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A Large Scale Simulation of the Quantum Factorization Algorithm
with Full Implementation

TAKASHI YAMADA*, JUMPEI NIWA*, FUMITAKA YURAT AND HIROSHI IMAI* T

Abstract: We implement the quantum order-finding circuit for integer factorizing introduced by Beauregard and the
existing ones on Quantum Computer Simulation System (QCSS), and do simulation on the scalabl e distributed-memory
parallel computer. The quantum circuit by Beauregard uses 2L + 3 qubits to factorize an arbitrary L-bit number. By
using this circuit we can implement the whole quantum circuit on the simulator. On this environment we confirm that we
can factorize up to 12-bit numbers. In addition, we examine effect of parallelization and investigate the robustness of the
circuits for decoherence and operational errors. Moreover, we discuss from the experimental results the applicability of

approximate QFT (AQFT) to Beauregard's circuit.

1 Introduction

In 1994, P. W. Shor proposed a polynomial-time quan-
tum algorithm for order-finding [11], which seemed to be
intractable on classical computation, and showed the inte-
ger factorization quantum algorithm by using it. This was
a breakthrough for quantum computation.

The major cost in the quantum order-finding circuit used
in arbitrary L-bit number factorization, is not the QFT
(quantum Fourier transform) but the modular exponentia-
tion, which has O(L?) depth. This modular exponentiation
circuit requires 2L+ 6 additional working qubits[6]. Inthis
approach, 5.+ 6 qubits aretotally required to construct the
guantum order-finding circuit.

In order to reduce the number of qubits, there are sev-
era studies utilizing the information of the numbers to be
factored. Both the circuit that Vandersypen et al. [12] have
realized in the NMR quantum computer and the circuit that
Obenland et al. [8] have implemented in the quantum com-
puter simulator rely on the property of the number to be
factored (for instance, 15). Hence, these circuits cannot be
used for factorization of other numbers.

There is another simulation study to reduce the number
of qubits [7]. Modular exponentiation is executed classi-
cally and only QFT is executed on the simulator. This ap-
proach can deal with much larger numbers. However, it
isimpossible to check whether the modular exponentiation
part of the order-finding circuit is robust or not in the pres-
ence of errors.

What we need is the general circuit which does not rely
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on any properties of the number to be factored and requires
as few qubits as possible. Beauregard improved the order-
finding circuit [3]. The number of qubits required to con-
struct the circuit is reduced to 2L + 3 to factorize an arbi-
trary L-bit number whereas the depth of the circuit is still
O(L3).

The following three techniques were used:

1. the quantum adder circuit by QFT introduced by
Draper [4] is applied.

2. “one control quantum bit trick” [9] is applied.
To use this trick, the number of qubits for control-
ling is diminished to only one, whereas 2 controlling
qubits are required in the existing circuit.

3. QFT isreplaced with AQFT (approximate QFT) [2].

As aresult, it becomes possible to implement the whole
quantum order-finding circuit used in arbitrary number fac-
torization. With current technologies, however, it is still
hard to make actual quantum computers dealing with many
qubits. The quantum computers realized today can treat at
most 7 qubits[12].

Hence, simulation is required to investigate the behav-
ior of the whole quantum order-finding circuit for large
numbers (that is, for many qubits cases). Many qubits
simulation requires more computational power than is usu-
aly available on not only sequential computers but also
symmetric multi-processors. Scalability of processors and
memories must be required for many qubits simulations.
Therefore, we have proposed and developed the QCSS
(Quantum Computation Simulation System) on the scal-
able distributed-memory parallel computers. The current
implementation on SCorel Il [10] enables us to perform up
to 34 qubits simulation and to factorize as many as 15-bit
numbers (2L + 3 < 34 = L < 15) if we consider nothing
about execution time.

In this paper, we implement the Shor’s factorization al-
gorithm and the four order-finding circuits (by Beauregard
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[3], by Miquel et a. [6], and two more circuits for com-
parison) on QCSS. On this environment we measure sim-
ulation time and confirm that the effects of parallelization
are enough. In addition, through the simulation, we can
analyze performance and robustness of the quantum order-
finding circuits in the presence of decoherence and opera-
tiona errors by comparing the success probability among
them. Moreover, we discuss from the experimental results
the applicability of approximate QFT of the order-finding
circuit by Beauregard.

The results will be useful when we build quantum com-
puters with many qubits, sinceit is still difficult to theoret-
ically analyze the effects of decoherence and operational
errorsin the rea order-finding circuit. The significance of
our work liesin the full simulation and the analysis of the
whole quantum order-finding circuit for the factorization of
an arbitrary numbers.

2 Quantum Computer Simulation System

For many qubits simulation, we use the scalable simu-
lator, QCSS (Quantum Computer Simulation System) that
runs efficiently on scalable distributed-memory computers.
QCSS has been implemented in the two ways. We adopt
the QCSS programmed by using MPI [1]'. Therefore it
runs on any platforms aslong as MPI isimplemented.

2.1 Register

A collection of n qubitsiscalled aregister of sizen. The
general qubit state |®) of the n-qubit register is

2" —1 2" —1

|®) = Z a;li), whereaq; € C, Z lai* =1, (1)

i=0 =0

that is, the state of an-qubit register isrepresented by aunit
vector in 2"-dimensional Hilbert space Hax .

Inaclassical computer, an array of 2™ complex numbers
is required to have the quantum state. In order to store a
complex number oo = x + iy, apair of real numbers (z, y)
is prepared. Each real number is represented by a double
precision word. The size of it is 8 bytes (64 bits) on many
systems.

Therefore, 2714 bytes memory is required to deal with
the state of a n-qubit register in a classical computer. For
example, aclassical computer with 1 GB memory can rep-
resent a 26-qubit system.

In addition, if the number of qubits of a quantum reg-
ister increments by one, the memory needed to represent
the register is doubled. It is therefore difficult to smulate
larger quantum systems since current PCs and WSs have at
most several GB memory.

To overwhelm the limit, we choose the distributed-
memory parallel computers asthe simulation platform. The
array of amplitudesis distributed to the nodes of the paral-
lel computers.

Here let the number of the nodes be 27. Fig. 1 showsthe
representation of the quantum register on the distributed-
memory paralell computers. Each node has 2"~ continu-
ous elements of the amplitude array.

i Another QCSS is designed for SMP (Symmetric Multi-Processors).

b Array of Amplitudes b

b(=2"")
/—/%
[ ] layfa,| - [ - ] e Ja,]
Il
node 0 node 1 node 2r-1

Figure 1: Representation of the n-qubit register.

2.2 Evolution

Thetime evolution of an-qubit register is determined by
a unitary operator in 2"-dimensional Hilbert space Hon.
Thisunitary operator isamatrix of size 2™ x 2™. In general
2™ x 2™ spaceis required to represent the matrix.

However, operators which have simple structures are
used when we design quantum circuits. That is, an evo-
lution step is performed by applying a unitary operator of
size2 x 2 to asingle qubit or by applying a controlled uni-
tary operator such as a controlled-NOT gate. They require
only 2 x 2 space to simulate such an evolution step.
Single qubit gate: Single qubit gate is represented as
a transformation in which 2 x 2 unitary operator U =

Uil U112

U21 U222
0 <i<mn).

Let the most significant bit (MSB) be the 0-th qubit.
When the unitary operator U is applied to the i-th qubit,
the overall unitary operator X applied to the n-qubit reg-
ister state is a matrix of size of 2™ x 2™ and described as
follows:

o (@) ors (& )

to the i-th qubit of the register of size n

k=i+1
_ = = -
11 12 9]
Ui Uz
—————
on—i
= o )
271—1‘,
—
O Ui Upe
i Ui Uz | |
27L
where
U1l (@] U2 O
Ui = Uiz =
O U1 (@) u12
u21 ] u29 0] .
Uz1 = |: Uzz = |: ]
(@) U1 (@) u22
on—i—1
©)
X isconstructed by 2¢ submatrices aligned diagonally, and
.. . ) . U U
each submatrix isa 2™~ * x 2™~* matrix t 2,
Ua1 Uz
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Therefore, each column vector of X has always two non-
zero elements.

When we apply the matrix X to the quantum state | ),
we require only the four complex numbers w1, w12, us1,
uo9 and the two elements of the array of amplitudes. Since
the array of amplitudes is distributed into 27 nodes, the
inter-node communication occurs depending on the size of
the submatrix when the product X |®) is calcul ated.

When the size of the submatrix is less than or equal to
the number of elements of the amplitude array which each
node possesses, that is, 2% < 2"P <= p < i,
the computation of the product X |®) is performed locally

(Figure 2).
4 )

2v9(=b)

10

N /

Figure 2: X |¢) (the submatrix issmall)

When the size of the submatrix is more than the number
of elements of amplitude array, that isp > 4, the amplitude
array that another node hasis required in order to compute
X |®), the next state. Therefore, inter-node communica
tion occurs.

Let (i,4) and (4, j) be the two non-zero elements of i-th
column of X. Then, clearly, (j,7) and (j,j) become the
two non-zero elements of j-th column of X. Thus, if a
node ¢ requires the amplitude array that a node p has, then
the node p requires the amplitude array that the node ¢ has
(Figure 3). Note that the node p communicates with only
the node ¢ and the node ¢ communicateswith only the node

/ I
N

-1

UO 720 IUNLUILLIOD

/
A

" Y,

Figure 3: X |¢) (the submatrix islarge)

In order to reduce the simulation time, first, communi-
cation overheads must be reduced, and coarse-grained data
transfer is required. As shown in Figure 4, data-transfer
size is not the element-size (16 bytes) but the buffer-size.

0190

This time, we set the optimal buffer-size as 2048 bytes on
the basis of the pilot study results.

Second, communications and computations must be
overlapped. As shown in Figure 4, a node 4 sends its am-
plitude array data with buffer size and the node i performs
computations using only its own amplitude array data. The
node; waits until it receivesthe necessary datafrom anode
j. Then, the node ¢ performs computation using both its
own data and the received data. The node j perform the
same process as the node ¢ performs.

node i

mp(=h
N node j

Buffer

Figure 4: Datatransfer diagram

Controlled qubit gate: Supposethat aunitary matrix U =

WL 2 s anplied to the i-th qubit if and only if the

U21  U22
c-th qubit is 1. Let CT X be the overal matrix of size of
2" x 27,

First, we consider the matrix X mentioned above as if
there are no controlled qubits. Then, for each j (1 < j <
2™ — 1), the j-th row of the matrix CT X (CT X [j]) isde-
fined as follows:

X[]
1[7]

if the c-thbitof jis1

. PR )
if the c-th bit of j isO

CTX[j] = {

where I isthe unit matrix.
In this case, we also do not have to generate CT'X or X
explicitly. We only have to havethe 2 x 2 matrix U.

2.3 Measurement

The gate for measurement of i-th qubit of n-qubit regis-
ter isdesigned as follows:

1. In each node 7, two values o; and z; are calculated
suchthat 0; = Y cq lac?, zi = > egs |oe|?, where
S = {s|thei-th bit of sis1.}.

2. The 0-th node collects o; and z; from each node
i. Then it should have O = Y7 o, and Z =
S22 2, and the sum of O and Z should be 1.

3. The 0-th node generates arandom number » (0 < r <
1). We consider that 0 isobserved if » < Z and that 1
isobserved if Z < r.

4, The 0-th node sends the result of measurement to
al nodes. Then each node generates the post-
measurement state according to the result which it re-
ceives from 0-th node.
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2.4 Error model

The simulator can represent decoherence and opera-
tional errors. By using it we can analyze robustness of
some quantum circuits in the presence of decoherence and
operational errors. Here we explain the error models that
the simulator adopts.

Decoherence error: The simulator implements depolariz-
ing channel as the decoherence error model.

In this channel, when the depth of the circuit increments
by one, with probability 1 — p each qubit is left aone,
and with probability p the error occurs, and there are equal
probabilitiesthat o, o, Or o, (Pauli’'s X, Y, Z) areapplied
to each qubit independently. The error rate p is determined
by users.

In general, on an actual quantum computer, gates are ap-
plied parallelly as much as possible. Then the depth of a
circuit is not aways equa to the number of the gates of the
circuit. The simulator has a function which applies error
gates. Itiscalled only if the depth of the circuit increments.
Operational error; Generally, al of single qubit gates are

. . . 0 —sinf
described with rotations Ug(0) = C?S s
sinf)  cosf
. 1 0
and phase shifts Up, (p) = 0 e | Up,(p) =
o
ip 1
© 0 . For example, NOT gate 0 is
0 1 1 0
described as Ugr(w/2)Up,(w), and Hadamard gate
1 1 . .
% - isdescribed as Ug (7 /4)Up, (7).

The simulator represents inaccuracies by adding small
deviations to the angles of rotation # and ¢. Each error
angleisdrawn from Gaussian distribution with the standard
deviation o, which is also determined by users.

3 Preliminaries for the Algorithm

In this section, we review briefly the quantum agorithm
for factorization proposed by Shor. After that, weintroduce
the quantum circuits for order finding. Thisisan important
part of this algorithm and there are several way for realiza-
tion. We focus on the circuit by Beauregard and explain in
detail the techniques which the circuit uses. Moreover, we
consider approximate QFT. This approximation is helpful
to reduce the number of quantum gates but also effects of
decoherence.

3.1 Shor’s Factorization Algorithm

Suppose a L-bit number N is an odd and non-primal
number',

1. [cLAssIcAL] Choose a random integer number a so
thatl <a <N —1.

2. [cLAssIcAaL] Using Euclid’'s agorithm, determine if
ged(a, N) > 1, andif so, returnthefactor ged(a, N).

iiEven if NV iseven or primal, there is no problem. It istrivial whether
N iseven or odd, and we can determinein polynomial time whether N is
primal or not.

3. [QUANTUM] Usethe order-finding quantum algorithm
to find the order » of « modulo V.

4. [cLASsICAL] If 7 is odd or r is even but a"/? =
—1 (mod N) ora” # 1 (mod N), print “failed” and
terminate this algorithm.

5. [cLASSICAL] Otherwise, compute . = ged(a’/? +
1, N). Test to seeif these are non-trivia factorsof N,
and return the factor 4. and terminate this algorithm
if so.

The processto find aorder of a mod N (step 3) isknown
to be computable in polynomial-time on a quantum com-
puter.

3.2 Order Finding Circuit

We review the quantum circuits for order-finding we
have implemented for the following experiments.

3.2.1 Traditional Circuit

Figure 5 shows the quantum order-finding circuit con-
structed by Miquel et a. [6]. Inthisfigure, H is Hadamard
gate, QFT ! is inverse QFT gate, and m is measurement
gate. The gate named U, maps |z) to |(ax) mod N). Itis
used for modular exponentiation (|z) — |x* mod N)).

2 - . orr
e o

Figure 5: Traditional order-finding circuit.

U, gateisconstructed by combination of (controlled) ad-
dition gates, (controlled) subtraction gates, and so on. Be-
cause the design of them is a straightforward application of
the classical carry gates and summation gates, many work-
ing qubits are required and 3L + 6 qubits are wasted for
modular exponentiation [13].

Therefore, totally 5L + 6 qubits are required. We call
this order-finding circuit the traditional circuit.

3.2.2 Improvements by Beauregard

Last year, Beauregard improved the order-finding circuit
(see Figure 6 and [3]). We review the following three tech-
niques that Beauregard adopted.

077185 | |o>+u>
2L+2 U,at1 U2t U0

1>
qubits ‘

Figure 6: Improved order-finding circuit.
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Addition by QFT [4]: This uses QFT and reduces the
number of qubits necessary for addition by removing tem-
porary carry bits. This addition takes two values a and b,
computes F'(a) (QFT of a) and then uses b to evolve F'(a)
into F(a + b). Inverse QFT may then be applied and the
sum recovered.
One control quantum bit trick [9]: It is shown that the
(inverse) Fourier transform preceding the final measure-
ment can be calculated in a semiclassical way [5]. That is,
instead of performing the entire transform and then making
measurements on all control qubits afterwards, we can ap-
ply Hadamard transform to the first qubit and then measure
it. The controlled phase shifts by this first qubits are then
replaced by single qubit operations given the result of the
measurement on the first.
QFT is replaced with AQFT [2]: In physical implemen-
tations, we cannot perform rotation gates below a certain
tolerance. Therefore, AQFT is adopted. Details are given
in the next subsection.

Eventually 2L + 3 qubits are needed to construct this
circuit. We call it improved order-finding circuit.

3.3 Approximate QFT

The order-finding circuit by Beauregard (improved cir-
cuit) contains O(L?) QFT gates. In this section we try to
approximate the QFT gates. This means that the quantum
state after QFT is applied is approximated. However, we
obtain the result by measurement. Note that this approx-
imation affects not the result itself but the probability the
correct one is obtained.

The QFT circuit (Figure 7) contains of I Hadamard
gatesand L(L + 1)/2 controlled phase shift gates.

la>

2 H

@, (@)>

OaC
lo,> 10,(@>
lag> [H]—195@>

Figure 7: QFT circuit with 4 qubits.

o, (@)>

Similarly, the AQFT of degree m (see[2]) is represented
by Hadamard gates and the phase shift gates in which the
target qubit and the controlling qubit are far apart (in the
register) are neglected, that is, those operations R; for
which the phase shift 2 /2% < 27/2™ for some m such
that 1 < m < L are dropped". In that case, we need
L gates of Hadamard transform, and (2L — m)(m — 1)/2
gates of phase shift, which is less than those on the QFT
casesincem < L.

Figure 8 showsthe m = 2 AQFT circuit.

4 Experiments

4.1 Environment

As an experimental environment, we adopted SCorell|
[10], a PC cluster system, built by Real World Computing

iiif 1 = 1, the circuit is equivalent to the Hadamard circuit, and if
m = L, itisequivaent to the QFT circuit.

lag> 11 G loq (0>
Jo 2> :' “4. |¢1(°')>
la > H R |9, (0)>

lag> [H}—lo,@>

Figure 8: Approximate QFT (AQFT) circuit (m = 2) with
4 qubits. The circles drawn with dotted lines mean dropped
gates according to the definition.

Partnership (RWCP). By running the SCore cluster system
software on it, SCorelll realizes a parallel computer with
high scalability, high cost-performance, and high usability.

SCorelll has 512 computation hosts. Each node has two
Pentium 11 processors (933 MHZz) and 512 MB memory.
The nodes are connected each other with Myrinet-2000 and
ethernet.

By running QCSS on SCorelll, we can deal with up to
34 qubits and factorize 15-bit numbers with Beauregard's
order-finding circuit if we consider nothing about execution
time.

4.2 Implementation

We have implemented on QCSS the two order-finding
circuits, traditional and improved ones. Besides, two more
circuits have been implemented for comparison.

Table 1 shows the features of these circuits.

Table 1: Features of the order-finding circuits.

one control | addition
#qubits | qubittrick | by QFT
A (improved) 2L+ 3 w W
B 4L + 2 W/O w
C 3L+7 w W/O
D (traditional) || 5L + 6 wW/O W/O

4.3 Execution time for order-finding

First of al the experiments, we measured execution time
for simulation.

With circuit A, some L-bit numbers which satisfy the
condition asinput are chosen (4 < L < 15) and factorized
on QCSS with changing the number of working processors
P =27 (0 < p < 8). We assume that there are no deco-
herence and operational errors during computation.

Then, we have confirmed that factorization of up to 12-
bit numbers succeeded on the environment. Figure 9 shows
the result as a double-logarithm chart. The points con-
nected with bold lines mean that an enough effect of par-
allelization is gained. The execution time becomes almost
half if the number of processors doubles. The points con-
nected with broken lines mean that we did not measure the
time because we expect it will take much time for simula-
tion but that we can forecast the time. We can see that it

0210
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execution time [sec]

will take 3.7 million seconds, about 43 days, to try afac-
torization of a 15-bit number.

107 T T T T T T T L

o N= 15(L= 4)
N= 21(L=5)
N= 35(L=6)
N= 65(L=7)
N= 221(L=8)
N= 437(L=9)
N= 889 (L = 10)
N = 1189 (L = 11)
N = 2491 (L = 12)
N = 4757 (L = 13)
N = 9797 (L = 14)
N = 23129 (L = 15)

.
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10t b '\\\‘\,_M
10-1 1 1 1 1 1 1 1 1 ]
0o 1 2 3 4 5 6 7 8

p =log P (number of processors)

10°

Figure 9: Relation between number of processors and exe-
cution time.

As for other circuits, we confirmed that simulation to
factorize 21 (5 hits) finished within a minute with 128 pro-
cessors by using circuit B and C, but that on the same en-
vironment it took 1003 seconds per trial to factorize 35 (6
bits). With circuit D it took 318 seconds per trial to factor-
ize 15 (4 bits).

Note that it will take much more time for simulation in
the presence of especially decoherence error as mentioned
in the previous section.

4.4 Robustness for decoherence error

To investigate the robustness of the circuits for decoher-
ence and operational errors, an appropriate number of trials
are needed for analyses. Therefore it is better that time for
simulation is short.

We factorized 21 by using circuit A, B and C on QCSS,
with changing decoherence error rate d from 0 to 10~2.
With each d 200 trials were done. The number of qubits,
the depth of each circuit, the product of thistwo values, and
the number of Hadamard gates, (controlled) NOT gates, ro-
tate gates are shown in Table 2. Ascircuit A and B adopt

Table 2: Quantum circuits to factorize 21.

O 4 <4 » > @O RO X X +

#qu- #qubits # gates

bits | depth | xdepth | Had. | (c-)NOT | Rot.
A | 13 | 15384 | 2.0x10° | 2660 4510 9610
B | 22 | 12399 | 2.7x10° | 2660 4525 9645
C| 22 | 28771 | 6.3x10° | 20 30250 10
D| 31 | 26084 | 81x10° | 18 26040 36

the adder by QFT, there are much more Hadamard gates
and rotate gates than circuit C and D, whereas circuit C

and D have much more NOT gates because the existing ad-
dition circuit is redlized as a combination of (controlled)
NOT gates.

How many times the error gates are applied totally de-
pends on the size of the circuit (the product of the number
of qubits and the depth) because they are applied indepen-
dently to each qubit in our implementation. For example,
incircuit A, if the decoherence error rateis 10~5, some 0.2
error gatesis applied to the circuit in each trial.

We calculated the success probability, the probability
with which atrial for factorization succeeded by using the
quantum part of the algorithm and the order-finding circuit
(step 3in section 3).

Table 3 shows the resullt.

Table 3: Success probability (%) in the presence of deco-
herence error.

decoherence error rate d
circuit | 0 | 1076|107 | 10=* | 1073 | 1072
A 12.0 85 35 3.0 25 4.0
B 115 | 115 3.0 25 15 1.0
C 17.0 55 3.0 15 1.0 0.5
D N/A

As for success probability of the factorization algorithm
Probguec(N), if we assume that there are no decoherence
and operational errors, it is known that the lower bound is
given as the following inequality:

d(N) 1 4 e "
Probsuce(N) 2 N-1 <2 72 loglog N) ’
where ¢(V) is the Euler number of IV, and ~ is the Euler
constant. If we substitute 21 to NV, then the right hand of
above inequality is about 11.6%.

From the result we find some tendencies: As for circuit
A and B, the circuits are robust for decoherence error if d
is less than 10~°, whereas as for circuit C it seems not to
be useful for factorization when there is decoherence.

However, it is strange that the success probabilities dif-
fersamong the circuitswhen d = 0. These should converge
to constant. There are too few trials to see the differences
among the circuits from this experimental result. Then we
are now planning that the probability we measure correct
answers is computed accurately from the amplitude of the
final state. We expect that the result will appear in the near
future.

Next, in order to make the effects of error gates to the
circuits clearer, we investigate the relation between the er-
ror gates applied and the success probability with circuit A
and C. We did 2000 and 1000 trials with circuit A and C,
respectively.

Table 4 shows the relation between the number of error
gates applied to circuit A the success probability.

Asfor circuit C, Table 5 shows the relation between the
number of error gates applied to the circuit and the success
probability.

From the results we can seethat on the both circuit A and
C, the more error gates are applied, the less trials succeeds

220
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Table 4: Relation between the number of error gates
applied and success probability (circuit A).

#error | #succeed | #trial | #succeed/#tria
0 20 126 15.87%
1 29 301 9.63%
2 20 | 444 4.50%
3 12 349 3.44%
4 9 284 3.17%
5 2 186 1.08%
6 2 80 2.50%
7 1 47 2.13%

and that the success probability seemsto be diminished ex-
ponentially as the number of the error gatesincreases. The
size of acircuit seemsto be more serious than the other as-
pects of it (for instance, the ratio of Hadamard gates, NOT
gates and rotate gates in the circuit). Perhaps the decoher-
ence error model we adopt has lead such aresult. More ex-
periments and analyses are needed to examine the results.

4.5 Robustness for operational errors

We factorized 21 by using circuit A, B and C on QCSS,
with changing standard deviation of operational error o
from 0 to 102, With each ¢ 200 trials were done. Then
we cal cul ated the success probability.

Table 6 shows the result.

Table 6: Success probability (%) in the presence of opera-
tiona errors.

standard deviation o
circuit | 0 | 1079 |107® | 107* | 1073 | 1072
A 120 | 130| 85| 115| 65| 75
B 115| 100 | 125| 125| 90| 85
C 170 | 150 | 125| 85| 115| 125
D N/A

As for the circuit A, if the standard deviation of opera-
tional errors ¢ is less than 103, we find that the circuit
is not affected by the operational error, whereas circuit C
is robust for operational errors. We consider that this is
because circuit A has much more rotate gates, which it is
considered is fragile for operationa errors, than circuit C.

However, circuit B seemed to be more robust for circuit
A, though there are almost the same number of rotate gates
in circuit B. In circuit A, “one controlling qubit trick” is
used. The operational error may affect the only one con-
trol qubit directly and may make the result we can measure
incorrect.

Table 5: Relation between the number of error gates
applied and success probability (circuit C).

#error | #succeed | #trial | #succeed/#trid
0 18 106 16.98%
1 18 153 11.76%
2 16 172 9.30%
3 8 122 6.56%
4 5 46 10.87%
5 1 23 4.35%
6 0 13 0.00%
7 0 3 0.00%

4.6 Effect of Approximate QFT (AQFT)

Beauregard’ sorder-finding circuit consists of many QFT
gates and quantum adder gates similar to QFT gates: If a
L-bit number is factorized, O(L?) QFT gates and O(L?)
guantum adder gates by QFT are required to construct the
circuit.

We prepared the circuit in which the QFT gates and the
quantum adder gates are replaced by the AQFT gates and
the A-ADD gates, respectively. A-ADD gateis an approx-
imated addition gate like AQFT.

There are two reasons why we use these approximated
gates: Firgt, the time taken to finish the algorithm on not
only the simulator but only actual quantum computers in
the near future becomes short. Second, the circuit becomes
more robust for decoherence errors because the depth of
the circuit isreduced in our implementation'.

We tried to factorize 187 (8 bits, 11 x 17) on circuit A
with changing decoherence error rate d from 0to 102 and
the degree of AQFT m (see section 3.3) from 1to 9. Here
we suppose that operational errors do not occur. In this
circuit, there are 544 QFT gates, 544 inverse QFT gates,
640 adder gates and 640 inverse adder gates.

Table 7 shows the properties of the circuit to factorize
187.

Table 7: Properties of circuit A (N = 187).

#qubits
A 19

depth
70080

#qubit x depth
1.3x107

In each m and d, the trials were repeated 100 times.
From the results obtained from the experiment, we com-
puted the success probability.

FigurelO shows the success probability of the quantum
part of the algorithm (step 3 in section 3). The horizontal
axe and the vertical axe represent the degree of AQFT (m)
and the number of successtrials, respectively.

From the figure we can see that the success probability
isalmost zero if the decoherence error rate d is greater than
1076, This means that the quantum circuit is not helpful
due to the decoherence errors.

V| n general, the depth does not change.
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Figure 10:  Success probability (%) of the circuit with
AQFT and A-ADD.

When d = 0 and d = 10, the factorization succeeds
by the quantum circuit. There appears to be a gap of the
success probability at the point between m = 4 and 5.

Barenco et al. have pointed out in Ref. [2] that if we
assumethat there is no decoherence, (the decoherence error
rate d equals to zero), the ability of AQFT gates is amost
the same as QFT gates as far as the degree of AQFT m
satisfies the following lower bound condition,

m > log L + 2, )

where L is the size of the quantum register applied the
AQFT, and that when d > 0 the optimum m is found near
this lower bound.

As stated above, we estimate that if there is no decoher-
ence and m > 5, the success probability is dightly less
than that of the circuit without AQFT and A-ADD.

If we substitute L = 9 to Equation (5), we abtain the
following inequality:

m > 5.17. (6)

We can find that the simulation results corresponds to the
theoretical condition asin Equation (6).

Therefore, we consider that AQFT isuseful for the order-
finding circuit. We expect that AQFT gates are applicable
to the circuit if the number to factorize becomes larger as
far as the condition (Equation (5)) is satisfied.

Furthermore, in the order-finding circuit, AQFT may be
rather more useful than QFT in the presence of decoher-
ence. This is because to use AQFT gates means that the
number of gates affected by decoherence diminishes.

In fact, the experimenta results indicate it. When the
decoherence error rate is 10~%, more number of trials in
which the factorization finishes to succeed in the case of
m = 5,6, 7, 8 (using AQFT) than inthe case of m = 9
(using QFT) as shown in Figure 10.

5 Conclusion

We have developed QCSS (Quantum Computer Simula-
tion System) on the scalabl e distributed-memory computer.

Under QCSS on SCorelll, we have implemented the en-
tire order-finding circuit proposed by Beauregard. We con-
firmed the effect of paralelization. Time to simulate the
factorization amost halved if the number of nodes doubled.
By using the circuit, we have confirmed that Shor’s fac-
torization agorithm is really effective. Suppose that there
are no errors, the success probability calculated theoreti-
cally is almost the same as that gained in the simulation.
We have analyzed robustness of the whole quantum
order-finding circuits in the presence of decoherence and
operational errors. If the decoherence rate d is greater than
102 or if the standard deviation of the operational errors
o isgreater than 10~4, it seemsto be hard to use the order-
finding circuitin practice. We also havefound that AQFT is
more useful than QFT for decoherencerate 106 ~ 1072,
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