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1 INTRODUCTION

“Green Computing” is the “study and practice of Designing, Manufacturing, Using and
Disposing of Computers, Servers and associated Sub-Systems”. Modern CPUs are contrib-
uting at large to the heat dissipation with greenhouse effect booming big and atmospheric
temperature soaring all-time high. On the other hand advancing technology demands faster
clocking speed with CMOS reaching threshold capacities owing to increased chip densi-

ties. Taking all these issues into consideration, the target of Green Computing is to

e Save power
e Introduce reversibility or reversible brain in Nano-Technology

e Solve complex problems in polynomial time (range in THz).

Reversible Logic has the attribute to have near zero heat dissipation. Hence, reversible log-
ic has the potential to promote Green Computing. Reversible logic forms that domain of
computing which is both forward as well as backward deterministic. Therefore these sys-
tems form the basis for bidirectional computing as well as those domains where theoretical
assessment of intermediate steps of multi-layer computing paradigm is concerned. Re-
versible computing can also be termed as information preserving system. This thesis dis-
cusses origins and the need for reversible computing and proposes a comparative analysis
of existing reversible gates. The thesis also provides a novel four variable reversible gate, a
synthesizing algorithm for reversible logic synthesis and designs for reversible decimal
counters. The thesis concludes with taxonomy proposal for future researchers. The encir-

cled part in Red in Figure 1.1 provides the area of study in this thesis.
1.1 THE NEED FOR REVERSIBILITY

Classical digital computers flourished in the mid-20" Century with computer scientists
concentrating both on the software as well as the hardware inventions. With passing time
and need, hardware starting serving bottleneck for complex computations which needed
speed, accuracy and reliability. Modern processors are based on CMOS. Recent research
has evolved the notion of quantum computing but it is at an amateur stage. Digital circuits
consume a huge amount of heat due to bit changes. More appropriately, every bit change
from logic 1 to logic O and vice-versa account for KTLog,2 Joules of dissipated heat;

where K=Boltzmann Constant and T=Absolute Temperature. Although this had been pro-
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posed by Landaeur [1] but has been recently proven in [2].
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Figure 1.1.  Area of research in this thesis
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Large scale miniaturization and increase in chip densities aligned with Moore’s Law
(1965) have witnessed threshold limits in CMOS. Zhirnov et al. [3] has warned against
rapid growth of future CMOS technology. His assessment is based on the power estimation
using the “2001 International Technology Roadmap for Semiconductors” [4]. Bennett
stated that heat generation can be arrested if the computation can be made reversible [5].
Thus, it can be believed that the concept of reversible logic was first conceived in 1973.
The main motive for scientific interest in reversible logic can be assigned to multiple
sources. The fundamental attribute for quantum computing is logical reversibility. Reversi-
ble Logic has gained prominence in quantum computing researchers. Another important
constituent for motive is the power consumption attribute. As has already been stated that
heat dissipation is associated with every bit change, hence reversibility gained importance
in such conditions also. Due to its bidirectional nature, reversible computing forms an im-
portant constituent for program debugging, since the intermediate information transfer is
lossless. For example, [6] reversible debugging provides watch-points in the reverse ex-
pressions. Reversible Logic finds usability in multiple other domains such as Quantum Dot
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Cellular Automata [7] [8] [9] [10], SFL technology [11], Nano-Technology [12], Optical
Technology [13], and Cryptography [14] [15]. Multiple proposals have been made for re-
versible gates, some are four variable, some three variable and some are two variable. The
fundamental gate library of reversible logic comprises of Reversibility is implemented us-
ing Fredkin gate [16], Feynman Gate [17], Peres gates [18], and the Toffoli Gate [19],. A
lot of definitions hold well in purview of reversible logic and allied domains. The author

presents the Definitions in the next subsection and then explores further.

1.2 DEFINITIONS RELATED TO REVERSIBLE LOGIC

Definition 1: If the input variable set is {a,, a,, as ... ... ... a, }, then Multiple Control Toffoli
(MCT) is defined as TOFx(C; T); C nT = @; where C comprises of the set of Control

Lines and T denoted the single target line which is being controlled by the control lines..

TOF2{xy x,} is a two variable Toffoli gate having x; as the one and only control line and
X, as the target line. The target line gets inverted when x; is at Logic ‘1’. Hence, in TOF2,
there exists only one control line and one target line. Two variable Toffoli gate is also
known as the Feynman gate. Three input Toffoli gate is TOF3{x;, x,, x3}. In generic terms,
TOF3 if referred to as the Toffoli Gate where x4, x, and x5 are the control and target lines
respectively. The target line gets inverted when both the control lines x; and x, are at Log-
ic ‘1”. In TOF3, there will be 2 control lines and one target line. Hence, TOF1 has only one
target line and zero control lines. In this case, since there is only one target line, it gets in-
verted without any control. Therefore TOF1 is basically an inverter. When a signal passes

through this gate, it always gets inverted.

Definition 2: If the input variable set is {a,, a,, as ... ... ... a,}, Fredkin gate is denoted as
FREX(C; T); CnT = @, where C ={ay, a,..aj_1, aj41.. g1, Ag41-- an} and T = {a;, ai }.
Each input-output vector mapping is done for input sequence {a,, a,, as ... ... ... a,} and
output sequence {a,, a, ... aj_q, Ay, Aj41 - A1, @}, g41 - An} if all the lines the Control

Lines are at Logic ‘I,

In two input Fredkin gate, FRE2{x; x, }, in which the values of x; and x, are swapped at
the output. Similarly in three input Fredkin gate, FRE3{x; x, x3}, there are two target lines

x, and x5. The gate swaps the values of x, and x; when a high pulse is at x;, otherwise the
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values do not change at the output.

Definition 3: For a given variable set {a,, a,, as}, the Peres gate is denoted as a cascade
of TOF3{x;, x3, x5} and TOF2{x,, x,}. Hence, Peres gate is a three inputs Toffoli Gate fol-
lowed by two inputs Toffoli Gate.

Therefore Definition 1, Definition 2 and Definition 3 provide the operation principles of
Toffoli Gate, Feynman Gate, Fredkin Gate and Peres Gate. Figure 1.2 presents the repre-

sentations for the fundamental reversible gates.

a a a a a a

b £ b b % b b E b

c c c c c c
Toffoli gate Fredkin Gate, Peres Gate

Figure 1.2. Fundamental reversible gates

Implementing Digital Logic gates, the outputs of the fundamental reversible gates de-

scribed are as follows:

For an input variable set {4, B, C}, where A stands for the Most Significant Bit (MSB) and
C stands for the Least Significant Bit (LSB), the output set {P, Q, R} is given by the follow-

ing expressions for the concerned gates:
Toffoli Gate: {P,Q,R} = {P = A,Q = B,R = (A. B)®C}
Fredkin Gate: {P,Q,R} = {P=A,Q =AB+A.C,R = A.B + AC}

Peres Gate : {P,Q,R} = {P =A,Q = A®B,R = (A.B)®(}

Where ‘@’ stands for the XOR operation, ‘.” Stands for the AND operation, ‘x’stands for

the NOT operation on ’x’, and ‘+’ stands for the OR operation

Definition 4 provides the definition for reversible gates conforming to the concept of re-
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versibility.

Definition 4: Given a Boolean specification f: B™ — B is reversible if ‘f” is bijective over a
set of input variables X = {x;,x; ........x,}. Given an Input-Output Vector I, =
{IL,, 1, ....1I,} and O, = {04, 0, ..... 0,} respectively, a reversible gate should possess the

following attributes as per Definition 4:

The four major criteria for a function to be reversible is as follows.

e There exists unique values of 0,, for each and every 1I,,.

e [,-0, relationship has a one-to-one Mapping and is Bijective.
e Branching of an output line is not allowed..

o No feedbacks connections are allowed in Reversible gates.

Definition 5: A reversible gate is termed as a Majority gate if it realizes a Majority Boole-
an Function (MBF). An MBF is a specification which has odd number of inputs and pro-

duces an output which has the majority votes among the inputs.

Iluatration:

Figure 1.13 presents the schematic representation of a Majority Gate. The Majority Gate is
also known as Majority Voter. The final output M = A.B + B.C + A.C =
TRUE if any of the two inputs are TRUE.

B M M(A,B,C)

Figure 1.3. Majority Voter

Definition 6: The Quantum Cost (QC) is defined as the summation of individual quantum
cost of each Toffoli gate in the Circuit (Toffoli Netlist). Therefore,
QC = Y™, TOFx; where TOFx; is the cost of the i*"Tof foli Gate.

The Quantum Costs of one input and two inputs Toffoli gate is 1 whereas that of three in-
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put and four input Toffoli gates are 5 and 13 respectively.

Definition 7: The Hamming Distance between two bit streams is defined as the number of
changes at subsequent bit positions in the bit streams and is denoted by XA, B). ‘A’ and

“B” are the two bit streams.

Hence, the Hamming Distance is basically the number of bit dissimilarities between

two bit streams.

Definition 8: In terms of reversible logic, the Complexity is defined as the summation of all
the Hamming Distances and is given by ™' &(4;, B;). Here A; and B; are the input and

output bit streams of the reversible function.

Not all Boolean functions are reversible in nature. Hence, to make a non-reversible Boole-
an specification reversible, few input lines are required to be added and that also generates
a few output lines which are redundant which are called Garbage outputs. The extra inputs

are called as the Ancilla lines and the redundant outputs are known as Garbage outputs.

Definition 9: Conversion of non-reversible function into a reversible function can be done
but at the cost of additional lines at the input, hence at the output. The additional lines at
the input is termed as the Ancilla Lines and that at the output is termed as Garbage out-

puts. The values of the Ancilla lines is either of the two Boolean Logic, i.e. either ‘0’ or ‘1.

The quantum metrics that have been used to judge various reversible gates and proposals

are provided in Definition 10.

Definition 10: Quantum Metric comprises of the following attributes.

o Gate count in a Toffoli Netlist

o Quantum Cost of the circuit.

o Number of 2-qubit gates required to implement the design
o Number of QCA cells (4-Dot-2-Electron)

o Cell Area
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o Majority Voter Count

o Inverter Count

o AND Gate Count

o OR Gate count, and

o Complexity of the Toffoli Netlist.

Reversible models can be described in preliminary six ways — truth tables, Reed-Muller

expansions, Decision diagrams, cycle expansions and matrix representations.
1.3 QUANTUM CIRCUIT COST

Multiple reversible logic synthesis and optimization algorithms have been proposed over
date. All the models adhere to some or the other technology specific constraints and cost
metrics. Definition 6 describes the Quantum Cost as a function of Toffoli Gates. This sec-
tion describes the quantum circuit cost details. The quantum circuit cost majorly depends

upon

1.3.1 SPEED

When the platform for a quantum computation is iron-trap based technology, then the ap-
proximation of computation runtime is termed as the speed of the quantum computation.

Iron-trap technology uses laser pulses.

1.3.2 QUANTUM COST

It has already defined in Definition 6. It is the cumulative cost of all the Toffoli gates in a
Toffoli cascaded architecture known as Toffoli Netlist. A number of publications have

worked in quantum cost such as [20] [21].

1.3.3 NUMBER OF ANCILLA AND GARBAGE LINES

Definition 9 details the Ancilla and the Garbage outputs. Authors of [22] have proposed

mechanisms to minimize the garbage count.

1.3.4 NUMBER OF 1-QUBIT GATES

TOF2 is also known as a CNOT gate. CNOT is a linear gate [23]. The 1-qubit gate count is

the measure the non-linearity of the circuit becomes an important consideration for quan-



INTRODUCTION

tum circuit cost. Inverter has been excluded from the non-linearity measure although it is a

1-qubit gate.

1.3.5 [INTERACTION COST

Like Quantum Cost, Interaction cost is the summation of the individual interaction cost of
a 2-qubit gate. Interaction cost is basically the distance between two gate qubits of 2-qubit

gates.

1.3.6 DEPTH OF THE CIRCUIT

While designing a quantum circuit, the elementary gate count is calculated for any path.
The largest count between the input and output accounts for the depth of the circuit. If any

path can be invoked independently, then that becomes the depth if it has lower path.
1.4 REVERSIBLE LOGIC SYNTHESIS AND OPTIMIZATION

Reversible logic research has faced multiple dimensions, of which, synthesis algorithms

have formed a major part.

Maslov et. Al. [24] have proposed synthesis algorithms to design circuits based on
Fredkin-Toffoli networks. They have Unidirectional as well as Bidirectional algorithms for
reversible logic synthesis. We have used the unidirectional algorithm to generate the Tof-
foli Netlist for four variable reversible gates, as will be discussed in the following chapters.
We have also proposed a template based synthesis approach in [25]. Other template based
synthesis algorithms are [26] [27] [28] [29] [30] [31] [32] [33] [34] [35]. Cycle based syn-
thesis approach has been proposed in [36] where they design their algorithm on Reed-
Muller spectrum using NCT library. Evolutionary algorithm based reversible circuit syn-
thesis algorithm has been proposed in [37]. Reversible synthesis algorithm based on per-
mutation cycle and group theory has been proposed in [38] [39] [40].

As discussed earlier, we provide the steps for Unidirectional Algorithm proposed in
[30] [24] for reversible logic synthesis. This algorithm has been used to generate the Toffo-
li implementation in subsequent chapters of this thesis. The process has been elaborated for
the MTSG Gate [41].

The block diagram for the MTSG gate is provided in Figure 1.4. The truth-table for The
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MTSG gate is presented in Figure 1.5.

A — P=A

8 — _ Q=A®B

c— MISG |L_ o r@BaC

D— __ S-(ADB)CEBABED

Figure 1.4. Block Diagram for MTSG gate

Input Output
Al B| C| D| P| Q| R| §
0| 0] 0f 0] O] Of Of O
0] 0] O 1] 0)Of Of1
0] 0] 1{0]0)JOf[ 1[0
0l 0] 1[{ 1] 0] Of 11
0l 1] 0[{0] 0] 1 1[0
0| |9 El| O 2] 3| 2
0| | ¥]:@0] 0] 1| Of 1
0| ¥| ¥| £]|0]| %] 60
1.06]0] ] 1] 3]0
1] @@ | T2 L) @
1.0 E] @] L] | 4] A
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I E|0| 6| E[| ] & 4
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F £ X] ] &) 0] %] 4

Figure 1.5.  Truth Table for MTSG Gate.

Figure 1.6 through Figure 1.11 present the subsequent steps for synthesis as per the Unidi-

rectional Algorithm.
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Figure 1.6.  Step 1 of Unidirectional Synthesis Algorithm

al | bl|cl|dl
0| 0|0 |0
0] 0|0 |1
0|0 | 1|0
0|0 |1]|1
0| 1|0 |0
0| 1|0 |1
0| 1|11
0| 1| 1|0
1| 1|00
1| 1]0 1
1 |11 1
1| 1] 1] 0
1] 0]0 1
1| 0] 0] 0
1 0] 1] 0
1|0 | 1] 1
TOF3(b1,c1.d1)

Figure 1.7. Step 2 of Unidirectional Synthesis Algorithm
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Figure 1.8. Step 3 of Unidirectional Synthesis Algorithm

a3 | b3 | c3 | d3
0 0 0 0
0 0 0 1
0 0 1 0
0 0 1 1
0 1 0 0
0 1 0 1
0 1 1 0
0 1 1 1
1 0 0 0
1 0 0 1
1 0 1 0
1 0 1 1
1 1 0 1
1 1 0 0
1 1 1 0
1 1 1 1
TOF3(a3,b3,d3)

Figure 1.9. Step 4 of Unidirectional Synthesis Algorithm
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Figure 1.10.  Step 5 of Unidirectional Synthesis Algorithm

a5 | b5|ch|d5
0 0 0 0
0 0 0 1
0 0 1 0
0 0 1 1
0 1 0 0
0 1 0 1
0 1 1 0
0 1 1 1
1 0 0 0
1 0 0 1
1 0 1 0
1 0 1 1
1 1 0 0
1 1 0 1
1 1 1 0
1 1 1 1
Completed

Figure 1.11.  Step 6 of Unidirectional Synthesis Algorithm
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Algorithm elaboration:

The PQRS output in Figure 1.5 has been termed as aOb0c0d0 aOb0c0dO in Figure
1.6.
The blue columns in the Figure 1.6 through Figure 1.10 are the control lines,

whereas and the columns in red are the target lines. For example

TOF2(b0, c0) changes each bit of column c0 in Figure 1.6 to column cl in Figure
1.7 depending upon bO; i.e. if value of bO is high then the bits of cO are inverted,

else they remain unchanged. In this particular case, a0 and dO are ignored.

Similarly, TOF3(b1, c1, d1) changes column d1 in Figure 1.7 to column d2 in Fig-
ure 1.7 depending upon both bl and c1 as this is a TOF3 gate. Hence, in TOF3
gate, there are two control lines denoted by bl and c1, and one target line denoted
by d1. The combined values of columns bl and c1 affect the column d1. In this par-

ticular case, value for column al is ignored.

This is a recursive algorithm which continues till all the minterms are sequentially
placed in the truth table starting from decimal O to decimal 15.

The algorithm executes as per the given order.
f(0)to £(15), £(0) = {0000}, f(15) = {1111}, where f(i + 1) = f(i) + 1,0 < i < 15

Hence, the final Toffoli Netlist for MTSG gate is provided in Figure 1.12. It has been gen-

erated using the Toffoli gates in reverse order from Figure 1.6 through Figure 1.10. It can

be further observed that the Toffoli Netlist comprises of five Toffoli gates from the five

steps in Figure 1.6 through Figure 1.10.

a a
b b
c _ c
d -b—D d

Figure 1.12.  Toffoli Implementation for MTSG gate
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Parallel to research on reversible synthesis algorithm, another domain of optimization is al-
so important [42] [43] [44]. The Toffoli Netlist produced may or may not be optimized,

where lack of optimization may lead to increased quantum metric cost seen earlier.

In this thesis, a state-of-the-art algorithm for optimization [45] [46] has been used accord-

ing to the three rules provided below.

Rule 1:

Two adjacent Toffoli gates are considered. If the first gate and second gates have negative
and positive control lines respectively at the same positions, then these two gates are re-
placed using a single gate. This replaced gate has no connection for that line. The process

is shown in Figure 1.13.

k ‘ —>

7 N
O— —D—
—

Figure 1.13.  Explanation of Optimizing Rule 1

Rule 2:

Two adjacent Toffoli gates are considered. If the first gate and second gates have negative
and Don’t Care control lines respectively at the same positions, then these two gates are
replaced using a single gate. This replaced gate has positive control for that line. The pro-

cess is shown in Figure 1.14.

/
\ J

- by
D—0 —D—
) S—

Figure 1.14.  Explanation of Optimizing Rule 2
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Two adjacent Toffoli gates are considered. If the first gate and second gates have positive

and Don’t Care control lines respectively at the same positions, then these two gates are

replaced using a single gate. This replaced gate has negative control for that line. The pro-

cess is shown in Figure 1.15.

=l
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o —O—
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———

Figure 1.15.  Explanation of Optimizing Rule 3

Illustrative example:

Applying the three rules of optimization to Figure 1.12, Figure 1.16 is obtained. It can be

observed that Rule 3 is applicable as lines a, b, and d are exactly identical in Figure 1.12

for the first two Toffoli gates. Hence, after application of Rule 3, the first two Toffoli gates

in Figure 1.12 are replaced by a single Tof4 gate in Figure 1.16. The single TOF4 (four in-

put Toffoli Gate) contains a negative control line.

[ = |

oy

Figure 1.16.

= m =

!

=1

N N

Optimized Toffoli Netlist for MTSG Gate

1.5 FOUR VARIABLE REVERSIBLE GATES

In quest for four variable reversible functions supporting one or other Boolean specifica-
tions have been proposed in literature. Of these, notable are RI [47], R2 [47], TSG [48],

15
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HNG [49], SCG [50], RPS [51], HNFG [52] [53], MKG [52], IG [54], FAG [55], ALG
[56], MTSG [41], DFG [55], DKG [57], MRG [57], BG-GB Gates [58], s2c2 [59], TCG
[60] [61] and BVMF [62] gates. All of them have implemented some or the other Boolean

specification as per need.

For example, most widely proposed Boolean specifications are Adders, Subtractors,
Decoders, Parity Generators, Parity Checkers to name a few. Full adders have been imple-
mented using the SCG gate, HNG gate, and s2c2 gate. Among these two, SCG gate and
s2c2 gate also doubles as a subtractor. SCG and BVMF gates have been used to realize

comparators. The BVMF gate also can realize multiplexers and decoders.

The TSG, FAG and MTSG gates can be used to realize 4:2 compressors. Preliminary
Arithmetic and Logic Units have been proposed using the TSG, DKG, MRG and ALG
gates. MKG and DFG gates have implemented reversible n-bit multipliers. Reversible
counter proposals can be found in [63] [64] [65] [66] [67].

The rest of the thesis is organized as follows.

Chapter 2 details the comprehensive analysis of four variable reversible gates in literature.
It does the analysis based on Quantum Metrics defined earlier in this chapter. The analysis
has been published in [68].

Chapter 3 presents the four variable reversible s2c2 gate designed by the author. The gate
is capable of implementing a full adder, full subtractor, AND, OR, NOT, and XOR opera-
tions. The findings have been published in [59].

Chapter 4 presents the template synthesis algorithm. The study used templates for reversi-
ble logic synthesis of four variable reversible gates. All the possible 116 four variable re-
versible functions can be synthesized using the algorithm. The study has been published in
[25].

Chapter 5 provides the study on reversible synchronous decimal up/down counter. The
chapter details three designs comprising of the reversible decimal up counter, reversible
decimal down counter, and reversible decimal up/down counter. The work has been com-

municated in [69]

Chapter 6 provides a taxonomy on research on reversible logic. This study basically di-

vides the multi-dimensional research on reversible logic into nodes sot that researchers do

16
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not have to explore the massive literature on reversible and directly get a first-hand refer-

ence for their topic of interest. The taxonomy has been published in [70].

The thesis is concluded in Chapter 7 providing the conclusion and future scope of the

work.
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Comparative Analysis of Four Variable Reversible
Gates

Mahamuda Sultana, Ayan Chaudhuri, Diganta Sengupta and Atal Chaudhuri,
“Toffoli Netlist and QCA Implementations for Existing Four Variable Reversible
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CHAPTER 2
2 COMPARATIVE ANALYSIS OF FOUR VARIABLE REVERSIBLE GATES

Since CMOS has already started encountering threshold limits due to primarily two
factors. The first factor is speed. With advancing technology and technological needs, time
has already elapsed for the need for faster processors. CMOS has clocking speeds in GHz
but recent complex algorithms demand speeds of range THz; something not achievable
using CMOS. With large scale miniaturization, denser packaging of chips has contributed
in enormous amount of heat generation, thereby constraining enhancement of clocking
speeds. The second factor is heat generation. Heat generation can be limited using
concepts of reversibility as has been already discussed in Chapter 1. Regarding clocking
speed, Quantum Dot Cellular Automata provides a platform for implementation of
reversible functions at THz speeds. But physical constraints restrict use of Quantum Dot
Cellular Automata (QCA) for large scale implementation. None-the-less reversible
functions are getting implemented using QCA at the research level. These implementations
form the basis for part of Quantum Computers also as the inherent attribute of Quantum

Computing requires the operations to be reversible.

Taking note of such technological advancements, several computer researchers
have proposed four variable reversible gates till date. Each proposal has been motivated for
implementation of certain Boolean specification, viz. Full Adder, Full Subtractor, Compar-
ator, Decoder to name a few. Future proposals for four variable reversible gates are becom-
ing complex as the researchers have to perform extensive literature study regarding exist-
ing proposals and also their value additions. This chapter provides a comprehensive survey
of existing four variable reversible gates. Since, reversible gates must be implemented us-
ing fundamental reversible gates and/or QCA cells, all the existing gates have been real-
ized using Toffoli gates as some of the proposals have lacked such considerations. This
chapter provides the Toffoli implementations along with the details of the gates in terms of
Quantum Metrics, viz. the quantum cost, number of gates, number of two qubit gates and
the complexity of each gate. This chapter not only provides the Toffoli realizations, but al-
so the QCA realizations for each four variable reversible gate. The chapter will serve as a
benchmark for future proposals for both the domains — reversible Toffoli networks as well
as design implementing Quantum Dot Cellular Automata. Regarding QCA implementa-
tions, the analysis has been done according the following attributes; QCA cell count, de-
sign area coverage, majority voter count, inverter count using majority voters, AND gates

count using majority voter, OR gate count to implement the design using QCA.
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While designing reversible architectures also, much ambiguity lies in selection of a
certain gate. This chapter will serve as a ready reckoner as it provides all the basic metrics
required to confirm a certain gate according to the requirement. The contents of this chap-
ter have been published in [59] [68].

2.1 COMPARATIVE ANALYSIS OF FOUR VARIABLES REVERSIBLE GATES

This section provides the designs for the existing four variable reversible gates. The details
have been presented in terms of block diagram of the gates, Toffoli Netlist implementation,
Optimized Toffoli implementation, and QCA implementation. The Toffoli implementa-
tions [26] [30] and optimization [45] [46] have been done using the state-of-the-art algo-
rithms explained in Chapter 1.

The design parameters used in the setup engine of QCA Designer are as follows:

QCA Cell Width - 18nm

QCA Cell Height - 18nm

Number of Samples - 12800

Radius of effect > 65nm

Relative permittivity 129

Clock (High, Low, and Shift) -9 800000e-022, 3. 800000e-023, 0.00e+00
Laver Separation - 11.300000

Maximum Iteration per sample - 100

Clock Amplitude Factor -2

Convergence Tolerance - 0.001

The simulation has been done using the software proposed in [71] known as the QCA De-
signer. The area of a cell is calculated by multiplying the QCA Cell width with the QCA

Cell Height. This area has been used as a quantum metric attribute for comparative analy-
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sisin Table 2.

The simulation engine of QCA Designer has been set up using the parameters stated above.
The high/low pulses have been used to accomplish the clock eliminating the shift between
consecutive clocks. The initial sampling rate which has been used throughout the execution
is 12800. When cell polarization is greater than the convergence tolerance, the sample
completes. The maximum distance an electron affects another electron according to Cou-
lomb’s Law is called the radius of effect. The kink energy is calculated using the relative

permittivity of a material.

The subsequent subsections provide the details.

2.1.1 ToFrFoLI NETLIST AND QCA IMPLEMENTATION OF ALG GATE
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(iv)

Figure 2.1. (i) Block Diagram for ALG [56] Gate (ii) ALG-Toffoli Implementation (iii)
Toffoli Netlist- Optimized (iv) ALG Gate - QCA realization

2.1.2 ToFFOLI NETLIST AND QCA IMPLEMENTATION OF BVMF GATE
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Figure 2.2. (i) Block Diagram for BVMF [62] Gate (ii) BVMF-Toffoli Implementation (iii)
BVMF Gate - QCA realization

2.1.3 ToOFFOLI NETLIST AND QCA IMPLEMENTATION OF DFG GATE
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(iii)
Figure 2.3. (i) Block Diagram of DFG [55] Gate (ii) DFG - Toffoli Implementation (iii)
DFG Gate - QCA realization

2.1.4 ToFFOLI NETLIST AND QCA IMPLEMENTATION OF DKG GATE
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(iv)

Figure 2.4. (i) Block Diagram of DKG [57] Gate (ii) DKG-Toffoli Implementation (iii)
Toffoli Netlist - Optimized (iv) DKG Gate - QCA realization

2.1.5 ToFFoLI NETLIST AND QCA IMPLEMENTATION OF FAG GATE
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Figure 2.5. (i) Block Diagram of FAG [55] Gate (ii) FAG - Toffoli Implementation (iii)
FAG Gate - QCA realization

2.1.6 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF HNFG GATE
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Figure 2.6. (i) Block Diagram of HNFG [52] [53] Gate (ii) HNFG - Toffoli Implementation
(iii) HNFG Gate - QCA realization

2.1.7 ToFFoLI NETLIST AND QCA IMPLEMENTATION OF HNG GATE
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Figure 2.7. (i) Block Diagram of HNG [49] Gate (ii) HNG - Toffoli Implementation (iii)
HNG Gate - QCA realization

2.1.8 ToFFoLI NETLIST AND QCA IMPLEMENTATION OF IG GATE
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(iii)
Figure 2.8. (i) Block Diagram of 1G [54] Gate (ii) IG - Toffoli Implementation (iii) IG Gate
- QCA realization

2.1.9 TorrFoLI NETLIST AND QCA IMPLEMENTATION OF MKG GATE
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Figure 2.9. (i) Block Diagram of MKG [52] Gate (ii) MKG - Toffoli Implementation (iii)

Toffoli Netlist - Optimized (iv) MKG Gate - QCA realization

2.1.10 TorroLI NETLIST AND QCA IMPLEMENTATION OF MRG GATE
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Figure 2.10. (i) Block Diagram of MRG [57] Gate (ii) MRG - Toffoli Implementation
(iif) MRG Gate - QCA realization
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2.1.11 TorroLI NETLIST AND QCA IMPLEMENTATION OF MTSG GATE
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Figure 2.11. (i) Block Diagram of MTSG [41] Gate (ii) MTSG - Toffoli Implementa-
tion (iii) Toffoli Netlist - Optimized (iv) MTSG Gate - QCA realization

2.1.12 ToFFOLI NETLIST AND QCA IMPLEMENTATION OF R1 GATE
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Figure 2.12. (i) Block Diagram of R1 [47] Gate (ii) R1 - Toffoli Implementation (iii)
R1 Gate - QCA realization

2.1.13 ToFFOLI NETLIST AND QCA IMPLEMENTATION OF R2 GATE
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Figure 2.13. (i) Block Diagram of R2 [47] Gate (ii) R2 - Toffoli Implementation (iii)
R2 Gate - QCA realization

2.1.14 TorroLI NETLIST AND QCA IMPLEMENTATION OF RPS GATE
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Figure 2.14. (i) Block Diagram of RPS [51] Gate (ii) RPS - Toffoli Implementa-
tion(iii) Toffoli Netlist - Optimized (iv) RPS Gate - QCA realization
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2.1.15 ToFFOLI NETLIST AND QCA IMPLEMENTATION OF SCG GATE
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Figure 2.15. (i) Block Diagram of SCG [50] Gate (ii) SCG — Toffoli Implementation
(iii) SCG Gate - QCA realization
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2.1.16 TorroLI NETLIST AND QCA IMPLEMENTATION OF TSG GATE
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(i) Block Diagram of TSG [48] Gate (ii) TSG - Toffoli Implementation

(iii) Toffoli Netlist - Optimized (iv) TSG Gate - QCA realization

36



COMPARATIVE ANALYSIS
2.2 QUANTUM METRIC ANALYSIS

This section provides the analysis for the 4-variable reversible gates in terms of Toffoli
implementation as well as QCA cell implementations. The analysis has been done using
ten quantum metrics of which four metrics are for Toffoli realizations and six metrics are

for QCA implementations.

Table 2.1. COMPARATIVE ANALYSIS OF REVERSIBLE GATES FOR TOFFOLI NETLIST DESIGNS

Name of U'“d'”f‘.tt'l'::' Alg> | After Optimization | Complex-

theGate ™-~"T"9oc | 76 | GC | oCc | TG iy
SCG 13 43 31 Alreadv optimized 32
HNG 4 8 12 Already optimized 16
DFG 16 46 48 Alreadv optimized 28
HNFG 3 3 5 Alreadv optimized 24
MTSG 3 21 17 4 18 12 22
FAG 11 19 19 Already optimized 24
BVMEF 7 15 | ) Already optimized 28
MEG 4 ] g Already optimized 24
RPS 17 99 61 16 04 36 24
ALG 10 42 34 8 36 28 32
Rl 10 18 18 Alreadv optimized 36
R2 7 7 7 Alreadv optimized 32
DKG 15 29 31 14 28 30 28
IG 3 o 11 Already optimized 16
MEKG 9 21 21 g 20 20 24
TSG 10 28 30 9 27 29 28

Comparative analysis with respect to ten quantum metrics for existing four variable re-
versible gates is presented in Table 1. The initial three columns provide the details with re-
spect to the fundamental Quantum Metrics followed by the optimized results in the next
three columns. Complexity for each gate has been provided in the seventh column. Table 2
provides the comparative analysis with respect to the QCA implementation. The metrics
used in analysis are the QCA Cell count, the design area coverage, majority voter count,
inverter count using majority voter, AND gate count, and number of OR gates.
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Depending upon the circuit to be realized, it depends upon the merit of the architect
to choose a certain gate. The choice can be governed by the Boolean specification/function

to be realized.

As discussed earlier, new proposals for four variable reversible gates can also be
implemented using Quantum Dot Cellular Automata and the metrics analysed with Table 2

to prove worth of the proposal.

Table 2.2. COMPARATIVE ANALYSIS OF REVERSIBLE GATES FOR QCA DESIGNS

Name of | No. of Area No. of Ma- No. of No. of AND | No. of OR
the Gate | Cells jority Voters | Inverters Gates Gates
SCG 437 141588 10 6 6 4
HNG 420 136080 10 8 6 4
DEG 269 87156 7 3 4 3
HNFG 206 66744 4 2 2
MTSG 420 136080 10 8 6 4
FAG 419 135736 10 8 6 4
BVMF 332 172368 12 10 7 3
MRG 417 135108 8 5 4
RPS 1428 | 462672 24 20 12 8
ALG 890 288360 17 15 10 T
R1 856 277344 16 14 9 7
R2 286 02664 6 3 3
DKG 363 182412 12 9 7 3
IG 518 167832 11 8 7 4
MEG 399 129276 10 9 6 4
TSG 396 128304 10 9 6 4

2.3 DiscussioN

Figure 2.17 presents the graphical representation for Table 1, i.e. the quantum metrics re-
lated to Toffoli implementations for the four variable reversible gates. It may be observed
that the RPS Gate has the highest Quantum Cost whereas the MRG gate has the lowest

Gate Count. All the other gates vary in certain metrics.
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Figure 2.18 presents the QCA cell count for all the four variable reversible gates. Again as

observed earlier, the RPS Gate accounts for the highest number of cells with HNFG con-

suming the least number of cells. Figure 2.19 presents the Majority Voter count, number of

AND Gates, and number of OR Gates consumed to design the respective gates.

From Figure 2.17, Figure 2.18 and Figure 2.19, it can be claimed that the metric analysis

for implementation of a design using reversible gates is proportional to the implementation

using QCA cells. For example, it can be observed that the RPS Gate has the highest num-

ber of all the three gates.
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Figure 2.20 presents the requirements for implementation a four variable reversible gate

using QCA in terms of Design Area.

Figure 2.20.
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Area coverage using QCA platform of the 4-variable reversible gates.

It can be stated that the RPS gate has the largest area consumed followed by the ALG and

the R1 gates. The Design Area consideration is very important while choosing certain for

implementing a Boolean specification. Also it forms the basis whether the gate is to be re-

alized using reversible Toffoli Netlist or QCA. For example, while choosing a gate for im-

plementing a Full Adder, IG Gate fares better in terms of Toffoli Gate count but when im-

plemented using QCA, the number of Majority Voters, the AND gate and OR gate counts

are comparatively higher with respect to SCG Gate. Hence, it lies on the merit of the de-

signer for the proper choice of gate.
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2.4 CONCLUSION

Dramatic innovations in technology over the past three decades have raised the bar for ex-
pectations from digital hardware. To keep up with the pace of advancements, higher clock-
ing speeds in CMOS with increased chip densities have been achieved. But as of date,
CMOS has started experiencing threshold limitations as it provides clocking speeds in the
range of GHz and the requirement has already exceeded THz. Also accumulating huge dig-
ital gates on limited area of chips has resulted in enormous amount of heat generation. To
address these two issues, reversible logic concept gained acceptance among the global re-
searchers. Two platforms have been used widely till date — Toffoli Gates and QCA cells.
Also designs for application specific reversible functions have been implemented as re-
versible gates. This chapter has presented an analysis for all the existing four variable re-
versible gates in terms of primitive reversible gates and also QCA implementations to form
a benchmark for future proposals in the domain. Future research prospect in analysis can
be research on clocking speed for QCA implementation of the reversible gates. In terms of
Toffoli implementations, the analysis with respect to Hadamard gates can be done to pro-

vide a more robust comparison.
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CHAPTER 3
3 DESIGN OF REVERSIBLE S2C2 GATE

Technological growth in emerging technologies has witnessed global proposals for n-
variable reversible gates. More accurately most of the proposals in literature concentrate on
value of n to be four. Most of the proposals have been governed by realization of some
Boolean specification. The researchers first concentrated on the digital circuit that needs to
be converted into the reversible domain and then designed the gates to achieve the reversi-
ble designs. An n variable reversible gate can have ! 2" combinations, i.e. ! 2™ truth tables
or gates, since the concept of reversibility suggests the number of input variables should be
the number of output variables as discussed in Chapter 1. If the value for n is 4, then it re-
sembles that there are four inputs and four outputs, in the reversible domain. Therefore, a
single truth table will comprise of 2* = 16 combinations and there will be ! 2* = 116 such
truth tables. Hence, for value of n to be four, ! 16 reversible gates can be proposed. Not all
such gates will serve the purpose of realizing Boolean functions. Hence, the literary pro-

posals for attaining application oriented reversible gates.

The gate proposal in this chapter has been primarily designed for realizing a
standalone full adder, full subtractor, and the fundamental Boolean gates. Standalone
means that a single gate with changes in the input values will serve to realize the full adder
or the full subtractor. Apart from the discussed realizations, the proposed gate can also be
used to design a parity checker or parity generator unit, when provided with certain input
combinations at the input. The target for achieving a full adders stems from the fact that
full adders form the basis for most of the arithmetic units. Since the propose gate can im-
plement the fundamental Boolean gates, hence it can also be said that any complex Boole-
an function can be done placing array of the proposed gate, as all the Boolean functions

can be realized using the AND, OR, and NOT operations.

There are multiple proposals for realization of full adder and full subtractor using 4
variable reversible gates. Some proposals can realize full adder/full subtractor using a sin-
gle gate with varying inputs some require two gates to realize full adder and full subtractor.
The comparison provided in this chapter also reflects that the proposed gate in this chapter

is better than the other literature proposals.

The proposed gate has also been designed using Toffoli gate cascades (Toffoli
Netlist) and the details regarding the quantum metrics have been provided. It has been ob-

served that in terms of quantum metrics also, the proposed gate reflects better results than
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the literary counterparts.
3.1 PROPOSED s2c2 GATE

As discussed earlier, the initial motivation for designing this gate has been to achieve a full
adder and a full subtractor using a single gate. It may be noted that certain input conditions
are required to serve the gate as a full adder or a full subtractor. Hence, the gate either be-

haves as a full adder or a full subtractor at a time but not both simultaneously.

3.1.1 TRUTH TABLE AND PERMUTATION MATRIX

Table 3.1 presents the truth table for the proposed gate. The table also provides the Ham-
ming Distance for each input-output combination and finally provides the Complexity of
the gate. For details regarding the Hamming Distance and Complexity, readers are directed
to Chapter 1 for the exact definitions.

Table 3.1. TRUTH TABLE OF PROPOSED S2C2 GATE

Inputs Outputs ~
A|lB|C|D|P|Q| R | S “
0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 1 0 2
0 0 1 0 0 0 0 1 2
0 0 1 1 0 1 1 1 1
0 1 0 0 0 0 1 1 3
0 1 0 1 0 1 0 1 0
0 1 1 0 0 1 1 0 0
0 1 1 1 0 1 0 0 2
1 0 0 0 1 0 1 1 2
1 0 0 1 1 1 0 1 1
1 0 1 0 1 0 1 0 0
1 0 1 1 1 0 0 0 2
1 1 0 0 1 1 0 0 0
1 1 0 1 1 1 1 0 2
1 1 1 0 1 0 0 1 3
1 1 1 1 1 1 1 1 0
Complexity 20
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Table 3.2. PERMUTATION MATRIX (S2C2 GATE)

1000000000000000
/DUIDDDDBDDDDODDD
0100000000000C0O0O0
0O00000O100000000O0
0O001000000000000O0
0O000O010000000000O0
0O000OO0OO01000000000O0
0O000100000000000O0
0O000OO00COOOOO1IO00O00O0
0O000OO0OC0OOOOOOO1IO00O0
0O000OO0OO0OOOO10000O00O0
000000OOO10000O0O0
0O000O0O0C0OOOOOO1IO000O0
0O000OO0OO0OOOOOOO1IO00O0
\UUBDDDUBDIDUBDDD

000000OOOOOOOOO1

Table 3.2 provide the permutation matrix for the truth table given in Table 3.1. The
permutaion matrix works in a fashion that the rows are the input values and the columns
are the output values. A ‘1’ in the permutation matrix denotes the cell where the input out-

put converges.
Let R,,C,, denote the nt" row and the nt" column.

Therefore a ‘1° at R, C, resembles that for input of 0000 at the 0™ row, the output is
0000 at the 0" column.

Similarly, a ‘1’ at R;C, resembles that for input of 0001, the output is 0010, as can

be seen from Table 3.1.

Similarly, a ‘1’ at R,C5 resembles that for input of 0100, the output is 0011, as can

be seen from Table 3.1.

Similarly, a ‘1’ at R,C, resembles that for input of 0111, the output is 0101, as can

be seen from Table 3.1.

Similarly, a ‘1’ at RyC;5 resembles that for input of 1001, the output is 1101, as can
be seen from Table 3.1, and so on.
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3.1.2 BLOCK DIAGRAM AND EQUATIONS

Figure 3.1 presents the generalized block diagram for s2c2 gate.

A — e P
B— — Q
c—] s2¢2 |
PD— S

Figure 3.1. Block Diagram for proposed s2c2 gate

The output expressions can be fetched from the truth table provided in Table 3.1 using the
K-Map approach.

The output expressions are as follows:

P =4

Q = (A®C)(B®D) ®BD =(A®C)(B + D) + BD
R = A®B®D

S = A®B®C

It can be observed that the final two output variables, R and S can be used to design a pari-
ty generator or a parity checker circuit as they provide XOR operation, the main operation

in parity generator and parity checker circuits.

3.1.3 TOFFOLI REALIZATIONS

As discussed earlier, the Toffoli designs have implemented using the Unidirectional Algo-
rithm and the Bidirectional Algorithm proposed in [30] [24] and also discussed in Chapter
1 of this thesis. The Toffoli designs have been further optimized using the Post-Synthesis
Optimization Algorithm mentioned in [72] and also discussed in Chapter 1 of this thesis.

The programs for Toffoli design have been coded in the language for RCViewer+ [73], a
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tool used for designing reversible circuits.

The codes for RCViewer+ [73] for realizing the Toffoli Netlist using Unidirectional Algo-

rithm of presented below.

TOF3 (4,B, D)
TOF3 (4,B,()
TOF3 (4,C,B)
TOF3 (4,B, D)
TOF3 (A, B, D)
TOF2 (A, B)
TOF2 (B, D)
TOF2 (B, C)
TOF3 (C,D,B)
TOF2 (C,D)
TOF2 (D, C)

TOF2 (C,D)

Figure 3.2 presents the Toffoli design for the s2c2 gate (the design has been made using
the Unidirectional Algorithm of [30] [24]).

= m =

y]

Figure 3.2.

.

]

e
]

W

e
]

W

& d

Reversible s2c2 gate Toffoli Implementation using Unidirectional Algo-
rithm
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Figure 3.2 reflects that twelve Toffoli gates have been used to design the proposed gate. Of
these seven gates are three input Toffoli gates and five gates are two input Toffoli gates.

The codes for RCViewer+ [73] for realizing the Toffoli design implementing Bi-

Directional Algorithm is presented below.

TOF3 (4,C,B)
TOF2 (4, B)
TOF2 (4,C)
TOF2 (4,D)
TOF3 (B, C,D)
TOF2 (B, D)
TOF3 (C,D, B)
TOF3 (B, C,D)
TOF2 (B, C)
TOF2 (C,D)
TOF2 (D, C)

TOF2 (C,D)

Figure 3.3 presents the Toffoli design for the s2c2 gate. (The design has used the Bi-
Directional Algorithm of [30] [24]).

DO Ah a

b o b

C j {} C

d cTy Pl d
N N . o 7 o

Figure 3.3. Reversible s2c2 gate Toffoli Implementation using Bi-Directional Algo-

rithm
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Figure 3.3 reflects that twelve Toffoli gates have been used to design the proposed gate. Of

these four gates are three input Toffoli gates and seven gates are two input Toffoli gates.

Both the design using Toffoli Gates have been fed to the optimization algorithm. The de-
sign based on Unidirectional Algorithm could not be optimized further. Only the design
based on Bi-Directional Algorithm could be optimized. Figure 3.4 provides the optimized

design for the proposed gate.

b 1 b
e O wzm c

Figure 3.4. Optimized Toffoli design for proposed s2c2 gate

It can be observed the optimization has resulted in a reduced gate count of ten reversible
Toffoli Gates containing six two input Toffoli gates, two three input Toffoli Gates having

positive control lines, and two three input Toffoli gates having negative control lines.

3.1.4 QUANTUM METRICS FOR THE PROPOSED S2C2 GATE

It may be noted that the Quantum Cost (please refer Chapter 1 for the definition of Quan-
tum Cost) for one input Toffoli gate is ‘1. The Quantum Cost for two input Toffoli gate is
‘1°. The Quantum Cost for three input Toffoli Gate is 5, and the Quantum Cost for four in-
put Toffoli Gate is “13°.

Using these metrics, Table 3.3 presents the quantum metric for the proposed designs. For

definition of Quantum Metric, please refer Chapter 1.
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Table 3.3. QUANTUM METRICS FOR S2C2 GATE

Toffoli Netlist using & ﬁt Q%m;:?n ® Txgc;tlgsublt
Unidirectional Algorithm 12 32 36
Bi-Directional Algorithm 12 26 28
Optimized Bi-Directional 10 24 26

3.1.5 BOOLEAN FUNCTION REALIZATIONS

As mentioned in the beginning of the chapter that the proposed gate realized full adder, full

subtractor, and Boolean logic gates, Table 3.4 presents the complete set of Boolean realiza-

tions possible using the proposed gate.

Table 3.4. BOOLEAN FUNCTION REALIZATION USING S2¢2 GATE

Inputs Outputs
Logic Eealizations
A |(B|C|D| P Q R S
Signal Duplication
A 1|1 1}] A 1 A A FO3)
signal Duplication
1 Bl1]|1 1 B B B FO3)
1 1|Cc|1 1 1 1 C Through Signal
Signal Duplication
1 111D} 1 D D 1 F02)
o (B|1[1] 0O 1 B’ B’ Negation (NOT)
- Duplication (FO2)
o (B|1[0]| O B B B + Negation (NOT)
1 B|O|OD 1 B’ B NOT Duplication
A |B|O0O|O| A AB AZB AZB XOR Duplication
1 B|0o|D| 1 B+D (B&EDY B’ OF, XNOR
0 (B|O|Dj| 0 BD (BED) B AND, XOR
1 B|1|D| 1 BD (BeDY B AND XNOR
A B|1|1] A A'+B (AEBY (A2B) | XNOR
Full Adder+
Cin |B| 0| A|Cin| AB2Cin(AZB) | A2ZB2Cin | BZCin | Control Through +
XOR
Full Subtractor +
Cin |B|1| A|Cin| ABE2Cin(A€B) | A2B2Cin | (B&2Cin) | Control Through +
XNOR
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From Table 3.4, it can be observed that the input combinations for realizing full adder and
full subtractor is provided in the last two rows. Further, since reversible circuits cannot
have branching at the output, hence certain input combinations provide copy operation al-
so. For example, the first and the second rows provide copy operation for the input signal

‘A’. Three values of signal ‘A’ have been generated.

Expressions for XOR and XNOR operations can also be generated, thus aiding in
the realization of parity generator and parity checker circuit. Not only parity generator or
parity checker, any XOR or XNOR intensive operation can be realized using proper input
combinations of the proposed s2c2gate. Since, XOR forms an intrinsic part of cryptog-
raphy; hence it may be assumed that the proposed gate will serve the purpose for crypto-

graphic applications also.

Further observation reveals that the basic Boolean operations, viz. the AND, NOT,
and OR operations can also be derived using the proposed gate. Since, these three opera-
tions are possible, hence it can be claimed that any Boolean specification, simple or com-

plex can be designed using the proposed gate.

3.2 COMPARATIVE ANALYSIS

Table 3.5 presents the comparative data of s2c2 gate with respect to other peer reversible

gates based on four inputs.

It has been seen earlier that the proposed gate exhibits better results with respect to other
gates in most of the cases. In some cases, other proposals may fare better in some parts but
it will be seen later that in other realizations, the proposed gate is better. Hence, taking
cognizance of both the quantum metrics and the other parameters, it can be assumed that

the proposed s2c2 gate is better than the other literary counterparts.

Figure 3.5 presents the graphical analysis for the comparison provided in Table 3.5.
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Table 3.5. COMPARATIVE ANALYSIS OF THE PROPOSED SC2C GATE

Name of the Gate GC | QC | TQG | €f
FAG 11 | 19| 19 24
SCG 15 | 43| 31 j2
DEG 16 | 46 | 48 28
MRG 4 6 8 24
T8G 10 | 28 | 30 28
HNG 4 g 12 16
Rl 10 | 18 | 18 36
R2 7 7 7 32
HNFG 5 5 5 24
MEKG o 21| 21 24
IG 3 9 11 16
RPS 17 | 99 | 61 24
ALG 10 | 42| 34 j2
MTSG 5121 17 22
DKG 15 | 29| 31 28
BVMF T |15 15 28
TCG 10 | 34 | 26 33
Proposed s2c2 Gate using
Basic/Unidirectional
Algorithm 232 36
Bi-Directional Algorithm | 12 | 26 | 28 20
Eg;ﬁiﬁj Bi-Directional 10124 26

R < & @ \g@."{} L R _5;5&- & -1-“'“'3? \Pﬁ; ?{\"“Ay o

m(ze Count  w(mEnbem Cost #Two (ubit Gee: = Complexity

Figure 3.5.  Graphical analysis for comparative analysis in Table 3.5
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The last three characteristics in Figure 3.5 present the data for the Unidirectional Algo-
rithm, Bi-Directional Algorithm, and the Optimized design. In all the designs, it may be
deduced that the proposed gate fares better.

Table 3.6 presents the comparison with other reversible gate proposals in terms of basic

Boolean logic gate operations.

Table 3.6. COMPARATIVE ANALYSIS WITH RESPECT TO BASIC BOOLEAN FUNCTIONS

qameofthe | AND| OR | NOT | XOR
FAG i | o] o | 4
SCG 3 |2 | 2 | 3
DFG 4 | 2] 1| 2
MRG i | o] o 4
SG 3 1| 3 | 3
HNG i | o] o | 4
R1 > o] o | 6
R2 o o] o | 3
HNFG o | o | o | 2
TCG o | 2| o | 3
MKG > o | 3 | 4
1G > o 1] 3
RPS o | o | 3 | s
ALG 4 o] 1| 7
MTSG > o | o | 3
DKG 3 1| 2 | s
BVME 3 |1 | 2 | s
Proposed s2c2 2 2 0 4

Figure 3.6 presents the graphical interpretation of Table 3.6. Figure 3.6 also reflects that

the proposed gate is better in terms of basic boolean logic function realization.
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10

£ = k3 s

Figure 3.6.  Graphical Representation for comparison based on basic Boolean logic

operations

Apart from the quantum metric analysis and basic Boolean logic function analysis, another
analysis has been done based on the primitive reason for proposal of s2c2 gate. The reason
is realization of full adder and full subtractor using reversible gates having four inputs. Ta-

ble 3.7 provides such a comparison.

Table 3.7. COMPARATIVE ANALYSIS OF REVERSIBLE GATES IN TERMS OF FULL

ADDER/SUBTRACTOR REALIZATIONS

Name of Gate # (Gates | # Garbage outputs | Full Subtractor
TS5G 1 2 False
I1G 2 3 False
HNG 1 2 False
SCG 1 2 True
Proposed s2c2 1 2 True

It can be observed from Table 3.7, that although all the gates provided in Table 3.7 can re-
alize full adders using a single gate, but they fail to realize a full subtractor using a single
gate. The only gate that can realize a full adder and a full subtractor using a single gate
other than s2c2 is SCG [50] Gate which has also been proposed by the authors of this the-
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sis. Close observational of input ‘C’ in Table 3.4 reveals that the design can be changed

from realizing a full adder to realizing a full subtractor.

3.3 CONCLUSION

This chapter has proposed a reversible gate having four inputs and four outputs. The gate
has been realized using fundamental reversible gates, i.e. Toffoli Gates. It has been ob-
served that the proposed gate not only realized a full adder or full subtractor, but also a lot

of Boolean functions as well as parity generator and checkers circuits.

The work in this chapter can be further extended to realize 8/16/32/64 bit binary
adder and subtractor. Since, multiplication and division is done using successive addition
and subtraction respectively, hence cascaded designs of the proposed gate can be used for

designing reversible multiplier and division circuits.

The proposed gate can also be used to design Binary to Gray code converters and

vice versa since, XOR and XNOR operations can be used using the gate.
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CHAPTER 4
4 REVERSIBLE LOGIC SYNTHESIS ALGORITHM

Research on Reversible Logic has witnessed multi-dimensional aspects, one of which is
the proposals for synthesis and optimization of reversible circuits. Multiple proposals exist
which have used library / template based algorithms to synthesize reversible circuits. Other
dimensions relate to Binary Decision Diagram (BDD) based synthesis algorithms. Further
exploration reveals permutation and recurrence based algorithms to generate reversible
circuits. A considerable amount of proposals have been made in optimization algorithms
also. This chapter proposes a synthesis algorithm for synthesis of four input reversible
functions. The algorithm takes into account a library which has been pre-defined. The
library contains a already defined set of Control Lines. It basically contains Toffoli Netlist
sets which can be invoked for certain transformations. The algorithm is optimized in
nature and a certain Toffoli Netlist is selected using the Hamming Distance criteria (please
refer Chapter 1 for complete definition of Hamming Distance). Since, the algorithm is

itself optimized, hence need for post-synthesis optimization gets eliminated.

4.1 PROPOSED SYNTHESIS ALGORITHM

An n variable reversible gate can have !2™ combinations, i.e. ! 2™ truth tables or gates,
since the concept of reversibility suggests the number of input variables should be equal to
the number of output variables as discussed in Chapter 1. If the value for n is 4, then it re-
sembles that there are four inputs and four outputs, in the reversible domain. Therefore, a
single truth table will comprise of 2* = 16 combinations and there will be ! 2* = 116 such
truth tables. These sixteen bit combinations can interchange their position within a truth ta-
ble for four inputs in ! 16 ways. We have discussed earlier that the synthesis of reversible
gates containing four inputs have been done using Unidirectional Algorithm. The prelimi-
nary step in the proposed algorithm is identical to the Unidirectional Algorithm in [29]
[30].

The target of any synthesis algorithm is to convert the output side of the truth table
for reversible function in continuous values starting from 0000 till 1111, in case of four in-
put variables. Mathematically,
£(0) to f(15), £(0) = {0000}, f(15) = {1111}, where f(i+ 1) =f()+ 1,0 <i <
15
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The final results provide the following:

(Daecimar = f(@); 0 < i < 15;where f(i) is the output for (i) gecimar iNPUL.

4.2 GENERATION OF CONTROL LINE SET LIBRARY

Step by step explanation of the algorithm for generation of Control Line Set Library.

Let

N — 43,2410 . %3 P
fQ@) = ajaia;a; and (D) gecimar = ij() Zjal-.

e Initially the value for f£(0) is check if it is zero bit stream or not. i.e. To check if
f(0) = {0000}
e If all the bits of f(0) are not ‘0’, i.e. £(0)! = {0000}, then the complete column

containing the ‘1’ at f(0) is inverted and an inverter is placed for this operation.

This operation is continued for all the ‘1’s in f(0). The inverter can be realized by

a single input Toffoli Gate as has been discussed in chapter 1.

o

o

©)

For example, let £(0) = {0101}, then inversion of the least significant two
bits are required to make f(0) = {0000}. Hence, the values at the columns
corresponding to the ‘1’s are inverted and an inverter is accounted for the
number of columns having ‘1’s in £(0).

Taking £ (i) = ala?a}a?, if

f£(0) = {0110} - invert all the values at (a?,a;})

f£(0) = {1001} - invert all the values at (a?,a)

£(0) = {0111} - invert all the values at (a?,a},a)

f(0) = {1100} - invert all the values at (a3,a?), and so on.

e After £(0) has been converted to {0000}, next f(1) is taken in to account. (1) is
checked whether the value for it is {0001}. If the value of f(1)! = {0001}, there

can be fourteen possibilities that can exist for the output of f(1).

©)

©)
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Since, {0000} has already been used for f(0), therefore {0000} cannot be
considered again because the concept of reversibility states that the input
and output should be mapped one-to-one.

Since {0001} is not present at f(1), therefore all the 4-bit combinations
from {0010} till {1111} can be at the output for f(1). These account for
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the fourteen combinations.
o Based on the value that is present in the output of (1), the number of Tof-
foli gates are required. Also the value should be converted to {0001},
e The use of Toffoli gate/s for changing the output value for f(1) into {0001} is
governed by Table 4.1.

TABLE 4.1. CONTROL LINE SET LIBRARY

a® | a® | a® | a? | Control Line Combinations

010 0 0

a’.a®.aal.a’a’.a’a® a'a’ ala?.a’a’®.a’ata’ aata’
0 0 1 1 3 1

Dﬂ',a Clltl ﬂlﬂa ) ﬂ.',a ﬂuﬂlﬂ ﬂuﬂlﬂa

[rxaza a’.aa?.a'a’.a'a®.a’a?.a’ata’.aata? . aa’a’.

.ata’.ata®.a’a?.aata’.a’ala? aa’a’,

0 1 1 1 | [a®.a%%.a'a?.a’a?.ata® .aata?.aa’a? .ala’a?]
1 0 0 0 | [@®.a%a®.a'a®.a’a®.a%a’a®.a%a’a®.aa’a’®]

1 0 0 1 | [aa?.a'a’.a’a?.a’ala’.a’a?a®.a'a’a?]

1 0 1 0 | [a'a®.a®a®.a’a’a®.a’a’a’.a'a’a’]

1 0 1 1 | [a*a®.a’a'a®.aa’ad.ala’a?]

1 1 0 0 | [a’a®.a®a’a®.a'a’a’?]

1 1 0 1 | [a’a*a®.a'a’a?]

1 1 1 0 | [a'a’a®]

e It is important to note that the use of control lines in the manner of xy and yx is
equivalent
e This process is continued from f(2) to f(14). f(15) is automatically generated

since only one value will remain unutilized by the time the algorithm reaches

f(15).
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It must be noted that for £(2), the number of control line combinations are thirteen
in Table 4.1. For f(3), the number of combinations are twelve in Table 4.1. there-
fore with each iteration, the control line combinations are reduced.

The above point can be utilized to generate the number of Control Line Sets re-

quired for Toffoli gate implementation. Hence the Control Line Set count is

mim+ 1)
14+13+ 12+ -1 = 105;T;Wherem= 2N —2;

Where n = Number of Bits, in this case 4.

Hence, the generalized equation for generating the Control Line Set for Toffoli

Gate synthesis can be given by

2"=-2)(2"-1)
2

CLS =

All the 105 Control Line combinations are present in Table 4.1

It is to be noted that {0000} is the initial step of generation and {1111} is generated auto-

matically after £(0) to f(14) have been synthesized, hence the number of ways in which

f(1) can be generated is 2* — 2 = 14. These fourteen combinations are placed alongside

the row for {0001} in Table 4.1.
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Similarly

{0010} has thirteen possibilities
{0011} has twelve possibilities
{0100} has eleven possibilities
{0101} has ten possibilities
{0110} has nine possibilities

{0111} has eight possibilities
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{1000} has seven possibilities
{1001} has six possibilities
{1010} has five possibilities
{1011} has four possibilities
{1100} has three possibilities
{1101} has two possibilities

{1110} has one possibilities

Hence, generation of control combination set for f (i) is done from the set for f(i — 1)
post elimination of the combination which possesses logic ‘1’ at the bit positions. For, ex-
ample, in Table 4.1, the set for {0101} contains all the combinations that is applicable for
{0100} except a? as a? is at logic ‘1’ in {0100}.

4.3 REVERSIBLE DESIGN SYNTHESIS USING TOFFOLI NETLIST

This section provides the complete library of Control Line Sets and their respective Toffoli
Gates for template mapping of the gate while synthesizing the reversible circuit. It may be
noted again that f(0) need no template matching as it is generated using inverters only as

discussed earlier. Similarly, £(15) is automatically generated.

For the rest of the fourteen combinations, the forth coming tables provide the li-

brary.

4.3.1 GENERATION OF f(1)
If £(1)! = {0001}, Then library provided in Table 4.2 is consulted.

It is to be noted that in Table 4.2, abcd = a2a?a'a’. ‘abced’ notation has been used

for its compatibility with RCViewer+ [74] as suffixes are not supported by the tool.

It is worth noting that ‘t2° stands for two-input Toffoli Gate. Similarly ‘t1” and ‘t3’

stand for one-input and three-input Toffoli gates respectively.
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TABLE 4.2. LIBRARY FOR GENERATING {0001} — TOFFOLI NETLIST

To generate {0001} from
Toffoli Netlist

t2cd=2t2dc

t2dc

t2bd=>1t2db

t2db

t2cd=2t2dc=>12db

t2dc=21t2db

t2ad—=>t2da

t2da

t2cd=2t2dc=>t2da

t2dc 2>t2da

t2bd=2t2db=21t2da

t2db=>t2da

t2cd=2>t2dc=2>12db=>t2da

1|1({1|1|t2dc=>t2db—=>1t2da

(= (= (= (= ] ] (=g
S T I s T e T S S Y o |
= D= D) = D B

=k =k =k ek =k =k b ] o] [ ] [ ] =%]

= e | e D D O D
=D | D e = | D D
D= | D= D] = D

Generation of f(2) to f(14);i.e.{0010} to {1110} has been done using the libraries
shown in Table 4.2 through Table 4.15.

A notable point in the conversion is that the number of Toffoli gates required for
synthesis is equal to the Hamming distance between the f(x) and the present relation of
f(x) on the right hand side of the truth table for the reversible gate. Hence, if we are syn-
thesizingf (2) = {0010}, and f(2) presently has {0101} as its output relation, then the
Hamming Distance between {0010} and {0101} is 3, therefore three Toffoli Gates will be

used for its substitution.

4.3.2 GENERATION OF f(2)

If £(2)! = {0010}, Then library provided in Table 4.3 is consulted.

4.3.3 GENERATION OF f(3)

If £(3)! = {0011}, Then library provided in Table 4.4 is consulted.
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LIBRARY FOR GENERATING {0010} — TOFFOLI NETLIST

To generate {0010} from

lx]

Toffoli Nethst

t2cd

t2bc=21t2ch

t2bd=t2bc=2t2ch

t2ch

t2cd=t2ch

Lol I T (e T [ o ) e T I I -

[0 B e B e -7

t2ac=t2ca

t2ad=2t2ac=>t2ca

t2ca

t2cd=21t2ca

t2bec=2t2cbhb=>t2ca

t2bd=2t2bc=2t2cbh=21t2ca

bt | o=t | ot | =t | = | =

el B Bl =T = I s T s O O IO O O (e B e

o = D = D] =

t2cb=21t2ca

[y

[y

t2cd=t2cb=t2ca

TABLE 4.4.

LIBRARY FOR GENERATING {0011} — TOFFOLI NETLIST

To generate {0011} from

Toffol Nethst

t2bd=2t2bc=21t3cdb

t2be=t3cdb

t2bd=>t3cdb

o | D | D S| R

p_np_np_np_na"

Ll I s T I ) Y

= |lo|=|o|

t3cdb

t2ad=2t2ac—=t3cda

t2ac—=ticda

t2ad=t3cda

ticda

t2bd=2t2bc=2t3cdb=2>t3cda

t2be=2ticdb=t3icda

[SSra S P S . T T -

= e | e [ D D O D

= | D e | = | D | D

D= D= D] = D

t2bd=2t3cdb—=>t3cda

ticdb=t3cda
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4.3.4 GENERATION OF f(4)

If f(4)! = {0100}, Then library provided in Table 4.5 is consulted.

4.3.5 GENERATION OF f(5)
If £(5)! = {0101}, Then library provided in Table 4.6 is consulted.

TABLE 4.5. LIBRARY FOR GENERATING {0100} — TOFFOLI NETLIST

To generate {0100} from
Toffoli Netlist

t2bd

t2bc

t2bd=2>1t2bc
t2ab=>t2ba
t2ad=>t2ab—=>t2ba
t2ac=2>t2ab=2t2ba
t2Zad=>t2ac=>t2ab—=>t2ba
t2ba

t2bd=>t2ba
t2bc=>t2ba
t2bd=2>t2bc=2t2ba

i Il I I - T e T -
= D D = = DA

=t e | | | S| | | e | e | e |
D= | D= D= D= D] =] By

[SSr SR S -
Ll (e e T )

[
[
[
[a—

TABLE 4.6. LIBRARY FOR GENERATING {0101} — TOFFOLI NETLIST

To generate {0101} from
Toffoli Netlist
t3ibcd=>t3bdc
t3ibdc
t2ad=2t2ab=>t3bda
t2ab=>t3ibda
t2ad=2t2ac=>t2ab=>t3bda
t2ac2t2ab—=>t3bda
t2ad=>t3bda
tibda
t2Zad=t2ac—>t3ibda
t2ac=t3ibda

== oo | W
o|lo|=|=|n
= |lo|=|o|

= | e e | O | S| S D] e | = |

| o= | o= [ = | =
= | | S = =
o = | D = S

[
[
[
[—
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4.3.6 GENERATION OF f(6)

If f(6)! = {0110}, Then library provided in Table 4.7 is consulted.

4.3.7 GENERATION OF f(7)
If £(7)! = {0111}, Then library provided in Table 4.8 is consulted.

TABLE 4.7. LIBRARY FOR GENERATING {0110} — TOFFOLI NETLIST

To generate {0110} from

alb|c|d Toffoli Nethist

01111 ]|t3bcd

1{0|0[{0|t2ac=2t2ab=21t3bca
10|01 |t2ad=t2ac=>t2ab=2t3ibca
1(0|1]|0|t2ab=t3bca
1|0f1|1|t2ad=>t2ab=2t3bca
1/1({0|0|t2ac=>tibca
1{1|0[1|t2ad=>t2ac—=>1t3bca

1/1|1|0|t3bca

11111 |t2ad=>t3bca

TABLE 4.8. LIBRARY FOR GENERATING {0111} — TOFFOLI NETLIST

To generate {0111} from

albl(c|d Toffol Nethist

1L|0]0|0|t2ad=2t2ac=2t2ab=2>tdbcda

1|00 1|t2ac=2t2ab=2tdbecda

1|0|t2ad=2t2ab=>tdbecda

1|1|t2ab=tdbcda

1|{1|0|0|t2ad=2t2ac=2tdbcda

1|1]0|1|t2ac=tdbcda

1|{1]1|0|t2ad=2tdbcda

I{1|1|1|td4bcda
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4.3.8 GENERATION OF f(8)

If £(7)! = {1000}, Then library provided in Table 4.9 is consulted.

TABLE 4.9. LIBRARY FOR GENERATING {1000} — TOFFOLI NETLIST

To generate {1000} from
Toffoli Netlist

t2ad

t2ac
t2ad=>t2ac
t2ab
t2ad—=>1t2ab
t2ac=>t2ab

111(1|1|t2ad=t2ac=>1t2ab

(= (= (= (= =t (= 1]
[ (= [ ] [ ] o
el =T s T I I T ]

S | D] = D =] B

4.3.9 GENERATION OF f(9)

If £(9)! = {1001}, Then library provided in Table 4.10 is consulted.

TABLE 4.10. LIBRARY FOR GENERATING {1001} — TOFFOLI NETLIST

To generate {1001} from
alblc|d Toffoli Netlist
1{0|1|0|t3acd=t3adc
1{0|1|1|t3adc
1({1|{0[0|t3abd=>t3adb
1{1{0]|1|t3adb
1(1|1|0|t3abd=>t3adc—=>1t3adb
1{1|1|1|t3adc=t3adb

4.3.10 GENERATION OF f(10)

If £(10)! = {1010}, Then library provided in Table 4.11 is consulted.
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TABLE 4.11. LIBRARY FOR GENERATING {1010} — TOFFOLI NETLIST

To generate {1010} from

alb|c|d Toffoli Nethist

1{0]1|1|t3acd

Olt3abec=2t3ach

l1|t3abd=>t3abec=t3ach

I1{1|1]{0|t3ach

1|1|1|1|t3abd=>t3ach

4.3.11 GENERATION OF f(11)
If f(11)! = {1011}, Then library provided in Table 4.12 is consulted.

TABLE 4.12. LIBRARY FOR GENERATING {1011} — TOFFOLI NETLIST

To generate {1011} from
alb|c|d Toffoli Netlist
1/1|0|0|t3abd=2t3abc2tdacdb
1/1|0|1|t3abc—=2tdacdd
1/1[1]|0(t3abd=tdacdb
I1{1]1]|1|td4dacdb

4.3.12 GENERATION OF f(12)
If £(12)! = {1100}, Then library provided in Table 4.13 is consulted.

TABLE 4.13. LIBRARY FOR GENERATING {1100} — TOFFOLI NETLIST

To generate {1100} from
alb|c|d Toffoli Nethst
1{1({0]1|t3abd
1{1(1]0(|t3abe
I1(1|1|1|t3abd=2t3abc
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4.3.13 GENERATION OF f(13)

If £(13)! = {1101}, Then library provided in Table 4.14 is consulted.

TABLE 4.14. LIBRARY FOR GENERATING {1101} — TOFFOLI NETLIST

To generate {1101} from
alb|c|d Toffoli Netlist
1 1|{0|tdabecd=tdabdc
111]1|1|td4abdc

4.3.14 GENERATION OF f(14)

If f(14)! = {11103}, Then library provided in Table 4.15 is consulted.

TABLE 4.15. LIBRARY FOR GENERATING {1110} — TOFFOLI NETLIST

To generate {1110} from

al'blc

d

Toffoli Netlist

1111

1

tdabed

As discussed earlier, the synthesis algorithm provides optimized results due to the fact that
with each progressing step, few combinations are utilized leaving behind lesser number of

combinations. Since, one combination has been used once, it cannot be reused.

4.4 FLow CHART

Figure 4.1 presents the flowchart for the library based synthesis algorithm.
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Store a 16x4 array A(l,J) where |

columns

indicates no. of rows and J indicates no. of

1f(A(0,J))=0

Make A(0,J)=0 using
some uncontroled Toffoli
gates

Add Toffoli gates to
the output file

N
1f(J=3)
Y
3

v

Synthesize the | th row using some
library rule of Toffoli gate to achive the
sequential combination from 0001-1111

v

Such that all (I-1) th rows are already synthesized
and will not get hampered to fix the | th row

Figure 4.1.

v

Again add Toffoli gates to the previous
output file

If(1<15)

Reverse the output file of Toffoli gates

Flow Chart Library based Synthesis Algorithm

CHAPTER 4
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45 COMPARATIVE ANALYSIS

Synthesis of literary four variable reversible gate proposals has been done using the pro-
posed library based synthesis algorithm. Initially the synthesis for the gates has been done
using the Unidirectional Algorithm of [29] [30]. The results are already available at [68].
These results have been compared with the results of the proposed algorithm. The compar-

isons have been done on two parameters — number of Toffoli gates used and the quantum

cost of the model. Table 4.16 presents the comparison results.

TABLE 4.16. COMPARATIVE ANALYSIS

Unidirectional Algorithm [29] [30] | Proposed Algorithm
Reversible Gate

# QC # QC
ALG [56] 10 42 10 26
DFG [535] 16 46 13 37
FAG [35] 11 19 10 16
HNFG [52] [53] 5 5 5 5
HNG [49] 4 8 4 8
IG [44] 3 9 4 10
MEKG [52] 9 21 9 21
RPS [51] 17 99 11 53
SCG [50] 15 43 14 38

Figure 4.2 and Figure 4.3 present the results of the comparative analysis graphically. It can
be deduced that except for a few, in most of the cases, the proposed synthesis algorithm
provides better results. Also in one particular case, the proposed algorithm has higher val-

ues for the performance parameters. In all the rest cases, the proposed algorithm is better.
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Figure 4.2.  Graphical representation for comparative analysis — Gate Count
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Figure 4.1.  Graphical representation for comparative analysis — Quantum Cost

4.6 CONCLUSION

A novel synthesis algorithm has been proposed which is based on library based models for
Control Line Set identification. Pre-determined values for control lines have been placed in
the library and fetched at iteration. Comparison has been done with respect to Unidirec-

tional Algorithm.
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Future expansion of the work can be done to compare with respect to other synthe-
sis algorithms in literature. Comparisons with other library based algorithms can also be

done.
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CHAPTER 5

5 DESIGN OF REVERSIBLE DECIMAL COUNTER

Rise of emerging technologies in the last two decades have witnessed multiple new
dimensions for designing computer architecture. One of the most interesting topic for
global researchers have been the Reversible Logic. Reversibility is a condition which
allows near zero heat dissipation for designed circuits. Reversibility can be obtained
through fundamental reversible gates, viz. Toffoli Gate, Fredkin Gate, and Peres gate.
Most of the proposals in literature for architecture designs have been done using the
Toffoli Gate. A research dimension has been active which converts the existing Boolean
functions in to reversible circuits using the Toffoli Gates. Of all the Boolean specification
conversions into reversible domain, code converters [74], comparators [75], adders [76]
[77] form the most widely proposed designs in the combinational part of digital electronics
with proposals like finite state machines [65] contributing to the sequential domain.
Decimal counters form an integral part of the digital domain as it finds huge acceptance in
designing frequency dividers, integrated oscillations, and clock generators to name a few.
Research has been conducted in the reversible counter domain but mostly for designing
mod-2/4/8/16 counters. Designs for decimal counters have not been observed in literature.
This chapter proposes a decimal counter in the synchronous domain for reversible
implementation. The design has been in three stages. The first stage termed as ‘Design D1’
proposes a decimal up counter using Toffoli Netlist. The second design (Design D2)
presents a decimal down counter design in the reversible domain. The final design called
as the ‘Design D3’ is the combination of the two aforementioned designs and exhibits
decimal UP/Down counter in the reversible domain. The proposed counter designs have
been tried for optimization but they reflect the best optimized designs. The synchronous

counter choice has been made because they work on a single clock and are easy to debug.

5.1 PROPOSED REVERSIBLE DECIMAL COUNTER

This section describes three designs — Design DI, Design D2, and Design D3. These three
designs have been described in the following sections. The designs have been done using
JK Flip Flop recursively. For sake of reversibility, reversible JK Flip Flop has been used.
JK Flip Flop provides less complex architectures with minimal feedbacks compared to oth-
er flip flop versions. Hence, the choice for JK Flip-Flop. The reversible JK Flip Flop pre-
sented by Chuang and Wang [78] has been slightly modified and implemented for design-
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REVERSIBLE DECIMAL COUNTER

ing D1, D2 and D3. The design in [78] is presented in Figure 5.1a. The modification has
been presented in Figure 5.1b. In [78], the feedback was done from the bottom Q,,,, but in
the modified version, the feedback is done from the topmost Q,,,;. It has been done to pro-
vide a seamless transformation from the input to the output. Readers are requested to fol-
low the complete illustration provided in [78] to grasp the working principle of the JK Flip
Flop presented in Figure 5.1a.

H— Qn+1
Kn Kns1
In Jne1
Clk Clk
0
|(n Krnl
In Jpe1
Clk Clk
0 Qney
(b)
Kn =i 7 = Kn-!- 1
]n — RFF [ ]n+1
clk— —clk
0— — Qn+1
(©)

Figure 5.1. a. Reversible JK Latch in [78] b. Changed architecture c. Block Diagram
for Figure. 5.2b

Figure 5.1c presents the schematic for the modified reversible JK Flip-Flop. This Flip Flop

has been used in the following section to design the three designs D1 through Design D3.

Two-input Toffoli Gate can be used to generate copy signals as well as inversion as shown
in shown in Figure 5.2a and Figure 5.2b. 3-input Toffoli Gate can be used to implement the

Boolean AND operation with certain combination of inputs.
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A A
0 A
(@

A A
1 A
(b)

A A

B B

0 A.B
(©)

Figure 5.2.  a. Copy signal done using Two-input Toffoli Gate b. Signal inversion
done through Two-input Toffoli Gate c. AND operation done using Three-input
Toffoli Gate

The three reversible implementations presented in Figure 5.2a, Figure 5.2b, and Figure
5.2c have been represented in terms of block diagrams in Figure 5.3a, Figure 5.3b, and

Figure 5.3c.
A — —— A
0o T2 |,
(a)
A— — A
11— T2 A’
(b)
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A—] A

B—{ T3 ——8B

0— —— AB
(c)

Figure 5.3. Block Diagram representation of Figure 5.2a through Figure 5.2c

5.2 DECIMAL Up COUNTER (DESIGN D1)

Table 5.1 presents the design of the decimal up counter excitation table. The don’t care
conditions have been reflected using ‘x’. K-Map method has been used to derive the char-

acteristic equations. The counter implementation in Table 5.1 is of UP counter.

TABLE 5.1.  SYNCHRONOUS UP COUNTER (EXCITATION TABLE)

Qa| Q2| Q1| Qo| Q3" Q2| @'| Qo'| Ja| Ka| J2| Kz2| h| K1| Jo| Ko
ojyofo0yo0jof OO0 1|0 2|0 x|0] x|1| x
ojofo0p1jyofo0of 10|00 =0 =1 x|=x

oo 10| 0 011 1O x| 0] x| x X
oo 1| 1] 0 10 0|0 =1 x| x| 1l|=x

O 1[0 0] 0 1 0] 1|0 x|=x| 0 x| 1| x
O 10 1] 0 1 1010 x| x| 0] 1] x| x

o)l 1| 10| 0 1 1 L]0 =| x| 0= X
o1 1)1 1 01 0] 01| x|=x|1]=x|1]|=x

1o o0opo0] 1 Ol 0] 1|1 x|0] x|0| x X
1{ 0] 01 0 01 0 0| = 0| =0 x| x

1o 10 x| =| x| x| x| x|x| x| x| x| x| X
10| 1| 1| x| =| x| = |=x| x|x| x|x| x| x| x
1) 100 x| 2| x| x| x| x|x| x| x| x| x| %
110} 1| x| x| x| x|=x| x|x| x|x| x| x| x
11| 1|0 x| =| x| x| x| 2| x| x| =x| x| x| x
11| 11| x| x| x| =x|=x| x|x| x|=x| x| x| x
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J3 = Q0010 4)
K3 = Qo ()
Ja = QoQ1 (6)
Kz = Qo1 ()
J1= Q003 (8)
K1 = Qo ©)
Jo=1 (10)
Ky =1 (11)

It can be observed from Equation (4) till Equation (9) that most of the outputs need fan out
more than one. For fan out more than one, signal duplication is required, which is achieved
by the concept provided earlier using two-input Toffoli Gates. Moreover, Equation (8) re-
flects signal inversion. Hence, two-input Toffoli gate is again used to generate the signal
inversion of Q;. Figure 5.4 presents the synchronous decimal up counter. Equation (4)

through Equation (11)have been used to design the schematic of Figure 5.4.

(Logic 1) g
* e I

FFA FFE FFC FFD
Out

J Qa l J Qg J Qc J QD—T—'
CLE 1 A CLK 1 CLK ) CLK )
K @ K Qs K Qc K Qp

1

o

Clock Pulse

Figure 5.4. Decimal Synchronous Up Counter

Converting the counter design for Decimal up counter into the reversible domain, reversi-
ble JK Flip Flop presented in Figure 5.2c has been implemented as a replacement for the
JK Flip Flop of Figure 5.4. The complete design using the reversible flip flop is presented
in Figure 5.5. The fan outs have been taken care of using the designs presented in Figure
5.2.
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K1
1— —K0 i - = K2
! 2
1—| RFF [—JO i1 ReF L2 ) ol RFF 2 8 =
ol o —cix 1 [cK 2 o 3l peF —
0 %) — o — 02 .
Q0 —| il Q3
0 2 = Qo 2| T3 |
= - 0 =
0— -
CLK
CLK
0 K

Figure 5.5. Decimal Up Counter (Synchronous) — Reversible version

Figure 5.6 presents the reversible Toffoli gate design for Figure 5.5. All the individual
blocks of Figure 5.5 have been replaced by the Toffoli counterparts presented in Figure 5.1

and Figure 5.2. The design in Figure 5.6 is that of Design D1.

Figure 5.6.  Toffoli realization of design presented in Figure 5.5

Figure 5.6 reflects the complete design has two parts — Part | resembling forward flow and
Part 11, also resembling forward flow. The two parts are connected via a feedback having a
two-input Toffoli gate. Part | has been provided in Figure 5.7 whereas Part Il has been pre-

sented in Figure 5.8.
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E o T R - T T -]

Figure 5.7. Part | Decomposed V — V* — TOFF2 architectures
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Figure 5.8.  Part Il Decomposed V — V* — TOFF2 architectures
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5.3 DEecIMAL DowN COUNTER (DESIGN D2)

Like the Up Counter, the Down Counter has been designed using excitation table provided

in Table 5.2. The K-Map method has been utilized to form the characteristic equations.

TABLE 5.2.  SYNCHRONOUS DOWN COUNTER (EXCITATION TABLE)

Qa| Q2| Q1| Qo| Q3" Q2| @' | Q| Ja | Ka| Jo | Kz| 1| Ki| Jo | Ko
ol o oo 1001 I x| 0 x| 0] x| 1] x
ojojop1|jo0ofojojyolo|lxl0] x| 0| x| x

oloj1yo0jo0ofojpo} 1ol x| 0 x| x|l X
0] 0 1 I1fojof 1y 0|0 x| 0] x|=x]| 0| x

ol 1| o000} 0|1 1 0] =] = | 1 x| 1| x
oy 1jyo0p 1|0 1)o0}0lO0| x|l x| 0] 0| x| x

| t1fojpo)p 1o} 1|0 x| x| 0] x|l 1| x
011 1 1| 0] 1 10| 0| =| x| 0] = 0] =

1 0l 0] 00 1 1 1| x| 1 1| x X X
N T O B I I1fojo0ofol x| 00| x| 0| x| x

1 0l 1| 0| x| x| x| x| x| x| x| x| x| x| x| X
1 0 1 | = x| x| x| x| x| x| x| x| x| x| x
1 1 Ol 0| x| x| x| x| x| x| x| x| x| x| x| X
1 1| 0 I x| x| x| 2| x| x| x| x| x| x| x| X
1 1 1 0| x| x| x| x| x| x| x| x| x| x| x| X
1 1 1 | x| x| x| x| x| x| x| x| x| x| x| X

Figure 5.10 presents the reversible decimal down counter (synchronous). The Toffoli
Netlist for the design in Figure 5.10 is shown in Figure 5.11. The RDFF shown in Figure
5.9 is the RFF shown in Figure 5.2c with an inverter at the output of RFF. The inverter has
been designed using two-input Toffoli Gate as discussed earlier. The characteristic equa-
tions have been derived from Table 5.2 using K-Map method and are provided in Equation
(12) through Equation (19).
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RDFF
gnessessessesiessaesaasaenes %
K.+ i
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clk—H — clk :
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Figure 5.9.  Schematic for RDFF
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Figure 5.10.  Synchronous Decimal Down Counter (Reversible)

J3 = Q0.Q1.Q2 (12)
Ks = Qo (13)
J2 = Qo-Q3 (14)
K, = Q.0 (15)
J1 = Q0.Q5 + Q0. Q2 (16)
Ky = Qo (17)
Jo=1 (18)
Ko =1 (19)

For implementation of Equation (16) BVMF gate has been used. The readers are requested
to refer [62] to get the complete details for the BVMF Gate. Choice for BVMF Gate has
been made after acute analysis of the quantum metric for all the reversible gates. Equation
(16) is being generated using BVMF Gate in the most efficient manner. Decomposition of
Figure 5.11 could not be done as the design has multiple feedback paths.
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54 SYNCHRONOUS REVERSIBLE DECIMAL COUNTER (DESIGN D3)

The complete design implementing the synchronous reversible decimal counter has been
generated from both the designs, Design D1 and Design D2. The selection of a particular
design among D1 and D2 is done by a control signal DN /UP which selects one of the out-
puts from the up or the down counter. The selection procedure is conducted using a Fred-
kin gate array. The design is shown in Figure 5.12. The dotted part on the right exhibits the
Fredkin gate array. Basically, the Fredkin gate array basically works as a 2:1 array-
multiplexer. It selects one of the two output vectors generated from up counter and down
counter to the output depending upon the control signal DN /UP. The control signal acts as
the select line to the multiplexer. Hence, the design in Figure 5.12 behaves according to the

condition below.

Up Counter if DN/UP = 0 }

s -] ON/UP -
Down Counter if DN/UP =1

5.5 COMPARATIVE ANALYSIS

The comparative analysis has been done with literary proposals with respect to Gate Count,
Number of 2-Qubit Gates, and Quantum Cost. These results have been presented in Table
5.3. Table 5.4 provides the analysis based on V — V* — TOFF2 gates for the decomposed

architectures.
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Figure 5.12.  Reversible Decimal Counter (Synchronous) (Toffoli Netlist)
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TABLE 5.3. QUANTUM METRIC ANALYSIS (UP COUNTER, DOWN COUNTER, UP/DOWN COUNTER)

- Toffoli Gate | Quantum |Two-Qubit Gatg
Design Count Cost 8011111:
Tt 6 34 18
Uﬂfﬁ“ﬁﬁﬂ 16 108 60
Complete Up Counter
(Figure 7) including TOF2 be- 23 143 19
tween Part — [ and Part - I
o Coper 38 178 114
%?gsiseibllg)Up;D own Counter 65 349 213

Table 5.3 and Table 5.4 reflect that quantum cost is better when the proposed designs are
implemented using Toffoli Gates rather than when implemented using V —V* — TOFF2

gates.

TABLE 5.4. QUANTUM METRIC ANALYSIS (DECOMPOSED DESIGNS)

Decomposed Design Gate | Quantum Twc-gublt Gate

Count Cost ount
Uﬂfi“f}‘ﬁrgm ) 36 36 36
Uﬂfgﬂﬁf%gm % 114 114 114
Complee U Cgmuerineyding, |1y [ gs1 | s
Down Counter 186 186 186
Fredkin Gate Arrav 28 28 28
Reversible Up/Down Counter 365 365 365
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Comparative analysis of all the counter proposals in literature has been provided in Table
5.5. It can be observed from Table 5.5 that multiple designs have been proposed for Mod-
16 counter. Moreover very few proposals contain Toffoli gate implementations. The pro-
posed design in this chapter has been compared with [63] [64] [65] [66] [67] [79] [80].

TABLE 5.5. COMPARATIVE ANALYSIS OF REVERSIBLE COUNTERS

Proposal | A 5 Mod-4| Mod-€ | Mod-10 (Decimal)] Mod-16 D
Ref[63] | v € ® 2 € 2 v
Ref [64] | W V x x x 2 x
Ref [65] | = V V b * = v
Ref[66] | W y * ® x v =
Ref[67] | =| W x x x N x
Ref [79] | W x = * x ! *
Ref [8B0] | = y x * x v x
Proposed | = K * * 4 x 4

A Asynchronous, 8: Synchronous, D Design using Taoffoli Gates

5.6 CONCLUSION

Counter designs in literature reflect numerous proposals for mod-4, mod-8, mod-16 coun-
ters. Extensive survey failed to provide any proposal for decimal counter. This chapter pre-
sents a reversible counterpart for the traditional decimal counter. Designs have been done
primarily using Toffoli gates with Fredkin gates at the final level. Use of Toffoli and Fred-
kin gates assert the proposed designs to be reversible in nature. The complete design for
the decimal counter has been approached in a threefold manner. First, design for decimal
up counter in the reversible domain has been proposed. Secondly, decimal down counter
proposal has been made using Toffoli gates. The final design incorporates the two designs

to generate the complete decimal counter. The final design uses a Fredkin gate array to se-
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lect the desired output from the two outputs from the up and the down counter respectively.

The study in this chapter can be further extended to incorporate the asynchronous

counterpart. Also the counter proposal can be implemented using QCA cells.
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CHAPTER 6
6 TAXONOMY FOR RESEARCH ON REVERSIBLE LOGIC

Mushrooming publications in any specific research domain has made it time consuming
and harsh for researchers to select articles of their choice of interest. While conducting lit-
erature survey, huge time and efforts are wasted in shortlist publications which form im-
portant in relevant field of study. It is in this interest that the present chapter provides a

taxonomy for research on reversible logic.

Through the journey of the current research, it was observed that multiple numbers
of articles had been considered before concentrating on those articles which formed
aligned to the topic of this thesis. But none-the-less all those articles were traversed for
gaining the knowledge. Hence, many articles were rejected from the vocabulary for this
thesis which had been consulted and found inappropriate to the point of interest. Since the
articles have been consulted and the important points noted, hence this chapter was de-
signed to help future researchers with their literature survey and reduce their time for con-

ducting their literature study.

Nowadays, massive collections of articles are observed in the internet and online
indexing databases. Since it is tough to explore the complete literature, a taxonomy be-
comes handy in shortlisting the articles according to some topic nodes. Out of the many da-
tabases, this chapter has selected IEEE Xplore as the choice of database for generating the
taxonomy. Taxonomy generation requires recognition of a vocabulary as has been illustrat-
ed in [81]. As discussed the vocabulary is IEEE Xplore for this chapter. IEEE Xplore has
been chosen because there is an option is IEEE Xplore where bibliographic data can be
easily downloaded as a .csv file. Other important databases comprise of SCOPUS,
INSPEC etc. which can be consulted in future for generating the comprehensive taxonomy
for reversible logic research. Initial taxonomy generating systems were inefficient as they
could not retrieve information logically as discussed in [82]. Only facts were provided to
the reader but with technological advancements, it is possible to get hold of proper systems
and generate the taxonomy. Taxonomy used to be generally associated with biology and
zoology [83] [84]. Technical taxonomies can be found in [85] [86]. A taxonomy proposal
on reversible logic gates has been provided in [87] but is the partial view of the field. This
chapter provides a wider view of the subject. A comprehensive survey of synthesis and op-
timization algorithms for reversible logic has been provided in [88] whereas a comprehen-
sive survey of four input four output reversible gates has been found in [89]. These two ar-

ticles have been consulted while generating the taxonomy as they provided the basic de-
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tails regarding one dimension of research on reversible logic.

6.1 VOCABULARY CREATION

The vocabulary has been generated from IEEE Xplore using the seed term ‘Reversible
Logic’. Altogether 1071 articles were fetch which were grouped into seven different types
as shown in Table 6.1. IEEE Xplore provided the bibliographic data in terms of 29

attributes. These 29 attributes are mentioned in Table 6.2

Table 6.1. TYPES OF PUBLICATIONS

Article Tvpe Article Count | Article Tvpe Article Count
Conferences 929 Courses 1
Journals 120 Books 3
Magazines g Standards 3
Earlv Access Articles 3

Table 6.2. 29 ATTRIBUTES IN BIBLIOGRAPHIC FILE

Document Title Abstract Mesh Terms
Authors ISSN Article Citation Count
Author Affiliations ISBNs Reference Count
Publication Title DOl License
Date Added To Xplore Funding Information Online Date
Publication Year PDF Link Issue Date
Volume Author Keywords Meeting Date
Issue IEEE Terms Publisher
Start Page INSPEC Controlled Terms Document Identifier
End Page INSPEC Non-Controlled Terms

It can be observed from Table 6.1 that there are seven types of publications. Of these, this

chapter concentrates on Journals only. It can be seen that the journal count is 120. Bibliog-
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raphy for these 120 journals was shortlisted and then the taxonomy was generated from
them. All these 120 articles have all the 29 attributes mentioned in Table 6.2. Hence a da-
tabase was created to store all the bibliographic data for all these 120 journal articles. The
database was then searched for errors and redundancies. 11 articles were found to be re-
dundant. The articles were excluded from the database and fresh database was generated
containing the remaining 109 articles. Also this database contained only seven attributes in
contrast to the 29 initial attributes. Six of seven attributes were from the initial database.
One more attribute was added to identify each article in the vocabulary. This new attribute
was termed as PID (Paper Id). Hence, each of the 109 articles had a unique PID. This data-
base was termed as ‘metadata’. The seven attributes in ‘metadata’ are mentioned in Table

6.3. The PID has been assigned according to Equation (1).

PIDi = Taxonomy Bibliography — i V € [1,109] (1)

Note: The taxonomy Bibliography is provided after the bibliography in the thesis.

Table 6.3. ATTRIBUTES IN ‘METADATA’

PID Abstract
Title Author Kevwords
Authors Document Tvpe
Y ear of publication

Since, the taxonomy has been generated using journals only, hence the attribute

‘Document Type’ in Table 6.3 is redundant.

From ‘metadata’, the attribute ‘year’ helped in generating the research growth in
reversible logic over the years. Figure 6.1 presents the research growth. Figure 6.1 has

been generated from Table 6.4 which provides the year wise publication data.

It can be observed that there has been a positive research growth in the domain for
the last three years. There has been a slight dip in growth in 2017, but again the growth has
been positive in the last year. Therefore, it can be claimed that the topic is of interest to the
research community in recent times. Figure 6.1 also reflects that the topic ‘Reversible Log-

ic’ has gained momentum in the past decade only.
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Table 6.4. YEAR WISE GROWTH OF RESEARCH

Year Journals Year Journals Year Journals
1936 2 1991 1 2008 3
1958 1 1993 1 2009 2
1960 1 1996 1 2010 5
1962 1 1998 3 2011 5
1963 1 1999 4 2012 3
1965 1 2000 2 2013 4
1966 1 2001 1 2014 7
1969 1 2002 1 2015 g
1973 1 2003 3 2016 g
1974 1 2004 2 2017 4
1978 1 2005 4 2018 9
1984 1 2006 4

1987 1 2007 3

Journal Count

Ayl

3. An/S \

H AN AAL' Y
D—— ~

s |ournal Count

Figure 6.1.  Research growth in ‘Reversible Logic’

6.2 GENERATION OF ‘KEYWORD’ AND ‘ABSTRACT’ DATABASE

After generation of ‘metadata’, two more databases were generated. One database stored
the PIDs along with the abstracts. This database has been termed as ‘Abstract’ Database

because it holds the abstract for all the 109 articles along with their paper Ids.

A third database named ‘keyword’ database was generated to store all the unique
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Author Keyword from all the 109 articles. Altogether 221 unique Author Keywords were
extracted from all the papers in metadata. After removing redundancies, only 12 keywords
formed relevant. It is because Author Keywords like ‘reversiblelogic’, ‘reversible logic’,
‘reversible logic concept’, ‘Reversible Logic’, ‘Reversiblelogic’ etc. were found. These all
were grouped into a single keyword (phrase) since all of them had identical meaning. The-

se twelve keywords were provided with unique Ids known as ‘Taxonomy Node’.

Hence, the ‘keyword’ database contained two attributes — ‘Taxonomy Node’ and
‘Keyword’. The term ‘keyword’ can be better referred to as key-phrase as a single key-
word may contain more than one word. Table 6.5 provides the ‘keyword’ along with those
Author Keywords which fall within their perspective. These tables also resemble the level

of redundancies in the author keywords

Table 6.5. AUTHOR KEYWORDS CLUBBED INTO ‘KEYWORD’

‘keyword’ Author Keywords

logic

reversible logic
adiabatic logic
adiabatic computing
reversibility
reversible computing
Reversible Logic conservative logic
logic design
reversible logic svnthesis
reversible network
reversible lanes
reversible data hiding

logic synthesis

low power

differential power analysis
ower amplifier

Power P P

low power dissipation

power analvsis attack

power distribution
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Miscellaneous

transform

silicon

atpg

microring resonators
onoff ratio

sidechannel attacks

nems

fault coverage

ctestable

thinfilm transistors

fault diagnosis

test generation

plasma oxidation
resistive switching
serpent cipher

bias temperature instability
memory cellular automata
operational procedures
radar

inalngan

robot skdn

Digital Circuits

reversible circuits

reversible circuit

sequential circuits

integrated circuits

circuit svnthesis

synchronous sequential circuit
minimal garbage

garbage
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garbage outputs

testing

registers

full adder

counters

minimization

lookahead

flipflop

postsynthesis optimization

ring oscillator ro

Gates

toffoli gate
fredkin gate
toffoli gates
quantum gates
swap gates

gate sinking
negative control

paritvpreserving

Emerging Technologies

optical computing
crvptography
emerging technologies
nanotechnology
image encryption
nanocomputing
serpent cipher

image encrvption

Design

boolean functions
reliability
threshold voltage
satisfiability
decision diagrams
energy efficiency
fault coverage

nearest neighbor
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fault diagnosis
test generation
failure

physical analysis

supercapacitors

quantum computing

cellular automata

quantum circuits

quantum circuit

Quantum Computing quantum computation
quantumdot

quantumdot cellular automata
qudits

entanglement

6.3 CREATION OF ‘INDEX’ DATABASE FROM ‘KEYWORD’ AND ‘ABSTRACT’ DATABASE

Using the information in the ‘keyword’ and the ‘Abstract’ database, the index database has
been generated. This database has four attributes — TN (term Id), Keyword, PIDs,

Frequency.

TN stands for the unique term id assigned to the final 12 keywords in the ‘key-
word’ database. Keyword also refers to the unique keywords in the ‘keyword’ database.
Now each keyword is taken from the ‘keyword’ database and searched in the ‘Abstract’
database for occurrences. All those PIDs are noted where that particular ‘keyword” was
identified. All these PIDs are stored in the PIDs field of ‘index’ database. The number of

PIDs in the ‘index’ database is given in the Frequency attribute in the ‘index’ database.

After generation of the ‘index’ database, the database is sorted in descending order
so that the keyword with the highest frequency is at the top. Table 6.6 provides the key-

words with their frequencies.

Table 6.7 provides the PIDs associated with each keyword in the ‘index’ database.

These serve as the ready-reckoner for researchers to get hold of the references according to
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their choice of interest.

Table 6.6. KEYWORD TERMS WITH TERM ID AND FREQUENCY

T;;; ZI;GE)Y Node Frequency
TN1 Feversible Logic 70
TN2 Digital Circuits 44
TN3 Quantum Comp 29
TN4 Gates 22
TN5 Miscellaneous 22
TNG Design 21
TN7T Emerging Tech 17
TNE8 Algorithm 15
TNO Power 12
TN10 Complexity 11
TN11 Memory 10
TN12 Security 6

Table 6.7. KEYWORD AND MAPPED PIDsS
Taxonomy Node PIDs
PID1PID2.PID3:PID4.PID5:PID6:PID7PID9.PID10;PID1
1;PID12;PID13;PID14;PID15;PID16;PID17:PID18;PID19;
PID20;PID21;PID22;PID23.PID24.PID25.PID27.PID28PI
D29 PID30;PID33.PID34;PID35.PID36.PID3 7. PID42.PID4
Reversible Logic | 3:PID44.PID45.PID46.PID48.PID49.PID50.PID51:PID33;
PID>4:PID>6;PID5 T PID58PIDA0PID65PID66.PID 72 P1
D73.PID76;PIDE3 PIDE4;PIDEE PIDES. PIDO1 PID92 . PID9
6:PID99:PID100;PID10E.PID109:PID38.PID67.PID55;PID
40:PID47.PID63
PID6:PID22.PID36;PID45.PID50;PID 53 PID64.PID6EPID
Gates 3:PIDI13;PID16:PID33.PID2E.PID30.PID31.PID66.PID41;
PID70;PID40;PID69:PID34.PID106
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Security PID14.PID15:PID63;PID65.PID74;PID97
PID13.PID26:PID55;PID65;PID73;PID78;PID79.PIDE5;PI
Memorv
DE8.PIDY%

PID3:PIDE:PID12:PID16:PID26:PID27.-PID31:PID33:PID4
I:PID51:PID53:PID54.PID67:PID70.PID1 1 PID28:PID29:
PID32:PID34.PID61:PID66:PID10:PID13:PID58.PIDE5:PI
D7 PIDI1EPID23.PID35.PID38:PID37:PID73.PIDTVS.PIDE7
:PID89:PID99:PID9:PID56:PIDS0:PID14:PID39:PID22:PI
D69:PID97
PID6:PID12:PID22:PID26:PID31:PID34:PID45:PID48:PID
61:PID68:PID3:PID13:PID23;PID37:PID38;PID55:PID 74:
PID78:PID28.PID41:PID69:PID70:PID103:PID36:PID64:P
ID51:PID67:PIDEO.PID 77
PID30:PID39:PID103:PID5:PID104:PID70:PIDET:PID40:P
Miscellaneous [D42:PID73:PID15PID25:PID13:PID36:PID79.PID32:PID
74:PID75:PID78:PID76:PID106:PID107
PID14PID18.PID2E:PID38.PID44.PID32;PID37.PID65;PI
Design D79 PIDS%:PID75PID106:PID48-PID70:PIDE7.PID104:PI
D24:PID47:PID69:PID97:PID98
PID22:PID48:PID50:PID31:PID65:PID67:PID45.PID69PI
D3:PID76:PID23:PID16:PID24.PID 14:PID26:PID39:PID78
PID6:PID14:PID16:PID22:PID30:PID31;PID35.PID45.PID

Digital Circuits

Quantum Comp

Emerging Tech

Algorithm
33.PID60O.PID66.PID6T PIDTE.PIDET PIDEY
. PID14PID22.PID25.PID32.PID35.PID55.PID57.PID74.P1
owWer
D15 PID104PID105PIDOE
PID13PID19.PID26:PID32.PID33.PID45.PID30.PID33;PI
Complexity
D63 PIDT4.PIDES

6.4 COSINE SIMILARITY FUNCTION

After generation of the ‘index’ database, the matrices are formed for implementation of the
Cosine Similarity function. Cosine Similarity function has been used in this chapter to cre-

ate the taxonomy.
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Basically the taxonomy has been formed taking into account the distance between
two Author Keyword, or more precisely, between two taxonomy nodes. Cosine Similarity
function provides similarity between two terms. Another similarity measuring function is
the Google Similarity Distance [90]. The Google Similarity Distance finds the similarity
between the hit counts between two counts when searched via a search engine. Since, the
process used in this chapter is offline, hence Cosine Similarity distance was chosen. Also,
Cosine Similarity function forms the basis for other taxonomy generation algorithms.
Hence the findings in this chapter can be utilized to generate more robust taxonomies in fu-
ture if the present taxonomy is generated using Cosine Similarity function. Equation (2)
presents the Cosine Similarity function.

Tlx’y

Where n,, = Number of articles containing both term ‘x’ and term'y’,

Cosine Similarity =

(2)

n, = Number of articles containing only term ‘x’, and

n, = Number of articles containing only term‘y’.

If the two nodes are similar, then the angle between them tends to 0°. Therefore Cos 0° =
1, and if the distance between the two nodes are very high, then the two nodes can be said
to be orthogonal to each other. In that case, Cos 90° = 0. Hence the Cosine Similarity val-
ue for each group of nodes lies between 0 and 1. If the value nears 0 then the two nodes are
highly dissimilar, and is the value approaches 1, the nodes are highly identical and bear a

string relationship between them.

6.4.1 GENERATION OF TERM CO-OCCURRENCE MATRIX

The Term Co-occurrence Matrix contains the count of occurrences of two keywords taken
together. Hence, this matrix generates the numerator for Equation (2). Table 6.8 provides

the Term Co-occurrence Matrix.

After generation of the Term Co-occurrence Matrix, next the denominator of Equa-
tion (2) is generated. This matrix contains the square root values for the frequencies of

each node multiplied by the square root of the second node under consideration. This ma-
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trix is shown in Table 6.9.

After generation of the two matrices in Table 6.8 and 6.9, the Cosine Similarity

Matrix is generated and is shown in Table 6.10.

Table 6.8. TERM CO-OCCURRENCE MATRIX

B/C |TN1|TN2 | TN3 | TN4 | TN5 | TN6 | TNT7 | TN8 | TN9 | TN10 | TN11 | TN1
TN1 - 30 17 15 10 11 12 12 7 8 5 4
TN2 | 30 - 18 13 7 12 9 10 4 6 3 2
TN3 | 17 18 - 14 6 6 10 7 3 5 4 1
N4 | 15 13 14 - 6 4 7 g 1 5 1 0
TIN5 | 10 7 6 6 - 7 2 3 5 3 4 2
NG | 11 12 6 4 T - 5 2 4 1 2 3
TNT | 12 9 10 7 2 3 - 7 2 3 3 2
TNE | 12 10 7 8 3 2 T - 3 3 1 1
TNO 7 4 3 1 5 4 2 3 - 2 1 3
TN10| & 6 5 5 3 1 3 3 2 - 2 2
TNI1| 5 3 4 1 4 2 3 1 1 2 - 1
TN12| 4 2 1 0 2 3 2 1 3 2 1 -

Table 6.9. DENOMINATOR VALUES FOR COSINE SIMILARITY FUNCTION

E/C Tl | TW2Z | TWN3 | T4 | TN3 | TMe | TIN7 | TWNE | TWNO | TW10 | TWN11 | TN1Z

N1 - 555 | 4306|3024 | 3024|3834 345 | 324 [2BOR| 2775 | 2646 | 2040
™I | 333 - 35723111 3111 304 | 2735|2569 2208 212 2098 | 1625
TM3 | 45.06| 3572 - 2526 2526 2468 222 [ 2086 1865 1786 | 1705 | 1310
M4 | 3024 3111 | 2526 - 22 12140119534 | 1817 1625 | 1556 | 1483 | 1149
TN | 3024 3111 2536 22 - 2140011934 | 1817 1625 15536 | 1483 | 1149
THG6 | 3834 304 | 2463|2149 2149 - 1229 | 17751387 132 | 1449 | 1122
TNT | 3453 | 2735 222 | 1934 1934 18.39 - 15071428 1367 | 1304 [ 101
THE | 324 | 2369 2086 | 1317 1817 | 17.75| 1397 - 1342 1285 | 1225 | 949
TNG | 2898 | 2298 | 1865 1623 | 1623 | 1587|1428 | 1542 - 1149 | 1093 | 849
TN10 | 2773 22 | 1786 15356 1536 132 | 1367 | 12831149 - 1049 | 312
TN11 | 2646|2098 | 1703 1483 | 1485( 1449|1304 | 1223 1095 | 1049 - 175

2313191149 1149 (1122 101 | 949 | 849 | 812 [ 77

LA
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Table 6.10. COSINE SIMILARITY MATRIX

BC | TN1| TN2 | TN3 | TN4 | TS5 | TNG6 | TN7 | TNS | TS | TN10 | TN11 | TNI12
TN1 - 054|038 | 038025029 035(037|024) 029 | 015 | 02
TN2Z | 054 - 05 (042023039 033|039 (017 027 | 0.24 | 012
TN3 | 0.38] 0.5 - 0550241024 045|034 | 0.16( 0.28 | 023 | 008
TN4 | 0.38) 042 | 0.55 - 027|019 036|044 [ 006 032 | 0.07 0
TN | 025023 (024|027 - D33 01 | 017 (031 0.1% | 0.27 | 017
TNG | 0.29) 035|024 ) 0.19| 0.33 - 026011025 0.07 | 0,14 | 027
TNV 035 033|045(036| 0.1 | 026 - 044014 0.22 | 0.23 0.2
TNE | 037035034044 | 017|011 044 - 022 023 | 0.08 | 011
TNS | 024 017|016 | 006|031 025 014|022 - 0.17 | 0.09 | 0.35
TN10 | 025 027|028 (032|019 (007 022|023 |0.17 - 0.1%9 | 025
TN11 (019 0.24| 023 | 007|027 (014 023 | 008 | 0.09) 0.19 - 0.13
TN12 | 0.2 | 012|008 O | 017|027 0.2 |0.11|035) 025 | 0.13 -

6.5 TAXONOMY GENERATION

Table 6.10 serves to generate the taxonomy. The process is described in the following

pseudo code.

Begin:

L1 forie[1,12]

L2 forje€[1,12]

L3 scan R[i]C[j] for the highest valueVi#xNj +#Yy
L4 x =i for highest R[i]C[j]

L5 y =j for highest R[i]|C][j]

L6 if (TN[ylis notrelated to TN|[x]previously)
L7 TN]|x]is the child of TN|[y]

L8 else

L9 goto L2

End

In other words, each row is scanned from left to right. Initially since TN1 has the highest

frequency, hence it becomes the root node. Starting from TN2, each row is scanned
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horizontally and the column which gives the highest value is recorded. The TN
corresponding to this column becomes the parent node for the initial node for which

scanning was done. Post scanning, the child parent relationship is given in Table 6.11.

Table 6.11.  PARENT CHILD RELATIONSHIP
Parent Child Parent Child
TN1 TNZ TNT Leaf Node
TN2 TN6, TN11 TNE TN4
TN3 TN7 TN9 TN12
TN4 | TN3, TNIO TN10 Leaf Node
TN? Leaf Node TN11 Leaf Node
TNG TN5, TN9 TN12 Leaf Node

From Table 6.11, the taxonomy is generated. Figure 6.2 presents the taxonomy.

Reversible Logic

|
Digital Circuits
|
| |
Design
|
| |

Miscellaneous Power

Security

Figure 6.2.

6.6 CONCLUSION

This chapter has proposed a taxonomy for research on Reversible Logic. It has stemmed

out of literature conducted on the huge number of articles. The taxonomy is believed to
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help amateur researchers as well as existing researchers who wish to point out a certain
reference out of the massive collection of research articles.

The next step in this taxonomy would be to include more online databases into the
vocabulary. Also further algorithms for taxonomy generation can be explored for more ro-

bust taxonomy in future.
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7 CONCLUSION

This thesis is an attempt to address green computing through concept of reversible logic.
With rising atmospheric temperature, it has become highly important to reduce the temper-
ature. Since, modern CPUs dissipate enormous amount of heat, hence heat reduction has
become a topic of interest among digital architects. Information lossless computation is
possible only if the operations are reversible. Also conservation of intermediate infor-
mation restrains heat dissipation. Also with advancing technology, the demand has driven
higher clocking processors. But the present speed of processor vary within GHz. The need
is of THz. To address these two issues, this chapter proposes reversible architectures which
can be implemented using zero heat dissipation and which operates in the range of THz

frequencies.

7.1 CHAPTER 2 SUMMARY

Before exploring, it is important to know the existing facts about research domains.
It is this very issue that Chapter 2 addresses. It presents a brief analysis of existing reversi-
ble gates having four inputs. The chapter also proposes Toffoli gate realizations for all the
existing reversible gates (four variables) and also presents the QCA implementations for
the same. The chapter summarizes and provides a benchmark for future reversible gate

proposals.

7.2 CHAPTER 3 SUMMARY

Having provided the benchmark in Chapter 2, Chapter 3 proposes a new reversible
gate having four inputs and four outputs. It has been shown that the proposed gate fares
better than most of the other literary proposals. The single standalone proposed gate can al-

so realize a full adder and a full subtractor.

7.3 CHAPTER 4 SUMMARY

Chapter 4 provides a synthesis algorithm for synthesizing reversible gates. The al-
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gorithm is a library based algorithm which matches Control Lime Set templates and does
the synthesis. Comparative analysis has proven the algorithm to be better than an existing

counterpart.

7.4 CHAPTER 5 SUMMARY

Chapter 5 proposes a decimal counter based on reversible Toffoli gates. The pro-
posed counter is synchronous. Further exploration in the topic of the chapter can be to real-
ize the asynchronous version. The decimal counter proposal is believed to be the very first

proposal in the domain.

7.5 CHAPTER 6 SUMMARY

Chapter 6 provides a taxonomy based on reversible logic research. The taxonomy is
supposed to aid amateur researchers and also those experts who wish to identify very accu-
rately a certain publication which falls in their domain of interest. The taxonomy has been
created using Author Keywords in published literature. The taxonomy has been created us-

ing the Cosine Similarity function.

7.6 FUTURE EXTENSION PROSPECTS

The library based algorithm utilizes only Toffoli Gates. It can be further extended to ac-
commodate Toffoli-Fredkin combinations. The algorithm presently handles four variables.
It can be redesigned to handle any number of variables. The thesis can be further extended
to realize asynchronous counters and also implement the proposed counter using QCA.
The taxonomy can be further generated using a more robust algorithm. Also more online
databases can be used to make the taxonomy more comprehensive. In the present case, on-
ly journal articles have been used. In future, conference publications may also be included

to generate such a taxonomy.
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