time consuming. I judge this model to be
insufficient, and thus the ideas of search and heuristics were added. Adding ancilla bits
also makes these circuits more similar to classical circuits and should make our methods
more successful for practical circuits (benchmarks).

Next, the above basic methods were extended to ternary logic as an example of multiplevalued logic. The goal of using our new approaches for d-level quantum circuit synthesis
and optimization in this dissertation was to create non-exact fast approximate
minimization techniques that would be an improvement to the methods proposed in the
literature. The minimization techniques developed in this dissertation are in principle
applicable to both single-output and multiple-output MV quantum circuits, binary,
ternary and quaternary, but the software was developed only for the binary case.

Several variants of Genetic Algorithms and Genetic Programming were used at PSU to
minimize FPRM circuits [Dill97, Dill97a, Dill98, Zeng95, Muller94, Drechsler95] and
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various types of reversible circuits with general structures. For instance, several attempts
were made by Karen Dill and Marek Perkowski in years 1996–2005 to develop a purely
evolutionary (i.e., GA with no human-designed heuristics) approach to the minimization
of GRM forms. As no application-specific knowledge was incorporated for these designs,
the results were remarkable as they compared favorably with those of the heuristic
algorithms designed by human experts [Debnath95, Debnath96]. On the other hand, for
some functions, Sasao and Debnath found better solutions using a heuristic knowledgebased algorithm, which showed that the evolutionary approach should perhaps be
equipped with some deeper human-like knowledge, and/or that some human intervention
in the automatic solution process should also be incorporated. Although Debnath and
Sasao developed a successful heuristic for GRM minimization, capable of handling
functions with a large number of variables and multi-outputs, their software was not
available in the public domain. An automated technique for logic synthesis and
minimization for incompletely specified data in GRM form was developed subsequently
by Karen Dill; the iGRMMIN Software. Finally, the AffineGenerator and ECPS software
tools were created by Sazzad Hossain [PHDSazzad] but applied only to binary circuits.

It is important to note that while the first GA-based algorithms did not guarantee to find a
correct solution, the new wave of GA algorithms, based on polarities [PHDSazzad] and
on the input variable ordering (this thesis), always give a correct solution, and use the
evolutionary principles only to optimize its cost. Every circuit found is correct, and the
evolutionary/search principles are used only to optimize the circuit. As we shall see,
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when more advanced algorithms are developed, the role of evolutionary ideas in them
decreases.
4.8. Heuristic Search versus Nature-inspired Evolutionary Search.
Several concepts contributed to the research presented in this dissertation. My work is
based on 22 years of experience of the PSU group in AND/EXOR logic and reversible
design as well as on recent papers from other groups. I am aware of the results on
evolutionary research from [Dill97b, Dill98], but using only the heuristic search
approaches. My approach aids humans in designing efficient algorithms for binary multivalued quantum circuit synthesis and optimization problems.

This approach uses

classical search methods with some probabilistic methods – the problem formulation, its
cost function, constraints, heuristics, etc are more important than the final representation
of the search in one or another software. Our fundamental approach starts from the
assumption that any problem in our class can be solved by searching some space of
known states (for instance, these states are the circuit polarities or the circuit structures
being optimized).

Solutions in this new approach are achieved with an intelligent

strategy using technology constraints, human-designed heuristics and state-space search
mechanisms [Nilsson98, Luger02], that are different from the standard evolutionary
algorithms such as GA or GP, and also different from the well-known quantum inspired
evolutionary algorithms [Kim00].

Traditional exhaustive search mechanisms (breadth first, depth first, branch-and-bound,
etc.) give assurance of finding the exact optimum solution in the solution space, but are
(often) prohibitively time consuming [Giesecke06]. Thus, both complete (searching the
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entire state-space) and incomplete (evolutionary and rule-based) search strategies may be
unsatisfactory for producing an efficient and effective problem solving technique for our
class of applications. In contrast, our new approach incorporates new representation and
heuristic search strategies and problem solving/learning paradigms into a synergetic
system.

Concluding remarks on the main philosophy of this dissertation:
(1)

A recently proposed breakthrough new Ion Trap quantum technology of dlevel quantum circuits has been used, for which our circuits are optimized.
This makes our research very up-to-date since nothing was published in 2010
or earlier about CAD for this technology.

(2)

A powerful multi-valued algebra has been invented to synthesize circuits
optimized for realistic cost functions. It combines the properties of linear
independence, Galois Fields, and the Reed-Muller logic hierarchy.

(3)

The usefulness of this algebra is illustrated on several practical circuits
realized for the selected technology models.

(4)

A number of synthesis methods and techniques are invented and realized in a
new type of variable–ordering meta-algorithm that was ultimately invented.
This approach creates a general framework of synthesizing regular structures
in which a single method is used for practical logic synthesis and
minimization.

(5)

Further, an analogy and extension of the binary AND/EXOR logic to the new
Galosi Logic is made. Hence, the usefulness of the Galois Logic for multi113

valued logic synthesis of d-level quantum systems created here is
demonstrated.
(6)

The concepts of regular reversible structures based on mapping logic circuits
to one dimensional and two dimensional Ion Trap quantum layouts are
introduced and illustrated. These concepts are for various Ion Trap circuits,
both binary, multiple-valued and hybrid.

(7)

Binary quantum oracles can be built using several synthesis methods
developed in this dissertation. This can be used in the generalized Grover
algorithm that uses oracles with multiple-valued inputs and binary output.
Because many methods are available now, a better oracle can be built by an
amalgamation of methods.

(8)

Some cascade synthesis and Lattice constructing software has already been
implemented and discussed in full detail. Much more software may be
developed based directly on other ideas presented in this dissertation.

4.9. Introductory illustration of some basic ideas of this dissertation.
The ideas presented in this thesis are many and complex. Therefore, to help the reader of
this dissertation, in this section I put together some of my main ideas – research questions
that I want to pursue in the next chapters of the dissertation in full detail, and illustrate
them with examples.

The first observation is that other authors create all their algorithms for a circuit model
that is not realistic, as it assumes that there can be a gate located between any two qubits,
even if these qubits are located far away in space from one another (for instance in 1D
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Ion Trap). This assumption may be sufficient for very small circuits but is absolutely
unacceptable for the big quantum circuits of the future. The gate between any two qubits
would mean an immediate direct interaction between any two ions in the Ion Trap, which
is physically not possible. As we remember form Chapter 2, the ions can be stable or
flying (teleported). Let us concentrate for a moment on stable ions. In the simplest (but
practical as of 2010) case, all ions in the Ion Trap are placed linearly (as a vector). Thus
every ion (qubit) can interact at most to one neighbor above and one neighbor below.
This physical constraint of ―2-neighbor‖ quantum layout of the substrate has much
influence on practical designs. As an example, consider the very simple 4  4 Toffoli
gate shown as a unit in Figure 4.1a. Other authors (MMD (Miller, Maslov, Dueck) or
Agrawal and Jha) leave such gate as a final result of synthesis with cost 1 (or cost 5,
which comes from 3 inputs in the product). This is not accurate and is simply wrong! As
we see, to realize this circuit in quantum, one ancilla bit should be added as in Figure
4.1b. Next, each of the 3 3 (standard) Toffoli gates from Figure 4.1b are macrogenerated to the so-called ―Barenco circuits‖ [Barenco95], thus creating the quantum
array in Figure 4.1c. This would be fine if every two qubits could interact directly – but
they cannot. So we have to use transformations from Figure 4.1d to create 2-neighboronly type of circuits.
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Figure 4.1. This example illustrates the nature of a problem with the linear Ion Trap. A
4  4 Toffoli gate that looks like a cheap gate is, however, quite expensive when mapped
to linear-neighborhood quantum array. (a) symbol of a gate as used by other authors, (b)
its decomposition to Toffoli gates using one ancilla bit, (c) the final circuit with 2-qubit
quantum primitives, but not-realizable in linear neighborhood as it has wires going over
gates, (d) steps to realize the gate with a wire going over it, (e) the final circuit in linear
neighborhood Ion Trap for the initial gate from Figure 4.1a. The number of gates in this
circuit reflects the true quantum cost of the gate (macro) from Figure 4.1a.
The final circuit for the gate from Figure 4.1a is then shown in Figure 4.1e. It has 27
2  2 gates in 2-neighbors-only topology. My dissertation takes these kinds of practical

considerations into account. This synthesis approach is formulated for the first time, and
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although it has perhaps no special influence for small Ion Trap circuits build in 2010, it
will significantly affect the architectures of future Ion Trap Quantum Computers which
will include large quantum circuits.
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Figure 4.2. Example of Lattice diagram realization in quantum. (a) Schematic of a
Lattice diagram using standard multiplexers, (b) First attempt to map the schematic to
4  4 grid of 2D quantum layout. Each dot represents an ion and each oval rectangle
represents the (time evolving) internal qubits of the multiplexers. Although it looks like
fan-out of the middle bottom mux is two, it really is one thanks to go-through signals in
some gates. Ancilla bits are not shown. This method can also be applied to the new types
of reversible lattices introduced in next chapters.
Based on the above example, we see that the quantum circuits should have short
connections. As discussed in [Perkowski97, Jeske98, Shah00] short connections require
regular structures. There are two main regular structures in the literature: Lattices
[Perkowski97a, Perkowski98] created by adaptation and generalization of Akers Arrays
[Akers72], and Nets [Perkowski02, Al-Rabadi02] that are original designs for binary
logic. They are both two-dimensional and thus are expected to map well to 2D Ion Traps.
First I tried to analyze the mapping of Lattice to 1D quantum layout (as in standard
quantum arrays). I found (Chapter 5) that the internal connections of the Lattice map
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well, i.e. with small distances, but there is a big problem with connecting all multiplexers
to input variables – this involves very many SWAP gates. Hopefully if we assume 2D
quantum layout in 4  4 grid, with 4 neighbors of every qubit (dot in Figure 4.2b), then
the layout dramatically simplifies under the assumption that all variable inputs can be
individually accessed or that they run in buses. The initial placement is presented in
Figure 4.2b. Figure 4.2b assumes that all variable inputs are individually initialized by
electromagnetic pulses, given in series or in parallel. Long enough coherence of all ions
is assumed. This is only one example of a Lattice circuit realized in Ion Trap technology;
actually I will show in the next chapters that other lattices are better for quantum
realization. This example was just to explain the problem on a well-known circuit
[Perkowski97].
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Figure 4.3. Lattice diagram realization in 2D Ion Trap. (a) The abstract grid with cells,
(b) Its placement assuming individual (serial or parallel) access (control) of all input
variables corresponding to individual qubits. Sufficiently high decoherence (typical for
an Ion Trap) is assumed. Mapping of input variables is not shown in (a) or in (b).
Figure 4.3 assumes that connection between any two dots inside every square is possible
(this is achieved using methods from Figure 4.1). We are not specifying the nature of the
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logic in the cells. As we will see, various gates can be used inside. External connections
to neighbor cells (rectangles) are shown and they exhibit perfect regularity. This mapping
is of course scalable to any size array (assuming no physical constraint on the size of 2D
arrays of qubits – ions, atoms, etc). Figure 4.4 shows the initial layout of input buses for
the lattice, and Figure 4.5 presents an improved layout of input buses. The realization of a
2  2 qubit cell for a multiplexer block is presented in Figure 4.6. Detailed layouts like

this for various types of lattices and with different designs of internal gates are
constructed and compared in this dissertation.

Now, let us analyze another regular structure, the Net, which combines a triangle of gates
to generate some (sufficient) subset S1 of symmetric functions with a rectangle of linear
functions that creates the final vector of symmetric functions by EXOR-ing subsets of
functions from S1 (Figure 4.7). Assuming a linear layout of qubits, we create the
quantum array from Figure 4.8. Unfortunately, as the Net grows to a larger number of
input variables, the distances between the control and target qubits in CNOTs grow (up to
5 in Figure 4.8), which demonstrates that this architecture is not well scalable for the
linear Ion Trap layout.
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Figure 4.4. Initial lattice layout for 2D Ion Trap technology with width 2 of channels for
buses.
Now I will present an idea related not to Ion Trap quantum technology but to algorithm
design. Evolutionary algorithms like GA work in an unsorted (non-oriented) space of
genotypes. These algorithms in some cases may miss a solution chromosome even being
very close to it in the sense of Hamming Distance. Systematic exhaustive search methods
search the entire space, which takes too much time and computer memory space.
Heuristic tree search methods have an advantage over GA or exhaustive search only
when a good selection heuristic (such as quality function minimization) is known and
applied. The question that arises is therefore this:
“How can we search the space of all solutions, if we do not want to “nearly randomly”
jump from one element to another (as in a GA), and we do not want to systematically go
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to every element (exhaustive search) either, but we believe that there are some regions of
this space that their elements (solutions) have better costs?”
This search idea can be visualized as a rugged 3D terrain of cost function with the
mountain tops corresponding to the best cost function values. We want to use partial
information and expect that close to good solutions, some even better solutions exist.
Here we can apply the general optimization methods known from the area of heuristics.
The space with metrics must be available in such methods. Such a metric space does not
exist in standard GA algorithms.
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e
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c
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Figure 4.5. Improved layout for a lattice with width 1 of channels. Each dot is an ion. We
have to analyze if some future improvements can be done to this layout. My goal is to
improve this circuit, making it more compact by some small overlap of connections and
logic in cells.
We have to know the structure of the search space: which elements are in Hamming
Distance 1 from one another, which elements are in distance 2, etc. We need to create a
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certain distance matrix for all elements of this space. Once we generate this matrix, we
can use one of many metric-space-based methods.

Observe that in contrast to the evolutionary algorithms presented by Lukac and other
authors, where non-solutions are generated most of the time, when our algorithms build
various types of Lattices, Decision Diagrams, Nets or Decision Trees every constructed
circuit is correct. However, as verified in my preliminary programs, the quantum costs of
circuits for various orderings of variables can differ considerably. We want to find an
element in the space of all variable orderings for which the cost is minimum or close to
minimum. This principle allows us to use various costs and the ordering algorithm is the
same for every ordering, it only uses a different cost function. This is an advantage in a
situation where many variants will be created and compared.

Based on the above principles, we want to find a single permutation in the space of all
permutations which has the minimum (quantum) cost. The space of all permutations is
presented in Figure 4.10. It is a Lattice, where every element is a permutation of elements
1, 2, 3, 4. (This ―Lattice‖ concept is of course different from lattices which are types of
quantum circuit structures and lattices used in quantum physics.) Two elements (nodes)
of the lattice are linked by an edge if they differ by one swap of neighbor characters in
strings.
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Figure 4.6. The realization of mux on 4 qubits with 4  4 grid. (a) classical multiplexer
realized in quantum array with one ancilla qubit, (b) realization of the first Toffoli from
Figure 4.6a, (c) the neighborhood for the ions realizing the mux from Figure 4.6a, (d)
mapping of Figure 4.6b with respect to the neighborhood pattern from Figure 4.6c, (e)
mapping of the second Toffoli gate from Figure 4.6a to neighborhood pattern from
Figure 4.6c.
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Figure 4.7. Reversible Net structure to generate all multi-output symmetric functions of
variables a, b, c. S1 is the net of symmetric indices from which all symmetric functions
can be created. Block C-1 is the inverse (mirror) of block C.
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Figure 4.8. Standard quantum array (with dimension of time from left to right) for part of
the reversible Net Figure 4.7. Observe here the unfortunate lengthening of connections
between qubits. The members below the EXOR gates show the maximum distance in all
Toffoli and Feynman gates. The block C is shown, the mirror circuit with C -1 is not
shown.
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Figure 4.9. Realization of regular structures called Nets in 2D quantum layout. (a) The
general structure with regular and short connections, (b) Its mapping to 2D 4  4 grid or
8  8 grid of ions. There is no need for buses as inputs are initialized only once on the top.
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Figure 4.10. Lattice of all permutations of elements {1, 2, 3, 4}. It is used as a space of
all orders of expansion variables for decision trees, decision diagrams and Net structures
in optimization algorithms based on Nature. (a) the lattice in which strings in levels
correspond to single transpositions (swaps) of their parent strings, (b) illustration of
symmetry and numbers of elements in levels of the lattice, (c) the distance of the levels of
the lattice form the initial permutation string 1234.
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4.10. Conclusions.
Within this chapter the characteristics of known group-based logic families have been
reviewed and new logic families of their Galois based counterparts have been developed
as an original contribution of this dissertation. This invention process will be shown in
more detail in next three chapters, and several examples will be given. It will be shown in
a systematic way that given an algebra with mathematical operations constituting a
complete logic system, providing the capability to construct linearly independent
functions, there are a number of ways to create a universal module and the corresponding
expansions. The AND-EXOR Sum-of-Products algebra is selected here, chosen for the
high density, good testability, and structural regularity of circuits created with this
algebra. The logical family hierarchies are then developed starting from expansions.
Trees, decision diagrams, and two-level forms then complete the logical hierarchy
development, and will be given in subsequent chapters. This technique for the invention
of new algebras is applicable to any group-based logic. Possible binary implementations
for the multi-valued logic designs are also investigated.
Of course, the work outlined in this chapter is just a first step. It is much extended in the
dissertation, chapters 5 - 9. The following issues need to be addressed:
(1) Algorithms to find the best trees, diagrams, and forms.
(2) Realization of practical binary and multi-valued circuits of the new universal
modules and Galois Field gates.
(3) Benchmarking functions to compare the new solutions to well-known solutions
based on classical binary and multi-valued synthesis methods.
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These are done for some selected structure and algorithm variants in chapters 5, 6 and 7
of this dissertation.
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CHAPTER 5
Regularity and Ancilla Bits in Binary Quantum Circuits.
As we remember from section 4.9 in the last chapter, regularity of design based on short
connections is fundamental to realizing quantum circuits in both linear (1D) and 2D Ion
Trap technologies. On the other hand, trees (which may be regular only when small) and
diagrams (usually not regular) have been introduced in classical binary logic. The ideas
of expanding and mapping of logic functions to regular diagrams will be extended and
combined for binary logic in this chapter, and generalized to ternary and quaternary logic
in chapters 8 and 9.
5.1. Some preliminary ideas.
The well known AND-EXOR hierarchy has been designed in [Perkowski89], extended
by Sasao in [Sasao91a] and further extended [Perkowski97d, PHDSazzad], Chapter 3. I
will use some concepts from these hierarchies. As we know from Chapters 3 and 4, the
concepts of logic expansions and trees are fundamental to classical logic synthesis. The
concepts of Shannon expansions and the corresponding trees (Figure 5.1.1), as well as
Kronecker trees (Figure 5.1.2), Pseudo Kronecker trees (Figure 5.1.3), and Positive
Davio trees (Figure 5.1.4) based on Davio expansions have been developed
[Drechsler94], and are much used in classical logic synthesis theory [Stankovic97]. All
these trees can be realized in regular layouts to a certain size only, as the trees in general
grow exponentially from level to level. The trees are, however, the base of all our new
concepts that attempt to achieve regularity of applying expansions in a geometrical space.
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Figure 5.1.1 Shannon Tree

Figure 5.1.2 Kronecker Tree

Figure 5.1.3 Pseudo-Kronecker Tree

Figure 5.1.4 Positive Davio Tree

The Figures 5.1.1 – 5.1.4 present examples of regular diagrams. I will present below
other regular diagrams from the literature, and I will invent new regular diagrams.

Regular diagrams are mapped to regular structures, also called regular substrates, regular
layouts, grids, or regular connection patterns. Other names are also used for them in the
literature. The Figure 5.1.5 shows some examples of regular layouts. The mappings are
―into‖, which means that not all neighbor nodes and edges of the grid must be used, but
every node and edge of the regular diagram must be mapped. The most well known
regular diagrams are binary balanced trees and lattice diagrams.
5.2. From binary function expansions to trees and lattices.
5.2.1. Combining binary trees and binary lattices in regular layouts.
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The foundation of my approach to regularity-geometry-driven structure design of
combinational quantum circuits is expansion of functions, i.e. operators that transform
a function to few simpler functions. I restrict our attention in this dissertation to
combinational circuits (no memory). As we remember, in a well-known canonical
Shannon expansion, function f is expanded with respect to input variable a as follows:
f  af a  a f a = f  af a  a f a

where f a  f

a 1

and f a  f

a 0

= 1a f 1a  0a f 0a (Equation 5.2.1)

are the positive and negative cofactors of function f with

respect to the variable a, respectively. Here 1a and 0a are Post Literals (we keep this
notation in MV logic). In case of binary logic, other possible expansions include only the
Positive Davio and Negative Davio, but already in the ternary radix of logic the number
of expansions is very high, and in the quaternary radix it becomes astronomical. In trees
and diagrams, as we remember, the application of these three expansions is very similar
(Chapter 3).
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(a)

(c)

(b)
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(f)

Figure 5.1.5. Examples of regular layouts. (a) 1D array, called also 1D layout, (b) 2×n
2D layout with 4 neighbors for very node, (c) Mesh 2D layout, (d) hexagonal layout with
three neighbors for each node, (e) hexagonal layout with 6 neighbors for every node, (f)
layout used in quantum dot cellular automata. Observe that on every non-oriented edge
we can run information in one or two directions, so every edge represents one arrow
(with any direction) or two arrows with opposite directions. The number of neighbors is
thus a different parameter than grid connectivity, explained below.
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In the DAG-based expansion (Chapter 3), all the cofactor functions that are tautological
(a functional tautology of complete or incomplete functions can be used) are combined to
single nodes. The nodes for functions f a and f a and the bus for variable a are mapped
to the quantum layout, and the procedure is repeated for the next input variable(s) (this
was illustrated in a lattice of a symmetric function in Chapter 4). The order of variables is
very important, as it affects the size of the circuit and the layout area in 2D (length in 1D,
volume in 3D layout).
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Figure 5.2.1 A Lattice (symbols A in nodes) combined with a crippled tree (symbol B in
nodes). The bottom left node represents the function output. This figure demonstrates how
two regular diagrams of various types can be combined in a mapping to realize a
function in a 2×2 2D regular layout.
As shown in Kohavi's book [Kohavi-book] and in Aker's [Akers72] seminal paper, any
single-output symmetrical binary function can in this way be directly mapped to a regular
layout with 1, 2, 3, 4, ... nodes in successive levels, which correspond to input variables.
The works of Kohavi have been extended by many others from over the world
[Drechsler, Pierzchala, Falkowski, Sasao, Bulter] papers of Perkowski, Pierzchala,
Chrzanowska-Jeske and Drechsler [Perkowski97, Perkowski97d, Drechsler94, Jeske97].
In this chapter we will show how to further extend this approach to arbitrary binary and
multiple-valued functions, not necessarily only to symmetrical functions, and realize
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them in Ion Trap quantum technology. I will also discuss the respective synthesis
methods for incompletely specified functions (a new item, not discussed by the previous
authors).

a
b
c
d

Figure 5.2.2. Another way of drawing a lattice diagram. This has to be compared for 2D
Ion Trap layout with the design shown at the end of the Chapter 4. Observe the
rectangular grid of dots. One half of the dots (gray ones) are used for communication
only. This should be reduced. Every node has 3 predecessors and 3 successors; we thus
say that a 3×3 grid is used. The neighborhood number in this example is 6. Two grid
dimensions are used for the input variable bus.
As presented in this Chapter, other expansions of functions can also be used, and the
expansion nodes are mapped to neighborhood structures; these regular layout structures
are more powerful than those investigated theoretically in the past ([Akers72] and
others). Aker’s Array was designed for the worst case, so it was always large. But using
the fact that small sub-functions of the functions can be realized in a regular layout as
partial trees and partial lattices, much more efficient mappings to our layouts can be
found. This is shown in Figure 5.2.1. In addition, the neighborhood adjacency patterns
are technology-dependent, so Aker’s Array or its partial lattice can also be drawn as in
Figure 5.2.2 (in contrast to the ways from Chapter 4). Concluding this section:
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1. Every symmetric Boolean function and many non-symmetric functions can be
realized as lattices which grow linearly from level to level and are thus realizable
in a 2D layout, regardless of their size.
2. Small Boolean functions can be realized as binary trees that grow less than
exponentially, and can be mapped to a 2D layout.
3. Lattices and small trees can be combined with lattices on top, trees on top, or in
many mixed ways and mapped to a 2D layout.
4. Thus many functions can be realized in a regular 2D layout by combining lattices
and trees.
5. Other functions should be decomposed to sub-functions that can be mapped in
this way.
5.2.2. Relations between logic expansions of Boolean Functions and regular
diagrams.
Regular diagrams are those that can be mapped to regular layouts.
Our concept of a "regular diagram" (both irreversible and reversible) is based on four
main ideas:
1. The forward expansion (distributor),
2. The reverse-expansion (collector),
3. The neighborhood geometry (structure to which expansions are mapped), like 1D,
2D or 3D quantum layouts from Chapters 2 and 4. (See Fig. 5.1.5).
4. The way to handle reversibility, by using ancilla bits, garbages, fan-outs and
mirrors.
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All our new design methods for combinational quantum circuits can be derived by
combining the above four ideas. A node function is a Boolean function associated with a
node of the diagram (node of the tree, graph, etc). A diagram is a DAG (directed acyclic
graph). Nodes can have predecessor nodes and successor nodes. Function f corresponds
to node that has no predecessors. Terminal nodes have no successors. Let us explain these
concepts in more detail.
[1.] Forward Expansion of a node function creates several successor nodes of
this node. Function f corresponds to the initial node in the diagram. The
diagram is built step by step from its initial node. It is initially a tree that is
transformed to a DAG in the process of its creation. Thus, a function is
"decomposed‖, "distributed" or ―expanded‖ to smaller ―node functions‖. All
these nodes and edges between them create the structure of a tree or DAG.
The tree or DAG may be binary or K-ary; in general, K  2.
[2.] Reverse Expansion operation merges several nodes at the bottom of the tree
to create a regular diagram (before the reverse expansion, this level looks like
a small, one-level forest of trees). Reverse expansion is the reverse operation
to the standard expansion. As there are several standard expansions, there are
also many reverse expansions. Some reverse expansions will be discussed
below.
[3.] Regular neighborhood geometry (regular layout), to which the nodes of
the DAG are mapped, guides which nodes of a level are to be combined to
keep the connections local. This geometry sets the constraint for mapping to
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2D space or to 3D space. It specifies how many nodes belong to the
―neighbors‖ of each node. In a linear array (linear layout), every node, with
the exception of the first and last, has two neighbors. In a mesh architecture,
every node in the middle of the geometry has 4 neighbors. A so-called 3×3
geometry is shown in Figure 5.2.2. We also call it a 3×3 ―regular layout‖ or
3×3 ―regular substrate‖ or ―3×3 grid‖. Thus, we want to map a regular
diagram to a regular layout.
[4.] There are several methods for making the circuit reversible. This is related to
logic, not to space and placement. Do not confuse the reverse expansions
with the reversible circuit that uses expansions, and with the inverse circuit.
These are three independent concepts!
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Figure 5.2.3. Binary tree (a) standard notation, (b) standard H-tree wastes spaces shown
as grey circles. Nodes are enumerated for comparison.
Every signal in a regular layout can be treated as multi-valued (particularly, binary). A
multi-valued (MV) connection for logic with 2k values can be realized by k binary wires
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which comprise a bus (making the diagram "fat"), and which encode the multi-valued
signal to binary. In general, a connection with rk values can be realized by k r-valued
wires which comprise a bus and encode the multi-valued signal to several multi-valued
signals, if necessary. The signals in diagrams and structures shown in this chapter can be
treated as multi-wire or multi-valued if it is not specifically stated otherwise. A regular
diagram called a ―binary tree‖ is shown in Figure 5.2.3. It can be realized in a ―regular
layout‖ as shown in Figure 5.2.3b. Observe that the grey circles represent ions that serve
only to transmit information, so they are in a sense wasted. We want to minimize the
numbers of such wasted ions. This can be done by inventing a new regular layout or by
modifying the regular diagram, for instance by adding inverters or other one-argument
operators between nodes.

Observe that much of the text in this chapter is independent of the radix of logic. The fact
that the tree is binary does not necessarily mean that the expansions in its nodes are
binary. The same is true for nodes in DAGs with three successors; they may be used in
conjunction with quaternary or binary logics as well.
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Figure 5.2.4. H-tree in logic design. (a) binary tree in standard notation, (b) H-tree,
wasted space is drawn in shaded circles. Numbers corresponds to nodes.
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Figure 5.2.5 Illustration of constraints in drawing binary trees based on small H-trees.
Numbers correspond to levels of the tree. Starting from level 5 of the mapped diagram we
have no space in the regular layout 2x2 graph to insert all exponentially growing number
of nodes. This is shown with node A that has two successors and is this not a tree. But we
can insert these nodes if the tree is incomplete, which often takes place.
A small tree and H-tree from Figure 5.2.4, compared with the central part of the H-tree
from Figure 5.2.3b, illustrate that the H-tree is not well-scalable, as the number of grey
circles between nodes 1 and 2 grows from none to one. The wasted space is 2/9 = 22% in
Figure 5.2.4b and 18/49 = 37% in Figure 5.2.3b. Figure 5.2.5 explains how much a
binary tree can grow in 2D space. Concluding this section, many circuits can be
represented by regular diagrams which are then mapped to a 2×2 regular layout. If the
circuit cannot be realized as a regular layout, it can be decomposed into blocks where
each block can be realized in a regular layout of some type.
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5.3. Characterization of basic regular structures.
The well-known regular structures (introduced by researchers in many areas, also outside
circuit design, but for instance in computer architecture and communication networks)
are the following:
1. Fat Trees, see Figure 5.3.1.
2. Generalized PLAs, PALs, GALs, PLAs, ROMs see Figure 5.3.2.
3. (Generalized) Maitra cascades, Fat Maitra cascades, etc., see Figure 5.3.3.
4.

Akers Arrays [Akers72], Figure 5.3.3 and lattices.

5. Nets [Perkowski95], Chapter 4.
We will show that they are all just special cases of our powerful concept of a ―regular
(quantum) layout‖.
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Figure 5.3.1. Regular realization of trees. An (incomplete) tree drawn on a 4×4 grid.
Observe nodes a, b and c that have no space for both the predecessor nodes. The
connections buses for levels 6 and 7 are also drawn. This structure shows that assuming
some underlying regular substrate, certain sparse trees can be mapped to it, depending
on their size. Several small trees with another neighborhood constraint (4×4 grid) are
shown in Figure 5.3.1c. We call the trees that can be mapped the “crippled trees”.
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Figure 5.3.2. Crippled tree growing only to the North and East. No arrows starting from
x can be completed. A 2×2 grid is used.
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Figure 5.3.3. Crippled tree growing North, East and West. No arrows starting from x can
be completed.
Figure 5.3.1 presents an example of a tree. Because the tree grows exponentially from
level to level, in general a large balanced tree cannot be drawn using a 2×2, 3×3 or 8×8
grid. But because the tree structures in real-life quantum circuits are incomplete
(unbalanced), a statistically high percentage of edges in them can be mapped. The reader
should observe the repeated variable in level 6, and the nodes that have no space for
predecessor nodes. If the lines were interpreted not as single wires but as several wires,
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Figure 5.3.1 would represent a Fat Tree. The tree from Figure 5.3.1 is irregular, but is
mapped to a regular 4×4 grid structure.

A crippled tree growing only in 2 directions on a 2×2 grid is shown in Figure 5.3.2. The
crippled tree in Figure 5.3.3 also uses a 2×2 grid, but the tree grows in three directions.
Examples of basic types of grids are given in Figure 5.3.4. Others are shown in Figure
5.3.5.

(a)

(c)

(b)

Figure 5.3.5 (a) Mixed 1×2/2×1 grid, (b) 2×2 grid, (c) 3×3 grid different than in Figure
5.3.4b.

(a)

(b)

(c)

(d)

Figure 5.3.4. Basic grids, (a) 2×2, (b) 3×3, (c) 4×4, (d) 8×8.
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(a) Terms

(b)

(c)

(d)

(e)

(f)

Inputs

Second level
terms

(g)

Third level terms
(h)

Outputs

Figure 5.3.6. Various regular structures:(a) Generalized PLA of the first type,
(b)Generalized PLA of the second type, (c) 2×2 pattern without input buses, (d) 3×3
pattern of FPAA and a computer network of type "mesh", note the direction of arrows, (e)
3×3 pattern of a regular diagram for binary logic with oblique buses, (f) 3×3 pattern of
regular diagram with two horizontal and two vertical buses (Fine Grain FPGA
architecture by company Concurrent Logic Inc.), 7×7 grid, (g) 6×6 pattern of regular
diagram with horizontal, vertical and oblique buses, (h) three level PLA for TANT.
Figure 5.3.6 presents various regular structures that are either well known and taken from
various sources in literature and internet, or are introduced here for the first time. Figure
5.3.6(a) presents a Generalized PLA of the first type. There is no bus through the
collecting plane, only cell-by-cell abutting in it. This Generalized PLA can be a standard
PLA (implementing SOP or POS logic), EXOR PLA, or an EXOR of Maitra Cascades.
Maitra cascades adapted to reversible logic were presented in papers by Mishchenko and
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Perkowski [Mishchenko02] and Khlopotine and Perkowski [Khlopotine02]. This
structure can be mapped to a 2×2 grid. Figure 5.3.6(b) represents a Generalized PLA of
the second type, with outputs from the cutting plane going as buses through the collecting
plane. Figure 5.3.6 (c) is a 2×2 pattern (meaning, two inputs and two outputs) without
input buses. Such pattern can be used in a systolic processor or with logic gates inside
circles. Figure 5.3.6 (d) shows a 3×3 local pattern of our generalized quantum array that
can be mapped to a 2D Ion Trap structure. This is also the connection structure of a
computer network of type "mesh". This structure has no buses. It can be extended to a
4×4 grid by adding arrows from bottom to top between nodes. It can be also used to
design regular and quantum finite state machines. In his dissertation Manjith Kumar
gives examples of state machines realized with quantum memory using reversible array
notation [Kumar07]. Figure 5.3.6 (e) is a 3×3 pattern of a regular diagram for binary logic
with oblique buses. This will be our main pattern used to explain expansions and their
layout. It is not yet certain that this is quantum realizable. An analogous pattern can be
drawn for 4×4 unidirectional regular diagrams for quaternary logic, but the explanations
become more complicated.
Figure 5.3.6(f) shows a 3×3 pattern of a regular diagram with horizontal and vertical
buses (i.e. 7×7 grid). This corresponds directly to the (Digital) Fine Grain Field
Programmable Gate Array from Concurrent Logic Inc. Figure 5.3.6 (g) illustrates a 6×6
pattern of a regular diagram with horizontal, vertical and oblique buses. This is a
complete pattern of some quantum Ion Traps. Thus, pattern-wise, with the addition of one
vertical and one horizontal bus, this structure would include all the previous connection
structures shown above, and also many other similar structures. Some of these structures
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have perhaps already been used in some designs in classical logic, but we are not familiar
with these inventions. Finally, Figure 5.3.6(i) shows a three-layer PLA to realize TANT
(Three-Level And-Not networks with True Inputs) networks, which is similar to a twolayer standard PLA, but has three layers of NAND gates. Similarly, multi-level
generalized PLAs can be realized for an arbitrary number and type of planes. Although
the examples are taken from classical logic, we believe that their quantum counterparts
exist and we also want to collect as many as possible regular structures that are practical.
After analyzing many structures and trying to realize some simple functions with them,
we will make an informed decision which structure to use. This happens to be the array
with 8 neighbors. Incidentally, this is the structure that was selected for Adiabatic
Quantum Computing, but it has not been suggested yet for Ion Trap technology.

Maitra cascades are linear sequences of AND, OR and EXOR gates in any order. Fat
(generalized) Maitra cascades are linear sequences of cells (iterative circuits) that have
more than one carry signal between the subsequent cells. The Akers arrays look like the
array from Figure 5.3.6e, with inputs repeated many times in oblique buses. These arrays
are big as they are calculated always for the worst case. In addition, observe please, that
our regular structure concept also extends some structures that are described in the
Concurrent Logic Inc. patent application and also some other patents. In the past, I used
this structure in my M.S. dissertation [DipalMS]. Concluding, all these structures can be
put on 2×2, 3×3, 4×4, 5×5, 6×6, 7×7, or 8×8 grids. The highest neighborhood number is
8 (which was realized already in many VLSI/FPGA architectures, but it is an open
question for Ion Trap).
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In the past, the PSU team showed on many examples that this concept and geometry are
very powerful and are more universal than the previously investigated general cellular
structures. Here we will further extend and unify these notions to expansions with more
than 2 successor functions, and geometries with more than 4 neighbors. In theory the
diagram can be extended to any number of neighbors of a cell and to various n × k grids.
But, based on our experience so far, we believe that in practice 8 neighbors is enough.
We do not intend here to make a mathematical study of all possible structures, but only to
find few useful ones in a systematic way. Observe that our structures are not always
planar; some of them include non-planar circuits (like a 4 node clique), to allow
realization of an arbitrary graph. But they are always regular. More structures can be
analyzed that are also related to 2D and 3D Ion Trap technology.
5.4. The main principle of forward and inverse expansions.
In this section we will present various expansion types and we will analyze their
influence on regular layouts.
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Figure 5.4.1 Forward and Reverse Expansions in 3×3 and 4×4 structures (controlling
input variables in buses are not shown): (a) Shannon in binary logic, (b) Ternary
Shannon-like expansion in; a generalization of binary Shannon.
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Figure 5.4.1a presents the Shannon expansion with its reverse expansion. As it is easy to
verify using Figure 5.4.2, a quantum array can be drawn directly from this lattice.
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7 garbage
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Figure 5.4.2. A Quantum Array that corresponds to forward and reverse expansions from
Figure 5.4.1a is used. The only gates used are inverters and 3 × 3 Toffoli gates. Thus
large k×k (k>3) Toffoli gates are avoided!
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Figure 5.4.3. Symbolic schematics of quantum array structure based on 2D Ion Trap for
the diagram from Figure 5.4.1a. In contrast to standard quantum array where horizontal
axis corresponds to time, here both axes correspond to space and time is not shown.
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Figure 5.4.4. Notations for 2D Ion Trap realization of upper row of the diagram from
Figure 5.4.1a. (a) Dots corresponds to ions, (b) vertical axis corresponds to time inside
every expansion node dot. Observe black dots at the bottom representing the next level.
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Figure 5.4.5. Ternary quantum array to realize the diagram from Figure 5.4.1b. Observe
the realization of Post literals in left lower corner.
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Figure 5.4.6 Explanation of trees inside regular layouts. (a) the circuit obtained directly
from mapping, r = r  u  at  at  at  sa  sa  sa, r = r  at  au  sa, (b) the
same circuit after simplifications, r = r  a(s  t  u).
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Figure 5.4.7. Quantum array for diagram from Figure 5.4.6a. The only gates used are
the 3×3 Toffoli gates.
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Figure 5.4.8. Binary quantum array for the simplified diagram from Figure 5.4.6b. The
only gates used are the 3×3 Toffoli gates and 2×2 Feynman gates.
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Figure 5.4.9 (a) The mux symbol in Akers Array notation, (b) standard mux symbol, (c)
standard mux controlled by an inverted control variable a , (d) another notation for
inverted control, (e) one more notation for Shannon expansion, (f) circuit realization of
Figure 5.4.9e.
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Figure 5.4.10 Davio expansions in classical notation (a) Negative Davio, (b) Positive
Davio, variable a is a control variable.
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Figure 5.4.11. Expansions for Shannon, Positive Davio, Negative Davio of binary logic
used in Lattices.
As discussed, Figure 5.4.11 presents two expansions, together with their inverse
expansions. The expansion from Figure 5.4.11 is the familiar Shannon expansion with
added reverse expansions. The expansion from this figure has its equivalent expansion
for Galois Field (3) logic using Post literals. The first can be realized within a 3×3 grid.
Both can be realized within a 4×4 grid. As we can see, the same principles can be used
for any number of values, if the signals in the literals are disjoint. We will call this a
Galois Field type of expansion. Observe that the "+ operation" in Figure 5.4.11 is OR-ing
or EXOR-ing. EXOR-ing is the field operation of addition in GF(2). Observe that the "+
operation" in Figure 5.4.11 may be also maximum (MAX) in Post algebra with 3 values,
thus not a field. It can also be any group operator such as GF(3) addition. Observe,
however, that the same principle of collecting is used in both inverse expansions.
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Remember that group operations like EXOR GF(2) or GF(3) addition do not require
ancilla bits, but non-group operations like Boolean OR or MAX require ancilla bits and
mirror circuits inside cells, so they complicate the design of cells.
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Figure 5.4.12. Comparison of addition operators in ternary algebras.
The method for creating Shannon Regular Diagrams can easily be extended to MV
Shannon expansions and the associated Post Regular Diagrams for multi-output
incomplete functions. In 3-valued logic, each single-variable expansion cuts a function's
map to three v-cofactors, and any two of them can then be recombined by a reverse
expansion operation MAX or GF(3) addition. We call this Forward and Reverse Post
Expansion and Post Regular Diagram. MAX is the maximum operation denoted by +.
This can be also a truncated arithmetical addition. Please observe formulas for reverse
expansions of the bottom of Figures 5.4.11. All reverse expansion rules for binary logic
are given in Figure 5.4.11. Let us observe that the disjointness of Post literals 0a, 1a, 2a is
the fundamental condition that must be satisfied to create maximum-type regular
diagrams. It is a special case of Orthogonality of functions used in orthogonal
expansions (which will be presented in the next section). Observe that the symbol + in
Figure 5.4.6 can denote various operations, but the meaning and the method of Forward
and Reverse Expansions, as well as the principle of their duality, remain the same.
Comparison of ternary addition operators is given in Figure 5.4.12.
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5.5. Binary Orthogonal Regular Diagrams.
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Figure 5.5.1 Comparison of three types of Regular Diagrams for a two-output
EXOR/XNOR function. (a) Shannon lattice with no internal inverters and 3×3 grid, (b)
Shannon lattice with rotated nodes and 4×4 grid, (c) Positive Davio lattice and 3×3 grid
(input variable buses are not shown).
Similarly, to how Functional Kronecker diagrams [Perkowski93, Shah10a] were invented
by Dr. Perkowski by the generalization of the idea of BDDs, here the GF-type (MAXtype) regular diagrams from Figure 5.5.1 (b) are generalized to "orthogonal" or
"Kronecker" regular diagrams. They have in general much smaller areas and a smaller
number of gates. Their main advantage is seen however especially in quantum arrays for
Ion Traps.

For instance, Figure 5.5.1 presents a comparison of sizes of a standard binary Shannon
regular diagram and two new types of regular diagrams for the EXOR/XNOR two-output
function. Figure 5.5.1 (a) presents a solution that would be obtained using the standard
Shannon regular diagram or the (very inefficient in this case) basic Akers Array (that in
general has repeated variables [Akers72]). The order of control variables is a, b, c, d.
Because the function is symmetric, variables are not repeated. Observe that arrows with 0
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(for negated control variable) are always on the left. The shape is a trapezoid and the size
is 14 nodes. The connectivity pattern is 3×3 (input bus not included). The Akers Array
[Akers72] would have (5 × 5) × 2 nodes (it realizes each of two functions separately, and
uses a 5 × 5 fixed square for a 4 variable function). Figure 5.5.1 (b) presents our solution
with a 3 × 3 connectivity pattern array of multiplexers. It is linear in shape and has 2 × 4
= 8 nodes. In addition to Shannon (S), the Shannon expansions with negated control
variables ( s ) are now used. Observe that arrows from the left have both 0 and 1 values.
Figure 5.5.1 (c) presents a Positive Polarity Reed-Muller Regular Diagram 3×3
connectivity pattern array of positive Davio (pD) nodes. It is nearly linear in shape and
has 5 nodes. This figure clearly demonstrates an advantage of having higher connection
patterns and more general expansion types. Predictability and equality of delays should
be a feature of all regular diagrams. All the functions in Figure 5.5.1 were symmetric, so
there was no need to repeat input variables, but what about regular diagram realization
of non-symmetric functions?
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Figure 5.5.2. Creation of a Positive Davio level in a Regular Diagram: (a) two expanded
nodes before reverse expansion, (b) layer of regular diagram after reverse expansion of
nodes g 2 and h0 , (c) Fixed-Polarity RM Regular Diagram for functions f, g, h. Input
buses are not shown for simplification.
The answer to this question is the following:
1. Reverse expressions like those in Figure 5.4.11 are used. More such expansions
exist and should be investigated.
2. We can observe that more general symmetries can be considered when all types
of expansions are used, not only the Shannon expansion, which is always taken
into account in symmetries. These new generalized symmetries are much more
general than the known symmetries of functions, so using them, more functions
can be put to regular diagrams without repeating variables. These symmetries
were investigated for the binary case in [Jin05, Perkowski99d, Perkowski99e].
3. Functions that do not have these more general symmetries can still be realized in
regular diagrams with repeated variables.
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4. Functions can be decomposed to EXORs of symmetric functions.
5. Trees and lattices can be combined, as discussed in section 5.2.

Point 3 above requires, however, use of the reverse expansions for nodes. Figure 5.5.2 a,
b presents the principle of reverse expansion operation for EXOR-based, and in particular
orthogonal logic. Although it is shown here only for pD nodes and an ordered regular
diagram, the same principle is used for more complex expansions and regular diagrams of
the orthogonal type. Figure 5.5.2 (a) illustrates the local situation in a level of a regular
diagram after using pD expansion with respect to variable a to nodes g and h. In Figure
5.5.2, g0  g (a  0), g1  g (a  1), g 2  g0  g1 etc. are the negative and positive
cofactors and Boolean difference, respectively.

Figure 5.5.2 (b) presents the result of reverse expansion on the successor nodes g 2 and
h0 . The reverse expanding rule is: g 2 REVERSE-EXPANSION h0  ag2  h0 , which

means that nodes representing functions g 2  g 0  g1 and h0 are combined to a new node
representing function ag 2  h0 . The correction terms ah0 and ag2 are propagated to the
left and right, respectively. It can be easily checked that, because of the term cancelling
(based on the principle x  x  0 ), in the diagram level of variable a from Figure 5.5.2
(b) the pD expansions of g and h are still satisfied: g  g 0  ag 2 , and h  h0  ah2 .
Figure 5.5.2 (c) presents Fixed-Polarity Reed-Muller Regular Diagram (expansions pD
and nD) for functions:
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f  a  abcd

g  1 bc d  ac d  abd  abd  a d

h  c d  bd  abcd  acd  abd  a d

Variable a is used first in the pD level at the top of the diagram in Figure 5.5.2 (c). As
shown in Figure 5.5.2 (c), expansions for variables a and b in the first two levels are pD,
and the expansion for variable c in the third level is nD. Variable a is repeated once more
in the bottom level of the diagram. The expansion in this level is pD, which means a
reversed pD, that is a pD expansion with reversed role of data inputs. Observe here, that
although the function is not symmetric in a standard way, it is diagram-realizable without
variable repetitions because it has polarized pseudo-Kronecker symmetries. In some
types of expansions the propagation of correction terms is only to the right, or only to the
left. In some other expansions, especially the non-canonical ones, more powerful
corrections types are created, and the algorithm selects the correction rule evaluated as
the one leading to the simplest form of the next level of the diagram (fewest nodes).
Selecting the order of (repeated) variables and the expansion type in each node are the
most important and difficult algorithmic problems to be solved.

We can conclude that quantum circuits can be realized with regular diagrams, and that
these diagrams can also be well used for binary OR-based and EXOR-based circuits and
some of their MV-logic generalizations. It was already demonstrated in the dissertation
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however that only some of these regular diagrams are useful for quantum circuits. In
those cases where they are good, they are especially good for 2D Ion Trap Layouts. The
question also arises: “How broad are these classes of MV functions?” Another important
question is this: “Can they be realized using our quantum array cells?” Another question
is this: “what is the systematic structure of the space of all circuits characterized by our
principles?” These questions will be answered in Chapters 6-9.
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CHAPTER 6
From Kronecker Functional Decision Diagram to Regular Quantum Array of
Toffoli Gates.
In this chapter I present an efficient method for creating a quantum array from a
Kronecker functional decision diagram. The quantum array created by this method
always uses 3 3 Toffoli gates, Feynman gates or NOT gates, which is a unique
characteristic of this method. Sufficient background on decision trees and decision
diagrams was already given in the previous chapters.
6.1. Representation of Positive Davio gate as a Toffoli gate and Invention of the dgate.
A variety of reversible gates were presented in Chapter 2. In this subsection I present a
direct relation of the 3 3 Toffoli gate as a Positive Davio gate, which is defined as
follows. Many variations of the Toffoli gate can be created in a similar way.
Definition 6.1. An n  n Toffoli gate passes the first n  1 lines (controls) unchanged, and
inverts the nth line (target) if all control lines are 1.
Figure 6.1a shows representation of an EXOR gate as a reversible gate. An ancilla bit is
added to repeat one of the inputs as an output, the input a is a control bit and input b is a
target bit. The input b is inverted if a  1 ; b is repeated at the output if a  0 . The EXOR
gate is also known as a 2  2 Toffoli gate, a controlled-NOT (CNOT) gate, or more
popularly as a Feynman gate. The Positive Davio gate is represented as a 3 3 Toffoli
gate in Figure 6.1b. In this case inputs a and b are control bits and c is a target bit. The
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control bits are repeated at the output. The target output is inverted if a  b  1 ; c is
repeated otherwise.

a

a

a

c

b

b

c  a b

a
b
c

a

a

b

b

d  ab  c c

(a)

(b)

d  ab  c

F
igure 6.1 (a) Representation of EXOR gate as a reversible gate, Feynman Gate, (b)
Representation of Positive Davio gate as a 3 3 Toffoli gate.
Further I describe with the help of an example the synthesis method used to create a
Positive Davio Lattice in which each node represents a Positive Davio gate.
Subsequently, I present an algorithm that transforms a Positive Davio lattice to a quantum
array. The idea of transforming a Positive Davio lattice to a quantum array is unique and
never presented in the literature. Later in this chapter I present a unique method for
creating a quantum array comprised of only 3 3 Toffoli gates, Feynman gates and NOT
gates. Our strong point here is that, unlike other contemporary reversible logic synthesis
methods presented in [Miller03, Maslov04, Maslov04a, AgrawalJha04] that invariably
use n  n Toffoli gates for n input reversible functions, we use only 3×3 gates (see
Chapter 4 for arguments why this is more efficient).
6.2. Kronecker Functional Decision Diagram.
Decision Diagrams are efficient medium for representing logic functions. Since the early
days of logic synthesis, decision diagrams have attracted many researchers working in the
logic synthesis area. As we remember, an arbitrary logic function f ( x1 , x2 , x3 ,..... xn ) can
be expanded using the positive Davio expansion, negative Davio expansion, and Shannon
expansion, as shown below [Sasao93e].
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f  f 0  x1 f1

(Equation 6.3)

f  x1 f1  f 0

(Equation 6.4)

f  x1 f 0  x1 f1

(Equation 6.5)

The concept of decision diagrams is very well presented as lattice diagrams in
[Perkowski97]. The lattice diagrams presented in [Perkowski97] were developed from
the well-known Aker’s Array [Akers72], Akers’s array, however, creates a large and
inefficient array for all functions of n given variables. The next subsection provides
details on Lattice Diagrams and present the method for creating Kronecker Functional
Lattice Diagrams. In a subsequent stage, a method for creating a quantum array is
presented.
6.3. Definition of Lattice Diagrams.
Lattice Diagrams represent data structures that describe the logic of the circuit and the
regular geometry of the connections [Perkowski97]. They are thus a special case of what
I call regular diagrams. Figure 6.2 shows rows and columns of an array L. Each entry of L
[i, j], called a node, represents logic placed in the array. The root node of the array is L [1,
1]. When rotated 45 degrees clockwise each diagonal represent a level of the array, e.g.,
the sum for Level 1 as shown in the Figure 6.2 is 2, similarly the sum for level 2 is 3 and
so on.
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Sum=2
Level 1

Sum=4
Level 3

1,1 1,2 1,3 1,4 1,5
2,1 2,2 2,3 2,4 2,5
Sum=3
Level 2

3,1 3,2 3,3 3,4 3,5
4,1 4,2 4,3 4,4 4,5
5,1 5,2 5,3 5,4 5,5

Figure 6.2. The enumeration of cells of the Akers array.
Definition 6.1. A diagonal of a matrix is a set of entries that have the same sum of
indices. The sum of the indices in the first diagonal is 2, in the second diagonal is 3, and
so on. A diagonal corresponds to a level of a lattice; levels are enumerated form 1. The
representation of a symmetric function of n variables has n levels in the corresponding
lattice.
Definition 6.2. For every entry (node) L [i, j] the following entries (nodes) are defined.


The left predecessor of node L [i, j] is the node L [i, j+1]



The right predecessor of node L [i, j] is the node L [i+1, j]



The left successor of node L [i, j] is the node L [i, j-1]



The right successor of node L [i, j] is the node L [i-1, j]



The left neighbor of node L [i, j] is the node L [i+1, j-1]



The right neighbor of node L [i, j] is the node L [i-1, j+1]

Every non-terminal node in L realizes a function (shown in equations 6.1 - 6.3) of its two
geometric predecessors and the control variable. The geometric predecessor of a node
could be a constant 0 or 1. The root node L [1, 1] of the array corresponds to the output of
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the array. Every non-output (leaf) node of the array gives its output to one or both of its
successors, hence creating connections in a regular manner to its successors in the upper
level.
Definition 6.3. A Lattice Diagram for a single output function is represented by a Matrix
L in which,
1. Non-zero entries L [i, j] correspond to logic nodes and are represented by an
expansion-type, variable, right predecessor and left predecessor, where expansiontype is the type of expansion method presented in equation 6.1 - 6.3, variable is the
variable used in the expansion of that node, and right predecessor and left
predecessor are respective nodes or constant values.
2. A terminal node has no logical predecessor.
3. A non-terminal node has one or two logical predecessors.
4. A non-terminal node has one or two logical successors
5. For every leaf node, there exists a logic path to the output.
6. All other entries that do not represent logic nodes in the matrix have value 0 and can
be eliminated from the network logic circuit.
Definition 6.4. A Lattice Diagram realizes function F when the function f obtained by its
analysis forms an incomplete tautology with function F.
Definition 6.5. A Functional Lattice Diagram is an ordered lattice diagram in which all
expansions are Positive Davio. It is a counter part of Positive Davio Trees and the
Functional Decision Diagrams. For further details on different flavors of Lattice
Diagrams please refer to [Perkowski97, Jeske97, Perkowski97a, Perkowski97b,
Perkowski97c].
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Definition 6.6. An m-input, m-output, completely specified Boolean function
f ( X )  {x1 , x2 , x3 ......, xm } is reversible if it maps each input assignment to a unique output

assignment.
Definition 6.7. An n-input, n-output gate is reversible if it realizes a reversible function.
6.4. Creating a Positive Davio lattice.
An example of creating a Positive Davio lattice diagram for a single output function is
shown in Figure 6.3. Positive Davio expansions are used in each node and pD. A pD
joining operation as shown in Figure 5.4.11 is used. Positive Polarity Reed-Muller forms
are used in nodes to represent the function. For example for the function shown below, a
Positive Davio lattice is created as follows.

f  1  ad  bd  abd  ac  bc  cd  bcd
Variable c is selected for expansion in the first level, and second level nodes are created
as a result of this expansion.
f c  1  ad  bd  abd , which is the left node of the second level.

f c  1  ad  abd  a  b  d
f c  f c  a  b  d  bd , which is the right node on the second level.

The variable d is selected for the second level. The right co-factor of the node
f c  1  ad  bd  abd is a  b  ab . The left co-factor of the node a  b  d  bd

with respect to variable d is a  b . The joining operation on this co-factor is computed as
follows.
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d (a  b  ab)  d (a  b)
 da  db  dab  d a  db
 a  b  abd

which is a left node on the third level. The diagram is completed in a similar fashion. The
final diagram is shown in Figure 6.3.
1  ad  bd  abd  ac  bc  cd  bcd

1

c

a  b  d  bd

1  ad  bd  abd

1

d

1

d

a  b  abd

1

1

1  b  ab

b

1

1  ad

a
1

a

0

1

1
1
1
0

b
1 a

1
a

1

d

1

a
1

d
1

Figure 6.3 Positive Davio lattice for an example function.
6.4.1. Algorithm pseudo code for creating Lattice Diagrams.
The algorithm for creating Lattice Diagrams is described in this subsection. This
algorithm can be used for creating different types of Lattice Diagrams such as Positive
Davio, Shannon, and Negative Davio. However, minor changes in the operations on the
Boolean function generated for each node are needed. For future development I will
advance my software to provide the user a menu selection to choose amongst different
Lattices. The input to the algorithm is a Boolean function and the order of variables
which will be used in expanding nodes at every level. The Boolean function is the output
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of the root node of the Lattice. A Quantum Array is created for the lattice diagram
created using this algorithm. The algorithm to create a Quantum Array from the lattice
diagram is described in the next section.

Input Boolean function;
Input Order of variables for a given Boolean function;
level = 1;
node_number = 1;
root_node = Input Boolean function;
variable = current_variable;
Add root_node as a first element of a linear linked list;
Create PCF (Positive cofactor) for a root_node using variable;
PCF.level = level;
PCF.node_number = 2×node_number;
Create NCF (Negative cofactor) for a root_node using variable;
NCF.level = level;
NCF.node_number = (2×node_number) + 1;
Simplify PCF and NCF to eliminate common terms;
Add PCF and NCF of the root_node to the linear linked list (at the end of a
linked list);
while (while all nodes in a Lattice are !constant)
{
variable = Next variable in the list;
++level;
foreach (node in the level)
{
Create PCF using variable;
PCF.level = level;
PCF.node_number = 2×(node_number of the parent node);
Create NCF using variable;
NCF.level = level;
NCF.node_number = (2×(node_number of the parent node)) + 1;
Simplyfy PCF and NCF to eliminate common terms;
Add PCF and NCF to the linear linked list;
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Traverse the linked list to go to the level in current iteration;
Identify nodes eligible for performing joining operation in the current
level;
Perform joining operations;
Simplify the function of this new node to eliminate common terms;
Delete nodes on which joining operation was performed;
Add new node generated with node number;
}//end Foreach
}//end while, Lattice diagram is complete
//Display the Lattice diagram
while (!end of the linked list)
{
Display Boolean expression in the node;
Display variable used by the node;
Display level;
Display node_number;
}//end while
Figure 6.4 Algorithm for implementation of the Lattice Diagrams.
6.5. Description of the Algorithm (KFDD to QA with Toffoli gates).
This section describes one of the main ideas of this dissertation, which is creating a
Quantum Array from Kronecker Functional Lattice Diagram (KFDD). We also discuss
the implementation of this algorithm with the help of an example. It is assumed that a
given function in Positive Polarity Reed-Muller (canonical) form is synthesized into a
Positive Davio lattice (KFDD). Inputs to the algorithm are a synthesized KFDD and the
functional output (root node) node of the decision diagram. The output of the algorithm is
a Quantum Array that consists of a cascade of 3×3 Toffoli gates, Feynman gates or NOT
gates. The Quantum Array is created by forming layers of cascades of these gates. Each
gate in the array is either a 3-qubit Toffoli gate, a 2-qubit Feynman gate or a 1-qubit NOT
gate, which is a unique characteristic of our method. It is easy to understand that the
positive Davio cell used in creating a KFDD can be presented as a Toffoli gate as shown
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in Figure 6.1. Each node in the KFDD represents a Toffoli gate. All the gates that we use
are of low cost and are optimized once for all. The only price that we pay is adding more
than the minimum number of ancilla bits, but this is not a big problem for some quantum
technologies.

The algorithm performs preorder traversal of the Kronecker Functional Decision Diagram
to find each output of the quantum array. For each output node further preorder traversal
is performed to create a layer of the quantum array. This method creates a cascade of
reversible gates connected in subsequent stages, thus creating a layer that consists of
cascades of the reversible gates. Each Toffoli gate in the array receives one input from
the variable that was used in the expansion in order to create the same node and the other
input from the output of the gate one layer above. This rule is invariably true for all
Toffoli gates in the array created using this method. Each Feynman gate receives input
from the variable used for expansion of the same node. The pseudo-code of the algorithm
is presented in Figure 6.5.
Algorithm 1. Create Quantum Array from the Kronecker Functional
Lattice Diagram
Input: 1. Functional Kronecker Lattice Diagram
2. Root node of a given KFDD
i ← 1;
j ← 1;
root_node ← [i, j]
//Traverse all nodes of the Lattice using preorder traversal to identify the
output nodes
node ← root_node
enqueue (Q, node)
preorder (node) {
if (node.RS == NULL)
enqueue (Q, node)
if (node.LP != NULL) then preorder (node.LP)
if (node.RP != NULL) then preorder (node.RP)
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}
Foreach (node in Q) {
while (node.LP !constant) {
determine_gate (node)
enqueue (Q1, node)
node ← node.LP
}
if (node.LP == constant)
determine_gate (node)
enqueue (Q1, node)
dequeue Q1
}
determine_gate ( node) {
if (node.RP == 0)
node ← WIRE
else if (node.RP == 1)
node ← FEYNMAN
else
node ← TOFFOLI
return
}
Figure 6.5. pseudo-code for KFDD to QA algorithm.

a
b
c
d
0
1

garbage

1 a

garbage

1 ad garbage

1

1  ab  b garbage

1
0

d

a

b  abd  a

b  a  d  bd garbage
1  db  ad  abd  bc  ac  cd  bcd
function

1

1  db  abd  ad

Figure 6.6. Quantum array for the Positive Davio Lattice from Figure 3.
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Figure 6.5 describes the steps of the algorithm. I present an example for the detailed
explanation of our method. Consider a KFDD shown in the Figure 6.4, which implements
the function:
f  1  ad  bd  abd  ac  bc  cd  bcd

The functional output f is a root node. For convenience all nodes of KFDD are labeled as
shown in Figure 6.7. First we identify the output nodes of the array by preorder traversal
of the KFDD and create a queue of the output nodes. The first node in the queue is the
functional output (root node) node N[1, 1]. If the left predecessor (LP) of the node is
constant, the algorithm stops traversal of the branch. In our example the left predecessor
of N[1, 1] is node N[2, 1]. The left predecessor of node N[2, 1] is a constant 1, so
traversal will stop and the node N[1, 1] is added in the queue Q. In the next step node
N[2, 2] will be explored using preorder traversal for the right node of the node N[2, 1].
The left predecessor of this node is node N[3, 2], which terminates with the constant
values. The right predecessor of the node N[2, 2] is node N[2, 3]. This node doesn’t have
a right successor and hence node N[2, 3] is considered as a (garbage) output of the
quantum array and will be added to the queue Q. All nodes of the KFDD are explored in
a similar fashion to complete the queue. The queue contains an ordered list of functional
output nodes of the array. At the end of this step we will have nodes N[1, 1], N[2, 3],
N[2, 4], N[1, 2], N[1, 3], N[1, 4]. The nodes that are explored more than once and qualify
as output nodes will not be added to the Q. Only the first entry of the node will be
registered in the queue.
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In the second step we create a layer of cascades of reversible gates by traversing left for
every node in the queue. We also create a new queue for every output node created in the
previous step. In our example node N[1, 1] will be selected first. The left predecessor of
this node is N[2, 1] and the right predecessor is N[1, 2]. The procedure determined gate
will be used for N[1, 1] which will result in a TOFFOLI gate as the right predecessor is
not a constant value. The output of N[2, 1] acts as a target input of the Toffoli gate
represented by N[1, 1]. The output signal from N[1, 2] acts as one of the control inputs,
as does the variable c which is used in the expansion of the root node N[1, 1]. This is
shown as the output node in the bottom layer of Figure 6.6. Next N[2, 1] will be
explored; as the left predecessor of this node is the constant 1, no further node needs to be
explored by traversing left, and constant 1 will be the target input for the Toffoli gate
represented by N[2, 1]. The two control inputs of N[2, 1] are the variable d and the output
signal of the node N[2, 2]. The node N[2, 1] represents the second gate in the bottom
layer of Figure 6.6. This will complete the bottom layer of the quantum array represented
by the KFDD of Figure 6.3. Other layers of the cascade of Toffoli gates are completed in
a similar fashion in order to complete the array. The final Quantum Array is shown in
Figure 6.6. For more elaboration another example of a six variable symmetric function is
shown in Figure 6.8.
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Figure 6.7. Representation of Positive Davio Lattice.
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Figure 6.8. (a) Six variable symmetric function (b) KFDD created for six variable
symmetric function (c) quantum array created for the six variable symmetric function.
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6.6. Quantum Array Optimization by Creating Efficient KFDD.
The KFDDs are directed acyclic graphs (DAG) representing the logic of a circuit and the
geometry of its connections. The data structure created by a KFDD is similar to the
popular ordered binary decision diagram (OBDD) and the pseudo-symmetry Binary
Decision Diagram (PSBDD) presented in [Jeske97]. It is evident that the quantum cost of
the array created for a given specification using our algorithm depends on the number of
levels and the structure of the KFDD created for the function. For symmetric functions
variable repetition is not required and the number of levels in the KFDD will be same for
any order of variables. Also number of levels will be same as number of variables used in
the function. However in case of the non-symmetric functions, the joining operation
performed to merge neighboring non-isomorphic nodes in the KFDD introduces new
variables (that are used for expansion in the previous stage) in the logic functions
represented by the merged nodes. This enforces repetition of variables in the subsequent
stages. It is hence inevitable to use appropriate ordering of variables to minimize the size
of the KFDD.

Different approaches for variable ordering are presented in [Rudell93, Panda94] that can
be readily used for KFDDs. The adjacent isomorphic nodes can be presented with a
single node and joining operation is not required. To minimize repetition of variables in
KFDDs, selection of variables has to be such that geometric adjacencies are preserved.
To provide further freedom to increase probability of adjacencies for isomorphic nodes, a
flip Davio operation as shown in Figure 6.9 is performed similar to the flip Shannon
operation for PSBDD presented in [Wang01].
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Figure 6.9. Flipped Positive Davio Node.
For any pair of variables xi and xj there are four cofactors, fxixj, fx’ixj, fxix’j, fx’ix’j. The
function is symmetric in these two variables if any two of the four cofactors are
equivalent. Negation of any one of the variable can also be used, symmetry created by
negation of any one variable is called skewed-symmetry. Six possible symmetries are
presented in [Wang01] is shown in Figure 6.10 for better understanding. We used these
symmetry rules in creating optimum KFDD and to minimize the quantum cost of the
array.

f

f

f
a

a

b

b
N1

N3

f

f
a

b
N5

f
a

a
b

N2
Double
variable
symmetry

a

b

b
N4
Single
variable
symmetry

N6
Single
variable
symmetry

Figure 6.10. Representation of six symmetries.
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The window permutation algorithm explained in [Rudell93] proceeds by selecting a level
i in the KFDD and exhaustively searching all k! permutations of the k adjacent variables
starting at level i. This is done by selecting k!-1 pair wise exchanges followed by up to
k(k!-1)/2 pair wise exchanges to restore the best permutation obtained during the process.
This process is then repeated for each level in the KFDD. The Figure 6.11 shows the
variable permutations that are explored when applying a window of size k = 3 starting at
variable b. Total five permutations are explored with four adjacent variable swaps, then
three additional variable swaps are used to restore the best permutation. The cost of the
KFDD is recorded when variable exchange is done at the given level. The window
permutation algorithm is practical for functions up to five variables.

a, b, c, d, e
a, c, b, d, e
a, c, d, b, e
a, d, c, b, e
a, d, b, c, e
a, b, d, c, e

Initial
swap (b, c)
swap (b, d)
swap (d, c)
swap (c, b)
swap (d, b)

a, b, c, d, e
a, c, b, d, e
a, c, d, b, e

swap (b, d)
swap (b, c)
swap (b, d)

Figure 6.11. Example of a window permutation algorithm.
The Sifting algorithm presented in [Rudell93] for OBDD minimization can be effectively
applied for KFDD minimization. This algorithm is based on finding the optimum position
for a variable assuming all other variable in a fixed position. The Sifting algorithm works
as follows. The variable is exchanged with its successor variable until the variable
becomes the next to last variable in the KFDD, this means the variable is shifted to the
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bottom of the KFDD. Then the variable is exchanged (backwards) with its predecessor
until the variable is at the top of the KFDD. The best size of the KFDD is stored during
the process and variable is finally placed at its optimum position. The example of Sifting
algorithm is shown in Figure 6.12.

a, b, c, d, e
a, c, b, d, e
a, c, d, b, e
a, c, d, e, b
a, c, d, b, e
a, c, b, d, e
a, b, c, d, e
b, a, c, d, e

Initial
swap (b, c)
swap (b, d)
swap (b, e)
swap (e, b)
swap (d, b)
swap (c, b)
swap (a, b)

a, b, c, d, e
a, c, b, d, e
a, c, d, b, e
a, c, d, e, b

swap (b, a)
swap (b, c)
swap (b, d)
swap (b, e)

Figure 6.12. Example of Sifting algorithm..
6.7. Experimental Results.
The Table 6.1 shows experimental results in terms of number of gates in the synthesized
circuits as well as respective quantum cost. The quantum costs of the reversible gates are
computed as method used in contemporary quantum CAD algorithms [Maslov04]. The
Table 6.1 also shows comparison of results with other contemporary algorithms. The best
quantum cost results are marked as italic and bold. Dashes in the Table mean no results
are available or possible. It is evident that our algorithm generated better results in terms
of quantum cost of the circuit for most of the benchmark functions. Our algorithm is
particularly efficient for functions with large number of variables as it invariably
synthesize reversible circuits with 3×3 Toffoli gates, Feynman gates and NOT gates. The
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synthesis runs were done on a MAC machine with Intel 2GB Core2 Duo processor with
2.4GHZ, synthesis run time for each benchmark function is shown in column 6.
TABLE 6.1
Benchmark

#Real
inputs

#Garbag
e inputs

#Gates
Lattice

Cost
Lattice

2to5
rd32
rd53
rd84
5bitadder
8bitadder
3_17
6sym
9sym
5mod5
4mod5
ham3
ham7
ham15
xor5
xor20
xnor5
decod24
Cycle10_2
Cycle17_3
ham7
Graycode6
Graycode10
Graycode20
nth_prime3_
inc
nth_prime4_
inc
nth_prime5_
inc
nth_prime6_
inc
Alu
4_49
hwb4
hwb5
hwb6
hwb7
pprm1
pprm2
pprm3

5
3
5
8
10
16
3
11
15
5
4
3
7
15
5
20
5
4
12
20
7
6
10
20
3

4
1
5
7
5
8
1
4
5
1
1
0
4
9
0
0
1
2
6
10
5
5
9
19
4

31
4
11
20
29
122
10
19
25
14
6
3
21
47
4
19
5
10
180
920
22
5
9
19
4

107
8
39
68
55
322
21
75
101
58
18
7
61
191
4
20
5
30
860
4160
58
5
9
19
6

4

5

16

48

5

5

29

6

6

5
4
4
5
6
7
4
10
15

2
4
4
5
6
6
4
6
12

#Gates
DMM

Cost
DMM

#Gates
AJ

Cost
AJ

15
4
16
28
29
122
6
20
28
10
5
5
25
109
4
19
----------19
48
23
5
9
19
4

107
8
75
98
55
322
12
62
94
90
13
7
49
206
4
19
------------1198
6057
81
5
9
19
6

20
4
13
------------------6
NA
NA
11
5
5
23
------4
19
-------11
------------24
5
9
19
-------

100
8
116
---------------14
NA
NA
91
13
9
81
-----4
19
----31
----------68
5
9
19
------

< 0.01

12

58

-------

------

91

0.22

26

78

--------

------

148

586

0.36

55

667

-------

------

5
16
12
24
32
49
9
55
29

17
52
28
96
128
185
33
235
540

< 0.01
0.04
< 0.01
1.2
2.0
0.10
< 0.01
0.50
0.50

-----16
17
24
42
35
----------------
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CPU
time
Lattice
0.12
< 0.01
< 0.01
<0.01
<0.01
0.10
< 0.01
0.37
0.40
< 0.01
< 0.01
< 0.01
<0.01
0.10
< 0.01
<0.01
< 0.01
< 0.01
27.9
40.1
0.10
< 0.01
< 0.01
< 0.01
< 0.01

CHAPTER 7
Development of the Dipal Gate Family and Design of the Layered Diagrams.
7.1. Layered-based Regular Structures with Shannon Expansion.
The Shannon Lattice can be built for incompletely specified functions. This method can
be next generalized to other regular diagrams. I assume here that each binary function f
is represented by a pair [ON(f), OFF(f)]. Thus all cofactors fa for the product of literals
a, are pairs: fa = [ON(fa), OFF(fa)]. The Figure 7.1a explains the principle of creating a
Shannon Regular Diagram based on ordered Shannon expansions for a multi-output
function. The direction of arrows shows the expansion flow. Observe that every cofactor
fa of the product a of an (in)complete function f can be interpreted as intersecting f with
a and replacing all K-map cells outside product a with don't cares. A standard cofactor fx
where x is a variable does not depend on this variable. In my interpretation, though, fx is
still a function of all variables including x, but as a result of cofactoring the variable x
becomes vacuous. This is called a vacuous cofactor, and denote by v-cofactor.

Thus, for any two disjoint products a1 and a2, the v-cofactors fa1 and ga2 are disjoint
(observe that standard cofactors are in general not disjoint), therefore functions fa1 and ga2
are in an incomplete tautology relation, and functions f and g are not changed when f a1
and ga2 are combined (OR-ed) to create a new function: a1 f a1  a 2 g a 2 as in Figure 7.1a
(where: a1 = a2 = a, and a is denoted as a'. This is called the Reverse Shannon Expansion.
(Observe that for every expansion one can create a reverse expansion).
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Figure 7.1 Shannon Expansions and Reverse Expansions for Incomplete multi-output
binary function.
This way, the entire layout is created level-by-level, only three levels shown in Figure
7.1a. Observe that functions in the regular layout nodes become more and more
unspecified when variables in levels are repeated, and ultimately nodes become
constants, which terminates the layout generation process. This way, every variable cuts a
Kmap into two disjoint parts, arbitrary two functions f and g can always be expanded
together to a Shannon diagram, with OR-ing as a reverse expansion operation, provided
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that the same variable xi is used in the level, and all expansions use negated literal xi in
the left, and positive literal xi of the variable in the right.
As shown in Figure 7.1, arbitrary functions of the same arguments are cut in half by
expansion of each variable and new functions in levels are created by rearranging the
cofactors in reverse expansions. This process can lead to a slight increase of the number
of nodes in comparison with a shared OBDD of these functions. But a regular structure
is created, thus simplifying quantum layout and making delays predictable. In case
when the products a1 and a2 are not disjoint, the v-cofactors fa1 and ga2 can, in some cases,
still form an incomplete tautology of functions. When these two cofactors satisfy a
tautology relation, then functions fa1 and ga2 can be combined (OR-ed) without changing
functions f and g. Obviously, the same method works for arbitrary number of output
functions. Figure 7.2a shows example of binary Shannon Lattice and Figure 7.2b shows
its realization in a quantum array. The regularity here is limited because it is not scalable.
This is why we realized this lattice in 2D Ion Trap layout in Chapter 4 (at the end).
Although this design is less efficient in terms of added ancilla bits than the method from
section 6.5, still the fan-out can be realized without additional ancilla bits. Moreover, this
circuit can be prepared for cascading oracles by adding mirror gates of all gates other
than that realizing the output mux. This way the constants are reinitialized in ancilla bits.
This way, classical Shannon Lattices can be also mapped to 1D and 2D quantum layouts
to be realized in Ion Traps. The above presented synthesis method is very general and is
applied to any gates from the newly developed ―Dipal Gate‖ family later in this chapter.
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Figure 7.2. Lattice Diagrams in Quantum Array, (a) the standard Shannon Lattice, (b) its
realization in quantum array without mirrors. Groups of gates corresponding to (nonscalable ) multiplexers are shown. This figure demonstrates that fan-out can be realized
without additional ancilla bits in some regular cases.
7.2. The concept and design of the Dipal gate.
The Dipal Gate (now onwards referred as d-gate) (name given by my advisor Dr. Marek
Perkowski) is a new invention and one of the important contributions of my research.
This gate is never presented in the literature before. The basic d-gate is a reversible
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counterpart of the classical multiplexer. The Boolean expression for the multiplexer can
be presented as shown in Equation 7.1 This function can be represented in a positive
polarity form by replacing a  1 a and further simplified as shown in Equation 7.2.
The reversible logic representation of Equation 7.2 is shown in Figure 7.3b.
f  ab  ac

(Equation 7.1)

f  [1  a] b  ac
f  b  ab  ac
f  b  a [b  c]

(Equation 7.2)

Figure 7.3a shows the d-gate using a classical binary circuit. Actually the invention of the
d-gate is very natural when this gate is drawn as a quantum array. As is well-known, the
Fredkin gate in some quantum technologies such as Ion Trap and NMR is realized by
surrounding the Toffoli gate with two Feynman gates. As regular diagrams can be created
with Toffoli gate only and with Fredkin gate only, they can be created as well when we
take a gate that is just half way between Toffoli gate and Fredkin gate – taking a Toffoli
gate and just one Feynman gate preceding it. This leads to the invention of the d-gate, the
schematic of the d-gate is shown in the Figure 7.3b. The other variation of d-gate for
negated variable is presented in Figure 7.3c. For the completeness of the design of d-gate,
the unitary matrix and the truth table for d-gate in Figure 7.3b is shown in Figure 7.3d
and e respectively. Many variations can be created and can be used in creating a Lattice
Diagram based quantum arrays as well as a layered diagrams. Let us now prove that this
gate is a reversible gate. We calculate its inverse using Boolean Logic. The derivation is
presented in Figure 7.4.
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Figure 7.3. (a) d-gate using traditional components, (b) representation of d-gate with
Toffoli and Feynman gate, (c) d-gate with negated variable, (d) unitary matrix for d-gate
Given
is Dipal
gate(e)truth
from Figure
X1.for
Letd-gate
us calculate
its inverse
using Boolean logic
from
Figure
7.3b,
table
from Figure
7.3b.
g  xy
f  ax  ay
x  gy
ay  ax  f
ay  (1  a)(g  y)  f
ay  g  y  ay  f
0  g  y  ay  f
y  g  ay  f  ag  f
x  g  y  g  ay  f  ag  f
We obtain,
y  ag  f
x  ag  f

Figure 7.4. Calculation of inverse gate to d-gate.
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The powerful property of the d-gate is that many variants of the d-gate can be created by
using negation on input/output nodes as well as using SWAP gates. Various d-gates are
presented in Figure 7.5a. Note here that d-gates can be generalized as a one control bit
gate as shown in Figure 7.5b. The control bit is repeated at the output and the transform
operation T is performed on two target bits if control bit is set. In a similar manner a 3 3
Toffoli gate can be represented as variation of the d-gate, this is shown in Figure 7.5a.
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Figure 7.5 (a) Various d-gates (also known as d-gate family), (b) Representation
generalized d-gate with one control line.
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The expansion method that is applied for creating quantum array using d-gate is very
similar to the one presented in the previous chapter but I do not know yet any good
heuristic to select a particular d-gate type in every slot. The next section describes how to
create the quantum array and the layered diagrams for Lattice Diagrams based synthesis
methods.
7.3. Layered-based expansions with Toffoli gate and Dipal Gate Family.
The Positive Davio Lattice can be redrawn to a standard form of a quantum array as
described in the Chapter 6. For instance, to help the reader, the Lattice Diagram from
function F3(a, b, c) is presented in Figure 7.6a in a form that is intermediate between a
Lattice Diagram and a quantum array. Then this diagram can be transformed as in Figure
7.6b, where every intersection of wires from Figure 7.6a is replaced by a SWAP gate as
shown in Figure 7.6b. This way we get a new type of regular structure realized in
quantum array with regular connections. The long connections that are typical for
standard Toffoli gates are avoided. The whole trick was to use SWAP gates. Their
number is however smaller because of regularity of the new structure from Figure 7.6a.
The number of garbage qubits is the same as in standard quantum array and there are
SWAP gates added, however there are no Toffoli gates realized on non-neighbor qubits.
Although we add many SWAP gates, the cost of them is not restrictive as each such gate
can be realized with 3 Feynman gates [Nielsen 00].
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Figure 7.6. Transformation of function from classical Positive Davio Lattice to a
quantum array with Toffoli and SWAP gates. Each SWAP gate is next replaced with 3
Feynman gate, (a) intermediate form, (b) final Quantum Array.
The Figure 7.7a presents the transformation of standard Shannon Lattice drawn in
another way. A regular quantum array with addition of SWAP gates for Shannon Lattice
is shown in Figure 7.7b. This figure is very useful as it explains that the Toffoli gate can
be replaced by the d-gate and the method will apply to new types of diagrams, which I
call the layered diagrams. This is illustrated in Figure 7.7c.
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Figure 7.7. A view of regular layout with Dipal Gates. (a) the structure drawn similar to
lattice diagrams, (b) the corresponding quantum array with SWAP gates added, (c) the
general pattern abstracted from Figure 7.7b that uses d-gates and Swaps being parts of
d-gate Family.
The Figures and transformations as shown above are useful as they explain that the
Toffoli gate can be replaced by the d-gate and the method will apply to new types of
diagrams, which is called the layered diagrams. This is illustrated in Figure 7.8. Also
observe that in the same line of reasoning we can replace the d-gate by Fredkin gate and
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use the same approach to synthesize reversible quantum circuits. This is illustrated in
Figure 7.8.

Figure 7.8. Another view of regular layout with Fredkin gates. (a) the structure drown
similar to lattice diagrams, (b) the corresponding quantum array with SWAP gates
added, (c) the general pattern abstracted from a lattice diagram similar to that from Fig.
7b that uses Fredkin Gates and SWAP gates being parts of a Fredkin Gates.
Figure 7.9 illustrates a general pattern and diagram of all d-gate Family expansions.
Every rectangle represents variant of d-gate. Control variables are drawn as horizontal
lines.
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a

b

Figure 7.9. The general pattern of layered diagram using d-gate Family.
7.4. Algorithm pseudo code for creating the Shannon Lattice Diagrams.
The algorithm for crating Shannon Lattice Diagrams is described in this section. The
algorithm pseudo code is similar to one shown in the Chapter 6 for the Davio Lattice and
presented here for convenience. For future development I will advance my software to
provide user a menu selection to choose amongst different Lattices. The input to the
algorithm is a Boolean function and order of variables which will be used in expanding
nodes at every level. The Boolean function is an output of a root node of the Lattice. The
quantum array is created for the lattice diagram created using the algorithm as described
in the section 6.5.
Input Boolean function;
Input Order of variables for a given Boolean function;
level = 1;
node_number = 1;
root_node = Input Boolean function;
variable = current_variable;
Add root_node as a first element of a linear linked list;
Create PCF (Positive cofactor) for a root_node using variable;
PCF.level = level;
PCF.node_number = 2×node_number;
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Create NCF (Negative cofactor) for a root_node using variable;
NCF.level = level;
NCF.node_number = (2×node_number) + 1;
Simplyfy PCF and NCF to eliminate common terms;
Add PCF and NCF of the root_node to the linear linked list (at the end of a
linked list);
while (while all nodes in a Lattice are !constant)
{
variable = Next variable in the list;
++level;
foreach (node in the level)
{
Create PCF using variable;
PCF.level = level;
PCF.node_number = 2×(node_number of a parent node);
Create NCF using variable;
NCF.level = level;
NCF.node_number = (2×(node_number of a parent node)) + 1;
Simplyfy PCF and NCF to eliminate common terms;
Add PCF and NCF to the linear linked list;
Traverse the linked list to go to the level in current iteration;
Identify nodes eligible for performing joining operation in the current
level;
Perform joining operations;
Simplify the function of this new node to eliminate common terms;
Delete nodes on which joining operation was performed;
Add new node generated with appropriate node number;
}//end Foreach
}//end while, Lattice diagram is complete
//Display the Lattice diagram
while (!end of the linked list)
{
Display Boolean expression in the node;
Display variable used by the node;
Display level;
Display node_number;
}//end while
Figure 7.9 Algorithm for implementation of the Shannon Lattice Diagrams.
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7.5. Experimental Results.
The Table 7.1 shows experimental results for synthesized circuits using d-gate family.
The number of gates and the quantum cost for the array created with d-gate family is
shown in column five and six. The quantum costs of the reversible gates are computed as
method used in contemporary algorithms [Maslov04]. The Table 7.1 also shows
comparison of results for Shannon lattice based quantum circuits, Positive Davio based
quantum circuits with DMM and AJ methods. The best quantum cost results are marked
as italic and bold. Dashes in the Table mean no results are available or possible.
TABLE 7.1
Benchmark

#Inputs

2to5
rd32
rd53
3_17
6sym
5mod5
4mod5
Ham3
xor5
Xnor5
Decod24
Cycle10_2
Ham7
Graycode6

5
3
5
3
10
5
4
3
5
5
4
12
7
6
10
20
3

Graycode10
Graycode20

nth_prime3
_inc
nth_prime4
_inc
nth_prime5
_inc
Alu
4_49
Hwb4
Hwb5
Hwb6
Pprm1

#Gates
pDv
Lattice
31
4
11
10
19
14
6
3
4
5
10
180
22
5
9
19
4

Cost
pDv
Lattice
107
8
39
21
75
58
18
7
4
5
30
860
58
5
9
19
6

#Gates
Shannon
Lattice
41
4
18
15
27
30
12
6
4
5
20
270
32
5
9
19
6

Cost
Shannon
Lattice
117
8
46
26
84
81
24
10
4
5
40
950
68
5
9
19
8

#Gates
DMM

Cost
DMM

#Gate
s AJ

Cost
AJ

15
4
16
6
20
10
5
5
4
----------19
23
5
9
19
4

107
8
75
12
62
90
13
7
4
------------1198
81
5
9
19
6

100
8
116
14
NA
91
13
9
4
-----31
-----6
5
9
19
-----

114
61
35
--------------

4

16

48

29

61

12

58

5

29

91

39

101

26

78

20
4
13
6
NA
11
5
5
4
------11
------24
5
9
19
-------------------

5
4
4
5
6
4

5
16
12
24
32
9

17
52
28
96
128
33

10
22
15
38
40
14

22
58
31
110
134
38

-----16
17
24
42
-----

------58
63
104
140
------

18
13
15
-------------------
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CHAPTER 8
From Binary to Multiple Valued Quantum Array.
8.1. Other Structures for Layered-based expansions.
The Figure 8.1 presents various regular structures that we considered for layered
expansions. Observe that our general scheme allows creating more general
expansions/inverse expansions and structures, all derived starting from the basic pattern
of Figure 8.1a. By adding oblique local connection, the 2×2 array is converted to a 3×3
array from Figure 8.1b. As we will see, there are many 3×3 patterns, and for many of
them we found interesting applications.

Figure 8.1. Examples of regular diagrams: (a) standard 2×2 array with only local
connections, (b) standard 3×3 array with only local connections, (c) 2×2 array with two
vertical and two horizontal buses per cell and the programming of its buses. Thus the
grid is 6×6. (d) Akers Array with buses, 3×3 grid. These buses may be fat increasing the
grid pattern size. (e) regular array with 4×4 grid and no buses. (f) a regular array with
3×3 grid and individual single-variable control of each cell. Irregular routing of these
signals is not included to grid size calculation here.
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Figure 8.1.c presents an example that for small arrays we do not need oblique buses,
because cells can obtain control variables from vertical and horizontal buses. Here, two
vertical and two horizontal buses are assumed, the same as the architecture from
company Concurrent Logic. Figure 8.1d presents an example of our basic structure with
oblique buses, which in this case is programmed to a (generalized) symmetric function,
because there is no repetition of variables. This array with repeated variables; a, b, b, c, b,
b, a would depict the Universal Akers Array. Figure 8.1e presents an example of basic
structure with two oblique local connections, thus creating a 4×4 grid. Such cell can
either execute Quaternary Shannon Expansions, or it executes standard Shannon
expansion to two branches, and next selects any two of its successors to map the branches
to them and execute corresponding inverse expansions. Finally, Figure 8.1f presents an
example of a 3×3 structure in which each cell is programmed to a different control
variable or a constant. Such array executes ternary expansions. For larger array it may be
a problem with routing all control input signals.

Concluding this subsection, it should be obvious by analogy to standard diagrams, that
with given order of (possibly repeated) variables these expansions are canonical if the
same variable and expansion type is in every level. (Analogy to Functional Kronecker
diagrams [Sarabi99]). By assuming special additional rules, also more general diagrams
with mixed (Pseudo-Kronecker type) expansions could be made canonical, the same as
the Pseudo-Kronecker decision diagrams, as presented by paper of Dr. Perkowski with
his student Li Fei Wu [LiFei92].
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8.2. Generalizations from binary to ternary.
In this chapter, we presented very general unified concepts of expansions, regular
diagrams, and regular layouts for binary quantum circuits. We showed only some of their
practical applications and restricted ourselves to binary circuits. We believe, however,
that all these methods can be developed much more based on the broad fundamentals
already given here and explained in a sufficient detail. The algorithms for creating Toffoli
Lattices and Dipal Gate Family Layered Diagrams have been programmed by me and
compared on binary benchmark functions.

The presented model of creating quantum combinational architectures is suitable for the
realization of a wide class of quantum circuits; binary, multiple-valued and hybrid
circuits. The ternary and quaternary will be presented in chapter 9. Before we do this, let
us discuss how the results from this chapter were generalized. For each of the gates and
expansions we found the generalization from binary to ternary. For instance, Figure 8.2
illustrates generalization of Toffoli and Feynman gates from binary to ternary. Although
our thinking method is not seen because of various notations for binary and ternary
circuits, the principles of these circuits are the same, so we can now extend these gates to
any radix of logic.
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Figure 8.2. Comparison of binary and ternary gates used in expansions.
ESOP
1-dimensional layout
In chapters 6 and 7 I have introduced the hierarchical regular architecture model results
GFESOP
from the general premise to use local signal interconnections whenever possible, and
Binary DD
global signal interconnections only regularly (like in input busses) and only when
Binary trees
absolutely necessary. It results also from attempts at finding general tessellation
Binary lattice
2-dimensional layout
structures for two and three-dimensional space in which such structures can be
Binary nets
practically realized in Ion Trap architectures. All these considerations are made recently
Ternary DD
practical for quantum circuits thanks to progress in 2D and 3D Ion Trap technology.
Ternary trees
Every gate should be mapped as a ―supernode‖ (small regular graph) to a local
Ternary lattice
3-dimensional
layout of connection relation
neighborhood in a regular structure, in such a way that
the locality
Ternary nets
is preserved for all neighbor supernodes in the local neighborhood with the smallest
Figure y9. Mapping of various data structures to one-, two- and three-dimensional regular layouts.

number of ions in supernodes and their local connections (see the example from the end
of chapter 4).
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Figure 8.3 illustrates the generalizations of the concepts from binary to ternary. We
generalize first operators, next expansions that use these operators and finally the regular
diagrams. Although the dissertation does note discuss every variant in detail, I know how
each of them can be done. I have described however in chapters 5 and 6 sufficient detail
that the careful reader should be convinced that each of these generalizations can be done
in principle.

When we have all ternary generalizations of regular diagrams, they can be mapped to 1D,
2D or 3D layout spaces, based on various regular layouts (grid patterns) in each. These
next mappings are shown schematically in Figure 8.4.
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Figure 8.4. Mappings of various regular diagrams to one-, two- and three-dimensional
regular layouts.
The main idea of the presented approach can be summarized as follows: starting from all
possible neighbor geometries in two and three dimensional spaces, we create all possible
regular structures. This is more powerful than in the previous structures [Akers72]
which considered limited planar geometries. Also, we design the structure step-by-step in
the process of expansions and reverse expansions until functions are trivial. In contrast,
Akers creates the worst-case structure from the scratch, which is extremely wasteful for
most functions. On nearly all of investigated by us functions our areas and numbers of
cells were much better than those of Akers. Also, Akers did not show methods for Davio,
multi-valued and, which makes our approach much more general. Similarly, we can
show that our approach is more general than PLAs or other known structures. Next we
design arbitrary expansions for any of the structures. New expansions can be
195

constructed based on the orthogonal logic approaches, or any other canonical or noncanonical function expansions. We demonstrated also the very high number of various
new expansions, in contrast to only Shannon expansion types used by Akers [Akers72]
and only Positive Davio, Negative Davio, Shannon and Rotated Shannon expansions
used in works of Jeske, Perkowski, Drechsler, Falkowski, Marek-Sadowska and other
researchers who worked in the past on lattice diagrams and similar concepts.

Concluding, the previous chapters and this chapter demonstrated that the realizations
based on orthogonal expansions as well as more general ones, based on sets of not
necessarily orthogonal functions, lead to regular diagrams which can be easily mapped
to various types of quantum regular structures in Ion Trap. The proposed particular
binary variants are excellent tools for fast prototyping of binary quantum circuits in
various regular structures. This dissertation provides the researchers in the field with an
opportunity to experiment with hardware realizations of various logic circuits using
quantum simulators and my quantum synthesis CAD tools that I have developed. The
presented examples demonstrate simplicity of realization of a wide class of such circuits,
which will also enable the implementation of design automation procedures and concrete
CAD tools for quantum circuits based on regular data flows and expansions.
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CHAPTER 9
Galois Field Logic, Group Logic and Their use for Regular Quantum Circuit
Synthesis.
In chapter 3 I introduced basic trees, diagrams and forms and in chapter 5 I introduced
new lattice diagrams and other diagrams for binary quantum logics. However, the set of
concepts useful in 2D and 3D Ion Trap design is not exhausted by these two approaches.
In this chapter we will try to generalize all my ideas from chapters 5-8 from binary to
multiple-valued logics. As we will see, it can be done in many ways. While the
conceptual work in chapters 5-8 for binary logic has been completed, the Chapter 6 is not
completed in the sense that there are many expansions that we did not analyze yet in full
detail. Chapter 5-8 gives us however the blueprint and direction for future work. Below,
in section 9.1 I present one more classical form that is the base for the new developments
in this dissertation. More new gates, expansions, and regular diagrams with their
mappings to regular structures will be discussed later in the chapter.

Figure 9.1 presents the hierarchical method to design new regular layouts. We create first
various synthesis methods to synthesize simple gates such as operators and expansions.
Some methods are taken from the literature. Thus I create blocks for higher level design,
so that this higher level design does not have to concern itself with the low–level gate
design details. A useful abstraction for both quantum logic synthesis and quantum blocklevel design is a Quantum Multiplexer introduced by Dr. Perkowski [Khan05a, Khan05b,
Khan05c]. Based on the concept of Ternary Quantum Multiplexer I was able to design
various operators, expansions and gates using Muthukrishnan-Stroud gates as their
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physical realization. It is interesting to note that although all our gates for both the Galois
Fields and other algebras are built on top of Muthukrishnan-Stroud (MS) gates, we never
use the MS gates directly for synthesis. I tried to do this but was unable to find a method.
Ternary MS gates are built internally with single-qubit rotation gates and interaction
gates. The hierarchy from Figure 9.1 can be analyzed from top and from bottom.
Analysis from top, tells us how the concepts were created historically. Using it from
bottom can allow us to build in future new gates and methods starting from the lowestlevel primitives, that are directly realizable in hardware. This is not a topic of this
dissertation, however.
Synthesis using Logic Blocks and Gates

Design of Logic Blocks and Gates

Ternary Quantum Multiplexer

Ternary Muthukrisnan-Stroud Gates

Single-Qubit Rotation gates and 2-qubit interaction
gates.
Figure X9. Hierarchical
Decomposition
Synthesisof
of Ternary
gates.
Figure 9.1. Hierarchical
Decomposition
and and
Synthesis
Ternary
gates. This figure
shows the plan of our research in this chapter.

9.1. Binary Generalized Reed-Muller Forms and Classical Binary AND-EXOR
Hierarchy.
As may be recalled from literature [Debnath95, Debnath96, Dill97], while more
restrictive than the Exclusive-Or Sum-of-Products (ESOP) expression, the GRM equation
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form incorporates the Fixed-Polarity Reed-Muller (FPRM) and Positive Polarity ReedMuller (PPRM) Forms as its special cases.
Definition 9.1.1:
The Generalized Reed-Muller Form (GRM) is a general, canonical expression of the
Exclusive-Or-Sum-of-Products type, in which for every subset of input variables, there
exists at most one term with any arbitrary polarities of all variables. Thus for an nvariable function there are n 2n 1 literals and 2 n 2

( n 1 )

polarities. The GRM expansion of

an n-variable function is shown as in Equation 9.1.1.
f(x 1 , x 2 ,.. x n )  a 0  a1 x1  ..  a n x n  a12 x1 x 2  ..  a n(n 1) x n x n 1  ..  a12... n x1 x 2 ... x n

(Equation 9.1.1)
where,
X can be expressed either as a positive literal xi or a negative literal xi’

ai = coefficient of Xi, and can be 0 or 1
Example 9.1.1:
An example of a GRM is given as given in Equation 9.1.1:
f(x1 , x 2 , x 3 )  x1 '  x1 x 2  x3 '  x1 x 2 x 3

(Equation 9.1.2)

Observe that variable x1 is negated in term x1’ and positive in term x1x2x3. The
corresponding circuit is shown in classical notation in Figure 9.1.1a and in quantum array
notation in Figure 9.1.1b.
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x1
x2
x3

0
f(x1, x2, x3)

f

x3
x2
x1
(b)

(a)

Figure 9.1.1. (a) Classical logic diagram of GRM Form for function from Example 9.1.1,
(b) Quantum array for the same form.
Finally, the most general classification of AND-EXOR equations, including the PPRM,
FPRM, and GRM classification forms, is the Exclusive-Or-Sum-of-Products (ESOP)
expression (not a form, not canonical!).

While the ESOP form is not a canonical

expression, there are no restrictions on the terms. Defined loosely, it is an expression
simply consisting of arbitrary terms combined with the EXOR operation.
Definition 9.1.2: The Exclusive-Or-Sum-of-Products expression (ESOP) is a noncanonical form in which arbitrary product terms are combined with EXOR logic gates.

The relations between the classical, binary Reed-Muller expressions are shown in
Figure 9.1.2. The forms illustrated in this diagram have the following relations:
(1) PPRM  FPRM,
(2) FPRM  PSDRM,
(3) FPRM  KRO,
(4) KRO  PSDKRO,
(5) PSDRM  PSDKRO,
(6) PSDKRO  FKRM,
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(7) PSDRM  GRM.
(Note that the GRM Form, while still canonical, usually requires nearly as few terms
as the ESOP Form.) The forms shown in dashed lines, FKRM and ESOP, are not
canonical.

ESOP
GRM
FKRM
PSDKRO

PSDRM

KRO

FPRM
PPRM

Figure 9.1.2: All AND-EXOR Forms (non-canonical forms indicated with a dashed line).
A subset of the Reed-Muller Hierarchy is given with corresponding expansions, trees,
decision diagrams, and forms in Table 9.1.1.

The Galois Field Logical Hierarchy is a logical family in which trees, decision diagrams
and forms are based on the expansion of an AND-EXOR canonical form with Shannon,
Positive and Negative Davio Expansions and in which the mathematical properties of a
Galois Field hold.
9.2. Binary ESOP Logic.
While not as widely utilized for integrated circuit design as the AND-OR Sum-of-Product
(SOP) logic, the exclusive-or sum-of-product (ESOP) form offers high flexibility paired
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together with the benefits offered by AND-EXOR logic. This analysis was made,
encouraging future design development with ESOP logic, as follows [Song93]. The
functions realized by such circuits can have fewer gates, fewer connections, and take up
less area in VLSI and especially, FPGA realizations. They are also easily testable
[Fujiwara86, Pradhan87]. It was shown, both theoretically and experimentally
[Perkowski99a, Perkowski99b] that ESOPs have on an average smaller numbers of terms
for both ―worst case‖ and ―average‖ Boolean functions. It was also shown that ESOPs
and all their sub-families have their counterparts in logic with multiple-valued inputs:
Multiple-valued Input ESOPs (MIESOPS) [Sasao90a, Sasao91], Multiple-valued Input
Generalized Reed-Muller forms [Schaefer91], Multiple-valued Input Kronecker ReedMuller forms (MIKRMs) [Schaefer93], Multiple-valued Input Generalized Reed-Muller
Trees (MIGRMTs) and others [Song93, Stankovic97]. Logic with multiple-valued inputs
(mv logic, for short) generalizes the classical Boolean logic and finds many important
applications in logic design. MIESOPs are never worse than ESOPs, and they were
shown to be superior on several classes of functions. Here we want to investigate
relations of these concepts to quantum circuits, and especially regular quantum circuits.
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Table 9.1.1: Classical, Reed-Muller binary trees, diagrams and expansions.
Expansion
Shannon
Expansion (S)

Tree
Shannon
Tree

Positive Davio Positive
Expansion
Davio Tree
(pD)

Shannon,
Positive and
Negative Davio
(S, pD, nD)
(But only one
type of expansion per level)
Shannon,
Positive, and
Negative Davio
(S, pD, nD)
(But any
subset in
every level)
Shannon,
Positive, and
Negative Davio
(S, pD, nD)
(No order of
Variables)

Diagram
Binary
Decision
Diagram
(BDD)
Functional
Decision
Diagram
(FDD)

Form
Sum-ofProduct
Canonical
Form
Positive
Polarity
ReedMuller
Form
(PPRM)
Kronecker
ReedMuller
Form
(KRM)

Kronecker
Tree

Kronecker
Decision
Diagram
(KDD)

PseudoKronecker
Tree

PseudoKronecker
Decision
Diagram
(PKDD)

PseudoKronecker
ReedMuller
Form
(PKRM)

Free
Kronecker
Tree

Free
Kronecker
Decision
Diagram
(FKDD)

Free
Kronecker
ReedMuller
Form

Previously, one of the major drawbacks to utilizing AND-EXOR logic was that function
minimization was very difficult. Exact algorithms are intensively time consuming, while
heuristic approaches have been limited in both application and quality.
development

With the

of EXORCISM-MV-2, a software package providing ―efficient

minimization of arbitrary ESOP expressions for multiple-output, multiple-valued input,
incompletely specified functions‖ [Perkowski89], future mapping to Ion Trap quantum
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technology may become more practical. In addition to having a very general form, the
ESOP has a two-level circuit implementation, which is easily testable.

A function

expressed in an ESOP equation usually requires fewer gates than that of other ANDEXOR forms and can never require more. Further, it has been shown that the ESOP
theory can be extended to a multiple-valued logic; for instance, the Galois Field Logic.
9.3. Galois Field Logic.
9.3.1. Definitions, Literals and basic concepts.
As previously discussed, to incorporate the multi-valued logic concepts in quantum
circuits, the Reed-Muller form may also be extended for Galois Fields [Dill97a, Dill97b].
The Galois theory demonstrates that for every number kn, where k is prime and n  2,
there exists a unique matrix under mathematical operations, such that all group theory
properties are satisfied. Hence, the same technique can be utilized for the representation
of both binary and multi-valued logic. The relationship between the Reed-Muller
Hierarchy and Galois Fields provides the capability of expressing multi-valued logic with
decision diagrams and compact algebraic structures (or forms), which can be represented
with ―universal‖ expansion circuits. Such circuits can then be mapped to structural
binary quantum technology [Dill98], as will be shown below.
In the Galois Field GF(n) of prime numbers the operations are modulo n addition and
multiplication. Galois Field GF(2) and GF(3) are obtained with mod 2 and mod 3
operations, respectively. Figure 9.3.1 shows these addition and multiplication tables for
GF(2). Figure 9.3.2. shows addition (addition modulo 3) and multiplication
(multiplication modulo 3) operations for GF(3).
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+ 0 1
× 0 1
0 0 1
0 0 0
1 1 0
1 0 1
Figure 9.3.1. Addition (EXOR) and multiplication (AND) tables for GF(2).
× 0 1 2
 0 1 2
0 0 1 2
0 0 0 0
1 1 2 0
1 0 1 2
2 2 0 1
2 0 2 1
Figure 9.3.2. Addition and multiplication tables for GF(3).
Notice (in Figures 9.3.1 and 9.3.2) that each row and column contains every element,
with the exception of the multiplication by zero operation. This property in the Galois
mathematical operations tables is called a Latin Square and it exists for all Galois Field,
GF(n), operations. The addition operations in GF(2) and GF(3) are examples of group
operations. The reader can check all axioms of a mathematical group in these tables.

In the Galois Field GF(k) of non-prime numbers, the operation of mod k will not
satisfy the Galois Field Theory axioms. In this case, the concept of field extension can be
used to obtain a Galois Field of non-prime numbers. This may be necessary when it is
desired that a set of operations demonstrates all of the Galois group and field properties.
The following definition details the extension field concept [Dill97b].

Definition 9.3.1: A Field K can be extended to include elements r1, r2, …, rn, such that an
extended field F exists, where field K and the new elements r1, r2, …, rn together form a
new field, F = K(r1, r2, … , rn) where field K and r1, r2, …, rn F. Thus, the resultant
field F is called the extension field of K if it satisfies all the Galois group and field
properties.
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Examples of the technique of field extension over finite fields are now given.
Example 9.3.1: The Galois Field GF(4) can be obtained by the field extension of the
prime field GF(2), with an element (=2) such that the resulting field satisfies all the
group and field properties. Figure 9.3.3 shows a GF(4) formed by the field extension of
GF(2), with element ―2‖, such that the group consists of the elements (0, 1, , +1) = (0,
1, 2, 2+1), which is equivalent to (0, 1, 2, 3). Notice that in the addition and
multiplication tables, that the identity elements are ―0‖ and ―1‖, respectively. Further,
observe that in these operations tables, each row and column contains every element in
the group, thus demonstrating a Latin Square (with the exception of the multiplication by
zero operation). Therefore as the original field is extended, the new field maintains the
Galois Field properties.
× 0 1 2 3
1 2 3
0
0 0 0 0
1 2 3
1 0 1 2 3
0 3 2
2 0 2 3 1
3 0 1
3 0 3 1 2
2 1 0
(a)
(b)
Figure 9.3.3 (a) Table for Addition (EXOR-like group operations) in GF(4), (b) Table for
Multiplication in GF(4).

0
1
2
3

0
0
1
2
3

Various decision diagrams used for switching functions can be uniformly regarded as
graphical representations related to AND-EXOR expressions, derived by considering the
switching functions as functions in the Galois Field, GF(2) [Kalay99c]. This is a very
powerful link between Boolean algebra and GF algebra that my dissertation investigates.
This can be better understood with the following examples:
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Example 9.3.3: A GF-PPRM, in GF(2), is generated by the application of the Positive
Davio Expansion, (i.e. all literals, xi’s have positive polarity). For binary logic using three
variables, an example is given.
f(x1, x2, x3) = a0  a1x1  a2x2  a3x3  a4x1x2  a5x1x3  a6x2x3  a7x1x2x3
Example 9.3.4: A GF-GRM, in GF(2), has both positive and negative polarities. For
binary logic using three variables, an example is given.
f(x1, x2, x3) = a0  a1x 1  a2x 2  a3x 3  a4x 1x 2  a5x 1x 3  a6x 2x 3  a7x 1x 2x 3
Where, x = x or x’
In addition to being standard Reed-Muller forms, the expressions in Examples 9.3.4 and
9.3.5 are actually polynomial forms in GF(2) for three variables. In this light, they
illustrate the extension of the classical Reed-Muller logic forms to Galois Field forms.
Further, the Galois Field concepts may be applied to irreducible polynomial expressions,
over a field F, with the algebraic form f(x) = anxn + an-1xn-1 + … + a2x2 + a1x1 + a0 on an
indeterminate x, where an, an-1, …, a2, a1, a0  F and n denotes the size of the Galois
Field. Then, for GF(2) the single-variable polynomial has the form f(x) = a + bx, in
GF(3) the single-variable polynomial has the form f(x) = a + bx + cx2, etc. With these
ideas of combining Galois Fields and irreducible, algebraic, polynomial forms, the Galois
Field counterpart to Reed-Muller Expansions can be derived, which utilizes multi-valued
logic. This concept is essential to the full development of the Galois Field Logic
Hierarchy and next to regular structures introduced in this dissertation.
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Thus, it is evident that in contrast to Boolean Logic, for a multi-valued logic in Galois
Fields, there are a number of basic functions of a variable, such as exponents and
inversions (or shifts). Further, these operations may be combined. Post Literals may also
be applied. (Recall that a Post Literal is represented with a single superscript value to its
left, denoting the input for which the maximum MVL element value is produced. For
example, for ternary logic, with elements (0, 1, 2), the Post literal 0x takes the value of 2
for x=0 and otherwise has the value of 0.) These applications of the possible operations
for a single variable in GF(3) are graphically illustrated in Figure 9.3.8.

As previously alluded, in GF(3) the single-variable basic polynomials are x and x2, where
x can have two inverses and three possible logic states (none-basic polynomials are 2x +
x2 , x + 2x2 +1, etc). The elements 0, 1, and 2 represent the ternary logic states in GF(3).
Thus, the variable x can have two possible operations: x’ and x’’, where the prime
(inversion) superscript serves to describe literal functions on argument x, not to specify
the logic states, i.e. any x can have any ternary value. These inversion operations are also
referred to as ―shifts‖. For a Galois Field of size n, GF(n), there are n-1 inverters. For
example in GF(3), there are two inverters. The table in Figure 9.3.6 shows the shift
operations between the variables.
Input
x
0
1
2

Inversion 1
x’
1
2
0

Inversion 2
x’’
2
0
1

Figure 9.3.6 Inversions in GF(3).
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The values within any Galois Field are related to each other and their various inverse
operations with the addition or EXOR operation (generalized for multi-valued logic). For
example in GF(3), the variable x can have three possible logic states and all logic states
can be obtained by the ― 1‖ operation. This is shown in Figure 9.3.7.
x
1

1

x''

x'

1

Figure 9.3.7. Explanation of the circular property of shift gates in ternary logic.
(Conventionally these operations are performed in a clockwise direction, however, both
directions are logically correct.) The basic relations between the variables, shown in
Figure 9.3.9, that describes the shift operations, are here given algebraically.
x  1 = x’
x’  1 = x’’
x’’  1 = x
A graphical representation of the one and two position shifts is shown in Figures 9.3.6
and 9.3.7.
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2
1
x
2
1
x 1

2
1

x2

Figure 9.3.8 GF(3) variable x shown with shift (inversion) operation.
The GF(3) mathematical relations shown graphically in Figure 9.3.8 above, are given as
follows:
For

x = 0:

x1=1

x2=2

x = 1:

x1=2

x2=0

x = 2:

x1=0

x2=1

An exponential operation, producing an x2 term is also necessary for GF(3). These
relations utilize the standard GF(3) multiplication tables given in Figure 9.3.4 and are
graphically shown in Figure 9.3.9.

2
1
x
2
1

x2

Figure 9.3.9: GF(3) variable x shown with and without exponent.
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For convenience, the GF(3) mathematical relations shown graphically in Figure 9.3.9
above, are listed as follows:
For

x = 0:

x2 = 0 × 0 = 0

x = 1:

x2 = 1 × 1 = 1

x = 2:

x2 = 2 × 2 = 1

Post Literals may also be utilized in a Galois Field implementation. For GF(3), Post
Literals of height one and two are shown in Figure 9.3.10 below. Utilizing the properties
previously described, a Galois Field of size n, GF(n), can be derived for any multi-valued
logic. Further, this logic is complete and realizable with only the mathematical Galois
Field operations of addition, multiplication, and n  1 unique inverters (shifts). As we
remember from Chapter 2 there are six reversible functions of single variable. As one of
them, the identity, is not useful, five useful operations remain. Out of these five functions
two; x 3 1  x' and x 3 2  x' ' are explained above. With this background, Galois Fields
can now be fully related to Reed-Muller Logic.
9.3.2. Detailed analysis of binary expansions as our research base.
Most central to the development of Reed-Muller logic forms, the classical Shannon
Expansion utilizes a variable polarity separation technique to represent a function. The
Shannon Expansion for a variable x is obtained by splitting the variable into two different
polarities, x=1 and x=0. The relation between these polarities can be represented as x = 1
 x’. For a binary function f(x1, x2, …, xn) the Shannon Expansion, originally developed
by Boole was already presented in Equation 9.3.2. It is reviewed here again:
f(x1, …, xn) = x1’f(x1 = 0, x2, x3, …, xn)  x1f(x1 = 1, x2, x3, …, xn) (Equation 9.3.1)
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f(x1, …, xn) = x’f0  xf1

(Equation 9.3.2)

2

2
1

1
0

x

2

0

x

1

x

2

x

2

1

1
1

x
2

2
1

1
2

x

Figure 9.3.10: Post Literals of height 1 (left) and 2 (right). The first will be also called
the reduced Post Literal.
Relating the Shannon Expansion to a K-map, another perspective can be gained about its
application. This gives a visual depiction of how the components ―fit‖ together to make
the total function.

In Figure 9.3.11, a simple K-map is given, with binary values

represented by variables, with subscripts labeled for their location.
x

y

0

1

0 f
00

f01

1 f
10

f11

Figure 9.3.11.
In Equation 9.3.1 for the Shannon Expansion, f0 and f1 are simply rows of the K-map,
where x = 0 and x = 1, respectively. These are given in Figure 9.3.12.
f0 = fx=0 =

f00

f01

f1 = fx=1 =

f10

f11

Figure 9.3.12.
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Starting with the Shannon Expansion, then, the K-map is related as follows in Figure
9.3.13.
f(x) = x’f0  xf1

{Shannon Expansion, GF(2)}
x'

x

f0

1

f1

0
f00

0

f01

f10

1

f00

f01

0

0

0

0

f10

f11

f00

f01

f10

f11

f11

Figure 9.3.13.
The Shannon Expansion shown in algebraic form can also be represented as a decision
tree. This is shown in Figure 9.3.14. (Here Post Literals, denoted with a left superscript,
of height 1 are shown, which in only the binary case, are equivalent to the Boolean
variables.)
f
S
0x

1

= x'

x=x

S

S
0

y = y'

f00

1

0

y=y

y = y'

f10

f01

1

y=y

f11

Figure 9.3.14 Shannon Tree for binary logic of two variables.
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The Davio Expansions in binary logic are well known and derived from the Shannon
Expansion by considering either the positive polarity (x) or negative polarity (x’) of the
variable x. Alternatively, starting from either the Positive Davio or Negative Davio, the
Shannon Expansion may be derived. These derivations are shown in Equations 9.3.3 –
9.3.4 below. The Shannon, Positive Davio, and Negative Davio Expansions may be
utilized to derive all possible expansions, to obtain all logic family forms, trees, and
decision diagrams.
Derivation of Positive Davio:
Shannon

f(x)= x’f0  xf1

By substituting x’ = x  1
f(x)= (x  1)f0  xf1
f(x)= xf0  f0  xf1
f(x)= x(f0  f1)  f0
Positive Davio:

f(x)= x(f0  f1)  f0

Equation 9.3.4: The Positive Davio Expansion for binary (GF(2)) logic
f(x) = x(f0  f1)  f0
Derivation of Negative Davio:
Shannon

f(x)= x’f0  xf1

By substituting x = x’  1
f(x)= x’f0  (x’  1)f1
f(x) = x’f0  x’f1  f1
f(x) = x’(f0  f1)  f1
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Negative Davio:

f(x)= x’(f0  f1)  f1

Equation 9.3.5:
The Negative Davio Expansion for binary (GF(2)) logic
f(x) = x’(f0  f1)  f1
As we see, we use elementary Boolean algebra axioms and manipulation methods to
derive expansions and circuits. The same is true in the multiple valued case but the
technical transformations are more involved. Because I want the dissertation to be formal,
all the steps of derivations are shown in many cases. In other cases they are not given as
they can be done in a very similar way to the cases presented in full detail.
9.3.3. Derivation of Davio Expansions for the ternary case.
Using the method presented for the binary case, along these lines of thought, for a ternary
logic in GF(3), the Shannon Expansion would naturally (by guessing) be as follows:
GF(2):

f(x) = x’f0  xf1

{binary logic}

GF(3):

f(x) = x’f0  xf1  x’’f2

{Post Literals, of height 1, only}

Where, x’ = 0x, x = 1x, and x’’ = 2x only
But, this is only appropriate for Post Literals (of height 1) and not (GF(n)) variables,
since there is no expansion with respect to shifts and terms with exponents, i.e. x2 (x’)2,
(x’’)2.
Equation 9.3.6:
f(x1, x2,…, xn) = x1’f(x1 = 0, x2, x3, …, xn)  x1f(x1 = 1, x2, x3,…, xn)  x1’’f(x1 = 2, x2, x3,
…, xn)
Shannon Expansion for GF(3) Post Literals of height 1 only.
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Theorem 9.3.1:
Galois Field, Shannon Expansion for Post Logic, using Post Literals of height 1 only,
(GFS-Post)
f = 0xf0  1xf1  2xf2

{GFS-Post}

Proof: This Galois Field Shannon Expansion for Post Logic can be verified as follows.
First, recall that 0x, 1x, and 2x are Post Literals of height one. The terms can be examined
as given:
0

x×f0 = 1 × f0 = f0

since,

0

x = 1 for x=0
= 0 for x=1, 2

and
1

x×f1 = 1 × f1

since,

1

x=1 for x=1

1

x=0 for x=0, 2

and
2

x×f2 = 1 × f2

since,

2

x = 1 for x=2

2

x = 0 for x=0, 1

The other terms produce similar results. Hence the GF(3) Shannon function expansion
becomes:
GF(3) Shannon f(x) = 0xf0  1xf1  2xf2
The GFS-Post tree in GF(3), or ternary logic, is shown in Figure 9.3.15.
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f
GF_S
0

GF_S

0

x2
f00

1

2

x1

GF_S

f0

2

x2

1

x1

x2

f01

f02

0

x2

f10

1

GF_S

f1

2

x2
f11

x1

x2
f12

0

x2

f20

1

f2

2

x2
f21

x2
f22

Figure 9.3.15 GF-Shannon Post Logic Tree for ternary logic.
Figure 9.3.16 presents the table of some ternary polynomials of single variable, i.e.
functions of single variable Figure 9.3.16 to Figure 9.3.20. The application of the
Shannon Expansion can be extended from the binary (GF(2)) to the Galois Field of size
n, GF(n), case. This is done in a different manner than that of the trivial methodology
presented for the Post Literal case above. Because Galois Theory links the ideas of group
and field theory to that of algebra, in the derivation of the Shannon Expansion for GF(n),
it is natural to first begin with irreducible polynomial forms. Although this concept has
been alluded to previously, here the general algebraic form for a polynomial over a field
is formally introduced.
Definition 9.3.2: A polynomial over a field F, has the algebraic form, f(x) = anxn + an-1xn-1
+ … + a2x2 + a1x1 + a0 on an indeterminate x, where an, an-1, …, a2, a1, a0  F and ―+‖
denotes the GF(n) addition operation. The set of all polynomials over F is denoted as
F[x]. In GF(3), for ternary logic, then, a general irreducible polynomial has the algebraic
form,
f(x) = a  bx  cx2
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Where, x is a ternary variable with zero polarity a, b, c are constants, (0, 1, 2). This gives
a total of 3  3  3  33  27 polynomials (functions), some of which are given in Figure
9.3.16. Next, the Davio Expansions in a Galois Field, for the ternary logic case will be
derived for the general polynomial. To determine the constants in terms of the cofactors,
the algebraic function, f = a  bx  cx2, must be evaluated for each of the three possible
values of x. This is calculated as follows:
f0 = fx=0 = a
f1 = fx=1 = a  b  c
f2 = fx=2 = a  2b  c
Variable
x
x 1  x

x2 x
x2
x2  1
x 2  20x
2x
2x  1
2x  2
2x 2
2 x 2  10x
2x2  2
2 x 2  x2x

Logic
mapping
0 1 2
1 2 0
2 0 1
0
1
2
0
1
2
0
1
2
0

1
2
0
2
0
1
2
0
1
0

1
2
0
1
2
0
2
0
1
1

Operation’s
meaning or name
Shift operation
Shift operation
Power
Post literal
(1 2) permutation
Inverter
Reduced Post literal
Reduced Post literal

Figure 9.3.16. Examples of some polynomials in GF(3) and their meaning.
These functions must be solved simultaneously, utilizing only the mathematical operators
within the algebra, specifically, GF(3) addition and multiplication. Since the constant a is
already determined, no further work must be done for its specification. Hence, only
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constants b and c must be derived. The constants for the algebraic function, f = a  bx 
cx2, are given as shown below.
a = f0
b = 2f1  f2
c = 2(f0  f1  f2)
Substituting these constants back into the algebraic function, the formula for the GF(3)
Davio-0 expansion, denoted as GF(3)D-0 is given in Equation 9.3.6. Expansion trees
provide a graphical representation of functional components. As a diagram of cofactors
and multipliers (constants), they provide a visual depiction of decision trees, which are a
useful tool in deriving the forms of an algebraic family. The tree for the GF(3) Davio-0
Expansion is given in Figure 9.3.19.
x

+1

x 1

x

+2

x2

x

01

(01) x

x

02

(02) x

x

12

(12) x

Figure 9.3.17. Realization of all useful reversible ternary functions of a single variable.
This figure introduces also the notations.
x

x x

0

x 0

x 2  2 0 x

2

x

x 2 12

1

(a)

2x 2
2x 2  1 0 x

(b)

Figure 9.3.18. Realization of Post literals and Reduced Post literals (a) Post literal
(b) reduced Post literal. As we see, ancilla bit is necessary in both cases.
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0

x,

GF D

1

0

x

x

2(f0  f1  f2 )

2f1  f2

f0

2

Figure 9.3.19. GF(3) Davio-0 Expansion Tree.
x
0
0
f0

x
x2

2f1  f 2
2(f 0  f1  f 2 )

0

Figure 9.3.20. Ternary quantum array that realizes the GF(3)Davio-0 expansion from
Figure 9.3.18.
The Davio-1 Expansion is found by defining x in terms of x’. This can be done with the
substitution of x = x’  2, since the operations are for a ternary logic, in GF(3). This is
given as follows.
f = a  bx  cx2
f = f0  (2f1  f2)x  2(f0  f1  f2)x2
f = f0  (2f1  f2)(x’  2)  2(f0  f1  f2)(x’  2)(x’  2)
f = f0  2f1x’  f1  f2x’  2f2  2(f0  f1  f2)(x’2  2x’  2x’  1)
f = f0  2f1x’  f1  f2x’  2f2  2(f0  f1  f2)(x’2  x’  1)
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f = f0  2f1x’  f1  f2x’  2f2  2(f0x’2  f2x’  f0  f1x’2  f1x’  f1  f2x’2  f2x’ 
f2)
f = f0  2f1x’  f1  f2x’  2f2  2f0x’2  2f0x’  2f0  2f1x’2  2f1x’  2f1  2f2x’2 
2f2x’  2f2
f = (f0  f1  2f2  2f0  2f1  2f2)  (2f1  f2  2f0  2f1  2f2)x’  (2f0  2f1 
2f2)x’2
The expansion is denoted as GF(3)D-1 and simplified to the form given in Equation 9.3.8.
The tree for this expansion is given in Figure 9.3.21.
Equation 9.3.8: GF(3) Davio-1, f = f2  (2f0  f1)x’  2 (f0  f1  f2)(x’)2

GF D

1

1

x'

( x')

2 f0  f 1

f2

2

2 ( f0  f 1  f 2 )

Figure 9.3.21. GF(3) Davio-1 Expansion Tree.
x'

0
0
f0

x'
( x' ) 2

2f 0  f1
2(f 0  f1  f 2 )

0

Figure 9.3.22. Ternary quantum array that realizes the GF(3) Davio-1 expansions from
Figure 9.3.20.
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The Davio-2 expansion is obtained similarly. The x variable is defined in terms of x’’,
with the substitution x = x’’  1.
f = a  bx  cx2
f = f0  (2f1  f2)x  2(f0  f1  f2)x2
f = f0  (2f1  f2)(x’’  1)  2(f0  f1  f2)(x’’  1)(x’’  1)
f = f0  (2f1x’’  2f1  f2x’’  f2)  2(f0  f1  f2)(x’’2  2x’’  1)
f = f0  2f1x’’  2f1  f2x’’  f2  2(f0x’’2  2f0x’’  f0  f1x’’2  2f1x’’  f1  f2x’’2
 2f2x’’  f2)
f = f0  2f1x’’  2f1  f2x’’  f2  2f0x’’2  f0x’’  2f0  2f1x’’2  f1x’’  2f1 
2f2x’’2  f2x’’  f2
f = (f0  2f1  f2  2f0  2f1  2f2)  (2f1  f2  f0  f1  f2)x’’  (2f0  2f1  2f2)x’’2
The Davio-2 expansion, denoted as GF(3)D-2, simplifies to the form given in Equation
9.3.11. The tree for this expansion is given in Figure 9.3.23.
Equation 9.3.9: GF(3) Davio-2, f = f1  (f0  2f2)x’’  2(f0  f1  f2)(x’’)2

GF D2

1

f1

2

x''

( x'')

f 0  2f 2

2(f 0  f 1  f 2 )

Figure 9.3.23. Expansion tree for GF(3) Davio-2.
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x' '
0

x' '
(x'' )2

0
f0

f 0  2f 2
2(f0  f1  f2 )
0

Figure 9.3.24. Ternary quantum array that realizes the GF(3) Davio-2 expansion from
Figure 9.3.23.
For the development of an algebraic family of forms, expansions of the original function
are performed. For a Galois Field of size n, only n+1 expansion types are possible for the
derivation of all forms. For GF(3), these are the Shannon, Davio-0, Davio-1, and Davio2, denoted as GF(3)D-0, GF(3)D-1, and GF(3)D-2 respectively. In GF(3), the functions
defining the Davio family of universal literals are shown in Figure 9.3.25 below.
Davio Family
1

x

x2

Davio-0

1

x’

(x’)2

Davio-1

1

x’’

(x’’)2

Davio-2

Figure 9.3.25. Comparison of ternary GF Davio expansions.
To verify that new expansions are valid and applicable, the functions defining the
branches of the expansion trees must be proven linearly independent. First, the definition
of linear independence is given.
Definition 9.3.3: A vector space with V = {v1, …, vn} as a set of vectors is given. The set
of vectors is linearly independent if the equation:
c1v1 + … + cnvn = 0
holds, if and only if all of the multipliers c1 = … = cn = 0. Otherwise, a vector set that is
not linearly independent is linearly dependent [Perkowski97b]. The expansions such as
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the Shannon, Positive and Negative Davio can be applied to functions, as a variable
separation technique, creating an expansion tree diagram. In expansion tree diagrams,
several expansions may be combined, such that each node on a level, corresponding to an
expansion variable, has one of the defined expansions. The total function (over the entire
tree), in its new form, can then be re-constructed by combining the cofactors and
multipliers for each of the branches with the EXOR operation.
9.3.4. Ternary Pseudo-Kronecker Expansions.
To better understand multi-level expansion trees, an example shown in Figure 9.3.26 is
given of a Pseudo-Kronecker Expansion (any subset of expansions, out of all possible
expansions, is chosen for every level of the ordered tree) for a three variable function f(a,
b, c) in GF(3). (The GF-Pseudo-Kronecker Expansion is defined in Definition 9.3.19.)
This figure is constructed purely from the single expansion trees given previously,
connected together. The first level expansions are with respect to variable a, the second
level expansions are with respect to variable b, and the third level expansions are with
respect to variable c. The cofactors corresponding to previous expansions are not shown,
but assumed, due to the existence of the subsequent expansion. The end nodes denote the
final cofactors. The notation in the subscript of these cofactors refers to the particular
expansions originating the branch, i.e. f012 refers to the fact that an expansion with respect
to a = 0, then an expansion with respect to b = 1, and another expansion with respect c =
2, were previously performed on the branch.
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GFD-0
1

Level 1:
Expansion
w.r.t. "a"

a

GFD-1
Level 2:
Expansion
w.r.t. "b"
Level 3:
Expansion
w.r.t. "c"

2

a

1

b'

2

1 c

GFD-0
1 c
f000

f001

GFD-2
2

(b')

GFD-0
c

f002

f010

f011

1

GFD-0
1

2

c

f012

c

c

f021

f022

f020

f100

c'
f101

(b'')

GFD-2
(c')

f102

1

GFD-0

1

1 c

c''

f110

f111

f112

f120

f121

1

2

c

f122

f200

(c'')

f202

GFD-0
2

1

c''
f201

b

GFD-1
2

(c'')

2

b

GFD-2

2

2

1

2

b''

GFD-1
2

GFD-0

f210

c'
f211

(c')

f212

1
f220

2

c

c

f221

f222

Figure 9.3.26. GF(3)-Pseudo-Kronecker Expansions.
For the arbitrary expansions depicted in Figure 9.3.26 the total function can be
constructed in terms of each of the branches describing the multipliers and cofactors.
Starting at the bottom of the tree, for each level the terms are combined together by an
EXOR operation, then collectively applied to the previous expansion, as this expression
acts as a cofactor for the multiplier in the next higher level. The building of the function
shown in the decision tree of Figure 9.3.26 is demonstrated as follows:
Level 3:
For the (left branch) three GFD-0 Expansions, the terms are:
f000(1)  f001(c)  f002(c2)
f010(1)  f011(c)  f012(c2)
f020(1)  f021(c)  f022(c2)
For the (middle branch) GFD-1, GFD-2, and GFD-0 Expansions, the terms are as follows,
respectively:
f100(1)  f101(c’)  f102(c’)2
f110(1)  f111(c’’)  f112(c’’)2
f120(1)  f121(c)  f122(c2)
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For the (right branch) GFD-2, GFD-1, and GFD-0 Expansion, the terms are as follows,
respectively:
f200(1)  f201(c’’)  f202(c’’)2
f210(1)  f211(c’)  f212(c’)2
f220(1)  f221(c)  f222(c2)
Level 2:
For the (left branch) GFD-1 Expansion, the term is:
{(f000(1)  f001(c)  f002(c2))(1)  (f010(1)  f011(c)  f012(c2))(b’)  (f020(1)  f021(c) 
f022(c2))(b’)2}
For the (middle branch) GFD-2 Expansion, the term is:
{(f100(1)  f101(c’)  f102(c’)2)(1)  (f110(1)  f111(c’’)  f112(c’’)2)(b’’)  (f120(1) 
f121(c)  f122(c2))(b’’)2}
For the (right branch) GFD-0 Expansion, the term is:
{(f200(1)  f201(c’’)  f202(c’’)2)(1)  (f210(1)  f211(c’)  f212(c’)2)(b)  (f220(1)  f221(c)
 f222(c2))(b)2}
These terms are then used as cofactors for level 1.
Level 1:
For the (left branch) of the GFD-0 Expansion, the term is:
{(f000(1)  f001(c)  f002(c2))(1)  (f010(1)  f011(c)  f012(c2))(b’)  (f020(1)  f021(c) 
f022(c2))(b’)2}(1)
For the (middle branch) of the GFD-0 Expansion, the term is:
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{(f100(1)  f101(c’)  f102(c’)2)(1)  (f110(1)  f111(c’’)  f112(c’’)2)(b’’)  (f120(1) 
f121(c)  f122(c2))(b’’)2}(a)
For the (right branch) of the GFD-0 Expansion, the term is:
{(f200(1)  f201(c’’)  f202(c’’)2)(1)  (f210(1)  f211(c’)  f212(c’)2)(b)  (f220(1)  f221(c)
 f222(c2))(b)2}(a)2
Constructing the total function, the branches are simply combined with the EXOR
operation, as follows.
f(a,b,c) = [{(f000(1)  f001(c)  f002(c2))(1)  (f010(1)  f011(c)  f012(c2))(b’)  (f020(1) 
f021(c)  f022(c2))(b’)2}(1)]  [{(f100(1)  f101(c’)  f102(c’)2)(1)  (f110(1) 
f111(c’’)  f112(c’’)2)(b’’)  (f120(1)  f121(c)  f122(c2))(b’’)2}(a)]  [{(f200(1) 
f201(c’’)  f202(c’’)2)(1)  (f210(1)  f211(c’)  f212(c’)2)(b)  (f220(1)  f221(c) 
f222(c2))(b)2}(a)2]
Example 9.3.12: Given the function described by the K-map given in Figure 9.3.27, apply
the GF(3) expansions of Figure 9.3.26 and flatten the tree into a function expressed
algebraically.
ab

c

0 1 2

00
01
02

0 2 0
1 2 2
2 2 0

10
11
12
20

1
1
2
0

21

0 2 1

22

1 1 0

0
0
2
1

0
1
1
0

Figure 9.3.27. A map of a ternary function of three variables.
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Recall that for GF(3), the Davio Expansions are as follows:
GFD-0: f = f0  (2f1  f2)x  2(f0  f1  f2)x2
GFD-1: f = f2  (2f0  f1)x’  2(f0  f1  f2)(x’)2
GFD-2: f = f1  (f0  2f2)x’’  2(f0  f1  f2)(x’’)2
From the K-map and the Davio Expansions listed above, the corresponding cofactor for
each node of Figure 9.3.30 is determined. For convenience, these nodes are numerically
labeled (shown in circles) in Figure 9.3.28.
GFD-0
a2

1

Level 1:
Expansion
w.r.t. "a"

1

GFD-1

Level 3:
Expansion
w.r.t. "c"

10

1
GFD-0

3

1 c

5

b'

7

1 c

2

c

4

f000

9

1

2

f002

f010

c

12

f011

f012

f020

23

1

GFD-0

11

8

f001

GFD-0

15

(b')2

6

GFD-0

27

GFD-2

2

Level 2:
Expansion
w.r.t. "b"

a

14

c
f021

13
2

c

f022

16

GFD-1

1 c'
17
f101

f100

18

b''

GFD-2

20

2

(c')

1

28

(b'')2

19

22

c''
f111

GFD-0

24

2

(c'')

1 c

21

f102

f110

26

29

f120

GFD-2
1 c''

2

c

25

f112

36

1

31

(c'')2

30

f121

f122

f200

f201

f202

b

33

GFD-1

1 c'
34
f211

f210

b2

32

35
2

(c')

37

GFD-0

1
38

f212

f220

c
f221

39

c2
f222

.

Figure 9.3.28. Complete ternary tree that uses Galois Field Davio Expansions. It
expands the ternary function from Figure 9.3.27.
The cofactors for each node in Figure 9.3.28 are determined from the K-map given in
Figure 9.3.27. These calculations are given as follows.
Node 1:

fa=0

020 
= 122 
 220 

Node 2:
fab=02

= [220]

Node 3:
228

fabc=020

=2

Node 4:
(2f1 + f2)|fab=02

= 2(2) + 0
=1

Node 5:
{2(f0 + f1 + f2)}|fab=02 = 2(2 + 2 + 0)
=2
Node 6:
(2f0 + f1)|fa=0,b=0,1 = 2[020] + [122]
= [010] + [122]
= [102]
Node 7:
f0|[102]

=1

Node 8:
2f1 + f2|[102]

= 2(0) + 2
=2

Node 9:
2(f0 + f1 + f2)|[102] = 2(1 + 0 + 2)
=0
Node 10:
2(f0 + f1 + f2)|fa=0,b

= 2{[020] + [122] + [220]}
= 2[002]
= [001]
229

Node 11:
f0|[001]

=0

Node 12:
(2f1 + f2)|[001]

= 2(0) + 1
=1

Node 13:
{2(f0 + f1 + f2)}|[001]

= 2(0 + 0 + 1)

=2
Node 14:
100  010 
= 2 101  + 021 
 221 110 

(2f1 + f2)|a=1,2

 200  010 
=  202  + 021 
112  110 
 210 
=  220 
 222 

Node 15:
fb=1

= [220]

Node 16:
f2|[220]

=0

Node 17:
(2f0 + f1)|[220]

=0
230

Node 18:
2(f0 + f1 + f2)|[220] = 2(2 + 2 + 0)
=2
Node 19:
f0 + 2f2

= [021]

Node 20:
f1|[021]

=2

Node 21:

(f0 + 2f2)|[021]

= 0 + 2(1)
=2

Node 22:
2(f0 + f1 + f2)|[021] =2(0 + 2 + 1)
= 2(0)
=0
Node 23:
2(f0 + f1 + f2)

= 2{[210] + [220] + [222]}
= 2[022]
= [011]

Node 24:
f0|[011]

=0

Node 25:
(2f1 + f2)|[011]

= 2(1) + 1
231

=0
Node 26:
2(f0 + f1 + f2)|[011] = 2(0 + 1 + 1)
=1
Node 27:
020  100  010 
= 2{ 122  + 101  + 021  }
 220   221 110 

2(f0 + f1 + f2)

100 
= 2  211
 221
 200 
= 122 
112 

Node 28:
f0

= [200]

Node 29:
f1|[200]

=0

Node 30:
(f0 + 2f2)|[200]

= 2 + 2(0)
=2

Node 31:
{2(f0 + f1 + f2)}|[200]

= 2{2 + 0 + 0}

=1
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Node 32:
2f1 + f2

= 2[122] + [112]
= [211] + [112]
= [020]

Node 33:
f2|[020]

=0

Node 34:
(2f0 + f1)|[020]

= 2(0) + 2
=2

Node 35:
2(f0 + f1 + f2)|[020] = 2(0 + 2 + 0)
=1
Node 36:
2(f0 + f1 + f2)

= 2{[200] + [122] + [112]}
= 2[101]
= [202]

Node 37:
f0|[202]

=2

Node 38:
(2f1 + f2)|[202]

= 2(0) + 2
=2

Node 39:
{2(f0 + f1 + f2)}|[202]

= 2(2 + 0 + 2)
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=2
From these expansions, the root terms for Figures 9.3.30 and 9.3.32 are determined. This
is shown in Figure 9.3.33.
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1

2

39
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Figure 9.3.29. Another ternary tree
From the completed decision tree in Figure 9.3.29, an algebraic expression can be
written. This is given and simplified as follows.
f

= {(2  c  2c2)  (1  2c)b’  (c  2c2)b’2} 

{2c’2  (2  2c’’)b’’  c2(b’’)2}a 
{(2c’’  c’’2)  (2c’  c’2)b  (2  2c  2c2)b2}a2
=

{2  c  2c2  b’  2b’c  b’2c  2b’2c2}
{2c’2  2b’’  2b’’c’’  b’’2c2}a 
{2c’’  c’’2  2bc’  bc’2  2b2  2b2c  2b2c2}a2

= 2  c  2c2  b’  2b’c  b’2c  2b’2c2  2ac’2  2ab’’  2ab’’c’’  ab’’2c2
 2a2c’’  a2c’’2  2a2bc’  a2bc’2  2a2b2  2a2b2c  2a2b2c2
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The algebraic expression for the function can be verified by calculating the output for
given values of the variables a, b, and c, and comparing these values with those listed in
the K-map in Figure 9.3.31. Only a few verifications are given here.
For abc = 000:
f000

=200100000000000000
0
=0
For abc = 111:

f111

= 2  1  2(1)2  2  2(2)(1)  (2)2(1)  2(2)2(1)2  2(1)(2)2  2(1)(0) 

2(1)(0)(0)  (1)(0)2(1)2  2(1)2(0)  (1)2(0)2  2(1)2(1)(2)  (1)2(1)(2)2  2(1)2(1)2 
2(1)2(1)2(1)  2(1)2(1)2(1)2
=212211220000011222
=0
For abc = 222:
f222

= 2  2  2(2)(2)  0  0  0  0  2(2)  2(2)(1)  2(2)(1)(1)  2(12)(12) 

(2)(2)(2)  2(2)(2)(1)  2(2)(1)2  2(2)(2)(2)(0)  2(2)(2)(0)  (2)(2)(2)(2)(2) 
(2)(2)(2)(2)(2)(2)  (2)(2)(2)(2)(2)(2)(2)
=2221112221212
=0
9.3.5. Ternary Lattices.
The same as for binary lattices, the ternary lattice can be created either by expansions of
symmetric function decision diagrams or by our approach based on forward and reverse
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expansions. Figure 9.3.31 presents the three dimensional expansion of a Lattice Ternary
Diagram (a Regular Diagram but the regularity is seen only in three dimensional
geometrical space).
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Figure 9.3.31. Explanation of the placement of a ternary Shannon Expansion in three
dimensional space. Of course, this types of expansions and their 3D layouts can be done
for any type of Shannon expansions for logic of radix 3.

9.4. The GF-Kronecker type Expansions.
The GF Hierarchical definitions, forms, decision diagrams, and trees for ternary logic
are as follows.
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Definition 9.4.1: The GF-Kronecker Expansion (GF-KRO-EXP) is obtained if only
one expansion, out of all possible expansions (for GF(3) GFS, GFD-0, GFD-1, GFD-2), is
chosen, for every level of an ordered tree. Figure 9.4.1 shows an example of a GF-KRO
Tree.
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Figure 9.4.1: GF-KRO for GF(3)
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Definition 9.4.2: The GF-Pseudo-Kronecker Expansion is obtained if any subset of
expansions, out of all possible expansions, is chosen for every level of an ordered tree.
Figure 9.4.2 shows an example of a GF-PKRO Tree.
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Figure 9.4.2: GF-PKRO for GF(3).
Definition 9.4.3: The GF-Free Expansion is obtained if the expansion variable and type
can be freely chosen, with no ordering of variables for each and every level of the tree.
An example is shown in Figure 9.4.3.
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Figure 9.4.3: GF-Free for GF(3).
So far we showed in this chapter how to create some types of ternary trees based on
polynomial expansions. As we know, from ternary trees one can create lattices and
diagrams the same way as for binary logic, so I will not write here much about these
issues. Examples of creating diagrams and lattices for ternary and quaternary circuits can
be easily created based on the above presentation.
9.5. The GF Hierarchy.
The Galois Field Hierarchy for GF(3) is presented in Figure 9.5.1. In this table since
GF(3) is considered, the possible Davio Expansions are with respect to the powers of x,
x’, and x’’. Note that if GF(4) were to be considered, the possible expansions would be
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with respect to the powers of x, x’, x’’, and x’’’, all possible logic states for the
quaternary GF logic.
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Figure 9.5.1: The Galois Field Logic Hierarchy.
The hierarchy introduced above systematizes various multiple-valued concepts that are
related to all circuits in which the combining operator has a property of a group. Some of
these structures were known to other authors, but several of their publications appeared
after I already derived all above expansions and structures. Also, it is for the first time
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that it was shown here that all these concepts apply to reversible and quantum logic and
not only to classical multiple-valued logic.
9.6. Quantum Circuits based on Galois Fields.
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Figure 9.6.1. Realization of Ternary multiplication for Galois Field (3) logic. This is
modulo multiplication for prime number.
The ternary Modulo Multiplication (and also GF(3) multiplication) is presented in Figure
9.6.1. Observe an interesting fact. In binary we have one GF(2) logic which is ANDEXOR logic. Realization of GF(4) addition is shown in Figure 9.6.3. The cost is high and
can be compared with the respective vector binary circuit from section 9.7. These
examples illustrate that there are many ways to synthesize regular MV quantum circuits
only experimental results can help determine the base of gates, if such a base exists. This
is not done in my dissertation but I have already outlined how it can be done in principle.
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Figure 9.6.4. Synthesis of Ternary Fredkin gate by using analogy to binary case and
Galois Field (3) algebraic transformations. (a) Fredkin-like ternary gate proposal
controlled by value of Generalized Post Literal 1,2|a, (b) Fredkin-like proposal ternary
gate proposal controlled by Post literal 0|a, (c) Fredkin-like gate proposal with MS type
controls, (d) calculation of swaps for various values of controls, (e) another type of
Fredkin generalization to ternary. These types of gates switch between various affine
functions of two variables and generalize Dipal Gate family from binary to ternary.
Symbol + is modulo addition.
Now we will show design on the level of ternary gates. Figure 9.6.4 presents the Ternary
Fredkin gate. As we can check, for every value of variable the functions in lower two
qutrits are affine functions (as realized with ternary Feynman gates). The same can be
verified for the original Dipal Gate and next for all gates from Dipal Gate Family.
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9.7. MVL Orthogonal and Linearly Independent Expansions.
As we know, the Linearly Independent (Orthogonal as special case) expansions for
binary case use EXOR gate, and are generalizations of the Davio expansions. There is
therefore a strong link between polynomial and Linearly Independent logics. For finite
multiple-valued logic these expansions are based on Galois Field Addition gate or
Modulo Addition, and in general, for arbitrary algebras, they should have at least one
linear (group) operation as addition. In particular, they include S (Shannon Expansion).
Actually, Shannon did not invent the case for N>2 and I call it Shannon Expansion for
historical reasons and by analogy.

Observe that the OR operator in such generalized Shannon expansions can be replaced
with EXOR operator (or any group operator) in Shannon expansion when Post Literals or
Generalized Post Literals or Reduced Post Literals as long as they remain disjoint. These
expansions can be done for any kind of logic from this chapter. MV Shannon remains
thus the most general expansion operator, which is not true for Positive and Negative
Davio (pD and nD, respectively), general ―orthogonal‖ (binary and MV) [beyl1]. This is
also not true for polynomial and GF expansions in particular. Reverse expansion
operations for these expansions exist and are more complicated, which will be presented
below. Concluding, the expansions to be considered include generalizations of Shannon
and generalizations of Davio, but they have quite different properties. The general
method to create a Regular Diagram (of certain type) is as follows. One level of function
f is expanded (to an assumed type of the Regular Diagram) for a selected variable (or a
group of variables). Then, the level of the tree is mapped to the assumed type of Regular
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Diagram. This means combining together some nodes of the tree-like lower part of the
diagram. Here, however, we have a difference. There is only one combining rule for
Shannon reverse expansions but many rules for Davio type (polynomial) expansions. The
Regular Diagram expanding procedure requires, in general, repeating some variables in
the diagram. The key point was thus to find good methods of variable and expansion
types selections. One approach to the variable order and expansion type selection can be
based on generalized partial symmetries for cofactors [Jin05, Jeske97]. The examples
illustrate that the overhead of variable repeating in planar diagrams and lattices is not
excessive.
9.8. Orthogonal Expansion Structures for Quaternary Logic.
Having defined the addition and multiplication in 2 2 , we can apply the combinational
functions synthesis method based on orthogonal functions presented in [Perkowski93,
Perkowski95]. The Figure 9.7.1a shows a block diagram of a structure realizing a
function of input variables x1 , x2 ,....., xm . Each column realizes one orthogonal function
over 2 2 . Multiplied by a constant from 2 2 , this function is added to the other orthogonal
functions. All operations are in 2 2 . The Figure 9.7.1(b) shows an example of realization
of one of the functions f i . Since each cell can realize the identity operation (as shown
before), it is possible to omit certain input variables xi , x3 in this example. More than one
column of cells can be used for the realization of each f i if necessary. Also, it may be
convenient to make certain input variables available on more than one horizontal line. An
alternative approach, based on providing literals on horizontal lines, or some functions of
single variables which are convenient for the creation of literals, is also possible. In one
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such approach, the powers (i.e. multiple products in 2 2 ) would be used to create
polynomial expansions of MVL functions.
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Figure 9.8.1. Example of Generalized PLAs: Orthogonal Expansions in regular PLA-like
structures: (a) General structure, (b) orthogonal column with addition and multiplication
operators, (c) orthogonal column with multiplication (Galois multiplication, AND, etc)
operators.
9.9. Reverse Expansions of Galois Field type.
Reverse expansions for Galois Logic are very similar to the reverse expansions illustrated
for Positive and Negative Davio expansions in Chapter 5 and Chapter 6. The formal
characterization of all these expansions may be done in line of other expansion families
from my dissertation but here I will illustrate only one of such reverse expansions. Please
remember that Shannon Reverse Expansions were already presented in Chapter 5 and
next chapters.
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The Figure 9.9.1 presents the left part of the rule for Reverse Expansion for Davio-0
expansions. The Figure 9.9.2 presents the right part of the rule for Reverse Expansion for
Davio-0 expansions. This rule is calculated based on GF(3) algebra. Similarly, the rules
for all other Reverse Expansions can be calculated for ternary and quaternary logic, but
deriving closed formulas for any radix seems to be very difficult.
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Figure 9.9.1. The left side of the Reverse Expansion for Davio-0 Expansion
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Figure 9.9.2. The right side of the Reverse Expansion for Davio-0 Expansion
The choice of the appropriate regular diagram and array type for a given Boolean
function remains a difficult problem to be solved and at the moment we dispose just
examples and heuristics, but we do not know any general solution to it. In theory, one
would need just the most powerful layout array type, and assume that the design
algorithm will select the best expansions and variable ordering in any case (the same as
Kronecker Diagram versus BDD or FDD). But creating a good heuristic algorithm for
the most general arrays is more difficult than to create such an algorithm for a restricted
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type of array. Perhaps, some simpler regular arrays are also better for quantum layout,
like assuming only Shannon Expansions (multiplexers) in classical design allows to
design the function from mostly pass-transistors and very regular small-grid layout. The
Calculation of data input functions to diagram nodes for any type of expansions and any
diagram neighborhoods is performed by the same technique of solving logic equations for
a given structure, as one used for Orthogonal logic. This technique is very general and
can be adapted to many non-binary logics. However, in contrast to the orthogonal logic,
where the equations have always one solution resulting from non-singularity of the
matrix M, the structural equations, in general case, can have one, many, or no solutions.
(Also, they are no longer equations only over Galois Field.) When there are many
solutions, the solution evaluated as the best should be taken. When there are no solutions,
the backtrack to another structure, another expansions, or another blocks of input
variables should be executed in the synthesizing algorithm.

Selection of the order of (usually repeated) variables is done using the concept of the best
separation of most different-value minterms, using repeated variable maps and more
general symmetries. The problems of variable ordering and variable partitioning, known
for long in logic synthesis to be tough ones, here become even more important, and at the
same time more difficult, because the variables must be repeated. Hopefully, it was found
that in contrast to the worst-case randomly generated functions, for real-life benchmark
functions only few repetitions of variables are enough [Mozammel06, Jeske97]. It is
especially easy to symmetricize weakly specified functions.
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Figure 9.9.6. Mapping to layout with mirrors (a) arbitrary fat tree, (b) its mapping with
mirror operators.
Figure xy2. Mapping to layout with mirrors. (a) arbitrary fat tree, (b) its mapping with
mirror operators.
Even with non-reversible operators in nodes any trees (including fat trees) can be
converted to quantum arrays by adding mirrors. For instance, the tree from Figure 9.9.5 is
mapped as in Figure 9.9.6. Similar methods can be applied in 1D, 2D and 3D layouts.
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CHAPTER 10
Conclusions and future work.
At the beginning of my research on designing reversible logic circuit, one of the first
questions I asked myself was why we need reversible logic circuits? After completing
initial research on the subject matter, I was convinced that the logical irreversibility of
classical logic gates inadvertently causes the heat dissipation when new values are
computed and old information is lost. Landauer [Landauer61] proved that binary logic
circuits built using traditional irreversible gates inevitably lead to energy dissipation,
regardless of the technology used to realize the gates. Zhirnov et al. [Zhirnov03] showed
that power dissipation in any future CMOS will lead to an impossible heat removal
problem and thus the speeding-up of CMOS devices will be impossible at some point
which will be reached before year 2020. Bennett [Bennett73] proved that for power not to
be dissipated in a binary logic circuit, it is necessary that the circuit be built from the
reversible gates. The operation of a reversible circuit does not lose information and thus
not lose energy. Energy is lost only in reading and initialization. A gate (or circuit) is
reversible if it is a one-to-one mapping between sets of input and output values. Thus all
output vectors are just permutations of input vectors. Such a circuit can be described by a
binary permutation matrix [Nielsen00]. Bennett's theorem suggests that every future
(binary) technology will have to use some kind of reversible gates in order to reduce
power dissipation. Concluding, there should be methods to synthesize Boolean circuits
using only reversible gates. Several such methods have been developed, but I found on
some small examples that all these methods can be improved. This was my main
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motivation to develop efficient methodology and software to design and optimize
reversible logic circuits.

The main goal of my research is to develop methodology for designing cost effective
reversible circuits, using quantum cost model as costs of reversible realization. It means
we assume that reversible circuit is realized using quantum gates such as inverters,
Toffoli gates and their special cases – Feynman gates (simple 2×2 gates). Quantum costs
can be calculated when the circuits are designed with smaller primitives such as quantum
gates with two inputs and two outputs. Toffoli gates with many inputs require very many
such 2×2 quantum primitives. The benchmark result presented in chapter 6 and chapter 7
demonstrates that quantum cost of reversible circuits increases dramatically with increase
in number of qubits operating on the Toffoli gate.
10.1. Key accomplishments of my research.
The key accomplishments of my research are as follows:


Development of new algorithm lattice2qa: I developed a unique method for
creating a quantum array from a lattice diagram. Most of the popular algorithms use
multi-input (generalized) Toffoli gates for synthesis of reversible logic functions. The
methods developed (chapter 6) as a result of my research work use Davio lattice that
uses positive Davio gate as a basic building block of the lattice diagram. The logic
function realized by positive Davio gate is identical to 3  3 Toffoli gate. Hence the
lattice Diagrams (used in classical logic synthesis) can be used for synthesis of


reversible logic circuits. With this approach the reversible quantum circuit is realized
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using NOT gates, 2×2 Feynman gates and 3  3 (basic) Toffoli gates so costly k×k
generalized Toffoli gates (k>> 3) used by all other authors in their algorithms are


avoided. The reversible circuits synthesized using my method has following key
properties:
1. Circuits are always designed with 3  3 Toffoli gates, Feynman gates, or NOT
gates.


2. The algorithm can create a reversible circuit for any arbitrary Boolean function,
and not only for reversible functions as it is the case in other algorithms.
3. Creates regular circuits with predictable connections, which is important in some
quantum technologies such as linear Ion Trap.
Some of the drawbacks I observed in the other popular contemporary methods are
that they can synthesize only reversible specification of the function.
Unfortunately not many real life functions are reversible functions. This means, in
order to operate those algorithms, first a given function must be converted into a
reversible logic functions. The process of converting non-reversible function to a
reversible counterpart inherently adds ancilla bits to the specification of the
function. The advantage of my method is that it can synthesize reversible circuit
for any given Boolean expression. However it does add small number of ancilla
bits that has low cost in some quantum technologies. These ancilla bits are not
added arbitrarily but in the process of synthesis. Their number is the same or
higher than in the known methods, but the quantum cost is reduced. Results
presented in chapters 6 and 7 proved that the overall cost of the circuit is
minimized as circuit is built with the smaller primitives.
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Invention of a new gate (Dipal-gate) and synthesis with layered diagrams: A new
reversible logic gate (Dipal-gate, name given by my advisor Dr. Perkowski) is
developed as a result of my research. Dipal-gate is a reversible counterpart of
classical multiplexer. This gate was never presented in the literature before. Many
variants of the Dipal-gate are created using NOT gates and SWAP gates at input
and/or output sides of the Dipal-gate. A quantum array of Dipal gates is generated by
synthesizing a Boolean function using a Shannon lattice. The concept of layered
diagram is developed as one of the significant contribution of my research. A layered
diagram is a synthesis technique that creates layers of blocks consisting of gates from
the Dipal-gate family.



Development of new synthesis model: A new synthesis model for 1D and 2D linear
ion trap is developed. One of the key advantages of my method is that, the geometry
of connections of circuits created by my algorithms is regular and predictable. Every
Toffoli gate in the circuit receives one (first) control qubit from the neighboring gate
and another (second) control qubit from the variable used in the expansion of the
same gate. This makes all connections inside gates and with other gates short. Longer
connections are required only to connect Toffoli gates to qubits of input variables.
Whereas in other methods any qubit can create quantum gate by interacting with any
other qubit located at distance in space. There is a potential technological limitation to
realize a quantum gate on qubits at distance. To alleviate this problem of long
variable connections in my approach, further I created a new synthesis model in
which SWAP gates are inserted on certain places by analyzing the structure of a
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lattice diagram such that quantum gates are realized only on the neighboring qubits
and long connections are completely avoided. This adds additional cost of SWAP
gates inserted automatically in my designs. However this is possibly the best-known
method to me to overcome technological limitations caused by distant qubits. When I
compared my solutions with those from literature, I have done comparisons twice.
First I used the standard quantum cost functions of Maslov [Maslov04] for my
method and MMD and Agarwal/Jha methods. This did not require inserting SWAP
gates and assumed that gates can be realized on any qubits. My methods proved to be
better on many examples. Then I repeated testing my algorithms using the model of
Linear Ion Traps in which gates can be realized only on neighbors. To compare
―apples with apples and oranges with oranges‖ I added SWAP gates to solutions
created by MMD and Agrawal/Jha algorithms, while the SWAPs were inserted
automatically (one SWAP per one Toffoli) by my methods. Again, my solutions were
usually better and sometimes much better than those by MMD and Agrawal/Jha
approaches. I am not claiming that my methods are always superior to those by other
authors. I proved with many examples that for two various cost models my
approaches give significant cost reduction for several benchmarks of arbitrary
Boolean functions over all existing methods. This is especially true for large
functions, with many inputs, outputs and gates.


Development of synthesis methods for multiple valued logic: I presented several
layout-driven synthesis approaches and ideas for binary, multi-valued, orthogonal,
Galois Field and other types of quantum circuits. In particular, I created lattices, trees,
diagrams and regular structures for Multiple-Valued Quantum Circuits. Therefore, the
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presented approaches generalize and unify many known expansions, decision
diagrams, and regular layout geometries. These methods are of special interest to new
technologies such as quantum or quantum dots which require high noise, decoherence
and long-line effects in connections. I believe that in future all these effects and
phenomena, for one reason or another will cause, the increased interest in regular
realizations of binary, multi-valued, and hybrid quantum circuits. The design of
individual cells, and specific details of the architecture were determined upon the
consideration of the perceived applications of the device. The device is capable of
binary and multiple-valued operations. Of course, mathematically, binary signals are
a special case of multi-valued logic signals, so everything true for a wider case still
remains true for binary. (But 3D layouts cannot be generalized for practical use, it
seems). In this dissertation I presented a unified approach to create all MV regular
diagrams and regular layouts for MV logic, ternary and quaternary in particular. I was
able to present only some of these many examples – as we did not expect at the
beginning of my work on this dissertation that the number of such structures is very
high. I ended up programming only some of the new methods, but similar
programming approaches can be used in future to develop software for other regular
structures introduced in this dissertation, as well as for trees and diagrams which are
less regular. My methods are also applied to multiple-valued logics extended to
reversible circuits and having total or partial regularity. These are new topics that
require experimental verification. Ion Trap technology allows ternary and in general
multi-valued logic quantum circuits so comparisons of the same functions realized in
binary and non-binary quantum circuits will be interesting.
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In summary, in this dissertation I presented a complete hierarchy of expansions, trees,
diagrams, forms, expressions, and lattices that are related to the regularity of quantum
layout. Although it is too early to predict the development and future of quantum
technology, if future quantum technologies use multiple-valued circuits then my
dissertation will prove to be both pioneering and practical research. Regardless of the
progress of technology, the dissertation has a mathematical value – demonstration of new
families of regular expansions in two-dimensional and three-dimensional spaces. If for
some reasons (for which I see no reasons now) the future quantum circuits will be only
binary, the methods from chapters 6 and 7 will be definitely useful. We proved their
validity with software and benchmarks.


Software development for lattices and creating quantum array: During the course
of my research I developed a software program called Lattices to create lattice for
any Boolean function. The first version of the program was developed to create
positive Davio lattices for positive polarity Reed-Muller functions. In the next stage
program was upgraded to create lattices with Shannon cell, which is a basic Dipal
gate. I also developed a software program lattice2qa to transform lattice into
quantum array. The algorithm implemented in lattice2qa is one of the key
contributions of my research. This algorithm proves the direct link between classical
logic synthesis and quantum logic synthesis for the first time. The benchmark results
presented in chapter 6 and chapter 7 proved that quantum circuits generated by my
software programs are more cost effective compared to other well-known methods.
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10.2. Future work.
At many places in this dissertation I have mentioned in context and full detail about the
future work especially wherever it was possible to introduce new ideas. In this subsection
I will summarize these ideas in very general terms. This dissertation covers quite a broad
set of aspects of synthesis to address the problem of designing of reversible logic circuits.
The main idea of the dissertation is to create a quantum array from a lattice diagram. In
the process of development of this methodology I presented related expansions, trees,
diagrams and forms. The methodology developed in this dissertation is robust and
convergent for any Boolean function, as lattice diagram can be created for any Boolean
function. The software program Lattices and lattice2qa developed to create lattices and
quantum array, have been successfully used on functions up to twenty variables. Vector
simulation is performed on the quantum array to validate the final circuit. The Boolean
expression for the output function is also derived and validated in some cases. However,
there are several topics that need more investigation from the point of view of future
research as listed below.

1. To create a quantum array first lattice is created for a given Boolean function and
then it is transformed into a quantum array as per the methods presented in chapters 6
and 7. To create the optimum (least number of gates) quantum array, optimization
techniques as explained below can be applied during creation of a Lattice diagram as
well as by optimizing the quantum array. It is evident that the quantum cost of the
array created for a given Boolean function using my algorithm depends on the
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number of nodes in the KFDD created for the function. For symmetric functions
variable repetition is not required and the number of levels in the KFDD will be same
for any order of variables. Also number of levels will be same as number of variables
used in the function. However in case of the non-symmetric functions, the joining
operation performed to merge neighboring non-isomorphic nodes in the KFDD
introduces new variables (that are used for expansion in the previous stage) in the
logic functions represented by the merged nodes. This enforces repetition of variables
in the subsequent stages. It is hence inevitable to use appropriate ordering of variables
to minimize the number of nodes in the KFDD. Following ideas based on the
literature can be applied to address variable ordering problem for KFDDs to create
optimum KFDDs.
a. The dynamic variable ordering based heuristic approach presented in
[Rudell93, Panda94] can be readily used for KFDDs. The Sifting algorithm
presented in [Rudell93] for OBDD minimization is based on finding the
optimum position for a variable assuming all other variable in a fixed position,
the process is repeated for all variables used in the function. However,
variable repetition has to be taken into account when using this algorithm for
KFDDs.
b. The adjacent isomorphic nodes can be presented with a single node and
joining operation is not required. To minimize repetition of variables in
KFDDs, selection of variables has to be such that geometric adjacencies are
preserved. To increase probability of adjacencies for isomorphic nodes, a flip
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Davio operation (for KFDD) presented in Chapter 6 is performed similar to
the flip Shannon operation for PSBDD presented in [Wang01].
c. The variable ordering problem for KFDDs can be represented as a
permutation problem. However there is one fundamental difference compared
to other well-known permutation problems such as ―job shop scheduling‖ and
―travelling sales person‖ (TSP), i.e. the elements of the string (order of
variables) need be repeated. This requirement is however supported in
ordinary GA. Genetic Algorithm is shown useful to address variable ordering
problem for BDDs [Drechsler96, Lenders04]. Similar hybrid GA (HGA)
methods can be developed and used for determining optimum variable
ordering for KFDDs, with addition of ability to repeat variables in the variable
string.
d. The ordering problem can be solved using Simulated Annealing search
methods with entropy functions or other evaluations of complexity of Boolean
functions. The application of scatter search method presented in [Hung01] for
OBDD variable ordering problem produced promising results. Such search
methods can be useful for variable ordering problem for KFDDs.
There is much published research on variable ordering for Trees, Decision
Diagrams such as BDDs, and even lattices. The variable repetition problems of
lattices is of course related to variable ordering, as for some orders the numbers
of repeated variables can be decreased. This is a broad research area. In past
researchers were writing complete PhDs on the variable ordering problem for
BDDs. The same can be done for quantum circuits realized from Lattices.
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2. The variable ordering problems should be first solved for lattices that use only Davio
expansions. Next they can be extended for all lattices introduced in this dissertation,
including Shannon lattices and lattices based on various variants of Dipal gates. First
we can do this only for lattices that use the basic Dipal-gate. Subsequently the
number of all (generalized) Dipal gates should be calculated and methods of
synthesizing lattice with mix of Dipal gates should be developed. Similarly as we
have now Pseudo-Kronecker lattices in which Positive Davio, Negative Davio and
Shannon cells are mixed in levels and between levels, we can develop concepts and
algorithmic tools to synthesize with all possible generalized Dipal gates.
3. The methods presented in this dissertation create Feynman gates and not Toffoli gates
on the boundaries of the lattice. The Feynman gates are much cheaper. The variable
ordering approach explained earlier in this section as well as transformation of the
lattices should be done in such a way that relative ratio of Feynman gates to Toffoli
gates is increased.
4. Development of new heuristics methods for utilizing all variants of the Dipal-gate for
layered diagrams presented in chapter 7. At this time we can synthesize layered
diagrams with basic Dipal-gate, but we do not optimize them.
5.

The current approach for creating quantum array from KFDD adds more than
minimum number of ancilla bits to the reversible quantum circuit. The numbers of
ancilla bits in a quantum array are number of variables used in a function plus number
of times variables are repeated. Some of the ancilla bits can be reduced by placing
gates on variable bus whenever possible. The template tool can be developed and
applied similar to [Dueck03b] for optimizing the quantum array created by our
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method. The gates in the quantum array can be swapped to create group of gates to
match specific template and replace those gates with compatible smaller number
gates.
6. The current methods are for two types of quantum layout: (1) popularly used layout
with no constraints on gates location, (2) 1-dimensional layout characteristic for Ion
Trap technology. There are several other layouts of ions used or proposed for Ion
Traps, for instance two-dimensional, or 3-dimensional. My lattices based synthesis
methods can be adapted to these layouts.
7. When all the above listed generalizations and improvements will be done for binary
quantum circuits, the gained experience can be next used to develop methods for
ternary and other multiple-valued quantum circuits based on concepts and algorithms
presented in this dissertation.

Concluding, we can state that the dissertation is only a starting point of several
potentially fruitful areas of research related to regularity in synthesis of reversible logic
circuits, multiple-valued logic, various quantum technologies (especially similar to Ion
Trap), expansions, lattices and trees.
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