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Chapter 1Q-HSK: An Overview
1.1 Introdu
tionCurrently, quantum 
omputing is a very theoreti
al �eld as no highly fun
-tional quantum 
omputer exists. Resear
hers expe
t quantum 
omputing tobe realized in the next 30 years, but until the �eld matures, the 
urrent stateof quantum te
hnology allows only for simple 
al
ulations.Quantum simulators are used to model the a
tivity of a quantum 
om-puter on a 
lassi
al 
omputer, however their fun
tionality is limited. More-over, within the quantum 
ommunity, the algorithmi
 language used to de�nequantum fun
tions and operations is not formalized, whi
h adds an unne
-essary level of 
omplexity to quantum 
omputer simulation.In order to simulate an algorithm, resear
hers must 
ode 
omplex math-emati
al operations using an existing programming language. Current pro-gramming languages, su
h as C/C++, MatLab and Java, la
k the high-levelmathemati
al tools for operations related to quantum me
hani
s.1.2 Team HSK Introdu
es Q-HSKQ-HSK is meant to fa
ilitate the implementation of quantum algorithms ona 
lassi
al 
omputer. Below you will �nd the key attributes of our language.7



8 CHAPTER 1. Q-HSK: AN OVERVIEW1.2.1 FamiliarQ-HSK expands upon the C language, and uses a similar syntax. This 
reatesan easy-to-use development environment for programmers familiar with Cand is expe
ted to spur the adoption of Q-HSK in the Computer S
ien
e
ommunity.1.2.2 SimpleQ-HSK hides the 
omplex mathemati
s of quantum me
hani
s within itsbuilt-in fun
tions. This allows the resear
her to perform 
omplex operationswith ease and eÆ
ien
y. Programs are thus 
ompa
t, powerful, and easy tofollow.1.2.3 ExpressiveQ-HSK builds upon C with additional types and operators for use in a quan-tum environment. This provides a higher level of abstra
tion for elegantformulation of quantum algorithms.1.2.4 Epitomi
Q-HSK has the potential to be the �rst global language for quantum 
om-puter simulation. Currently there is no uni�
ation of simulation languagesand te
hniques. Q-HSK hopes to provide this needed standardization.1.2.5 Cutting-EdgeQ-HSK will be instrumental in aiding the development of a quantum 
om-puter. It will allow resear
hers to eÆ
iently develop and test new algorithms.Furthermore, this language will not be rendered obsolete when an extensivequantum 
omputer is realized; it is sustainable with a quantum ar
hite
ture.1.2.6 Edu
ationalQ-HSK will assist both the beginning and advan
ed user interested in quan-tum 
omputation and quantum algorithms. The graphi
al visualization ofquantum algorithms provides a novel method for both tea
hing and resear
h.



1.3. SAMPLE PROGRAMS 91.3 Sample ProgramsThree sample programs are provided below.The following program 
al
ulates the hadamard transform of a quantumbit (qubit) and then measures it on a quantum simulation. It demon-strates the use of the new data type qreg. It also 
ontains the fun
tions
omputeHadamard and Measure, whi
h is in
luded in the new language.int main()f qreg *a; /*qbit a is an array of 5 registers j00000>*/a = 
reate(5, \a");int d;a = 
omputeHadamard(a, RegSize(a)); /*
ompute the hadamardtransform of a*/d = Measure(a, RegSize(d), ``d''); /*measure the result*/printf("%d",d); /*print the result*/return 0;gThe following program 
al
ulates the quantum fourier transform of aqubit on a quantum simulation. This requires a fun
tion 
all to 
omputeHadamardand to DFT, the quantum fourier transform fun
tion.int main()f qreg *a; /*qbit a is an array of 7 registers j0000000>*/indent a = 
reate(7, \a");int q;a = 
omputeHadamard(a, RegSize(a)); /*
ompute the hadamardtransform of a*/a =DFT(a, GetQ(a), RegSize(a)); /*perform the dis
rete quantumfourier transform*/q = Measure(a, RegSize(q), ``q''); /*measure the result*/printf(``%d'', q); /*print the result*/return 0;



10 CHAPTER 1. Q-HSK: AN OVERVIEWgThe following program 
alls Shor's algorithm on the number 15 usingquantum simulation. It 
alls the fun
tion shor whi
h is lo
ated in AppendixC. Slight modi�
ations to the sour
e 
ode given in Appendix C will have tobe made.void main()f int prime;prime=15;shor(prime); /*
al
ulate the fa
torization using Shor's algorithm*/g1.4 Con
lusionQ-HSK is a language that fa
ilitates quantum 
omputing resear
h by provid-ing a forum for standard expression of quantum operations. The programs
an be simply 
omposed and implemented, as demonstrated by the givenexamples. It is proje
ted that Q-HSK will be assimilated into mainstreamComputer S
ien
e be
ause of its syntax similarity to the existing C language,and the advantages it o�ers.For more information send email to:Maryam Kamvar (mkamvar�
s.
olumbia.edu)Krysta Svore (kmsvore�
s.
olumbia.edu)Katherine Heller (heller�
s.
olumbia.edu)



Chapter 2A Brief Tutorial on Q-HSK
2.1 Introdu
tionWe begin the tutorial by looking at a small Q-HSK program. It is importantthat the programmer understand basi
 C/C++ programming 
on
epts. Abasi
 knowledge of linear algebra and quantum me
hani
s is desired, but isnot ne
essary for the Q-HSK programmer. Before jumping into the program,let's review some fundamentals of quantum 
omputation.2.2 Quantum ComputersSeveral de�nitions and 
on
epts are given below to assist the reader in learn-ing about the magi
 of quantum 
omputation. However, this review is farfrom 
omplete. For more information, see [1℄.2.2.1 QubitsA quantum 
omputer exploits quantum me
hani
s to perform operations onbits. A quantum 
ir
uit has quantum bits whi
h are analagous to 
lassi
bits, however a quantum bit 
an assume not only a value of 0 or 1, but also asuperposition of weighted 0 and 1 
ombinations. This property is due to thequantum me
hani
al properties of the quantum bits. Thus, using quantumalgorithms allows for exponentially faster 
omputation. A quantum bit is
onventionally referred to as a qubit. One or more qubits 
an be pla
ed in11



12 CHAPTER 2. A BRIEF TUTORIAL ON Q-HSKa quantum register, mu
h like one or more 
lassi
al bits 
an be pla
ed in a
lassi
al register.2.2.2 Quantum GatesWe again 
an draw upon the analogy to 
lassi
al 
omputers to des
ribe quan-tum gates. Qubits are passed through quantum gates in a quantum 
ir
uit,just as bits are passed through 
lassi
al gates in a 
lassi
al 
ir
uit. Quantumgates in
lude a subset of gates similar to those found in a 
lassi
al 
ir
uit.These in
lude NOT gates, XOR gates, and AND gates. Quantum gates alsoin
lude a new set of quantum spe
i�
 gates. Examples of su
h gates are theunitary operations whi
h are reversible 
omputations. There are Hadamardtransforms, Fourier transforms, 
ontrolled phase shifts, and others. The truepower of quantum 
omputation lies in these quantum gates that are ableto a
t as bla
k boxes and perform 
ompli
ated mathemati
al operations inparallel. Refer to [1℄ for more information about quantum gates. In addition,the graphi
al interfa
e will provide more information about ea
h gate.2.3 A Simple ProgramOne way to learn Q-HSK is to look at a sample program and step throughit. We shall begin by looking at the following program that demonstratesthe use of thye qreg: a Q-HSK spe
i�
 data type.1 #in
lude ``
omplex''2 #in
lude <stdio.h>3 int main()4 f5 int n, q, value;6 n = 15;7 q = GetQ(n);8 qreg *reg1;9 reg1 = 
reate(RegSize(q)-1, ``reg1'');10 reg1 = 
omputeHadamard(reg1, q-1);11 qreg *reg2;12 reg2 = 
reate(RegSize(n)-1, ``reg2'');



2.3. A SIMPLE PROGRAM 1313 reg2 = Norm(reg2, RegSize(n));14 value = Measure(reg2, RegSize(n), ``reg2'');15 printf(``The value is %dnn'', value);16 return 0;17 g2.3.1 Why do we need in
lude statements?Lines 1-2 are the in
lude statements 
ontaining the proper header �les. InQ-HSK, the C libraries 
ontaining the C fun
tions used within the programmust be de
lared in the in
lude statements. Also, the 
omplex header �leprovided by the Q-HSK system must be in
luded if the type 
omplex or thetype qreg is used in the program.2.3.2 What are fun
tions?The main fun
tion marks the start of a Q-HSK program. Q-HSK does notallow main to return type void sin
e there is no type void in Q-HSK. Thereturn type of main in this program is an integer, but any fun
tion 
an re-turn any of the Q-HSK data types. There are no arguments to main in thisprogram, but it is possible to pass in arguments to a fun
tion if desired usingsyntax similar to C. Reading arguments from the 
ommand line again fol-low C syntax. This is a
hieved by passing in parameters to the main fun
tion:main(int argv, 
har *argv[℄);If the value of the variable n was an argument to the program, line 6would be repla
ed with:n=atoi(argv[1℄);It's that simple!2.3.3 How do we de
lare a variable?De
larations in Q-HSK are identi
al to variable de
larations in C, with oneex
eption: variables 
annot be de�ned in the same statement they are de-



14 CHAPTER 2. A BRIEF TUTORIAL ON Q-HSK
lared. The line int a=5; is not allowed in Q-HSK! Line 5 
ontains thede
laration of the variables, and lines 6-7 are the de�nitions of ea
h vari-able. Line 7 
alls the Q-HSK library fun
tion GetQ(), a fun
tion that re-turns the integer representing the number of qubits required for the binaryrepresentation of a number n. For further details, see the Appendix C.2.3.4 What is qreg?qreg is a new type in Q-HSK that allows the user to manipulate quantumregisters and qubits dire
tly. A qubit is a 
omplex number. A qreg is ave
tor of qubits. In the above program, line 8 de
lares a quantum registerreg1. In this 
ase, reg1 is a pointer to a quantum register. This means thatit is dynami
ally allo
ated memory. Just as in C, memory allo
ation mustbe expli
it. In Q-HSK, the fun
tion 
reate is similar to mallo
 in C. Online 8 we 
reate RegSize(q)-1 units of spa
e for reg1. See Appendix Cfor details on the Q-HSK library fun
tions RegSize and 
reate.2.3.5 What are the other library fun
tions?There are several other fun
tions used in the above sample program. 
omputeHadamardis an implementation of the Hadamard transform. Norm normalizes the reg-ister values so that the probability of measuring a state is given by summingthe squares of its probability amplitudes. Measure measures the quantumregister, 
ollapses it into a 
lassi
al state, and outputs a single integer. Alldetails on these fun
tions 
an be found in Appendix C.2.4 The Graphi
al Interfa
eDuring the 
ompilation of a Q-HSK program, information is aggregated inorder to 
onstru
t a visualization of the quantum 
ow of the algorithm. Thisinformation is then translated into a Java program whi
h is automati
allyexe
uted to display the Q-HSK statements 
on
urrently with the 
onstru
-tion of the quantum 
ir
uits.To run the above program, 
opy and paste it into your text editor andsave it as demo.q. Type qhsk demo.q ``demo'' to 
ompile the program. Ifthere are no errors, then two exe
utable �les will be formed 
alled 
demo and



2.4. THE GRAPHICAL INTERFACE 15jdemo. 
demo is the textual output and jdemo is the graphi
al Java �le that
an be loaded to see the quantum 
ir
uit in a
tion.
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Chapter 3Q-HSK Referen
e Manual
3.1 Overview of Q-HSKThe Q-HSK programming language is designed to fa
ilitate the implementa-tion and simulation of quantum algorithms on a 
lassi
al 
omputer. Q-HSKoutputs a graphi
al representation of quantum operations and gates, thusproviding a unique tool for a deeper understanding of quantum algorithms.3.1.1 FeaturesQ-HSK o�ers many key features for quantum simulation programming. Thesein
lude:� Several 
lassi
al data types (int, real, 
omplex, 
har)� A quantum data type for quantum registers (qreg)� Manipulation of quantum registers� Easy C-style syntax3.1.2 A Simple ExampleIn this simple example of a Q-HSK program, we take the measure of a quan-tum register qreg after it has been put into a superposition by the Hadamardtransform. 17



18 CHAPTER 3. Q-HSK REFERENCE MANUALint main()f int a;qreg *q;q=
reate(5, ``q'');q = 
omputeHadamard(q);a = Measure(q);printf(``This is the measure: %d'', a);return 0;g3.2 Q-HSK SyntaxQ-HSK notation 
an be des
ribed with a 
ontext-free grammar. The 
om-plete grammar 
an be found in Appendix A. The program 
onsists of lines,whi
h 
an be either de
larations or fun
tions. Fun
tions are 
omposed ofexpressions, statements, and de
larations. The Q-HSK language providesmany of the same 
onventions as other 
ommon programming languages. Itfeatures 
onditional statements, a loop stru
ture, and expressions. Furtherdetail for ea
h subset is provided below.3.2.1 StatementsQ-HSK statements 
an be simple or 
omplex. Statements may in
lude arange of options su
h as fun
tion 
alls, simple 
ommands, and 
ontrol stru
-tures. An example of a statement isif (x>5)printf("x is greater than 5");3.2.2 De�nitionsDe�nitions asso
iate an identi�er with a spe
i�ed value. The identi�er is avariable of type 
onsistent with the value being assigned to it. For example,
omplex i;
omplex i = (2.0, 3.0);



3.3. CLASSICAL EXPRESSIONS 193.2.3 ExpressionsAn expression is a synta
ti
ally 
orre
t 
ombination of terminal symbols, asde�ned by the grammar rules found in Appendix A. For example, a + b isan expression in Q-HSK.3.2.4 CommentsOnly C-style 
omments are supported in Q-HSK. Comments must start with/* and end with */. They may be of any length, but nested 
omments arenot supported. A * or / is not allowed within the 
omment.3.2.5 In
lude FileFiles 
an be in
luded with the 
ommand #in
lude �lename. All in
luded�les must be within the same dire
tory as the program �le. In
luded �lesmust be de
lared at the beginning of the program �le.3.3 Classi
al Expressions3.3.1 Classi
al Data TypesThe Q-HSK programming language 
ontains four 
lassi
al data types: int,real, 
omplex, and 
har and pointers to those types.Type Detail Exampleint integer 3real real number 2.237
omplex 
omplex number (real part, imaginary part) (2.0, 3.0)
har 
hara
ter atype* pointer to a type 
har *3.3.2 IntegerAn integer is a whole number or zero with an optional positive or negativesign. If no sign is present, then the integer is assumed to be positive. Anint 
an be up to 32 bits in size.



20 CHAPTER 3. Q-HSK REFERENCE MANUAL3.3.3 Real NumberA real number is made of a 
ombination of an integer part and a fra
tionalpart expressed in de
imal notation. At least one digit to the right and left ofthe de
imal point is required. A + or - is optional. A typi
al size for a realis 64 bits.3.3.4 Complex NumberThe 
omplex data type is represented with two real types. The syntax is(real part, imaginary part), where ea
h part is a real type.3.3.5 Chara
terThe 
har type is any alphanumeri
 
hara
ter.3.4 Operators3.4.1 Arithmeti
 OperatorsThere are several arithmeti
 operators in Q-HSK. Their pre
eden
e is thesame as that of C++. The following table summarizes these operators.Operator Detail Example Type% integer modulus 5 % 3 int* multipli
ation 5*3 int, real, 
omplex/ division 4/2 int, real, 
omplex+ addition (1.0, 2.0) + (3.0, 4.0) int, real, 
omplex- subtra
tion 3.5 - 2.7 int, real, 
omplex3.4.2 Conditional OperatorsThere are several 
onditional operators o�ered in Q-HSK. The pre
eden
e is
onsistent with that of C++. These are listed in the following table.



3.5. FUNCTIONS 21Operator Detail Type== equal int, real, 
omplex, 
har!= not equal int, real, 
omplex, 
har< less than int, real> greater than int, real<= less than or equal int, real>= greater than or equal int, realjj logi
al or int, real&& logi
al and int, realj bit or int, real& bit and int, real
3.5 Fun
tionsThere are several fun
tions o�ered in Q-HSK. They are listed below.Fun
tion Detailpow(x, y) x raised to the y powerexp(x) e raised to the xth powerlog(x) natural logarithm of xlog(x, n) logarithm of x base nsqrt(x) square root of x
eil(x) round up to nearest integerfloor(x) round down to nearest integermax(x0; x1; :::; xn) maximum of (x0; x1; :::; xn)random() random value between [0, 1)sin(x) sine of x
os(x) 
osine of xtan(x) tangent of x
ot(x) 
otangent of xGCD(x, y) greatest 
ommon denom. of x, y



22 CHAPTER 3. Q-HSK REFERENCE MANUAL3.6 Terminals3.6.1 KeywordsThe following words are 
onsidered keywords in Q-HSK: if, while, else,return, printf, 
reate, int, real, 
omplex, 
har, qreg, CBLAS.3.6.2 Identi�ersIdenti�ers in Q-HSK 
an begin with any letter, and 
an be followed by anynumber of alphanumeri
 
hara
ters or an unders
ore. Identi�ers are 
asesensitive and 
annot be a Q-HSK keyword.3.6.3 VariablesA variable is a type-spe
i�
 name whi
h must be de
lared before its use.Variables must be de
lared and initialized in separate statements. A variable
annot be a Q-HSK keyword.3.6.4 S
opeA variable is exists within the 
ode blo
k in whi
h it is de�ned. If there arenested blo
ks of 
ode, variables existing in the outer blo
k exist in the innerblo
ks.3.7 PointersPointers are allowed in Q-HSK. There must be a spa
e between the type andthe * symbol. Pointers may be used with any type. To allo
ate memory forpointers of type int, real, 
omplex, 
har use the 
ommand mallo
 asin C. When allo
ating memory for pointers of type qreg use the 
ommand
reate.



3.8. CLASSICAL STATEMENTS 233.8 Classi
al Statements3.8.1 Fun
tion CallsQ-HSK supports re
ursive fun
tion 
alls.3.8.2 AssignmentAn assignment of a value to an identi�er 
an be made with the operator=. The types of the value and of the identi�er must both be 
onsistent andvalid.3.9 Quantum Statements3.9.1 Quantum RegistersThere is a single data type for quantum registers 
alled qreg. qreg is aquantum register of qubits.3.9.2 Quantum ExpressionsThe following table lists the ways to referen
e a quantum register qreg andits qubits.Expression Detail Registerq quantum register entire registerq[i℄ qubit single qubitTo dynami
ally 
reate a qubit, use the fun
tion 
reate(). The syntax
an be found in Appendix C.qreg *q;q = 
reate(5, ``q'');3.9.3 Unitary OperationsA unitary operation U is an operation su
h that U yU = I, where y is theadjoint (transposition followed by 
omplex 
onjugation) and I is the iden-tity matrix. Any unitary operator is a valid quantum gate. They must be



24 CHAPTER 3. Q-HSK REFERENCE MANUALreversible and invertible operations. Su
h gates in
lude the Hadamard gate,the 
ontrolled-not gate, and the SWAP gate.3.9.4 Non-Unitary OperationsThe measurement operation is important in quantum 
omputation. It 
on-verts a single qubit into a 
lassi
al bit with a 
orresponding probability. Thisis irreversible and non-invertible. Measure measures a quantum register.int i;qreg *q;q = 
reate(2, ``q'');q = 
omputeHadamard(q);i=Measure(q);3.10 Control Flow3.10.1 Blo
ksA blo
k is a set of statements. Control 
ow in a blo
k must 
ontinue fromstatement to statement.3.10.2 Conditional Bran
hQ-HSK 
ontains if and if-else statements analagous to their de�nitionsin C++. If the expression is true, then the statements within the if blo
kare exe
uted. Otherwise, the statements in the else blo
k, if su
h a blo
kexists, are exe
uted.3.10.3 LoopsThere is only one type of loop in Q-HSK: the 
onditional while loop. Aslong as the given expressions remain true, the loop 
ontinues to exe
ute.



3.11. SUBROUTINES 253.11 SubroutinesSubroutines are o�ered for both 
lassi
al and quantum settings. There are
lassi
al fun
tions of types int, real, 
omplex, and 
har, pseudo-
lassi
aloperators of type qreg, general unitary operators of type qreg, algorithmsof types int, qreg, and CBLAS matrix library fun
tion 
alls of type 
omplexand qreg.3.11.1 Restri
tionsSubroutines 
an only be 
alled from other routines. There is no need to in-
lude a header �le to use the library fun
tions of Q-HSK. However, fun
tionswithin a C library must in
lude their proper C header �le. A 
omplete listof Q-HSK library fun
tions are listed in Appendix C.3.11.2 Fun
tionsFun
tions 
an be of type int, real, 
omplex, qreg or 
har. They mayrequire as many parameters as deemed ne
essary. Lo
al variables are de�nedat the beginning of the fun
tion de�nition. To return a value from the fun
-tion, a return statement is invoked. Re
ursion is allowed in Q-HSK and
alling of other fun
tions is allowed. Type
asting is permitted in Q-HSK.3.11.3 In
luded SubroutinesFun
tions available in Q-HSK in
lude prime testing, prime power testing,hadamard transform, quantum fourier transform, quantum measurement,the size of a register, and the number of qubits needed for a given operation.Refer to Appendix C for a more 
omplete listing. CBLAS fun
tions 
an alsobe 
alled.
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Chapter 4Q-HSK Proje
t Plan
4.1 Pro
essImplementation of the Q-HSK system began in September 2002. First, thelexer, tokenizer, and parser were designed and tested. We then 
ontinueddevelopment by translating a Q-HSK program into C++ with a robust trans-lator and by adding a graphi
al interfa
e was added to provide a learningtool.4.2 Implementation Style Sheet4.2.1 IndentationUse tabs for indenting.4.2.2 TabsTabs shall be at �ve spa
e intervals, ex
ept for the Ya

 �le whi
h is tabbedfor readability.4.2.3 Bra
esAll bra
es shall be aligned verti
ally or horizontally. If mat
hing bra
esare not readily identi�able, i.e., more than one s
reen apart, add numbered27
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omments to mat
h them. For example, the bra
es en
losing the 
lass blo
kwould be:f//[1℄ and g //[1℄4.2.4 Statements and Blo
ksBlo
ks shall be indented one tab spa
e beyond their 
alling statement.4.2.5 MethodsLeave a blank line before and after all methods.4.2.6 Fun
tion NamesAll fun
tion names shall, whenever possible, des
ribe the fun
tion's purpose.Names will be initial upper 
ase with intermediate names 
apitalized.4.2.7 VariablesVariable names shall des
ribe their purpose. One letter variable names(names without any 
onnotation) are reserved for loop indi
ies and 
oun-ters. Variable names should have initial lower 
ase letters.Global VariablesDe
lare all global variables together at the top of the 
ode when possible.Lo
al VariablesDe
lare all lo
al variables at the beginning of their respe
tive fun
tions.4.2.8 ConstantsConstant names shall des
ribe their purpose. All 
onstants names are allUPPER CASE, with intermediate words separated by an unders
ore " "
hara
ter.



4.3. TIMELINE 294.2.9 CommentsAll 
ode shall have a 
ommented blo
k at the very top of ea
h fun
tion. Theblo
k shall in
lude a des
ription of the program's fun
tion and the name ofthe team-member who 
reated the fun
tion.
Single-line CommentsSingle-line 
omments should use the // ... format.
Multi-line CommentsMulti-line 
omments should use the /* ... */ format (do not use the// format for multi-line 
ommenting). Do not pla
e stars or other 
har-a
ters at the beginning of ea
h line of the intermediate lines. Instead,to 
learly deliminate the 
ommented se
tion, the se
tion should be sur-rounded by a line of stars at the beginning and end of the fun
tion, i.e./**********************.
4.3 TimelineBelow is a timeline of our goal points during the implementation of the Q-HSK system.



30 CHAPTER 4. Q-HSK PROJECT PLANDate Goal A
hieved10/1/2002 �Preliminary ideas of design10/10/2002 �Whitepaper 
ompleted10/17/2002 �Parsing of simple expressions(no quantum types)10/24/2002 �Parsing of 
omplex expressions(no quantum types)10/31/2002 �Referen
e manual rough draft�Removal of 
on
i
ts in Ya

11/7/2002 �Referen
e manual 
ompleted�Complete parsing of non-quantum expressions11/14/2002 �Implement basi
 graphi
s�Parsing of 
omplex11/17/2002 �Allow CBLAS 
alls�Parsing of qreg11/19/2002 �Parsing of Shor's algorithm�Basi
 graphi
s working�In-
lass demo11/21/2002 �Add mouse intera
tion to graphi
s11/25/2002 �Complete intera
tion betweentranslator and graphi
s11/27/2002 �Finish 
ode12/1/2002 �Full testing�Finalize graphi
s�Final report rough draft12/3/2002 �Proje
t 
ompleted�Final report 
ompleted4.4 Roles and ResponsibilitiesThe design and development of the Q-HSK system was a 
ooperative, 
ol-laborative e�ort between all Q-HSK team members.Ea
h member of the Team worked together to get the rudimentary Lex,Ya

 and C translation �les running with a make�le. Establishing this foun-dation together helped the Team to better understand the limitations andabilities of these tools, whi
h was paramount in de
iding the future dire
tion



4.5. SOFTWARE DEVELOPMENT ENVIRONMENT 31of the proje
t. On
e these initial design plans had been laid out however,leadership responsibilities were delegated to di�erent team members in orderto expedite progress.The Q-HSK system was divided into three subse
tions for developmentpurposes. Katherine Heller led the e�ort to develop the robust Lex , Ya

 andtranslation �les. Krysta Svore led the e�ort to develop the Q-HSK quantumfun
tion "library" in C++, and Maryam Kamvar led the e�ort to developthe Java-based animation output of Q-HSK programs.Leadership responsibilities primarily entailed programming development,and making design de
isions internal to ea
h member's sub-se
tion of theQ-HSK system.Although server spa
e had been allo
ated for Q-HSK development onwhi
h integration 
ould be performed remotely, Team Q-HSK preferred tobe together for this pro
ess not only be
ause it would be easier to identifywhi
h part of the system was 
ausing the bug with three brains, but theidenti�
ation of bugs in the system would often lead the team to re-
onsidera major design de
ision. These de
isions 
ould not have been made by oneteam member herself be
ause they typi
ally a�e
ted ea
h part of the System.4.5 Software Development EnvironmentThe parsing �les were written in Lex and Ya

 using Ema
s and the trans-lation �le was also written in C using Ema
s. The quantum fun
tions werewritten in C++, again using Ema
s. The Q-HSK animator was written inJava using the FORTE IDE.4.6 Proje
t LogBelow is list of tasks both 
ompleted and un
ompleted by date.



32 CHAPTER 4. Q-HSK PROJECT PLANDate A
hievements10/1/2002 �Developed an overview of theproje
t10/10/2002 �Solidi�ed proje
t ideas10/17/2002 �Able to parse simple non-quantumexpressions�Developed idea of graphi
alinterfa
e10/24/2002 �Able to parse 
omplexnon-quantum expressions�Begin design of graphi
s�Need to test 
apabilitiesof parser10/31/2002 �Completed a rough draft ofthe referen
e manual�Removed most of the
on
i
ts in the Ya

�le�Need to handle 
omplex numberarithmeti
�Need to investigateCBLAS, BLAS11/7/2002 �Completed the referen
emanual�Able to parse allnon-quantum expressions�Need to de
ide on amatrix library11/14/2002 �Finished basi
 graphi
s�Able to parse type
omplex�In
luded CBLAS matrixpa
kage�Need to in
orporatetype qreg



4.6. PROJECT LOG 33Date A
hievements11/17/2002 �Able to handleCBLAS 
alls�Able to parse typeqregmodi�ed 
omplex library11/19/2002 �Able to parse Shor'salgorithm�Basi
 graphi
s working�In-
lass demo�Need to automate graphi
 
alls�Need to align g++ errorswith Q-HSK program errors�Need to handle double-
li
kon a quantum gate�Need to translate java 
alls11/21/2002 �Need to 
ontinue tointerpret mouse movement11/25/2002 �Completed intera
tion betweentranslator and graphi
s11/27/2002 �Finished 
ode12/1/2002 �Full testing�Finalized graphi
s�Completed �nal report rough draft12/3/2002 �Proje
t 
ompleted�Final report 
ompleted
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Chapter 5Q-HSK Ar
hite
ture
5.1 Stru
tural DiagramThe diagram below shows the 
ow of a program when it enters the Q-HSKsystem.

35



36 CHAPTER 5. Q-HSK ARCHITECTURE5.2 Interfa
esThe pro
ess of 
ompiling a .q program is fairly straighforward. The userprodu
es a .q file to be 
ompiled. This �le is then sent through the tok-enizer written in Lex to be broken into tokens. The parser then parses theinput from the Lex program and produ
es a C++ output �le. This is dire
tlypassed through g++ for further 
ompiling and error 
he
king. g++ produ
esa 
ompiled, runnable exe
utable �le a.out. When a.out is run, it produ
esboth a textual output �le and a Java �le that 
an be 
ompiled to produ
e agraphi
al representation of the quantum steps of the original .q program. Allof this is done automati
ally when the 
ommand qhsk program.q is exe
uted.5.3 Team ResponsibilitiesThe entire team worked on designing the various 
omponents of the Q-HSKsystem. Katherine Heller primarily developed tokenizing and parsing the.q �le. She worked with the Ya

, Lex, and C translation �les to helpprodu
e a 
on
ise and a

urate system. Krysta Svore mainly developed thequantum simulation 
omponents of the system and asssited with the quantumtranslation. She mainly worked with the C translation programs and the
onne
tion between the translated program and the Java interfa
e. MaryamKamvar primarily led the e�orts on the graphi
al interfa
e. She devlopedthe Java program and the 
ommuni
ation between the C++ and Java �leswhi
h produ
ed a visual guide to quantum algorithms.



Chapter 6Q-HSK Test Plan
6.1 ExamplesBelow is a listing of the Q-HSK sour
e 
ode and its translation into C++.6.1.1 HadamardThe following program 
al
ulates the hadamard transform of a quantumregister and then measures it.Q-HSKint main()f qreg *a; /*qbit a is an array of 5 registers j00000>*/a = 
reate(5, \a");int d;a = 
omputeHadamard(a, RegSize(a)); /*
ompute the hadamardtransform of a*/d = Measure(a, RegSize(d), ``d''); /*measure the result*/printf("%d",d); /*print the result*/return 0;g 37



38 CHAPTER 6. Q-HSK TEST PLANC++int main()f 
omplex *a; /*qbit a is an array of 5 registers j00000>*/a = (
omplex *)mallo
(5*sizeof(
omplex));int d;a = 
omputeHadamard(a, RegSize(a)); /*
ompute the hadamardtransform of a*/d = Measure(a, RegSize(d), ``d''); /*measure the result*/printf("%d",d); /*print the result*/return 0;g
6.1.2 Fourier TransformThe following program 
al
ulates the quantum fourier transform of a qubiton a quantum simulation. This requires a fun
tion 
all to 
omputeHadamardand to DFT, the quantum fourier transform fun
tion.Q-HSKint main()f qreg *a; /*qbit a is an array of 7 registers j0000000>*/indent a = 
reate(7, \a");int q;a = 
omputeHadamard(a, RegSize(a)); /*
ompute the hadamardtransform of a*/a =DFT(a, GetQ(a), RegSize(a)); /*perform the dis
rete quantumfourier transform*/q = Measure(a, RegSize(q), ``q''); /*measure the result*/printf(``%d'', q); /*print the result*/return 0;g



6.2. TEST SUITES 39C++int main()f 
omplex *a; /*qbit a is an array of 7 registers j0000000>*/indent a = (
omplex *)mallo
(7 * sizeof(
omplex));int q;a = 
omputeHadamard(a, RegSize(a)); /*
ompute the hadamardtransform of a*/a =DFT(a, GetQ(a), RegSize(a)); /*perform the dis
rete quantumfourier transform*/q = Measure(a, RegSize(q), ``q''); /*measure the result*/printf(``%d'', q); /*print the result*/return 0;g6.2 Test SuitesQ-HSK testing mentality was to perform many in
remental integration tests.Be
ause of the sheer number of test �les, the entire test suite will not beoutlined in this do
ument. However, the key tests that 
omprise the testingsuite are outlined below.6.2.1 Test 1This is the �rst test program that was su

essfully run through Q-HSK sys-tem.int main()f int a;a = 2+3;g



40 CHAPTER 6. Q-HSK TEST PLAN6.2.2 Test 2This is a test program that revealed to team Q-HSK members that althoughQ-HSK generated appropriate errors for mulitiple de
larations of a singlevariable name, Q-HSK would erroneously report variable 
lashes for vari-ables in di�erent s
opes. Note that as a result, the team de
ided that a C++
ompiler would deal with 
omplex error handling.int main()f int a;a = 5;return 0;gint fun2()f int a;return a;g
6.2.3 Test 3This is a test program whi
h su

essfully parsed Q-HSK spe
i�
 fun
tions,and generated an a

urate C++ translation.void main()f int a;qreg *b;b = 
reate(5, ``b'');a = 5;return 0;g



6.3. AUTOMATION 416.2.4 Test 4Shor's algorithm is a 
omplete Q-HSK program whose output was su

ess-fully run through the Java animator. Shor's algorithm 
an be found in Ap-pendix B.6.3 AutomationTo fa
ilitate automation, Q-HSK had a make�le, with whi
h it was simpleto run ea
h test �le that 
omprised the test suite. Unfortunately, 
ompletetesting automation was never a
hieved over the entire suite.6.4 Team ResponsibilitiesThe testing responsibilities for the Q-HSK system was divided along thesame lines leadership responsibilities were divided. Katherine Heller wasresponsible for ensuring 
ompilation and a

urate output of the lex, ya

and translation �les, Krysta Svore was responsible for ensuring 
ompilationand a

urate output of the C++ �le that 
ontained quantum fun
tions, andMaryam Kamvar was responsible for ensuring 
ompilation and a

urate out-put of the Java animation �le. Integration testing, mu
h like the integrationitself, was the responsibility of the entire team and was performed together.
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Chapter 7Lessons LearnedBelow, ea
h team member des
ribes her experien
e during the design andimplementation of Q-HSK.7.1 Katherine HellerThe most signi�
ant lesson I learned from this proje
t is the importan
e ofteamwork and 
ollaboration. My fellow team members were extremely ded-i
ated people and we all worked together extremely well, regardless of theextent of our undertaking. Without any one team member su

essful 
omple-tion of this proje
t would not have been possible. I also believe this proje
towes greatly to the enthusiasm, availability, and general guidan
e (espe
iallyat the early stages) of both our TA and professor. Everyone I worked withwas full of positive energy and determination. I believe that is why this hasbeen the most enjoyable (regardless of sleep deprivation) and probably mostsu

essful proje
t I have ever worked on.I also learned the importan
e of working hard towards ambitious goals,regardless of how far o� or unattainable they may seem at the time. I learnedthat it helps to plan and think ahead, while at the same time it helps to startsmall and slowly build up to a �nal produ
t.Lastly, I learned that it is mu
h more interesting to de�ne your ownproje
t based on the interests of you and your teammates. This en
ourages
reativity and inspires you to 
ome up with novel ideas.43



44 CHAPTER 7. LESSONS LEARNED7.2 Krysta SvoreOver the 
ourse of the semester, I have learned the ins and outs of writinga robust programming language to suit a parti
ular ni
he. But I have foundthe the more lasting aspe
t of the proje
t is the skills I have a
quired overthe past few months.I have learned that it is 
ru
ial to maintain a list of goals and 
orre-sponding dates to 
omplete those goals in order to make 
onsistent progress.Without weekly meetings and parallel programming sessions, I don't believewe would have a

omplished near the amount that we have. When we at-tempted to �nish di�erent se
tions on our own, it did not work out as well asthe parallel sessions. But as we learned from these experien
es, our languagegrew and grew. We began the proje
t with the belief that our language mightnever make it, and �nished with more fun
tionality and 
ool features thanever imagined!I have also found that it is important to divide the work and delegateone person as the leader of ea
h division. This helps things progress morequi
kly and more easily. Ea
h person really be
ame an expert in an area bythe end of the semester, whi
h really helped maintain the forward movement.We all worked together to solve problems and bugs, but we really tried todistinguish the divisions of work.At the end, I learned that it is extremely important to keep testing thevarious 
omponents together. Sometimes we fell a bit behind on this, andrealized that we had 
aws only after 
ombining the seperate entities. Overall,I have learned that an organized plan and a 
lear division of work is a large
omponent of a su

essful proje
t.7.3 Maryam KamvarMost importantly, this proje
t reinfor
ed the immeasurable value of team-work. From the in
eption of our team name, Team Q-HSK a
ted as a uni�edfor
e, working towards a better quantum simulator. I believe mu
h of thesu

ess of our proje
t is due to the motivation and dedi
ation of ea
h teammember, and moreover due to the ease with whi
h we were able to work



7.4. FUTURE ADVICE 45together.I also learned that although a pi
ture 
an 
onvey a thousand words, itmight la
k three vitally important and key des
riptive words. I learned thislesson at about 2:30am one morning, while I was demoing a rudimentaryimplementation of the graphi
s to my other team members. I had been mod-eling the animation after pi
tures drawn on the whiteboard, whi
h hadn'texpli
itly represented the non-
on
urren
y in a quantum state. This realiza-tion resulted in a 
omplete overhaul of the graphi
s system and obje
ts. Butthis situation also gave rise to another valuable lesson: Implementing 
odetwi
e inspires signi�
ant improvements! I believe that the se
ond design ofthe graphi
s system is more extensible and manageable than the �rst.As for future advi
e, I would en
ourage anyone embarking on a similarendeavor to �nd a proje
t that is meaningful. Moreover, I believe the proje
twill be multi-fold more ex
iting if you are able to �nd your own 'ni
he'into whi
h you 
an use your past experien
es and apply your knowledge.Although I had no ba
kground in Quantum Computing, I understood thenovelty of our idea, and worked on the development of Q-HSK as a learningtool for Quantum Computing. I appre
iated this on two levels: �rst, be
auseI wanted to learn as mu
h about Quantum Computing as I 
ould throughthis proje
t, and se
ondly, be
ause I enjoy tea
hing and experimenting withnew tea
hing tools and methods. Hen
e I found the Q-HSK proje
t veryrelevant to my own goals, and I think that ea
h team member was similarlyable to �nd their own 'ni
he'.7.4 Future Advi
eOur advi
e for future groups stems from our own lessons learned over thesemester.7.4.1 Communi
ationWe believe 
ommuni
ation is key. Detailing the design early helps to elim-inate later problems. We spent several meetings redesigning 
omponentsbe
ause our early layout was not 
omplete enough. Expli
it de�nitions ofthe input and the output for ea
h 
omponent is important and will save the



46 CHAPTER 7. LESSONS LEARNEDteam valuable time.7.4.2 OrganizationIt is important to be organized before, during, and after the proje
t. If youorganize team deadlines along the way, then the proje
t will 
ontinue toprogress. We had weekly team meetings and frequent parallel programmingsessions to maintain organization. Also, beginning small and expanding overtime will assist with the organization. It is always possible to add more fea-tures, but we found it too overwhelming to start with a large lega
y system.We are still planning more features for our system, but by working along theway we have a �nished produ
t at ea
h goal point.7.4.3 ExpansionIt is very important to demo the produ
t to audien
es at various points indevelopment. Fruitful 
hanges and improvements 
an thus be made be
auseit will be based on user feedba
k.



Appendix AQ-HSK Grammar
A.1 NotationLiterals are in typewriter font. Subexpressions are in itali
. Expressionsthat 
an be repeated 1 or more times are followed by a +. Expressions that
an be repeated 0 or more times are followed by a �. A j represents an "or".Parentheses, (...) indi
ate that the grouping must be done together. [...℄represents a regular expression.A.2 Grammarprogram!lineslines!
omment lines! in
ls de
list lines!
omment!�statements!statement j statements statementstatement![stringjqreg℄string = expr;!f statements g!return expr;!printf ( quotedstring printlist );!if ( 
omparison ) statement elses 47



48 APPENDIX A. Q-HSK GRAMMAR!while ( 
omparison ) statement!string ( 
allist );!de
s!CBLAS!
omment! �
omparison!(string j ints) (j j & j == j >= j <= j > j < j ! =) (string j ints)printlist!printlist, some
all! �in
ls!in
ls #in
lude in
ludestring!in
ls #in
lude quotedstring! �fun
tions!type string ( arglist ) statementfun
type string ( arglist ) statementarglist!args j �args!type string!args, type stringde
list!de
list de
s! �de
s!type varlist;varlist!string!varlist, string!qureg!varlistqreg, quregelses!else statement! �expr!expr (+ j �) expr



A.2. GRAMMAR 49!expr (= j �) expr!expr % expr!( expr )!string ( 
allist )! - expr!ints!string!qreg
allist!some
all!
allist, some
all!�some
all!expr j quotedstring j typeints!integer j real j 
omplex
omment!/* [^/ *℄ */int![ 0-9 ℄+real![ 0-9 ℄+.[ 0-9 ℄+
omplex!(real, real )
har![a-zA-Z℄[a-zA-Z0-9℄�quotedstring!\ [^nn℄� "string![ a-zA-Z ℄+in
ludestring![ a-zA-Z ℄+type!int j real j 
omplex j qreg j 
harqreg!string [ int ℄!string [string℄!string[℄
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Appendix BShor's Prime Fa
torizationAlgorithmBelow is an example of Shor's algorithm for prime fa
torization in the Q-HSKprogramming language. It is a modi�ed version of the 
ode found in [2℄ and[3℄.#in
lude <iostream.h>#in
lude <math.h>#in
lude <time.h>#in
lude ``
omplex''#in
lude <stdlib.h>#in
lude <stdio.h>int flag;int main(int arg
, 
har * argv[℄) fflag=0;/*Establish a random seed.*/srand(time(NULL));printf("Shor's Algorithm Restri
tions are: 1) The number to befa
tored must be >= 15. 2) The number to be fa
tored must be odd.3) The number must not be prime. 4) The number must not be a primepower");/*n is the number we are going to fa
tor, get n.*/ int n;n = atoi(argv[1℄);printf("n is %dnn", n); 51



52APPENDIX B. SHOR'S PRIME FACTORIZATIONALGORITHM/*Test to see if n is fa
torable by Shor's algorithm. Exit ifthe number is even.*/if (n%2 == 0) fprintf("Error, the number must be odd!nn");exit(0);g /*Exit if the number is prime.*/if (TestPrime(n)==1) fprintf("Error, the number must not be prime!nn");exit(0);g/*Prime powers are prime numbers raised to integral powers. Exitif the number is a prime power.*/if (TestPrimePower(n)==1) fprintf("Error, the number must not be a prime power!nn");exit(0);g/*Now we must pi
k a random integer x, 
oprime to n. Numbersare 
oprime when their greatest 
ommon denominator is one. One isnot a useful number for the algorithm.*/int x;x=0;x = 1 + (int)((n-1)�(real)rand()=(real)RAND MAX);while (GCD(n,x) ! = 1 jj x == 1) fx = 1 + (int)((n-1)�(real)rand()=(real)RAND MAX); gprintf("Found x to be %d.nn", x);/*Now we must figure out how big a quantum register we need forour input, n. We must establish a quantum register big enough tohold an equal superposition of all integers 0 through q - 1 whereq is the power of two su
h that n^2 <= q < 2n^2.*/int q;q = GetQ(n);printf("Found q to be %d.nn", q);/*Create the register. QuReg star reg1 = new QuReg(RegSize(q)- 1);*/



53qreg *reg1;reg1 = 
reate(RegSize(q)-1, "reg1");printf("Made register 1 with register size = %dnn", (int)pow(2,RegSize(q)-1));/*This array will remember what values of q produ
ed for x^q modn. It is ne
essary to retain these values for use when we 
ollapseregister one after measuring register two. In a real quantum 
omputerthese registers would be entangled, and thus this extra bookkeepingwould not be needed at all. The laws of quantum me
hani
s di
tatethat register one would 
ollapse as well, and into a state 
onsistentwith the measured value in resister two.*/int *modex;modex = (int *)mallo
(q*sizeof(int));/*This array holds the probability amplitudes of the 
ollapsedstate of register one, after register two has been measured it isused to put register one in a state 
onsistent with that measuredin register two.*/
omplex * 
ollapse;
ollapse = (
omplex *)mallo
(q*sizeof(
omplex));/*This is a temporary value.*/
omplex tmp;/*This is a new array of probability amplitudes for our se
ondquantum register, that populated by the results of x^a mod n.*/
omplex * mdx;mdx = (
omplex *)mallo
(((int)pow(2, RegSize(n)))*sizeof(
omplex));qreg *reg2;reg2 = 
reate(RegSize(n),"reg2");printf("Created register 2 of size %dnn", (int)pow(2,RegSize(n)));



54APPENDIX B. SHOR'S PRIME FACTORIZATIONALGORITHM/*This is a temporary value.*/int tmpval;/*This is a temporary value.*/int value;/*
 is some multiple lambda of q div r, where q is q in this program,and r is the period we are trying to find to fa
tor n. m is thevalue we measure from register one after the Fourier transformation.*/real 
,m;/*This is used to store the denominator of the fra
tion p divden where p div den is the best approximation to 
 with den <= q.*/int den;/*This is used to store the numerator of the fra
tion p div denwhere p div den is the best approximation to 
 with den <= q.*/int p;/*The integers e, a, and b are used in the end of the programwhen we attempts to 
al
ulate the fa
tors of n given the period itmeasured. Fa
tor is the fa
tor that we find.*/int e,a,b, fa
tor;/*Shor's algorithm 
an sometimes fail, in whi
h 
ase you do itagain. The done variable is set to 0 when the algorithm has failed.Only try a maximum number of tries.*/int done;done = 0;int tries;tries = 0;while (done==0) fif (tries >= 5) fprintf("There have been five failures, giving up.nn");exit(0);g



55/*Now populate register one in an even superposition of the integers0 -> q - 1.*/reg1 = 
omputeHadamard(reg1, (q-1));/*Now we preform a modular exponentiation on the superposed elementsof reg 1. That is, perform x^a mod n, but exploiting quantum parallelisma quantum 
omputer 
ould do this in one step, whereas we must 
al
ulateit on
e for ea
h possible measurable value in register one. We storethe result in a new register, reg2, whi
h is entangled with the firstregister. This means that when one is measured, and 
ollapses intoa base state, the other register must 
ollapse into a superpositionof states 
onsistent with the measured value in the other.. Thesize of the result modular exponentiation will be at most n, so thenumber of bits we will need is therefore less than or equal to log2of n. At this point we also maintain a array of what ea
h stateprodu
ed when modularly exponised, this is be
ause these registerswould a
tually be entangled in a real quantum 
omputer, this informationis needed when 
ollapsing the first register later.*//*This 
ounter variable is used to in
rease our probability amplitude.*/tmp = (1.0,0.0);/*This for loop ranges over q, and puts the value of x^a mod nin modex[a℄. It also in
reases the probability amplitude of thevalue of mdx[x^a mod n℄ in our array of 
omplex probabilities.*/int i;i=0;while(i < q) f/*We must use this version of modexp instead of C++ builtins as theyoverflow when x^i > 2^31.*/tmpval = modexp(x,i,n);modex[i℄ = tmpval;mdx[tmpval℄ = mdx[tmpval℄ + tmp;i=i+1;g/*Set the state of register two to what we 
al
ulated it should



56APPENDIX B. SHOR'S PRIME FACTORIZATIONALGORITHMbe.*/ int k;k=0;while(k < pow(2, RegSize(n))) freg2[k℄ = mdx[k℄;k=k+1;g/*Normalise register two, so that the probability of measuringa state is given by summing the squares of its probability amplitude.*/reg2 = Norm(reg2, RegSize(n));/*Now we measure reg2. */value = Measure(reg2, RegSize(n),"reg2");/*Now we must using the information in the array modex 
ollapsethe state of register one into a state 
onsistent with the valuewe measured in register two.*/i=0;while(i < q) fif (modex[i℄ == value) f
ollapse[i℄ = (1.0,0.0);gelse f
ollapse[i℄ = (0.0,0.0);gi=i+1;g/*Now we set the state of register one to be 
onsistent with whatwe measured in state two, and normalise the probability amplitudes.*/int r;r=0;



57while(r < pow(2, RegSize(q)-1)) freg1[r℄ = 
ollapse[r℄;r=r+1;greg1 = Norm(reg1, RegSize(q)-1);/*Here we do our Fourier transformation. */printf("nnBegin Dis
rete Fourier Transformation!nn");reg1 = DFT(reg1, q, RegSize(q)-1);/*Next we measure register one, due to the Fourier transform thenumber we measure, m will be some multiple of lambda div r, wherelambda is an integer and r is the desired period.*/m = Measure(reg1, RegSize(q)-1, "reg1");/*If nothing goes wrong from here on out we are done.*/done = 1;/*If we measured zero, we have gained no new information aboutthe period, we must try again.*/if (m == 0) fprintf("Measured 0 this trial a failure!nn");done = 0;g/*The De
Measure subroutine will return -1 as an error 
ode, dueto rounding errors it will o

asionally fail to measure a state.*/if (m == -1) fprintf("We failed to measure anything, this trial a failure!Trying again.nn");done = 0;g/*If nothing has gone wrong, try to determine the period of ourfun
tion, and get fa
tors of n.*/if (done==1) f/*Now 
 = lambda div r for some integer lambda.*/
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 = (real)m / (real)q;/*Cal
ulate the denominator of the best rational approximationto 
 with den < q. Sin
e 
 is lambda div r for some integer lambda,this will provide us with our guess for r, our period.*/den = denominator(
, q);/*Cal
ulate the numerator from the denominator.*/p = (int)floor(den * 
 + 0.5);/*Give user information.*/printf("measured %f, approximation for %f is %d / %dnn",m, 
, p, den);/*The denominator is our period, and an odd period is not usefulas a result of Shor's algorithm. If the denominator times two isstill less than q we 
an use that.*/if (den % 2 == 1 && 2 * den < q ) fprintf("Odd denominator, expanding by 2nn");p = 2 * p;den = 2 * den;g/*Initialise helper variables.*/e = 0;a = 0;b = 0;fa
tor = 0;/* Failed if odd denominator.*/if (den % 2 == 1) fprintf("Odd period found. This trial failed. Tryingagain.nn");℄indent done = 0;gelse f/*Cal
ulate 
andidates for possible 
ommon fa
tors with n.*/printf("possible period is %dnn", den);



59e = modexp(x, den / 2, n);a = (e + 1) % n;b = (e + n - 1) % n;printf("%d ^ %d + 1 mod %d = %d,nn%d ^ %d - 1 mod %d= %dnn", x, den / 2, n, a, x, den / 2, n, b);fa
tor = max(GCD(n,a),GCD(n,b));gg/*GCD will return a -1 if it tried to 
al
ulate the GCD of twonumbers where at some point it tries to take the modulus of a numberand 0.*/if (fa
tor == -1) fprintf("Error, tried to 
al
ulate n mod 0 for some n. Tryingagain.nn");done = 0;gif ((fa
tor == n jj fa
tor == 1) && done == 1) fprintf("Found trivial fa
tors 1 and %d. Trying again.nn",n); done = 0;g/*If nothing else has gone wrong, and we got a fa
tor we are finished.Otherwise start over.*/if (fa
tor != 0 && done == 1) fprintf("%d = %d * %dnn",n, fa
tor, n / fa
tor); gelse if (done == 1) fprintf("Found fa
tor to be 0, error. Trying again.nn");done = 0;gtries=tries+1;gfree(reg1);free(reg2);free(modex);free(
ollapse);



60APPENDIX B. SHOR'S PRIME FACTORIZATIONALGORITHMfree(mdx);return 1;g



Appendix CQ-HSK Library Fun
tions
C.1 Classi
al Fun
tionsC.1.1 TestPrimeThe Q-HSK fun
tion TestPrime has the form:int TestPrime(int n)n must be the number to be tested. TestPrime 
he
ks if n is a primenumber and returns 0 if true and 1 if false.C.1.2 TestPrimePowerThe Q-HSK fun
tion TestPrimePower has the form:int TestPrimePower(int n)n must be the number to be tested. TestPrime 
he
ks is n is a power ofa prime number and returns 0 if true and 1 if false.C.1.3 RegSizeThe Q-HSK fun
tion RegSize has the form:int RegSize(int a)RegSize takes the integer a and returns the number of bits needed torepresent that integer. 61



62 APPENDIX C. Q-HSK LIBRARY FUNCTIONSC.1.4 GetQThe Q-HSK fun
tion GetQ has the form:int GetQ(int n)GetQ takes an integer n and returns the power required by the quantum
omputation.C.1.5 denominatorThe Q-HSK fun
tion denominator has the form:int denominator(real 
, int qmax)denominator returns the denominator q of the best rational denominatorq for approximating p=q for 
 with q < qmax.C.2 Quantum Fun
tionsAll quantum library fun
tions require the Q-HSK library 
omplex.C.2.1 modexpThe Q-HSK fun
tion modexp has the form:int modexp(int x, int a, int n)modexp takes x, a, and n and returns xamodn.C.2.2 
omputeHadamardThe Q-HSK fun
tion 
omputeHadamard has the form:qreg * 
omputeHadamard(qreg *z, int size)z must be a pointer to a type qreg. size must be an integer 
ontainingthe desired size of the qreg. It 
omputes the hadamard transform on thequantum register z of size size, but will output a register of size 2size.



C.2. QUANTUM FUNCTIONS 63C.2.3 DFTThe Q-HSK fun
tion DFT has the form:qreg * DFT(qreg *reg, int q, int reg size)The 
omputes the quantum fourier transform of the quantum registerreg and returns a pointer to a quantum register with the values after thetransformation.C.2.4 NormThe Q-HSK fun
tion Norm has the form:qreg * Norm(qreg *State, int reg size)State must be a pointer to a type qreg. reg size must be an integer
ontaining the size of the quantum register. Norm normalizes the states ofthe quantum register.C.2.5 MeasureThe Q-HSK fun
tion Measure has the form:int Measure(qreg *State, int reg size, 
har s[℄)State must be a pointer to a type qreg. reg size must 
ontain the sizeof the quantum register. s[℄ must 
ontain the name of the register State.Measure measures the quantum register and 
ollapses it to a 
lassi
al state.
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Appendix DImplementation Sour
e Code
D.1 The Lex File

65



66 APPENDIX D. IMPLEMENTATION SOURCE CODED.2 The Ya

 File



D.3. THE TRANSLATION FILE 67D.3 The Translation File
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