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ABSTRACT

Nowadays, quantum computing has emerged as a global technology trend, attracting active
research worldwide. One of the most popular quantum algorithms is the quantum search
algorithm, commonly known as Grover's algorithm, for unstructured search purposes. This paper
presents the implementation of the algorithm with a search space of 3 to 10 qubits using the
Python-based Qiskit tool developed by IBM. The implementation results on the IBM QSAM
simulator and on the IBM Eagle r3 quantum hardware are analyzed and compared. This paper
also provides results with circuits of varying iteration numbers. Finally, the paper discusses the
advantages of this quantum search algorithm compared to traditional methods, and the obstacles
towards realizing its hardware implementation.
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1. INTRODUCTION

Grover's algorithm was created to solve the problem of searching in an unsorted
database, also known as the "needle in the haystack™ problem. It allows to reduce the

search time from O(N) to O(\/W)which is the optimal search algorithm [1]. This

algorithm is applied to solve many practical problems in medicine [2], financial
optimization [3], security [4], etc.

Although Grover's search algorithm is a promising technique with a wide range of
potential applications, published papers on the algorithm's hardware implementation
only feature circuits with 4 qubits at most [6-9] with the highest probability achieved
when using NISQ (Noisy Intermediate Scale Quantum computer) being 25%. In [6],
higher probabilities were achieved by using an oracle structure without ancilla qubits,
combined with error-correcting codes. However, with 5 qubits, the search results were
still indistinguishable. On the other hand, in the co the results reported in [7-9] are not
useful results, but the circuits were implemented on older quantum hardware with
capabilities limited to only 5 or 16 qubits. With the rapid and consistent advancements
in quantum hardware over the years, today, IBM offers a wide range of cloud-accessed
quantum computers for public use, some with over 100 qubits intergrated. Our goal in
this paper is to evaluate the implementation efficiency of Grover’s algorithm, and
experiment on the IBM Eagle r3, featuring 127 qubits and improved qubit coherence
time. The subsequent section of this paper is presented as follows: 2-Overview of
Grover's algorithm; 3-Implementation; 4-Results and Discussion and 5-Conclusion.

2. OVERVIEW OF GROVER’S ALGORITHM
To state the problem, consider an unstructured data array X ={X,,X;,...,.Xy_, } and some
combinatorial function f : X —>{0,1}, whose goal is to find an element x that satisfies
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f (x)=1. The search problem is expressed as: f(x)= {1 } (1)
X=0
with @ being the element to be searched. The problem is to find @ one of N possible
states of the search space consisting of n qubits.
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Figure 1. Grover’s algorithm [5].

As shown in Fig.1, Grover's algorithm is implemented in four stages: initialization,
oracle (search state marking), diffusion operator (amplitude amplication) and
measurments. Also, the subroutine known as the Grover’s Operator (G) which includes
the oracle and diffusion stages [5] can be repeated multiple times. The workings of
Grover’s algorithm can be summarized as follows:
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The initialization process prepares the superposition states by passing all qubits through
Hadamard gates (H). The desired state is then searched and marked by changing the sign
of its amplitude at the oracle. At this stage, although marked, the search state’s probability
is still indistinguisable from other states. The diffusion operator then amplifies this
difference by flipping all state amplitudes by the their average value. This not only
recovers the sign of the search state but also amplifies its amplitude, making its probability
more significant than others. For larger search spaces with more qubits, the oracle and
diffusion steps are required to be repeated R times to ensure clear seperation of the search
state. At measurements, the search state with higher amplitude will yield significantly
higher probability, and the search is complete.
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Figure 2. The action of a single Grover iteration, G [5].
The effect of single Grover’s iteration can be visualized in Fig.2. Grover iterations aim
to move |w) closer to vector | 3) so that the measured value is | ) with high probability.

After step 2, the state of the circuit is at position O|l//>. After step 3, completing one
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Grover iteration, the state of the circuit is at position G|1,//> . After each iteration, the state

vector of the circuit rotates by angle # towards | ﬁ) . After R iterations, the angle between

the superposition state of the circuit and |a) is R.¢9+§. The optimal number of iterations

is such that this angle approaches % asR ~ %\/2_”—% . Choose the number of iterations

approximately R.
3. IMPLEMENTATION

The algorithm is implemented with the number of qubits n varying from 3 to 10 qubits.
The implementation circuit consists of n Hardamard gates (Fig.1) and a Grover iteration
circuit. Fig.3 shows an example implementation of a Grover iteration that includes steps 2
and 3 of the algorithm. The oracle is an operator able to recognize the target state and mark

it by phase shifting: | x)%(—l)f(xwx) . In this paper, we use an oracle circuit with no
ancilla qubits proposed in [6]. First, the oracle uses NOT gates, denoted X, on qubits with
value |0> in the search state. This will turn the search state and only the search state to the
full positive state |11...1). The Z gate inverts the states|1) and does not invert the phase
with |0> The CZ (Control Z) gate applies a phase flip (change in the relative phase) to

the target qubit only when the control qubit is in the state |1> . According to [5], HXH =

Z, we can create C"!Z as the structure in Fig.3. Next, the C™Z (Control-Z) gate, with only
the last qubit being controlled by the rest of the qubits, transforms the state |11...l) into

—|11...1). The following X gates recovers the search state, this time with phase 7.

The structure of the diffusion operator is in the form HX+Oracle+XH [5] (Fig.3).
Increasing the number of qubits, the schematic of single Grover iteration is repeated R times.
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Figure 3. Schematic of single Grover iteration for 4 qubit search |0110) .

4. RESULTS AND DISCUSSION

4.1. Setup

The circuit designs were implemented on Jupyter notebooks using IBM Qiskit version
1.2. The notebooks and other auxilary files can be found on the Github repository:
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https://github.com/NinhVVDT/mach_luong_tu_co_ban. The circuits are run in three
scenarios: ideal simulation, noisy simulation and actual quantum hardware. In the ideal
scenario, the circuit is ran on a digital QASM simulation on a local computer. There is no
noise and strictly theoretical results are expected. The second scenario, the noise was
modeled after the ibm_sherbrooke quantum computer. In the third experiment scenario the
circuits are run on cloud-based quantum hardware, namely ibm_sherbrooke, ibm_Kkyiv and
ibm_kyoto, all using 127-qubit Eagle r3 quantum chips. In each runthrough in these three
scenarios, the number of shots is set to be 4096.

4.2. Results and Discussion
Table 1 summarizes the experimental results of this paper. According to table 1, the
ideal simulation results show that with only O(\/W ) executions, Grover's algorithm gives

a probability of finding the target of nearly 100%. However, noise has a very large impact,
so the probability when simulating with noise is greatly reduced, especially when the
number of qubits increases and the circuit structure is more complicated. From 5 qubits or
more, the simulation result with noise is not feasible, it is impossible to distinguish the
target state from other states.

As the iterations increase, the more complex the circuit is, and the more interference
occurs. For the 3 qubit case, with fewer iterations, the ideal simulation gives a result that
is significantly lower than the theoretical one by 17.5%, but the actual run gives a
probability 6.2% higher (Fig.4, Fig.5). The results are similar to the 4 qubits case. Thus,
in practice, the appropriate number of iterations should be chosen based on the calculated
value of the number of loops, the corresponding idealsimulation probability achieved, and
the complexity of the circuit.

Comparing with results from similar works (table 2), for the 4 qubit problem, the
execution on IBM servers has a higher probability of finding 9.3% compared to [7]-[9]
due to the improvement of IBM's current quantum chip and the oracle structure not using
ancilla qubits. This and the results from [7-9] are significantly lower than that in [6], which
employs an error correcting technique.

Table 1. Simulation results and hardware experiments.

1R Probability (%)
Ideal simulation | Simulation with noise | IBM Eagle r3
3 1 77,81 64,48 50,71
2 95,21 64,6 44,56
4 2 90,04 49,17 9,3
3 96,68 50,2 6,84
5 3 90,14 14,18 3,15
4 99,9 9,47 3,13
6 5 96,6 X X
6 99,66 X X
718 99,58 X X
8 |12 99,98 X X
9 |17 99,98 X X
10 | 25 99,93 X X
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Figure 4. Experiments with 3 qubit Figure 5. Experiments with 3 qubit
011), r=1. 011), r=2.
Table 2. Experiment with different implementations.
This paper | [7]-2021 | [8]-2018 | [9]-2018 | [6]-2023
Quantum Eagle r3 IBMQ | IBMQX5 | IBMQ NISQ
hardware 127 qubit | 5qubit | 16 qubit | 5qubit | 27 qubit
Probability 9,3% 4,96% 6,62% 6,56% 25%

5. CONCLUSIONS

This paper has implemented the algorithm with cases from 3 qubits to 10 qubits with
different iterations according to the Oracle circuit structure without using ancilla qubits.
The simulation results are ideally consistent with the theory, showing the advantage of
Grover's algorithm over traditional search methods. With 4 qubits, the paper gives a
finding probability of 9.3%, which is better than some published results on circuit
structures using ancilla qubits and older versions of IBM quantum computers. However,
the implementation results on current quantum hardware are still very limited, requiring
additional error-correcting codes to improve the results. The next research direction of
the paper is to combine error-correcting codes to improve the results with cases with
more qubits.
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TOM TAT
Thue thi thuit toan tim kiém Grover trén IBM Eagle r3

Hién nay, may tinh lwong tw dang la mot xu huong cong nghé duoc d‘ay manh
nghién civu trén thé gidi. Mot trong cdc thudt todn lwong tir pho bién nhat 14 thudt
todn tim kiém luwong tu, thuong dwoc biét dén véi tén thudt toan Grover, cho cdc
muc dich fim kiém khong cdu tric. Bai bdo nay trinh bay thuc thi thudt toan voi
khéng gian tim kiém tir 3 qubit t6i 10 qubit sir dung céng cu Qiskit dwa trén ngon
ngit lgp trinh Python do IBM phdt trién. Két qua thiee thi trén mé phéng QSAM IBM
va trén phan cung lwong tir IBM Eagle r3 dwgc phdn tich va so sanh. Bai todn ciing
cung cdp cdc két qua voi cdc truong hop s6 lan Igp khdc nhau. Nhin chung, bai bdo
mo ta nhing wu diém cua thudt toan tim kiém lwong tir so véi phirong phép truyén
thong, dong thoi cac van dé can doi mat dé hién thue hod diéu do.

Tir khoa: May tinh lugng tir; Thuat todn Grover; Qubit; IBM; Oracle.
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