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1. Introduction

In recet yeasinterest in quantum computation hes been steadily increasing. One reason
for thisisdue to Shor's[S97] discovery of a polynomial time quantum algorithm for
fadoring, which is one of the strongest arguments in favor of the superiority of quantum
computing models over clasgcd ones. Sincethis discovery, many efforts have been made
to find new, efficient quantum algorithms for classcd problems and to develop quantum
complexity theory. The goal of thisresearch will beto develop a simulator which will aid
in understanding the robustnessof certain quantum algorithms.

Thefirst such agorithm to be consderedis describedin [S02] which givesa way to
simulate threshold circuits with small depth quantum circuits. It is well-known that
threshold circuits have been found to be surprisingly powerful. For example, Beane etd.
(1986 gave andgorithm to computeiterated mutipli cation usng threshold circuitsin
constant depth.

The smulation is an improvement over what can be done with classcd AND, OR, NOT
circuits. Unfortunately, the acceptancemode for these quantum drcuits is unredistic.
We say alisoutput if the quantum circuit accepts with a non-zero probabili ty;
otherwise, we say a0 isoutput. So the question is how much error isintroduced if we
choose amore redistic accepancecriteria? Good formal egimates of this ae omewhat
difficult to diredly calculatefrom theagorithm itsdf, so it would beinteresting to do
some simulations. It would also be interesting to simulate how errors would propacatein
networks built out of such quantum units.

Two other dgorithms we wish to consder were proposedin [GHMPO02] and [AMP02].
These dgorithms give exad smulations of Mod gates and narrow width branching
programsin terms of smpler kinds of quantum circuits. We would like to study via
simulations how sensitive these dgorithms are to errorsin the quantum gates wsed to
build up the quantum drcuits.

Thisprojed risesto the level of aMaster’s students’s projed because of the substantial
work and mathematicd maturity needed to understand the dgorithmsinvolved, letd one
implement them.

Threedeliverables were finished in this semester. In Déeliverable 1, | wrote a program that
allows oneto smulate the classcal log-depth, AND, OR, NOT circuits for threshold
gateson 10 bits. In Déliverable 2, | implement a simulator which can smlates the log* -
depth threshold circuits for multiplication of two 5 bits numbers. By doing thistwo
delivralbes, | gained first-hand knowledge of the expressve power of threshold ciruits. In
Deliverable 3, | implemented a quantum circuit with unbounded fan-out gates for value
gate.



2.  Simulating classcd log-depth, AND-OR circuits for threshold gates

A threshold gateis alogicd gate doing the following computation. Given input of a0-1
vedor A=(ay, ay,...,a, and athreshold value k, the gate output a 0/1 value,

if (ptax+...+a,>=k) then
Output =1

else
Output =0

as shown in Figure 2-1.

k
|
ai
a
T output
a — |

Figure2-1 A threshold gate

An AND-OR circuit isaclasscal drcuit with the restriction an fan -in removed. That is,
the AND-gate cancompute the conjunction of any number of values andthe OR-gate

can compute the digunction of any number of values. The value of the above threshold

Tabka2--a can be ealuated in the following rearsive way:

k V

o TEEH =0 f o

Thus, we canconstruct acircuit with classcd AND-OR gatesto simulate a threshold
gate. It iseasy to seethat the degoth of thiscircuit is log(n). We use theabove algorithm to
implement our program.

In thisimplementation, we use threeclasss. A CAND class b used for constructing and
operating aclasscd AND gates. Smilarly, aCOR class s creaed for OR gates. Findly,
aCThreshold classis used for describing threshold gate. Wefirst construct a dasscd
circuit consist of AND and OR gates for threshold gate. Then given input bitsand a
threshold value m, we eva uatethecircuit and output the result.



3.  Simulating log*-depth threshold circuits for multiplication

3.1 Program Description

This program simulates threshold circuits for multiplication of two 5-bit humbers. Given
two numbersin 5-bit binary form, the program constructs a circuit consisting of only
threshold gates. This circuit calculates the result of multiplying these two numbers. It has
depth O(log* n), and size of O(n), where n isthe number of bits for ead input.

3.2 Background
In this sedion we will consder thefollowing problems:
* Problem: ADD
Input: two n bt numbersa=an; ... agandb=bn; ... by
Output: S= ... S, S=gg a+b
* Problem: ITADD
Input: n numbersin binary with n btsead
Output: the sum of the input numbersin binary
* Problem: LOGITADD
Input: log n numbers with n bts eat
Output: the sum of the input numbersin binary
* Problem: BCOUNT
Inpu: n btsa,, ..., &
Output: the sum of &, wherei from0ton
*  Problem: MULT
Input: two n kit numbers
Output: the product of the input numbersin binary
e Problem: T",
Inpu: n btsa,, ..., a, n dtswp ..., wp and
athreshold m(m is an integer and O<m<n)
Output: 1if an1.Wpa1+ ... +a0.Wo>=m,
0 otherwise

3.3 Algorithms
Given two n bt numbersa= a1 ... ag and b = b1 ... by, first, we can redice MULT to
ITADD by using the school method for multiplication.
Define
e ¢ =0"1a.... ma0, if b=1, 0*"  otherwise.

Then the product of a, b isthe sum of ¢; where O<i<n. Thus, the problem of computing
multiplication reducesto solve ITADD.

Given the above c; we define for every position k, 0<k<2n-1, the sum s, = 5-o""Ci .
Every s can be written in hinary using no more than log(n) bits, so we have



Z:On—lci K= E:Olog(n)—ls(j ) 2j
Therefore, _
Z:On—lci — E:On_lgzon_l&,j ) 2] |
— E:OIog(n)—l ':On_lS(,j ) 2] ) 2k-

Noticethat the problem of counting ead s isa BCOUNT problem. Thuswe can redwce
the problem of adding n numbersto that of adding log(n) numbers &:O“'ls(,j . 2" where
0<k<log(n). Eac of these numbers has no more than n+log(n) bits. We caniteratethis
procedure, that is, continue to add the above log(n) numbers using the same method, as
the result, next time we cet log(log(n)) numbers with n+log(n )+log(log(n)) bits, and so
on. After x iterations, where x is the smallest number such that log*n<2, we have 2
numbers at the end, we canadd them using a constant depth circuit described in [Vol00].

Next, we reduce BCOUNT to T, Let | = log(n), 3i-o™'s = S.1... S in kinary. Let
0<j<log(n). Let Rybe the set of those numbersr < {0, ..., n} whosej-th kit ison (where
the 0™ bit is the rightmost bit and the (I-1)th kit isthe leftmost bit). We have,

ﬁ = UreR (Z:On_ls =r).
Obvioudly,
X=n=X=r) A -(X=r+l)
thus,
& = UreR (an(a]_, vy 8n) A 7 an+1(a]_, . an))

Observe that the %t R; does not depend on the input value but only on theinput length n
and thus can be hardwired into the circuit. Now we have acircuit for BCOUNT, which
USGS (an) ne N and (an+]_) ne N gat&.

To construct a multiplicaion circuit we dso need to use the NOT, AND, OR gates. It is
easy to seethat:

« AND = T"(w; =1, where 0<i<n)
e OR=T" (w;=1, where0<i<n)
« NOT=TH(w=-1)

Based on the above redictions, we can construct a drcuit for MULT with only threshold
gates.

3.4 Design and Implementation

3.4.1 Oveall circuitsdesign

Given two 5-bit binary numbers and to cdculate the product, our program first generates
adcircuit. Theinput for thiscircuit are two 5-bit binary numbers, then evaluation isthe
processof cdculation, and the evauation result is the product of two numbers. The
program generates the circuit only once,after each eduation (calculation), it cen rest
the circuit for next evauation. Figure 3-1 shows the multiplicaion circuits.
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Figure3-1 Circuit for calculating the product of two five bitsbinary numbers




The depth of the circuit is seven. Infirgt five levels we piepare ¢ ik (Where 0<i<n,
0<k<2n-1), then we send c; x to the sixth level, that is, five numbers with nine bits eah
need to be addel. Levd six contains nine BCOUNT gates, where ea gate hesfiveinput
and threeoutput bits. After applying level six, we have threenumbers with nine bits ead.
We now send them to the seventh layer, which consists of 11 BCOUNT gates with three
inputs and two outputs ead. After thislevel, we get two 13-bit numbers. Adding two
binary numbers can be done by a constant depth circuit that is described in [Vol00].

In Figure 3-1, the constructedcircuit for MULT ismadeup of BCOUNT gates with five
or threeinput bits. Each BCOUNT gate can ke construct by acongart depth circuit
including threshold, AND, OR, and NOT gates. Figure 3-2 ill ustrates the construction of
afive inputs and threeoutputs BCOUNT gate using threshold, AND, OR gated. Figure 3-
3 illustrates the construction of athreeinputs and two outpus BCOUNT gate usng
threshold, AND, OR gated. We can further redaceead AND, OR, NOT gate with
threshold gates & describedin sedion 3-3.

S4B S S

T | T% | T% | T% | 7% | T5% | T% | T% | 7% | 7% | 7% | 7% | 7% | T%
nat nat nat nat nat nat nat
and and and and and and and
or or or
S L’L S

Figure 3-2 BCOUNT circuit with five inputs and three outputs
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S29 %

TS TS TS TS TS TS TS TS
nat nat nat nat
and and and and
or or
I I
S 1 S

Figure 3-3 BCOUNT circuit with threeinputsand two outputs

Given two numbersin hinary with n bits ead, using our circuit construction, we need
log*(n) layers of BCOUNT gates. Each layer can be implemented by a constant depth
threshold circuit. Thusthe total depth of the threshold circuits for multiplication is

O(log*(n)).

Notethat in Figure 3-3, the value of Sy and S; are solely depend on the initial input
(awasapana) and (bsbshibibp). We cancreaka dreuit that dredly calculatesthe final So
and S; result based on the initial (ayasapa180) and (bsbsbzbibo) values. In the following, we
show an ideaof constructing constant threshold circuitsfor multipli cation.

Suppose for any S;; we have the following truth-value table, then we can usea drcuit as
shown in Figure 3-4 to cdculate each @ ue.

a 4dkdad | 00000| ... | 11111
bbby
00000 0 1
11111 1 0

Table 3-1 Truth valuefor §;

For two inputs (asasaeawds) and (babsbobiby), there are 2'°=1024blocks, the output of ead
block is connedted to a T'%%%, gate. The output of thecircuit is a truth-value in Table 3-1.
Ead Hock can further be constructed by acircuit of depth two, as shown in Figure 3-5
(using ayagapana = 00000and bybsbybiby = 00000as example). It iseasy to replaceead

11



NOT-gate by a depth-one threshold circuit. Thus, the total depth of threshold circuits for
multiplication isthree

--------------------------------

. . . i
-------------------------------

v v

'|'10241
|

Si J

Figure 3-4 Threshold circuitsto calculate Si,|

1 ’ e vauefor  :

nat nat nat (000000000)

---------------------------------------------------------------------------------

Figure 3-5 Circuit construction for each block

3.4.2 Programorganization
Basicdly, threestructures were used: pin, threshold and blkbax structure.

* Inthe pin structure, we record input and output information using linked-lists.

Ead element of alinked-list isa pointer that pointsto a pin.
» A threshdd gate hesinput and output pins, and its threshold value k.

12



* A blkbox isastructure made of input pins, output pins, and internal threshold
gates. We use different blkbox structuresto implement AND, OR, NOT, or
BCOUNT gates.

Having all these elenents, we can finally construct our circuits for multiplication. Figure
3-6 shows our program organizetion.

@
CIDIC G ICGD
G >

Figure 3-6 Program organization diagram

35 Test

A test program was written, which takes the circuit asitsinput and evauates step -by-step
the status and value of the threshold gates. Because thiscircuit is only calcul ating the
product of two 5-hit binary numbers, it is possble to verify eat possble input and
output. My evauation showsthat my circuits corredly compute the result of multiplying
two 5-hit binary numbersin constant time.

13



4. Simulating quantum circuits with urbounded fan-out for value gate

4.1 Program Description

This program performs alinea value gate calculation. Given n qubits [x> and value m,
the program constructs a quantum circuit with fan-out, and then evaluatesthe circuit. The
ideafor constructing such acircuit can kefoundin [S02].

4.2 Quantum Computation

Quantum medhanics is a mathematica framework for the development of physicd
theories. In thissedion, we will review someimportant concepts of quantum mechanics,
for detail s, seethe textbook of Quantum computation [NCOQ].

4.2.1 Modes of quartum mmputation

In classcd complexity theory, several equivalent models can represent the concept of
universal computer. Asfor quantum computation, ead of these classcal conceptshas a
guantum counterpart, as shown in Table 4-1.

Model Classcd Quantum
Mathematicd | Partia reaursive function Unitary operators
Machine Turing machine Quantum Turing madine
Circuit Logicd circuit Quantum circuit

Table 4-1 Classical and quantum computation models

4.2.2 Jate space

Associated to any isolated physicad system isa complex vedor spacewith inner produa
(that is, a Hilbert spacg, known as the state spaceof the system. The system is
completely described by its state vedor, whichisaunit vedor in the system’s state ace

A qubit isatwo-dimensiona state space Suppose |0>and|1> form an orthonormal basis
for that state space Then an arbitrary state vedor in the state spacecan be written as:

|p> = a|C> + b|1>
where a and b are complex numbers, and [af* + |b]? = 1.

4.2.3 Evolution

The evolution of aclosed quantum system s described byaunitary transform. That is,
the state |> of the system at time t; isrelated to the state |’ > of the system at time t, by
aunitary operator U which depends only on the times t; and t,,

lp> = Uly>

A transform issaid to be unitary if the metrix, say U, representing this gate is unitary, that
is, UTU = I. An example of unitary operator is the Hadamard gate, which we denote as H.

14



This hasthe adion H|0> = (|0> + [1>)/N2, H|1> = (|0> - |1>)/V2, and corresponding
matrix representation

H:1/\/2[ i 11}

4.2.4 Quanum measurement

Quantum measurements are described by acolledion { My} of measurement operators.
These are operators ading on the state space of the system being measured. Theindex m
refersto the measurement outcomes that may occur in the experiment. If the state of the
guantum system is |> immediately before the measurement, then the probabili ty that
result moccursisgiven by

p(m) = <qJ|MmJr M | >

and the state of the system after the measurement is

M m|W>
V<M m M m| P>

The measurement operators satisfy the compl etenessequation
YaMn' Mp =1

4.2.5 Composite sygems

The state spaceof a composite physcd system is the tensor product of the state spaces of
the component physcd systems. Moreover, if we have systems numbered 1 through n,
and system number i is prepared in the state |i>, then the joint state of the total system is

V> @ [W> @ ... @ [Pr>.

4.3 Algorithms

In thissedion, we will briefly review the man results of the kesic algorithm, which is
used to construct thecircuit implemented in this program, for detail s, see[S02]. In
forthcoming circuits, we will need the following tools: quantum fan-out operation,
parallelization method, quantum Hadamard transformation, and increment operation.

4.3.1 Quanumfan-out operation
Noticethat becaise of the no-cloning theorem, quantum circuits cannot contain a naive
guantum counterpart of the classcd fan-out operation performing

|s>|0>2" > | ¢.3.1)
for agenera superposition state |[s>. However, amodified quantum fan-out operation can
be defined. It performs exaaly (4.3.1) for ead computational basis state and the eff ed on

superposition states is determined by lineaity. The quantum fan-out operation can also
be regarded as a sequence of controlled NOT operations sharing the source qubit.

15



Define a quantum fan-out operation on source qubit [s> and n target qubits |ty> performs
>®1=1"tk> 2 |5 Q=1 "tk s>

4.3.2 Paralléization method

Having the above guantum fan-out operator, now we ae ale t perform a nore gereral
task: an arbitrary number of (possbly controlled) commuting operations operating on the
same qubits can be performed at the same timein themode of quantum drcuits with
unbounded fan-out.

First, if some operators commute, then they are dl diagond in the same besis. Second, a
diagonal unitary operator consists just of phase shifts, becaise every coefficientin the
diagonal isa compex unit. Furthermore, appying mutiple phaseshifts on an individual
gubit can be parallelized as following:

1. Apply the fan-out operation on a qubit to copy the state.
2. Apply eat phase shift on adistinct “copy”.
3. Apply the fan-out operation again, and clea the arcilla qubits.

Thismethod can be reaily generali zed from one qubit to a st of qubitsby copying al
target qubits using the fan-out operation after basis change. Other tricks are smilar to one
qubit case.

4.3.3 Quantum Hadamard transform

Quantum Fourier Transform (QFT) isone of the main tools of quantum computing. It isa
guantum equivalent of the classca Fourier Transform, but it operates on quantum
amplitudes of superposition states insteal of an array of nhumbers. For detail about QFT,
see[NCO0Q]. Themain trick usedin this dgorithm is replacing QFT by Hadamard
transform.

The Hadamard transform H, on n qubits is thefollowing operator (writtenin the
computational basis):

Hn — :U2n/2 5:02n—1|y> E:Ozn_l(‘l)y'X<X|,

wherey.x isthe bitwise scdar product. A useful property of the Hadamard transform is
Hn=H®".

4.3.4 Increment operation

An increment operator P on nqubitsis an operator mapping ead computational basis
state [x> to [x+1 mod 2>. P isdiagonal in the Fourier basis and, in this basis, can be
implemented exadly by a depth one quantum circuit.

Define operator D = FPF, that is the increment in Fourier basis. Define arotation

operator about the z-axis by angle 6 by R,(6) = |0><0| + €”|1><1|. Then for every k € {1,
2, ..,n}, D« =R/rr/ 2**) ® Dy.1. The O-qubit operator Dy is considered to be 1.

16



4.3.5 Valuegate
Having all thesetoals, acircuitfor vaue gate with unbounded fan -out can be constructed
asshown in Figure 4-1.

. |
!
|0¢) —:JZ HE 1'4_; D } T?T; HE $
.t |
I i |
| |
I |
I |
I |
| |
L

Figure4-1 A circuit for value gate

4.4 Design and Implementation

One of the most challenging partsin implementing this dgorithm is to understand
substantial mathematics involved in the agorithm and quantum computeation. It took me
long time to figure out the matrix for ead quantum gateinvolved in this circuit.

4.4.1 Matrix design

From an implementation view, four types of layersare included in Figure 4-1.
Permutation layer, Hadamard layer, Fan-out layer, and Increment layer. According to this
consideration, from left to right, wefirst appy Hadamard layer to change the basis of the
input veaor. Then we appy permutation layer to change the order of inputline. Then,
apply fan-out layer, after this, we appy permutation layer agan to change the order bad,
and apply another permutation layer to give an order that neede by appyingincrement
layer. Then, by applying controlled increment layer on Hadamard basis, we cancalculate
if the number of inputsthat ison isequal to avalue m. We again applying permutation,
fan-out, permutation, and Hadamard layer respedively to change the vedor badck to
computational basis and eliminate arcilla qubits.

Ead layer can be represented as a matrix. This matrix comes from the tensor -product of
sub-matrixes. The entirecircuit can al so be represerted as a matrix, which is the product
of all layers. A matrix representation for the Hadamard layer (wecdl it H_layer) is
straightforward. H_layer =1, ® ...® 1,® H®™Y? Next we will explain matrix
representation for other layers.

17



. Matrix representation for permutation operator
Give ninputsin order x, we may need to change order x to order y,

a —] —
& —] h
P
& —] —

Figure4-2 Permutation operator
The above Figure 4-2 ill ustrates a permutation. Input vedor is X = (ay,&, .., an), after
permutation operation, the output isa permutation of (a;,a,.., an), asy = (as,a,..,a7)
shown above.

The permutation operation can be implemented with the following matrix:

P11 P12... Pin a 3
P21 P22 ... Pen & a
P2 Pn2 ... Pon & &

Figure4-3 Matrix representation for permutation operator

For eat element & in vedor X = (ay,,..., &), it ispermutated to the output element g
iny = ( as,a,..,a7) Whichy isapermutation of x. The matrix has the following property:

« p(g a)=1forl<=i,j<=n
* p(i,j) =0, otherwise

. Matrix representation for fan-out operator

A matrix representation for fan-out gate of n target bitsisillustrated in Figure 4-4.
Definem = 27(n+1). The size of this matrix ism x m. For the first m/2 rows, p(i, j) = 1 if
i =j. For therest rowswith row number Kk, p(k, j) = 1if j = m/2+m-1-k. Otherwise p(k, j)
=0.

18



10...... ... O.......... 0
01......... O.......... 0
001..... O......... 0
0 0 0
0O......... 10...... ... 0
O.......... 00......... 1
O.......... 00...... 1

O.......... 00..1...0
O.......... 00......... 0
O.......... 01......... 0

Figure4-4 Matrix representation of fan-out operator

. Matrix representation for controlled-increment operator

We conddera gereral ca%, thatis, a controll ed-U operator. In our implementation, we
can limit our considerationsto one controll ed bit and n target bits. In this case, we have
the matrix representation shown in Figure 4-5.

Figure4-5 Controlled-U operator and its matrix representation

In this matrix, we have 2*(n+1) rows and 2(n+1) columns. The sub-matrix that is made
from the first 2*(n+1)/2 rows by the first 2*(n+1)/2 columnsis aidentity matrix. To
implement a controll ed-increment operator on n target bits, we can replaceU by a matrix
for increment, as described in sedion 4.3.4.

4.4.2 Programorganization

In implementation, we designed four classes. Complex number class Matrix class Gate
classand Vaue gate class In the Compex number class we dfine complex number and
its operations. In the Matrix class we define matrix and matrix operations, such as
addition, multiplication, transpose, tensor-product, and Hermitian-conjugate. In the Gate
class we define a base gate, and set matrix for identity gate, Hadamard gate, fan-out gate,
flip(permutation) gate, and controlled increment gate. Finally, in the Value gate class we

19



set up a quantum circuit for value gate and evaduate thecircuit to output result. Figure 4-6

shows a class organization.

Figure4-6 Classdiagram

45 Test

We tested the one-qubit case. According to the agorithm, if the vaue gateis satisfied,
that is, the number of inputsison equal to the value m, then the register, say |Z> isin
computational basis state |0>. Otherwise, register |[Z>isin agener a superposition state.
By doing a measurement <Z|Z>, we get an output value, we then negate this value to
output the result. Table 4-2 showstest result on one-qubit case. In thistable, we see that
if value gate is satified, program output 1, otherwise O.

Input qubit | Value m | Output
|0> 0 1
|0> 1 0
|1> 0 0
|1> 1 1

Table 4-2 Test result on one qubit case

4.6 Limitation of the Implementation

Currently, our program is an initial implementation. For now, both the space complexity
and the time complexity are high. Given n qubits, the space and the time complexity for
this implementation is O(2”*nlog(n)). We know, however, that this dgorithmisin
PSPACE, because BQP lies somewhere between P and PSPACE [N C00], see Figure 4-7.
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PSPACE

AWPP

BQP?

Figure4-7 Therdationship between classical and quantum complexity classes

Because of the exponential complexity of our current implementation, we are not able to
evaluate large number of qubits. However, it does give usthe insight of how the quantum
algorithm works. Currently, we are actively exploring waysof reducing both the space
and the time complexity and are making good progress. We will discussthisin
conclusions and further works section.
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5. Conclusions and further works

In this semester, | implemented three programs. By doing thefirst two programs, |
became familiar with simulating classical circuits, and gained afeding of the power of
threshold circuits as a computational modd.

In the third program, | implemented aninitid verson of aguantum circuit for unbounded
fan-out value gate. The basic agorithm to construct thiscircuit is described in [S02]. My
current implementation isafully functioning smulator of quantum circuits for the value
gate. One disadvantage for this smulator isits exponentid space and time complexity,
which makes smulating large circuits too cogly. We are exploring the following ideas to
reduce the space/time complexity to polynomid intheinputs of our circuits.

The basic operations we used to support our implementation include tensor-product,
permutation operator, and increment operator. We are considering having a method
element (i, ) that returns an element of thei-th row and the j-th column in a matrix. We
found that it is possible to write such a method on tensor-product, permutation operator,
and increment operator, and have the time complexity be polynomid. Thusin our
constructed circuits, we can avoid setting up the exponentia length by exponential width
matrices. Y et, in practice, many considerations are needed to be thought out in more
details.

In the next semester, | will implement the above ideas. Another work is to introduce error

matrices and to do alarge amount of tests to estimate how errors would propagatein
networks built out of such quantum units.
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Appendix A: Source codefor Déeliverable 2

/Imult.cpp

T

/[This program performs multiplication between two

/[five bits binary numbers. The program first generate
/laconstant depth circuit that consist of only threshold
//gates, then evaluate the output value of generated circuits.
T T

#include <iostream>

#include <string>

#include <cassert>

using namespace std;
const NUMBER_OF BITS=5;

const int MAX_FAN_IN =22;
const int MAX_FAN_OUT = 22;

const int N_LEVEL1=09; //at levell three 9 bits numbers are generated
const int N_LEVEL2 =11;//at level2 two 11 bits numbers are generated
const int N_LEVEL3 = 13;//at level3 one 13 bits numbers are generated

TN
//Input/Output Pins structures and functions
TN T

struct input_pin_struct

{
bool is value;
union
{
int value;
struct output_pin_struct *from;
}union_field;
|3
struct output_pin_node
{
struct input_pin_struct *to_inpin;
struct output_pin_node * next;
¥

struct output_pin_struct
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bool valid,;
int value;
struct output_pin_node *to_inpin;

1

void set_inpin_value(struct input_pin_struct *inpin, int value)
{

inpin->is_value = true;

inpin->union_field.value = vaue;

}

void connect_pin(struct output_pin_struct *outpin,
struct input_pin_struct *inpin)
{

inpin->union_field.from = outpin;
inpin->is_value = fase;

struct output_pin_node *p;
p = new struct output_pin_node;
p->to_inpin = inpin;
if (outpin->to_inpin == NULL)
{
p->next = NULL,;
outpin->to_inpin = p;

p->next = outpin->to_inpin;
outpin->to_inpin = p;

M
/IThreshold structure and functions
M

struct threshold_struct

{
int nuM_input;
int k;
int weightfMAX_FAN_IN];
struct input_pin_struct inpingf MAX_FAN_IN];
struct output_pin_struct outpins,
¥
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/I This structureisfor evaduating the multiplication circuit

/I When athreshold gateis generated, aeval_nodeis created
/I and islinked to head list.

struct eval_node

{
struct threshold_struct *item;
bool valid,;
int vaue;
struct eval_node * next;
} *head = NULL;

void construct_threshold(struct threshold_struct *t, int n, int k)
{

int i

struct eval_node *peval;

t->num_input = n;
t->k = k;

for(i=0; i<n; i++)
t->weight[i] = 1;

t->outpins.valid = false;
t->outpins.to_inpin = NULL,;

peval = new struct eval_node;
peval->item = t;
peval->valid = false;
peval->next = head;
head = peval;

}

/[Thisfunction isfor NOT gate. Normally, each weight is 1.
/[For NOT gate, weight is-1, and kisO.
void change _threshold weights(struct threshold_struct *t,

int weight[])

{

inti;

for (i=0; i<t->num_input; i++)

{

t->weight[i] = weight[i];

}

}

bool evaluate threshold(struct threshold_struct *t, int * result)
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int i,value=0;

for(i=0; i<t->num_input; i++)

{
if(t->inping[i] .is_value == true)
value += t->inpingi].union_field.value * t->weight[i];
else
if(t->inpingi].union_field.from->valid == true)
value += t->inpingi].union_field.from->value * t-
>weight][i];
else
return false;
}
}
if (value >= t->k)
*result = 1;
else
*result = 0;
return true;

N
/IBlack box structure and functions
M T

//A black box isavirtual box, which is made from inpins,
/loutpins. BCOUNT,AND,OR gates can be seen as a constructed
//black box, each one hasits own threshold circuits.
/IMultiplication circuit is made from four levels black boxes,
/leach level has diffrent number of black boxes.

struct blkbox_inpin_node

{
struct input_pin_struct *pin;
struct blkbox_inpin_node * next;
b
struct blkbox_struct
{

int nuM_input;
int nuM_outpult;
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struct blkbox_inpin_node *intablefMAX_FAN_IN];
struct output_pin_struct *outtablef MAX_FAN_OUT];
}
levd0_boxesfNUMBER_OF BITS|[NUMBER_OF BITS],
levedl boxes|[N LEVEL1],
leve2 boxes|[N_LEVEL?Z2],
level3_box;

void connect_blkbox(struct output_pin_struct *opin,
struct blkb ox_inpin_node * bbpin)

{
while (bbpin != NULL)
{
connect_pin (opin, bbpin->pin);
bbpin = bbpin->next;
}
}
void set_blkbox_inpin_value(struct blkbox_inpin_node *inpin,
int value)
{
while (inpin '= NULL)
{
set_inpin_vaue(inpin->pin,value);
inpin = inpin->next;
}
}
bool get_blkbox_outpin_value(struct output_pin_struct *outpin,
int *value)
{
*vaue = outpin->value;
return outpin->valid;
}

HHTHHHH T

//[Construct AND, OR, BCNT gates

/IEach construct function can be seen as a "fill" black box
/lprocedure.

HHHHH T

/[This function implements construction of a unbounded AND

/lgate. An AND gate can be construct through athreshold
/lgate, whose k=n.
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void set_and_gate(struct blkbox_struct * pand, int num_input)

{

}

inti;

struct blkbox_inpin_node * bbinp;
struct threshold_struct *t;

pand->num_input = num_input;
pand->num_output = 1;

t = new struct threshold_struct;
construct_threshold(t,num_input,num_input);

for(i=0; i<num_input; i++)

{

}

bbinp = new struct blkbox_inpin_node;
bbinp->pin = & (t->inping[i]);
bbinp->next = NULL;

pand->intable]i] = bbinp;

pand->outtable[0] = & (t->outpins);

/[This function implements construction of a unbounded OR
/lgate. A OR gate can be construct through a threshold
/lgate, whose k=1.

void set_or_gate(struct blkbox_struct * por, int num_input)

{

inti;

struct blkbox_inpin_node * bbinp;
struct threshold_struct *t;

por->num_input = num_input;
por->num_output = 1,

t = new struct threshold_struct;
construct_threshold(t,num_input,num_input);

for(i=0; i<num_input; i++)

{

bbinp = new blkbox_inpin_node;
bbinp->pin = & (t->inping[i]);
bbinp->next = NULL;
por->intable[i] = bbinp;
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por->outtable[0] = & (t->outpins);
}

/[This function implements construction of aBCOUNT gate,
/Iwhich has five inputs and three outputs. A BCONT gate
/lis made from four level threshold gates, each leve hae
1114, 7, 7, 3 threshold gats respectively.
void set_bcnt5_gate(struct blkbox_struct * pbent)
{

int minus_one[] ={-1};

inti};

struct threshold_struct *pt1[14], *pt2[7], *pt3[7], *pt4[3];
int pt1k[] ={6,5,4,3,2,1,4,3,3,2,6,5,5,4} ;//k value of 14 first

/Nleve threshold gates
struct blkbox_inpin_node * bbinp;

pbcnt->num_input = 5;
pbcnt->num_output = 3;

/Igenerate 14 first level threshold gates
for(i=0; i<14; i++)
{
pt1[i] = new threshold_struct;
construct_threshold(pt[i],5,pt1K[i]);

/Igenerate 7 second level threshold gates
for(i=0; i<7; i++)
{
pt2[i] = new threshold_struct;
construct_threshold(pt2[i],1,0);
change_threshold weights(pt2[i],minus_one);

}
/Igenerate 7 third level threshold gates
for(i=0; i<7; i++)
{
pt3[i] = new threshold_struct;
construct_threshold(pt3[i],2,2);

/Igenerate 3 forth level threshold gates
/Ipt4[Q] hasthree inputsinstead of two like other gates
//s0 is handled seperatly.

pt4{0] = new threshold_struct;

construct_threshold(pt4{0],3,1);

for(i=1; i<3; i++)

{

pt4[i] = new threshold_struct;
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construct_threshold(pt4[i],2,1);
}

//Connect network, which isto connect outpins and inpins
/lamong threshold gates.
for(i=0; i<7; i++)
connect_pin( & (pt1[i* 2]->outpins), & (pt2[i]->inping Q]) );

for(i=0; i<7; i++)
{
connect_pin( & (pt2[i]->outpins), & (pt3[i]->inping0]) );
connect_pin( & (pt1[i* 2+1]->outpins), & (pt3[i]->inping 1]) );
}

connect_pin( & (pt3[0]->outpins), & (pt4[0]->inping0]) );
connect_pin( & (pt3[1]->outpins), & (pt4[0]->inping1]) );
connect_pin( & (pt3[2]->outpins), & (pt4[0]->inping 2]) );

for(i=1; i<3; i++)

{
connect_pin( & (pt3[i* 2+1]->outpins), & (pt4[i]->inping 0]) );
connect_pin( & (pt3[i* 2+2]->outpins), & (pt4[i]->inping 1]) );
}
for(i=0; i<5; i++)
{
pbent->intable]i] = NULL;
for(j=0; j<14; j++)
{
bbinp = new struct blkbox_inpin_node;
bbinp->pin = & (pt1[j]->inpingi]);
bbinp->next = pbent->intableli];
pbent->intable]i] = bbinp;
}
}

for(i=0; i<3; i++)
pbent->outtable[i] = & (pt4[i]->outpins);

}

/IConstrunction of BCONT gate, which has three inputs two outputs
//Similar to BCONT5
void set_bcnt3_gate(struct blkbox_struct * pbent)

{

int minus_ong[] ={-1};
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inti};

struct threshold_struct *pt1[8], *pt2[4], *pt3[4], *pt4[2];
int pt1k[] ={2,1,4,3,3,2,4,3};

struct blkbox_inpin_node * bbinp;

pbcnt->num_input = 3;
pbcnt->num_output = 2;

/lconstruct 4 level threshold gates
for(i=0; i<8; i++)

{
pt1[i] = new threshold_struct;
construct_threshold(pt[i],3,pt1K[i]);

}

for(i=0; i<4; i++)

{
pt2[i] = new threshold_struct;
construct_threshold(pt2[i],1,0);
change_threshold weights(pt2[i],minus_one);

}

for(i=0; i<4; i++)

{
pt3[i] = new threshold_struct;
construct_threshold(pt3[i],2,2);

}

for(i=0; i<2; i++)

{
pt4[i] = new threshold_struct;
construct_threshold(pt4[i],2,1);

}

//Connect network
for(i=0; i<4; i++)
connect_pin( & (pt1[i* 2]->outpins), & (pt2[i]->inpingQ]) );

for(i=0; i<4; i++)

{
connect_pin( & (pt2[i]->outpins), & (pt3[i]->inping0]) );
connect_pin( & (pt1[i* 2+1]->outpins), & (pt3[i]->inping 1]) );
}
for(i=0; i<2; i++)
{
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connect_pin( & (pt3[i* 2]->outpins), & (pt4[i]->inping Q]) );
connect_pin( & (pt3[i* 2+1]->outpins), & (pt4[i]->inping 1]) );

}
for(i=0; i<3; i++)
{
pbent->intable]i] = NULL;
for(j=0; j<8; j++)
bbinp = new struct blkbox_inpin_node;
bbinp->pin = & (pt1[j]->inpingi]);
bbinp->next = pbent->intableli];
pbent->intable]i] = bbinp;
}
}

for(i=0; i<2; i++)
pbent->outtable[i] = & (pt4[i]->outpins);

}

T T
/lImplementaion of adding two numbers.
T |

void set_fast_adder(struct blkbox_struct * padder)
{
inti,j, k;
int minus_one = -1;
struct threshold_struct *g[N_LEVEL2+1], *p[N_LEVEL2+1],
*C[N_LEVEL3Z], *t;
struct threshold_struct *xors[N_LEVEL2+1][3], *notN_LEVEL2+1],
*andgN_LEVEL2+1], *orgN_LEVEL2+1];
struct blkbox_inpin_node * bbp;

padder->num_input = 22;
padder->num_output =N_LEVELS;

for (i=0; i<N_LEVEL2+1; i++)

{
g[i] = new threshold_struct;

construct_threshold(gl[i], 2, 2);

p[i] = new threshold_struct;
construct_threshold(p[i], 2, 1);
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}

xorg[i][0] = new threshold_struct;
construct_threshold(xordi][0], 3, 3);

xorg[i][1] = new threshold_struct;
construct_threshold(xordi][1], 3, 2);

xorg[i][2] = new threshold_struct;
construct_threshold(xordi][2], 3, 1);

notg[i] = new threshold_struct;

construct_threshold(notq[i], 1, 0);

change_threshold weights(notg[i], &minus_one);

connect_pin(& (xorgi][1]->outpins), & (notgi]->inping Q]));

andg[i] = new threshold_struct;

construct_threshold(anddi], 2, 2);

connect_pin(& (notgi]->outpins), & (andgi]->inping Q]));
connect_pin(& (xordi][2]->outpins), & (andg[i]->inping 1]));

orgi] = new threshold_struct;

construct_threshold(ordi], 2, 1);

connect_pin(& (xorgi][0]->outpins), & (orgi]->inping Q]));
connect_pin(& (andgi]->outpins), & (orgi]->inping 1]));

c[1] =d[0];
for (j=0; j<3; j++)

connect_pin(&(c[1]->outpins), & (xorg 1][j]->inping 2]));

for (i=2; i<N_LEVEL2+1; i++)

{

c[i] = new threshold_struct;
construct_threshold(c[i], i, 1);
connect_pin(&(g[i-1]->outpins), & (c[i]->inpingi-1]));
for (j=i-1; j>0; j--)
{
t = new threshold_struct;
construct_threshold(t, j+1, j+1);

connect_pin(&(g[i-1-j]->outpins), & (t->inpingj]));
for (k5j; k>0; k--)
connect_pin(& (p[i-k]->outpins), & (t->inping k-1]));
connect_pin(& (t->outpins), &(c[i]->inpingj-1]));
}
for (j=0; j<3; j++)
connect_pin(&(c[i]->outpins), & (xordi][j]->inping 2]));



for (i=0; i<N_LEVELZ2; i++)

{

}

padder->intablefi] = NULL;
bbp = new blkbox_inpin_node;
bbp->pin = & (p[i]->inping 0]);
bbp->next = padder->intableli];
padder->intable[i] = bbp;

bbp = new blkbox_inpin_node;
bbp->pin = &(g[i]->inping 0]);
bbp->next = padder->intableli];
padder->intable[i] = bbp;

for (j=0; j<3; j++)

bbp = new blkbox_inpin_node;
bbp->pin = & (xordi][j]->inping 0]);
bbp->next = padder->intableli];
padder->intable[i] = bbp;

}

set_inpin_value(& (g[N_LEVEL2]->inping0]), 0);
set_inpin_value(& (p[N_LEVEL2]->inping0]), 0);
for (j=0; j<3; j++)

set_inpin_vaue(& (xorgN_LEVEL2][j]->inping 0]), 0);

for i=N_LEVEL2; i<2* N_LEVEL2; i++)

{

padder->intable[i] = NULL;

bbp = new blkbox_inpin_node;

bbp->pin = & (p[i % N_LEVELZ2 + 1]->inping1]);
bbp->next = padder->intableli];

padder->intable[i] = bbp;

bbp = new blkbox_inpin_node;

bbp->pin = &(g[i % N_LEVELZ2 + 1]->inping1]);
bbp->next = padder->intableli];

padder->intable[i] = bbp;

for (j=0; j<3; j++)

bbp = new blkbox_inpin_node;
bbp->pin = & (xorg[i % N_LEVEL2 + 1][j}>inping 1]);
bbp->next = padder->intabl€]i];
padder->intable[i] = bbp;
}

}
set_inpin_vaue(&(g[0]->inping 1]), 0);
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}

set_inpin_vaue(& (p[0]->inping 1]), 0);
for (j=0; j<3; j++)

set_inpin_vaue(& (xordg 0][j]->inping 1]), 0);
set_inpin_vaue(& (xordg 0][j]->inping 2]), 0);
}

for (i=0; i<N_LEVELS; i++)
padder->outtable[i] = & (org[i]->outpins);

T T
/IConstruct and evaluate multiplication circuit
T T

int multINUMBER_OF BITS], mult2]NUMBER_OF BITS];

/[Thisfunction isfor reset multiplication circuit
void set_values levelO()

{

}

inti,j;

for (1=0; i<NUMBER_OF BITS; i++)
for (j=0; j<NUMBER_OF BITS; j++)

set_blkbox_inpin_value(level0_boxed[i][j].intable] 0],
mult1[i]);

set_blkbox_inpin_value(level0_boxed[i][j].intable[ 1],
mult2[j]);

[linitialize level O circuit
void init_level0()

{

inti};

for(i=0; ikNUMBER_OF BITS; i++)
for(j=0; j<NUMBER_OF BITS; j++)

{
set_and_gate( & (level0_boxedi][j]), 2);
set_blkbox_inpin_value(level0_boxeq[i][j].intable[ 0], mult1[i]);
set_blkbox_inpin_value(level0_boxeq[i][j].intable[ 1], mult2[j]);
}
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/linitialize level 1 circuit
void init_level1()

{
inti};
for(i=0; i<N_LEVEL1Z; i++)
{
set_bent5 gate(& (levell boxeqi]));
for (j=0; j<NUMBER_OF _BITS; j++)
set_blkbox_inpin_value(levell boxedi].intabl€]j], 0);
}
for(i=0; i<5; i++)
for(j=0; j<5; j++)
{
connect_blkbox(level0_boxeqi][j].outtable[ 0],
levell_boxeqi+j].intabl€[j]);
}
}

/linitialize level2 circuit
void init_level2()

{
inti};
for(i=0; i<N_LEVELZ2; i++)
{
set_bent3 gate(& (level2_boxeqi]));
for(j=0; j<3; j++)
set_blkbox_inpin_value(level2_boxeq[i].intabl€]j], 0);
}
for(i=0; i<N_LEVEL1Z; i++)
for(j=0; j<3; j++)
{
connect_blkbox(levell boxeqi].outtable]j],
level2_boxeqi+j].intable[j]);
}
}

[linitialize level3 circuit
void init_level3()
{

inti;
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set_fast_adder(&level3 box);

for (i=0; i<N_LEVELZ2; i++)

{
connect_blkbox(level2_boxeq[i].outtable[ 0],
level3_box.intableli]);
connect_blkbox(level2_boxeq[i].outtable[1],
level3 box.intable[i + N_LEVELZ2)]);
}

/levaluate multiplication circuit
void evaluate_mult_circuit()
{
bool t_is_evalued, changed;
int result;
int pass=0,sze = 0;
struct eval_node *p;

do

{
passt+;
changed = false;
p = head;

while (p '= NULL)

t_is_evalued = evduate_threshold(p->item, &result);
if (t_is evalued == true)

{
p->valid = true;
p->value = resullt;
if (p->item->outpins.valid == false)
changed = true;
}
p = p->next;
}
p = head;
while (p '= NULL)
{
if ((p->valid == true) && (p->item->outpins.valid == false))
{
p->item->outpins.valid = true;
p->item->outpins.value = p->value;
}

38



p = p->next;
}
} while (changed);

cout <<"The depth of multiplication circuit is:"
<<pass-1 <<endl;

p = head;
while (p '= NULL)

Sizet++;
p = p->next;

}

cout <<"The size of multiplication circuit is."
<<size <<end,

}

/IReset multiplication circuit for next calculation to
/lavoid realocating the whole circuit.
void reset_mult_circuit()

{
struct eval_node *p;

p = head;
while (p '= NULL)

p->valid = false;
p->item->outpins.valid = false;
p = p->next;

}

T T
/I For main()
T T T

void init_input()

string s, 2;
int i

cout << "Enter input s1:";
cin >>sl;
cout << "Enter input s2:";
cin >> s2;
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for (1=0; i<NUMBER_OF BITS; i++)

{
multl[i] = s[NUMBER_OF BITS-i-1] -' 0" ;
mult2[i] = s2[NUMBER_OF BITS-i-1] -' 0" ;
}
}
void print_result()
int i, value;
bool b;

cout << "Final result is";

for (I=N_LEVELZ2;i>=0;i--)

{
b = get_blkbox_outpin value(level3_box.outtabl€]i], &value);
assert(b);
cout << value;

}

cout << endl;

}

int menu()

{
charch="Y"' ;

cout << endl;

cout << "ContinueY/N)";
cin >> ch;

cout << endl;

while ((ch==""Y" ) || (ch=="y"))
{

init_input();

set_values level0();
reset_mult_circuit();
evaluate_mult_circuit();
print_result();

cout << endl;

cout << "ContinueY/N)";
cin >>ch;

cout << endl;

}

return O;
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main()
init_input();
init_level0();
init_level1();
init_level2();
init_level3();

evaluate_mult_circuit();
print_result();

menu();

return O;
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Appendix B: Source codefor Deliverable 3
/Ivalue_gate.cpp

#include <iostream>
#include <cassert>
#include <iomanip>
#include <cmath>
#include <math.h>

using namespace std;
const double EPSILON = 1e-12;

const double Pl = 3.1415926535897932384626;
const MaxQubit = 10;

class CComplex_number

{
private:
doublerea part, imaginary_part;
void post_calc()
{
if (fabs(real_part) < EPSILON)
rea_part =0;
if (fabs(imaginary_part) < EPSILON)
imaginary_part = 0;
}
public:
CComplex_number()
{
rea_part =0;
imaginary_part = 0;
}
CComplex_number(doubler, double v)
{
rea_part =r;
imaginary_part = v;
post_calc();
}
void set_value(double r, double v)
{
rea_part =r;
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/*

*/

imaginary_part =v;
post_calc();

}

CComplex_number operator = (CComplex_number& c2)

{

real_part = c2.red_part;

imaginary_part = c2.imaginary_part;

return CComplex_number(real_part, imaginary_part);
}

CComplex_number operator + (CComplex_number c2) const

doubler =rea part + c2.red_part;
double v = imaginary_part + c2.imaginary_part;
return CComplex_number(r, v);

}

CComplex_number operator * (CComplex_number c2) const

doubler =rea part*c2.real_part -
imaginary_part* c2.imaginary_part;
doublev =rea_part*c2.imaginary_part +
imaginary_part*c2.real_part;
return CComplex_number(r, v);

}

bool operator == (CComplex_number c2) const
{

cout << rea _part - c2.rea_part <<" "

cout << imaginary_part - c2.imaginary_part <<"\n";

return(real_part==c2.real_part &&
imaginary_part==c2.imaginary_part);

return(fabs(real_part-c2.real_part)/

fabs(real _part)+fabs(c2.real_part)<EPSILON & &

fabg(imaginary_part-c2.imaginary_part)/

fabg(imaginary_part)+fabs(c2.imaginary_part)<EPSIL ON);

}
void comlex_conjugate()
{
imaginary_part = 0.0 - imaginary_part;
}



void display()
{

cout << setw(4) << rea_part;
if (imaginary_part '=0.0)

{
if (imaginary_part == 1.0)
cout << "+i ";
elseif (imaginary_part ==-1.0)
cout <<"-i ";
elseif (imaginary_part < 0.0)
cout << "-" << (imaginary_part*(-1)) <<"i";
else
cout << "+" << imaginary_part <<"i";
}
else
cout <<" "
}
¥
class CMatrix
{
private:
int m_NumOfRow,m_NumOfCaol,
CComplex_number **m_pMatrix;
public:
CMatrix()
{}
[* ~CMatrix()
{
delete]] m_pMatrix;
}
*/
CMatrix(int row, int col) //Constructor
{

inti;

m_NumOfRow = row;
m_NumOfCol = cdl;

m_pMatrix = new (CComplex_number *[m_NumOfRow]);

44



}

for (i=0; i<m_NumOfRow; i++)
m_pMatrix[i] = new CComplex_number[m_NumOfCol];

void setMatrix (int row, int col, CComplex_number ** ptMatrix)

{

}

inti;

m_NumOfRow = row;
m_NumOfCol = cal;

m_pMatrix = new (CComplex_number *[m_NumOfRow]);
for (i=0; i<m_NumOfRow; i++)
m_pMatrix[i] = new CComplex_number[m_NumOfCol];

for (i=0; i<m_NumOfRow; i++)
memcpy(m_pMatrix[i], ptMatrix[i],
sizeof(CComplex_number)*m_NumOfCol);

CMatrix(const CMatrix& matrix) //Copy constructor

{

}

inti;

m_NumOfRow = matrix.m_NumOfRow;

m_NumOfCol = matrix.m_NumOfCaol,

m_pMatrix = new (CComplex_number *[m_NumOfRow]);
for (i=0; i<m_NumOfRow; i++)

{
m_pMatrix[i] = new CComplex_number[m_NumOfCol];
memcpy(m_pMatrix[i], matrix.m_pMatrix]i],
sizeof(CComplex_number)*m_NumOfCol);
}

CMatrix operator=(const CMatrix& matrix)//Overload assignment

{

inti;

m_NumOfRow = matrix.m_NumOfRow;

m_NumOfCol = matrix.m_NumOfCaol,

m_pMatrix = new (CComplex_number *[m_NumOfRow]);

for (i=0; i<m_NumOfRow; i++)

{
m_pMatrix[i] = new CComplex_number[m_NumOfCol];
memcpy(m_pMatrix[i], matrix.m_pMatrix][i],
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1

sizeof(CComplex_number)*m_NumOfCol);

}
return *this;
}
void display()
r
intij;
for (i=0; i<m_NumOfRow; i++)
{
cout << endl;
for (j=0; j<m_NumOfCal; j++)
m_pMatrix[i][j].display();
}
cout << endl;
}

void CMatrix::mult_matrix(CMatrix m1, CMatrix m2);

void CMatrix::tensor_products(CMatrix m1, CMatrix m2);

void CMatrix::transpose(CMatrix my;

void CMatrix::hermitian_conjugate(CMatrix m);

void CMatrix::mult_number(CComplex_number cplx, CMatrix my;
void CMatrix::add_matrix(CMatrix m1, CMatrix m2);

friend class CGate;
friend class CVaue _gate;

void CMatrix::mult_matrix(CMatrix m1, CMatrix m2)

{

inti,j, k,n;

assert(ml.m_NumOfCol == m2.m_NumOfRow);
n=ml.m_NumOfCol;
m_NumOfRow = m1.m_NumOfRow;
m_NumOfCol = m2.m_NumOfCaol;
m_pMatrix = new (CComplex_number *[m_NumOfRow]);
for (i=0; i<m_NumOfRow; i++)
m_pMatrix[i] = new CComplex_number[m_NumOfCol];

for (i=0; i<m_NumOfRow; i++)
for (j=0; j<m_NumOfCol; j++)
{
m_pMatrix[i][j].set_value(0, 0);
for (k=0; k<n; k++)
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m_pMatrix[i][j] =
m_pMatrix[i][j] +
ml.m_pMatrix[i][K] *
m2.m_pMatrix[K][j];

void CMatrix::tensor_products(CMatrix m1, CMatrix m2)
{

inti,j, mn;

m_NumOfRow = m1.m_NumOfRow * m2.m_NumOfRow;
m_NumOfCol = m1.m_NumOfCol * m2.m_NumOfCol;
m_pMatrix = new (CComplex_number *[m_NumOfRow]);
for (i=0; i<m_NumOfRow; i++)

m_pMatrix[i] = new CComplex_number[m_NumOfCol];

for (i=0; i<ml.m_NumOfRow; i++)
for (j=0; j<ml.m_NumOfCadl; j++)
for (m=0; m<m2.m_NumOfRow; m++)
for (n=0; n<m2.m_NumOfCal; n++)
{
m_pMatrix[i*m2.m_NumOfRow+m|
[j*m2.m_NumOfCol+n] =
ml.m_pMatrix[i][j] *
m2.m_pMatrix[m][n];

}

void CMatrix::transpose(CMatrix m)
{

inti};

m_NumOfRow = m.m_NumOfCaol;
m_NumOfCol = m.m_NumOfRow;
m_pMatrix = new (CComplex_number *[m_NumOfRow]);
for (i=0; i<m_NumOfRow; i++)
m_pMatrix[i] = new CComplex_number[m_NumOfCol];

for (i=0; i<m_NumOfRow; i++)
for (j=0; j<m_NumOfCol; j++)
m_pMatrix[i][j] = m.m_pMatrix[j][i];
}

void CMatrix::hermitian_conjugate(CMatrix m)
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}
void CMatrix::mult_number(CComplex_number cplx, CMatrix m)
{
inti};
m_NumOfRow = m.m_NumOfRow;
m_NumOfCol = m.m_NumOfCaol;
m_pMatrix = new (CComplex_number *[m_NumOfRow]);
for (i=0; i<m_NumOfRow; i++)
m_pMatrix[i] = new CComplex_number[m_NumOfCol];
for(i=0; i<m_NumOfRow; i++)
for(j=0; j<m_NumOfCol; j++)
m_pMatrix[i][j] = m.m_pMatrix[i][j] * cplx;
}
void CMatrix::add_matrix(CMatrix m1, CMatrix m2)
{
inti};
assert(ml.m_NumOfRow == m2.m_NumOfRow);
assert(ml.m_NumOfCol == m2.m_NumOfCal);
m_NumOfRow = m1.m_NumOfRow;
m_NumOfCol = m1l.m_NumOfCaol;
m_pMatrix = new (CComplex_number *[m_NumOfRow]);
for (i=0; i<m_NumOfRow; i++)
m_pMatrix[i] = new CComplex_number[m_NumOfCol];
for(i=0; i<m_NumOfRow; i++)
for(j=0; j<m_NumOfRow; j++)
m_pMatrix[i][j] = m1l.m_pMatrix[i][j] + m2.m_pMatrix[i][j];
}
/I-----Add on 11/22/02
class CGate
{
protected:

inti,j;

transpose(m);
for(i=0; i<m_NumOfRow; i++)
for(j=0; j<m_NumOfRow; j++)
m_pMatrix[i][j].comlex_conjugate();




int m_num_of _qubits;

CComplex_number **m_ppt;
public:

CMatrix m_operator_matrix;

CGate()
{}

K ~CGate()
{

}

CGate(int qubits)

deletel] m_ppt;

*/

inti};
int exp_qubits = pow(2,qubits);

m_num_of qubits = qubits;

m_ppt = new CComplex_number *[exp_qubits];
for(i=0; i<exp_qubits; i++)
m_ppt[i] = new CComplex_number[exp_qubits];

for(i=0; i<exp_qubits; i++)
for(j=0; j<exp_qubits; j++)
m_ppt[i][j].set_vaue(0.0, 0.0);

m_operator_matrix.setMatrix(exp_qubits,exp_qubitsm_ppt);
}

void CGate::set_hadamard gate();

void CGate::set_identity gate();

void CGate::set_fanout_gate(int num_of target);

void CGate::set_flip_gate(int qubits, int order[ MaxQubit]);
void CGate::set_increment_gate(int p_qubits, double weights);
void CGate::set_controlled_increment_gate(int p_qubits,

double weights);
¥
void CGate::set_hadamard _gate()
{

inti;

m_num_of qubits=1,
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m_ppt = new CComplex_number *[2];
for(i=0; i<2; i++)
m_ppt[i] = new CComplex_number[2];

m_ppt[0][0].set_value(sgrt(0.5), 0.0);
m_ppt[0][1].set_value(sgrt(0.5), 0.0);
m_ppt[1][0].set_value(sgrt(0.5), 0.0);
m_ppt[1][1].set_value(0-sgrt(0.5), 0.0);

m_operator_matrix.setMatrix(2,2,m_ppt);
}

void CGate::set_identity gate()
{

int i
m_num_of qubits=1,

m_ppt = new CComplex_number *[2];
for(i=0; i<2; i++)
m_ppt[i] = new CComplex_number[2];

m_ppt[0][0].set_value(1.0, 0.0);
m_ppt[0][1].set_value(0.0, 0.0);
m_ppt[1][0].set_value(0.0, 0.0);
m_ppt[1][1].set_value(1.0, 0.0);

m_operator_matrix.setMatrix(2,2,m_ppt);
}

void CGate::set_fanout_gate(int num_of target)
{

inti};

m_num_of qubits=num of target + 1;

int exp_qubits = pow(2,m_num_of qubits);
int m = exp_qubitsy/2;

m_ppt = new CComplex_number *[exp_qubits];
for(i=0; i<exp_qubits; i++)

m_ppt[i] = new CComplex_number[exp_qubits];
for(i=0; i<exp_qubits; i++)

for(j=0; j<exp_qubits; j++)
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}

m_ppt[i][j].set_vaue(0.0, 0.0);

for (i=0; i<m; i++)
m_ppt[i][i].set_value(1.0,0.0);

for (i=m; i<exp_qubits; i++)

{
j = m+exp_qubits-1-i;
m_ppt[i][j].set_value(1.0,0.0);

m_operator_matrix.setMatrix(exp_qubits,exp_qubitsm_ppt);

void CGate::set_flip_gate(int qubits, int order[ MaxQubit])

{

}

inti,j,k;
m_num_of qubits = qubits;

int exp_qubits = pow(2,m_num_of qubits);
int extractfMaxQuhit] ={1,2,4,8,16,32,64,128,256,512} ;

m_ppt = new CComplex_number *[exp_qubits];
for(i=0; i<exp_qubits; i++)
m_ppt[i] = new CComplex_number[exp_qubits];

for(i=0; i<exp_qubits; i++)
for(j=0; j<exp_qubits; j++)
m_ppt[i][j].set_vaue(0.0, 0.0);

for (i=0; i<exp_qubits; i++)
{
k=0;
for (j=0; j<m_num_of qubits; j++)
if(i & extract[order[j]])
k=k | (1<<);

m_ppt[i][k].set_value(1.0,0.0);

m_operator_matrix.setMatrix(exp_qubits,exp_qubitsm_ppt);

void CGate::set_increment_gate(int p_qubits, double weights)

{

inti;
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CMatrix *pt_m;

CMatrix tmp0(2,2), tmp1(2,2);
CMatrix multtmp, addtmp;
CComplex_number cplx;

m_num_of _qubits= p_qubits;

pt_m = new CMatrix[p_qubits+1];

pt_m[0].m NumOfRow =1,

pt_m[0].m_NumOfCol =1;

pt_m[0].m_pMatrix = new CComplex_number *[1];
pt_m[0].m_pMatrix[0] = new CComplex_number[1];
pt_m[0].m_pMatrix[0][0].set_vaue(1.0, 0.0);

tmp0.m_pMatrix[0][0].set_value(1.0, 0.0);
tmp0.m_pMatrix[0][1].set_value(0.0, 0.0);
tmp0.m_pMatrix[1][0].set_value(0.0, 0.0);
tmp0.m_pMatrix[1][1].set_value(0.0, 0.0);

tmpl.m_pMatrix[0][0].set_value(0.0, 0.0);
tmpl.m_pMatrix[0][1].set_value(0.0, 0.0);
tmpl.m_pMatrix[1][0].set_value(0.0, 0.0);
tmpl.m_pMatrix[1][1].set_value(1.0, 0.0);

for (i=1; i<p_qubits+1; i++)

cplx.set_value(cos(Pl/Idexp(1.0,p_qubits-i)* weights),
sin(Pl/ldexp(1.0,p_qubits-i)* weights));
multtmp.mult_number(cplx,tmpl);
addtmp.add_matrix(tmpO,multtmp);
pt_m[i].tensor_products(addtmp,pt_m[i-1]);
}

m_operator_matrix = pt_m[p_qubits];
}

void CGate::set_controlled_increment_gate(int p_qubits, double weights)
{

inti};
CGateincr;

m_num_of _qubits= p_qubits;
int exp_qubits = pow(2,m_num_of qubits);

m_ppt = new CComplex_number *[2*exp_qubits];
for(i=0; i<2*exp_qubits; i++)
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m_ppt[i] = new CComplex_number[2* exp_qubits];

for(i=0; i<2*exp_qubits; i++)
for(j=0; j<2* exp_qubits; j++)
m_ppt[i][j].set_vaue(0.0, 0.0);

for (i=0; i<exp_qubits; i++)
m_ppt[i][i].set_value(1.0,0.0);

incr.set_increment_gate(p_qubits, weights);
/lincr.m_operator_matrix.display();
for (i=exp_qubits; i<2*exp_quhbits; i++)
for(j=exp_qubits; j<2*exp_qubits; j++)
m_ppt[i][j] =incr.m_operator_matrix.
m_pMatrix[i-exp_qubitg][j-
exp_qubitg];

m_operator_matrix.setMatrix(2* exp_qubits,2* exp_qubits,m_ppt);

classCValue_gate : public CGate
{
private:
int m_p;
int m_num_of ancilla;
double m_threshold,;
public:
CValue gate()
{}

CValue_gate(int qubits, double m)

{
m_num_of qubits = qubits;
m_p =1 + cal(log(1+qubits)/log(2));
m_num_of _ancilla= (1+qubits)*m_p;
m_threshold =0 - m;

}

CMatrix CVaue_gate::compose(char * str);

void CValue gate::set_hadamard_layer(bool first_time);
void CValue gate::set fanout_layer();

void CValue gate::set_increment_layer();

void CValue gate::set value gate();

void CValue gate::evaluate value gate(char *str);
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CMatrix CVaue_gate::compose(char * str)

Lt
inti,n;
CMatrix resultl[ MaxQubit], result2, result3, result;
CMatrix v0(2,1),v1(2,1);

vO0.m_pMaitrix[0][0].set_vaue(1.0, 0.0);
v0.m_pMatrix[1][0].set_vaue(0.0, 0.0);
vl.m pMatrix[0][0].set_vaue(0.0, 0.0);
vl.m pMatrix[1][0].set_vaue(1.0, 0.0);

n = strlen(str);
for (i1=0; i<n; i++)

if (str[i]j=="0")
result1]i] = vO;
eseif (strfij ==" 1')
result1fi] =vi;
else
assert(false);

}

result2 = result10];
for (iI=1; i<n; i++)
result2.tensor_products(result2, result[i]);

result3 = vo;
for (i=1; i<m_num_of_ancilla; i++)
result3.tensor_products(result3, v0);

result.tensor_products(result2, result3);
return result;

}

void CValue gate::set_hadamard_layer(bool first_time)
{

inti;

CGatel ,H;

CMatrix hadamard_layer,tmp;

| set_identity gate();
H.set_hadamard_gate();

hadamard_layer = 1.m_operator_matrix;
for (i=1; i<m_num_of qubits; i++)



hadamard_layer.tensor_products(hadamard_layer,
|.m_operator_matrix);
tmp = H.m_operator_matrix;
for (i=1; i<m _p; i++)

tmp.tensor_products(tmp, H.m_operator_matrix);
hadamard_layer.tensor_products(hadamard_layer, tmp);

for (i=0; i<m_num_of _qubits*m_p; i++)
hadamard_layer.tensor_products(hadamard_layer,

|.m_operator_matrix);

if (first_time)
m_operator_matrix = hadamard_layer;
else
m_operator_matrix.mult_matrix(m_operator_matrix,
hadamard_layer);
}
void CValue gate::set_fanout_layer()
{
inti,j,k;
CGate |, fanout;

CMatrix fanout_layer, tmp;

|.set_identity gate();
fanout.set_fanout_gate(m _num_of _qubits);

/[ num_target =m_num_of qubits+1-1;
I num_fanout = m p;
tmp = fanout.m_operator_matrix;
for (i=1;i<m_p; i++)
tmp.tensor_products(tmp,fanout.m_operator_matrix);

fanout_layer = 1.m_operator_matrix;

for (i=1; i<m_num_of qubits; i++)
fanout_layer.tensor_products(fanout_layer,|.m_operator_matrix);

fanout_layer.tensor_products(fanout_layer,tmp);

int tota_qubits=m_num_of _qubits+m_num_of ancillg;

int *order;
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I

}

order = new int[total_qubits];
for(k=0; k<total_qubits; k++)
order[k] = k;
k=0;
for(i=0; i<1+m_num_of qubits; i++)
for(j=0; j<m_p; j++)
order[k] =i +j*m_p;

k++;

}
for(k=0; k<total_qubits; k++)
cout << order[K];

CGateflip;
flip.set_flip_gate(total _qubits, order);

fanout_layer.mult_matrix(flip.m_operator_matrix,fanout_layer);

CMatrix reverse flip;
reverse flip.hermitian_conjugate(flip.m_operator_matrix);

fanout_layer.mult_matrix(fanout_layer,reverse flip);

m_operator_matrix.mult_matrix(m_operator_matrix, fanout_layer);

void CValue gate::set_increment_layer()

{

inti,j,kK;

CGateincrement1, increment_m;

CMatrix increment_layer, tmp;

incrementl.set_controlled increment_gate(m_p,1.0);

increment_layer = increment1l.m_operator_matrix;

for (i=1; i<m_num_of qubits; i++)
increment_layer.tensor_products(tmp,

incrementl.m_operator_meatrix);

increment_m.set_increment_gate(m_p,m_threshold);
increment_layer.tensor_products(increment_layer,

increment_m.m_operator_meatrix);
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int tota_qubits=m_num_of qubits+ m _num_of ancilla;
int *order;

order = new int[total_qubits];
for(k=0; k<total_qubits; k++)

order[k] = k;
I* k=0;
for(i=0; i<m_num_of qubits; i++)
{
order[k] =1;
k++;

for(j=0; j<m _p; j++)

order[k] =m_num_of_qubits+i*m_p +j;
k++;

}

k=m_p;
for (i=0; i<m_num_of _qubits; i++)

{

*/

for (j=0; j<m_p; j++)

{
order[K] = (i+1)*m p +j;
k++;

order[k] = (i+1)*m_p + (m_num_of qubits-i)*m _p +i;

k++;

}
I/l for(k=0; k<total_qubits; k++)
1 cout << order[K];

CGateflip;
flip.set_flip_gate(total _qubits, order);

increment_layer.mult_matrix(flip.m_operator_matrix,increment_layer);

CMatrix reverse flip;
reverse flip.hermitian_conjugate(flip.m_operator_matrix);

increment_layer.mult_matrix(increment_layer,reverse flip);

m_operator_matrix.mult_matrix(m_operator_matrix, increment_layer);

}

void CValue gate::set_vaue gate()
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set_hadamard _layer(true);

set_fanout_layer();

set_increment_layer();

set_fanout_layer();

set_hadamard _layer(false);
}

void CValue gate::evaluate value gate(char *str)

{
CMatrix el,e2,e3;

set_value gate();

el = this->compose(str);
/lel.display();
/Im_circuit.display();
e2.mult_matrix(this>m_operator_matrix,el);
e2.display();
e3.transpose(el);
e3.display();
e2.mult_matrix(e3,e2);
e2.display();
I €3 = this->decompose(e2);
I e3.display();

int main()

{

/[**Test on 11/22/02

I CGatefl;

Il fl.set_fanout_gate(2);

1 f1.m_operator_matrix.display();

I int order[3] ={0, 2, 1};

I CGategl,;

I gl.set_flip_gate(3,order);

I gl.m_operator_matrix.display();

I CGate hi;
1 hl.set_hadamard gate();
Il hl.m operator_matrix.display();

/! CGatel1;
1l hl.set_identity gate();
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I

I
I
I

I
I
I

hl.m operator_matrix.display():
CGate d1;
dl.set_increment_gate(3);
d1.m_operator_matrix.display();

CGatec di;

c_dl.set_controlled_increment_gate(5,4);

c_d1.m_operator_matrix.display();

char strfMaxQuibit];
double m;

cout << "Input abinary string no longer than " <<MaxQubit

<<end;
cin >>dir;
cout << "Input athreshold value"
<<end;
cin>>m;
int qubits = strlen(str);
CValue_gate v1(qubits,m);
vl.evaluate value gate(str);

return O;
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