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 1 

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  

 Save power 

 Introduce reversibility or reversible brain in Nano-Technology 

 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
th

 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 0 and vice-versa account for                 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].  

 

Figure 1.1. Area of research in this thesis 

 

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 {             }, then Multiple Control Toffoli 

(MCT) is defined as TOFx(C; T);      ; 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{     } is a two variable Toffoli gate having    as the one and only control line and 

   as the target line. The target line gets inverted when    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{        }. In generic terms, 

TOF3 if referred to as the Toffoli Gate where   ,    and    are the control and target lines 

respectively. The target line gets inverted when both the control lines    and    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 {             }, Fredkin gate is denoted as 

FREx(C; T);      , where C ={                               } and T = {     }. 

Each input-output vector mapping is done for input sequence {             } and 

output sequence {                                  } if all the lines the Control 

Lines are at Logic „1‟.  

In two input Fredkin gate, FRE2{      }, in which the values of    and    are swapped at 

the output. Similarly in three input Fredkin gate, FRE3{        }, there are two target lines 

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

Definition 3: For a given variable set {        }, the Peres gate is denoted as a cascade 

of TOF3{        } and TOF2{     }. 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.  

 

 

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        , where A stands for the Most Significant Bit (MSB) and 

C stands for the Least Significant Bit (LSB), the output set         is given by the follow-

ing expressions for the concerned gates: 

 

                                            

                                ̅             ̅   

                                            

 

Where „ ‟ stands for the XOR operation, „.‟ Stands for the AND operation, „ ̅‟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-



CHAPTER 1 

 5 

versibility. 

Definition 4: Given a Boolean specification        is reversible if „f‟ is bijective over a 

set of input variables                  Given an Input-Output Vector    

             and                 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. 

 

 There exists unique values of    for each and every    . 

   -   relationship has a one-to-one Mapping and is Bijective. 

 Branching of an output line is not allowed.. 

 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. 

 

Illuatration: 

Figure 1.13 presents the schematic representation of a Majority Gate. The Majority Gate is 

also known as Majority Voter. The final output                     

                                      .  

 

 

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, 

    ∑      
 
                                    

              . 

 

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 (A, 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 ∑        
   
   . Here    and    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-
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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.  

 

 

 

 

 

 

Figure 1.4. Block Diagram for MTSG gate 

 

 

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 

 

Figure 1.7. Step 2 of Unidirectional Synthesis Algorithm 



CHAPTER 1 

 11 

 

Figure 1.8. Step 3 of Unidirectional Synthesis Algorithm 

 

 

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

 

 

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 a0b0c0d0 a0b0c0d0 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 c1 in Figure 

1.7 depending upon b0; i.e. if value of b0 is high then the bits of c0 are inverted, 

else they remain unchanged. In this particular case, a0 and d0 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 b1 and c1 as this is a TOF3 gate. Hence, in TOF3 

gate, there are two control lines denoted by b1 and c1, and one target line denoted 

by d1. The combined values of columns b1 and c1 affect the column d1. In this par-

ticular case, value for column a1 is ignored. 

 This is a recursive algorithm which continues till all the minterms are sequentially 

placed in the truth table starting from decimal 0 to decimal 15. 

 The algorithm executes as per the given order. 

                                                                 

 

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. 

 

 

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. 

 

 

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. 

 

 

Figure 1.14. Explanation of Optimizing Rule 2 
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Rule 3:  

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. 

 

 

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. 

 

 

Figure 1.16. 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], 
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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 !16 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 
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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. 



 

Mahamuda Sultana, Ayan Chaudhuri, Diganta Sengupta and Atal Chaudhuri, 

“Toffoli Netlist and QCA Implementations for Existing Four Variable Reversible 

Gates – A Comparative Analysis”, Microsystem Technologies, Springer, (25), pp. 

1987-2009, 2018. (SCI Indexed – Impact Factor 1.581). 
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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: 

 

 

 

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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sis in 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 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF ALG GATE 

 

 

 

 

(i) 

 

 

 

 

(ii) 

 

 

 

 

(iii) 
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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 

 

 

  

 

(i) 

 

 

 

 

(ii) 
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(iv) 

Figure 2.2. (i) Block Diagram for BVMF [62] Gate (ii) BVMF-Toffoli Implementation (iii) 

BVMF Gate - QCA realization 

2.1.3 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF DFG GATE 

  

 

 

      

 

 

(i) 

 

 

 

 

 

 

(ii) 
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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 

 

 

 

        

 

(i) 

 

       

 

(ii) 

 

 

 

 

(iii) 
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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 

 

 

        

 

(i) 

 

 

 

 

 

 

(ii) 
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(iii) 

 

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 

 

 

 

      

 

 

 

 

 

(i) 

 

 

 

 

      

 

 

(ii) 
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(iii) 

 

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 

 

 

 

       

 

 

 

(i) 

 

 

 

 

 

       

 

 

(ii) 
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(iii) 

 

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 

 

 

 

 

       

 

 

(i) 

 

 

 

 

       

 

 

(ii) 
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(iii) 

Figure 2.8. (i) Block Diagram of IG [54] Gate (ii) IG - Toffoli Implementation (iii)  IG Gate 

- QCA realization 

2.1.9 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF MKG GATE 

 

 

        

 

 

 

(i) 

 

 

 

 

 

(ii) 
 

 

 

 

 

 

 

(iii) 
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(iv) 

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 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF MRG GATE 

 

 

 

        

 

 

 

 

(i) 

 

 

 

 

        

 

 

 

(ii) 
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(iii) 

Figure 2.10. (i) Block Diagram of MRG [57] Gate (ii) MRG - Toffoli Implementation 

(iii) MRG Gate - QCA realization 

2.1.11 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF MTSG GATE 

 

 

 

 

       

 

 

 

(i) 

 

 

 

 

 

 

 

    

(ii) 
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(iii) 

 

 

(iv) 

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 

 

 

 

        

 

 

 

(i) 
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(ii) 

 

 

 

(iii) 

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 

 

 

       

 

 

 

 

 

(i) 
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(ii) 

 

 
 

(iii) 

 

Figure 2.13. (i) Block Diagram of R2 [47] Gate (ii) R2 - Toffoli  Implementation (iii) 

R2 Gate - QCA realization 

2.1.14 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF RPS GATE 

 

(i) 

 

 

(ii) 
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(iii) 

 

 

(iv) 

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 

 

 

         

 

 

 

 

 

(i) 

 

 

         

 

 

 

(ii) 

 

 

(iii) 

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 TOFFOLI NETLIST AND QCA IMPLEMENTATION OF TSG GATE 

 

 
        

 

 

 

(i) 

 

 

 

 

 

(ii) 

 

 

 

 

 

 

 

(iii) 

 

(iv) 

Figure 2.16. (i) Block Diagram of TSG [48] Gate (ii) TSG - Toffoli  Implementation 

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

 

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

  

 

 

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. 

 

 COMPARATIVE ANALYSIS OF REVERSIBLE GATES FOR QCA DESIGNS Table 2.2.

 

 

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 2.17. Quantum Metric analysis – Reversible Gate Domain 

 

Figure 2.18. Number of QCA cells for each Reversible Gate Design 

 

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 2.19. Majority Voter Gate count, AND Gate count, OR Gate count 

 

Figure 2.20 presents the requirements for implementation a four variable reversible gate 

using QCA in terms of Design Area. 

 

Figure 2.20. 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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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     combinations, i.e.     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       combinations and there will be         such 

truth tables. Hence, for value of n to be four,     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. 

 TRUTH TABLE OF PROPOSED S2C2 GATE Table 3.1.
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 PERMUTATION MATRIX (S2C2 GATE) Table 3.2.

 
 

 

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      denote the     row and the     column.  

Therefore a ‘1’ at      resembles that for input of 0000 at the 0
th

 row, the output is 

0000 at the 0
th

 column. 

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

be seen from Table 3.1. 

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

be seen from Table 3.1. 

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

be seen from Table 3.1. 

Similarly, a ‘1’ at       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. 

 

 
 

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: 

      

                                   

          

          

 

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. 

 

             

             

             

             

             

           

           

           

             

           

           

           

 

Figure 3.2 presents the Toffoli design for the s2c2 gate (the design has been made using 

the Unidirectional Algorithm of [30] [24]).  

 

 
 

Figure 3.2. 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. 

 

             

           

           

           

             

           

             

             

           

           

           

           

 

Figure 3.3 presents the Toffoli design for the s2c2 gate. (The design has used the Bi-

Directional Algorithm of [30] [24]).  

 

 

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. 

 

 

 
 

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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 QUANTUM METRICS FOR S2C2 GATE Table 3.3.

 

 

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. 

 BOOLEAN FUNCTION REALIZATION USING S2C2 GATE Table 3.4.
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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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 COMPARATIVE ANALYSIS OF THE PROPOSED SC2C GATE Table 3.5.

 

 

 

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. 

 

 COMPARATIVE ANALYSIS WITH RESPECT TO BASIC BOOLEAN FUNCTIONS Table 3.6.

 
 

 

 

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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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. 

 

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

ADDER/SUBTRACTOR REALIZATIONS 

 

 

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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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     combinations, i.e.     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       combinations and there will be         such 

truth tables. These sixteen bit combinations can interchange their position within a truth ta-

ble for four inputs in     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,  

 ( )     (  )  ( )  *    +  (  )  *    +        (   )   ( )        
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The final results provide the following: 

( )         ( )               ( )                   ( )             .  

 

4.2 GENERATION OF CONTROL LINE SET LIBRARY 

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

Let  

 ( )    
   
   
   
      ( )        ∑     

  
   .  

 Initially the value for  ( ) is check if it is zero bit stream or not. i.e. To check if 

 ( )  *    + 

 If all the bits of  ( ) are not ‘0’, i.e.  ( )  *    +, then the complete column 

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

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

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

o For example, let  ( )  *    +, then inversion of the least significant two 

bits are required to make  ( )  *    +. 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  ( ). 

o Taking  ( )    
   
   
   
 , if  

o  ( )  *    +                            (  
    

 ) 

o  ( )  *    +                            (  
    

 ) 

o  ( )  *    +                            (  
    

    
 ) 

o  ( )  *    +                            (  
    

 ), and so on. 

 After  ( ) has been converted to {0000}, next  ( ) is taken in to account.  ( ) is 

checked whether the value for it is {0001}. If the value of  ( )  *    +, there 

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

o Since, *    + has already been used for  ( ), therefore *    + cannot be 

considered again because the concept of reversibility states that the input 

and output should be mapped one-to-one. 

o Since *    + is not present at  ( ), therefore all the 4-bit combinations 

from *    + till *    + can be at the output for  ( ). These account for 
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the fourteen combinations. 

o Based on the value that is present in the output of  ( ), the number of Tof-

foli gates are required. Also the value should be converted to *    +. 

 The use of Toffoli gate/s for changing the output value for  ( ) into *    + is 

governed by Table 4.1. 

 

 CONTROL LINE SET LIBRARY TABLE 4.1.

 

 

 It is important to note that the use of control lines in the manner of    and    is 

equivalent 

 This process is continued from  ( )     (  ).  (  ) is automatically generated 

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

 (  ).  
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 It must be noted that for  ( ), the number of control line combinations are thirteen 

in Table 4.1. For  ( ), 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 

 

                
 (   )

 
               

 

Where                                . 

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

Gate synthesis can be given by 

 

    
(    )(    )

 
 

 

All the 105 Control Line combinations are present in Table 4.1 

 

It is to be noted that *    + is the initial step of generation and *    + is generated auto-

matically after  ( )     (  ) have been synthesized, hence the number of ways in which 

 ( ) can be generated is        . These fourteen combinations are placed alongside 

the row for *    + in Table 4.1. 

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  ( ) is done from the set for  (   ) 

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    as    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  ( ) need no template matching as it is generated using inverters only as 

discussed earlier. Similarly,  (  ) is automatically generated.  

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

brary. 

4.3.1 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.2 is consulted. 

It is to be noted that in Table 4.2,              . ‘abcd’ 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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 LIBRARY FOR GENERATING {0001} – TOFFOLI NETLIST TABLE 4.2.

 

Generation of  ( )     (  )     *    +    *    + 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  ( ) and the present relation of 

 ( ) on the right hand side of the truth table for the reversible gate. Hence, if we are syn-

thesizing ( )  *    +, and  ( ) presently has *    + as its output relation, then the 

Hamming Distance between *    + and *    + is 3, therefore three Toffoli Gates will be 

used for its substitution. 

4.3.2 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.3 is consulted. 

4.3.3 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.4 is consulted. 
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 LIBRARY FOR GENERATING {0010} – TOFFOLI NETLIST TABLE 4.3.

 

 

 

 LIBRARY FOR GENERATING {0011} – TOFFOLI NETLIST TABLE 4.4.
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4.3.4 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.5 is consulted. 

4.3.5 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.6 is consulted. 

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

 

 LIBRARY FOR GENERATING {0101} – TOFFOLI NETLIST TABLE 4.6.
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4.3.6 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.7 is consulted. 

4.3.7 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.8 is consulted. 

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

 

 

 LIBRARY FOR GENERATING {0111} – TOFFOLI NETLIST TABLE 4.8.
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4.3.8 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.9 is consulted. 

 

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

 

 

4.3.9 GENERATION OF  ( ) 

If  ( )  *    +, Then library provided in Table 4.10 is consulted. 

 

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

 

 

 

4.3.10 GENERATION OF  (  ) 

If  (  )  *    +, Then library provided in Table 4.11 is consulted. 
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 LIBRARY FOR GENERATING {1010} – TOFFOLI NETLIST TABLE 4.11.

 

 

4.3.11 GENERATION OF  (  ) 

If  (  )  *    +, Then library provided in Table 4.12 is consulted. 

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

 

 

4.3.12 GENERATION OF  (  ) 

If  (  )  *    +, Then library provided in Table 4.13 is consulted. 

 LIBRARY FOR GENERATING {1100} – TOFFOLI NETLIST TABLE 4.13.
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4.3.13 GENERATION OF  (  ) 

If  (  )  *    +, Then library provided in Table 4.14 is consulted. 

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

 

 

4.3.14 GENERATION OF  (  ) 

If  (  )  *    +, Then library provided in Table 4.15 is consulted. 

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

 

 

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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Figure 4.1. Flow Chart Library based Synthesis Algorithm 
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4.5 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. 

 

 COMPARATIVE ANALYSIS TABLE 4.16.

 

 

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 

 

 

 

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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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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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     , but in 

the modified version, the feedback is done from the topmost     . 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. 

 

(a) 

 

 

(b) 

 
(c) 

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) 

 

 

(b) 

 

 

(c) 

 

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) 

 

 

(b) 
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(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. 

 

 SYNCHRONOUS UP COUNTER (EXCITATION TABLE) TABLE 5.1.
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                 (4) 

             (5) 

                (6) 

                (7) 

       ̅̅ ̅         (8) 

             (9) 

             (10) 

             (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   ̅̅ ̅. 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.  

 

 

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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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 I resembling forward flow and 

Part II, also resembling forward flow. The two parts are connected via a feedback having a 

two-input Toffoli gate. Part I has been provided in Figure 5.7 whereas Part II has been pre-

sented in Figure 5.8. 
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Figure 5.7. Part I Decomposed            architectures  

 

Figure 5.8. Part II Decomposed            architectures   
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5.3 DECIMAL 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. 

 

 SYNCHRONOUS DOWN COUNTER (EXCITATION TABLE) TABLE 5.2.

 

 

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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Figure 5.9. Schematic for RDFF 

 

 

Figure 5.10. Synchronous Decimal Down Counter (Reversible) 

 

     ̅̅ ̅   ̅̅ ̅   ̅̅ ̅        (12) 

     ̅̅ ̅         (13) 

     ̅̅ ̅            (14) 

     ̅̅ ̅   ̅̅ ̅         (15) 

     ̅̅ ̅      ̅̅ ̅           (16) 

     ̅̅ ̅         (17) 

             (18) 

             (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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Figure 5.11. Reversible Synchronous Decimal Down Counter (Toffoli Netlist) 
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5.4 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      ̅̅ ̅̅  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      ̅̅ ̅̅ . The control signal acts as 

the select line to the multiplexer. Hence, the design in Figure 5.12 behaves according to the 

condition below. 

 

   {
                  ̅̅ ̅̅    

                    ̅̅ ̅̅   
} 

 

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            gates for the decomposed 

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

 

 

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            

gates. 

 

 

 QUANTUM METRIC ANALYSIS (DECOMPOSED DESIGNS) TABLE 5.4.
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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]. 

 

 COMPARATIVE ANALYSIS OF REVERSIBLE COUNTERS TABLE 5.5.

 

 

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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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 

 

 TYPES OF PUBLICATIONS Table 6.1.

 

 

 29 ATTRIBUTES IN BIBLIOGRAPHIC FILE Table 6.2.

 

 

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). 

 

                                [     ]     

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

 

 ATTRIBUTES IN ‘METADATA’ Table 6.3.

 

 

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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 YEAR WISE GROWTH OF RESEARCH Table 6.4.

 

 

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 

 

 AUTHOR KEYWORDS CLUBBED INTO ‘KEYWORD’ Table 6.5.

‘keyword’ Author Keywords 

Reversible Logic 

 

Power 
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Miscellaneous 

 

Digital Circuits 
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Gates 

 

Emerging Technologies 

 

Design 
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Quantum Computing 

 

 

 

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. 

 KEYWORD TERMS WITH TERM ID AND FREQUENCY Table 6.6.

 

  KEYWORD AND MAPPED PIDS Table 6.7.
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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. 

 

                  
    

√  √  

     

                                                                       

                                                     

                                                  

 

If the two nodes are similar, then the angle between them tends to 0°. Therefore        

 , 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,          . 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. 

 

 TERM CO-OCCURRENCE MATRIX Table 6.8.

 

 

 DENOMINATOR VALUES FOR COSINE SIMILARITY FUNCTION Table 6.9.
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 COSINE SIMILARITY MATRIX Table 6.10.

 

6.5 TAXONOMY GENERATION 

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

pseudo code. 

 

Begin: 

             [    ] 

             [    ] 

             [ ] [ ]                                 

                        [ ] [ ] 

                        [ ] [ ] 

             [ ]                    [ ]            

         [ ]                  [ ] 

            

                

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. 

 

 PARENT CHILD RELATIONSHIP Table 6.11.

 

  

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

 

 

Figure 6.2. Taxonomy for research on Reversible Logic 

 

 

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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