
An improved two-threshold quantum

segmentation algorithm for NEQR image

Lu Wang1, Zhiliang Deng1 and Wenjie Liu2*

1School of Automation, Nanjing University of Information
Science and Technology, Nanjing, 210044, Jiangsu, China.
2*School of Computer and Software, Nanjing University of

Information Science and Technology, Nanjing, 210044, Jiangsu
China.

*Corresponding author(s). E-mail(s): wenjiel@163.com;
Contributing authors: Lu Wang MT@163.com; mtsdzl@163.com;

Abstract

The quantum image segmentation algorithm is to divide a quantum
image into several parts, but most of the existing algorithms use more
quantum resource(qubit) or cannot process the complex image. In this
paper, an improved two-threshold quantum segmentation algorithm for
NEQR image is proposed, which can segment the complex gray-scale
image into a clear ternary image by using fewer qubits and can be
scaled to use n thresholds for n + 1 segmentations. In addition, a
feasible quantum comparator is designed to distinguish the gray-scale
values with two thresholds, and then a scalable quantum circuit is
designed to segment the NEQR image. For a 2n × 2n image with q
gray-scale levels, the quantum cost of our algorithm can be reduced to
60q-6, which is lower than other existing quantum algorithms and dose
not increase with the image’s size increases. The experiment on IBM
Q demonstrates that our algorithm can effectively segment the image.

Keywords: Quantum image processing, Image segmentation, Two-threshold,
Quantum comparator
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1 Introduction

Due to the unique parallelism and entanglement characteristics, quantum com-
puting can achieve quantum acceleration, which makes the calculation speed
improved to varying degrees compared with classical computing. Quantum
image processing (QIP) is a cross-discipline of quantum computing and image
processing, and this makes it possible to solve the real-time problem that
encountered by the classical counterpart.

In the past 20 years, the QIP has developed rapidly, and the specific devel-
opment process can be found in Refs [1, 2]. It can be divided into two stages:
one is to store classical images in a quantum image representation model,
and the other is the study of QIP algorithms. In the first stage, there are
mainly: qubit lattice representation [3], real ket representation [4], entangled
images representation [5], flexible representation of quantum image (FRQI)
[6], the multi-channel RGB images representation of quantum images (MCQI)
[7], and quantum probability image encoding representation (QPIE) [8], novel
enhanced quantum image representation (NEQR) [9], an improved NEQR
(INEQR) [10], a generalized model of NEQR (GNEQR) [11], a novel quan-
tum representation of color digital images (NCQI) [12]. Among them, the
NEQR model is widely used due to its simplicity of operation. Based on differ-
ent quantum image representation models, the corresponding QIP algorithms
also develop rapidly, such as geometrical transformation of quantum image
[13], quantum image encryption [14], feature extraction of quantum image
[15], quantum image scrambling [16], quantum image morphological opera-
tions [17], quantum image watermarking [18], quantum image filtering [19],
quantum image steganography [20], quantum image stabilization [21], quan-
tum image bilinear interpolation [22], quantum image edge detection [23–26],
quantum image segmentation [27–29], etc. Although the research of quantum
image processing technology is gradually deepening, it is still in the initial
stage as a whole, and the development direction is not balanced. The results
of these studies have shown that quantum image processing is exponentially
faster than classical image processing, and it saves a lot of computing resources.
There are many quantum image processing algorithms that are theoretically
feasible, but they are not performed on real quantum computers or simulators,
and these algorithms require a large number of qubits, which is not feasible
in this Noisy Intermediate-Scale Quantum (NISQ) era. So, further research is
needed for deeper image processing algorithms.

Image segmentation is the first step of image analysis, and it can divide the
image into several parts to clarify the target in the image. The most common
image segmentation methods are: threshold-based segmentation, region-based
segmentation, edge detection-based segmentation, and segmentation combined
with specific tools. In recent years, researchers have correspondingly proposed
several quantum image segmentation algorithms. In 2013, Li et al. [30] used
a quantum search algorithm to segment the quantum image. The theoretical
analysis shows that a better effect is achieved, but no specific oracle was pro-
vided, which made the simulation very difficult. In 2014, Caraiman et al. [27]
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proposed a histograms-based quantum image segmentation algorithm. They
used the quantum computing performance to obtain exponential speedup than
the classical algorithm, but still no specific oracle circuit is given. A year later,
they [28] proposed a quantum image segmentation algorithm based on a sin-
gle threshold. They gave a specific implementation circuit, but the number of
qubits required is too large to be simulated on the existing platform. In 2019,
Xia et al. [29] proposed a multi-bit quantum comparator and applied it in
image binarization. They chose a single threshold to perform binary segmen-
tation on quantum images, but the number of qubits required was relatively
large. Moreover, the algorithm quantum cost is relatively high, which is very
unsuitable for simulation in the NISQ era. In fact, none of the above algo-
rithms are simulated on a quantum computer or quantum simulator. In 2020,
Yuan et al. [31] proposed a dual-threshold quantum image segmentation algo-
rithm with a small number of qubits and simulated it on a quantum simulator.
However, the algorithm only segments pixels smaller than the low threshold
and larger than the high threshold to 0, and the pixels between the thresholds
cannot be processed and remain unchanged, so only at most two segmenta-
tions can be made and the target segmentation is not clear, which cannot be
scalable and is not suitable for some complex images. In addition, quantum
cost is still high. In practical use, we need to segment multiple targets in the
image according to the situation, which requires the algorithm to have better
scalability, which is impossible for the above algorithms.

In order to increase the practicability of the quantum image segmentation
algorithm in this NISQ ear, we have carried out further research in this paper,
and the main contributions are summarized as follows.

• An improved two-threshold quantum segmentation algorithm for NEQR
image is proposed, which can be scaled to use n thresholds for n + 1
segmentations.

• A quantum comparator with lower quantum cost is designed to distinguish
the gray-scale values with two thresholds. Then, a complete and scalable
quantum segmentation circuit is designed to clearly segment the complex
quantum images by using few qubits.

• We verify the superiority and feasibility of our proposed algorithm by ana-
lyzing the circuit quantum cost and performing the simulation experiment
on IBM Q platform [32] through Qiskit extension [33], respectively.

The rest of this paper is organized as follows: In Sec. 2, The basics of
quantum circuits and the NEQR model are introduced. In Sec. 3, we first
introduce the two-threshold quantum image segmentation algorithm, and then,
a quantum comparator and a complete segmentation circuit are designed in
detail. In Sec. 4, the circuit quantum cost is analyzed and the simulation
experiment is performed on the IBM Q platform. Finally, the discussion is
given in Sec. 5.
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2 Related Works

2.1 Quantum circuit

Quantum circuit is to perform a series of logical operations on n qubits, and
finally perform a measurement, which is an implementation form of quantum
computing. A quantum circuit represents the sequence of time from left to
right, and each line represents one qubit. There are many logic gates called
quantum gates in the circuit, which are the basis of quantum circuits and rep-
resent the unitary operation of qubits. Unlike traditional logic gates, quantum
logic gates are reversible, and traditional calculations can be represented by
reversible gates. This means that quantum circuits can simulate the operation
of all traditional circuits. Combining some basic quantum gates can form more
complex quantum gates, and these complex quantum gates can act on multiple
qubits at the same time. Therefore, a circuit composed of multiple quantum
gates is a quantum circuit. Common quantum gates include Hadamard gate
(H gate), Pali-X gate (X gate), Control-NOT gate (CNOT gate) and Toffoli
gate (CCNOT gate). The symbol and unitary matrix of each quantum gate
are shown in Table 1.

2.2 NEQR

A digital image is composed of pixels, and the pixels contain position infor-
mation and color information. The NEQR model uses three entangled qubit
sequences to store these two kinds of information, and the whole image is
stored in the superposition of the two qubit sequences. Assuming the image
size is 2n × 2n, we need to use two entangled qubit sequences of length n to
represent the position information x-axis and y-axis coordinates. For general
gray-scale images, the gray-scale value range is [0, 2q − 1], so a q-length qubit
sequence is needed to store the gray-scale value of the pixels. The entire model
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Fig. 1 An example of a 2×2 image

is the tensor product of these three entangled qubit sequences, so that all pix-
els can be stored and processed at the same time. Then the NEQR model of
the quantum image can be written in the form of the quantum superposition
state shown in Eq. (1) [9].

|I⟩ = 1

2n

2n−1∑
Y=0

2n−1∑
X=0

|CY X⟩ ⊗ |Y ⟩|X⟩ = 1

2n

22n−1∑
Y X=0

q−1
⊗
k=0

|CK
YX⟩⊗|Y X⟩ (1)

where |CY X⟩ = |Cq−1
Y X , Cq−2

Y X , · · ·C1
Y XC0

Y X⟩ represents the quantum image
gray-scale values, Ck

Y X ∈ {0, 1}, k = q − 1, q − 2, · · · , 0. |Y X⟩ = |Y ⟩|X⟩ =
|Yn−1, Yn−2, · · ·Y0⟩|Xn−1, Xn−2, · · ·X0⟩ represents the position of the pixel in
a quantum image, Yt, Xt ∈ {0, 1}.

Fig. 1 shows an example of a grayscale image of size 2×2, and the
corresponding NEQR expression of which is given as follows

|I⟩ = 1
2 (|0⟩|00⟩+ |100⟩|01⟩+ |200⟩|10⟩+ |255⟩|11⟩)

= 1
2

(
|00000000⟩|00⟩+ |01100100⟩|01⟩
+|11001000⟩|10⟩+ |11111111⟩|11⟩

)
(2)

3 The improved two-threshold quantum image
segmentation algorithm

In this section, we first introduce the two-threshold quantum image segmenta-
tion algorithm, then, a quantum comparator with high performance is designed
to compare the thresholds and the gray-scale values, and a complete quantum
circuit with high parallelism is designed to segment the NEQR image.

3.1 The quantum image segmentation algorithm

After the quantum image preparation is complete, a high threshold and a low
threshold are given. Then, we set the gray-scale value of the pixels smaller than
the low threshold to g1, set the gray-scale value of the pixels between the high
threshold and the low threshold to g2, and set the gray-scale value of the pixels
larger than the high threshold to g3. In this way, the image is segmented to a
ternary image, which can achieve the purpose of clearly segmenting the image.
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Supposing TH is the high threshold, TL is the low threshold, f(x, y) is
the original image, and g(x, y) is the corresponding segmented image. So, the
description of the segmentation algorithm is as follows:

g(x, y) =

 g1, f(x, y) < TL

g2, TL ≤ f(x, y) < TH

g3, f(x, y) ≥ TH

(3)

In practical applications, the image may contain more targets, which
requires us to segment the image multiple times to achieve the purpose of clear
segmentation. So we need to set multiple thresholds to divide pixels into mul-
tiple different classes. Then the pixels between each two thresholds are of a
class, and the double-threshold segmentation can be scaled to multi-threshold
segmentation. The formula is described as follows.

g(x, y) =



g1, f(x, y) < T1

g2, T1 ≤ f(x, y) < T2

g3, T2 ≤ f(x, y) < T3

...
...

gn, Tn−1 ≤ f(x, y) < Tn

gn+1, f(x, y) ≥ Tn

(4)

Since multi-threshold segmentation is an extension of the improved two-
threshold segmentation, in this paper we design the quantum circuits by using
two-threshold as an example. It can be seen from the above formula that some
quantum comparators are needed to compare the threshold with the gray-scale
values of the quantum image. To facilitate the introduction of the algorithm,
we choose the gray-scale value from 0 to 7 as an example. So, the gray-scale
values of the quantum image and the segmented image both need 3 qubits
to represent( |C⟩ = |C1⟩|C2⟩|C3⟩), therefore, the threshold also needs to be
represented by 3 qubits. And because the high threshold and low threshold
can be compared in sequence, 3 qubits can be shared in this way, so the
threshold can be expressed as |T ⟩ = |T1⟩|T2⟩|T3⟩. The thresholds in this paper
are prepared in advance. The high threshold is set to |TH⟩ = |100⟩, and the
low threshold is set to |TL⟩ = |010⟩, then, g1 = 000, g2 = 100, g3 = 111. We
choose a pixel of the original image as an example, such as |0010010⟩, where
the high three qubits represent the gray-scale value, and the low four qubits
represent the position information. Therefore, the segmented result for this
pixel is |0000010⟩.

3.2 Quantum segmentation circuit design

In the quantum image segmentation circuit, the name of each qubit is marked
on the far left, and the default initial state of every qubit is |0⟩. The circuit
is mainly composed of six parts. The first part is the input of quantum image
information, including position information and gray-scale value information.
The second part is to compare the gray-scale values of the quantum image with
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Fig. 2 Schematic of a 4×4 gray-scale image

the high threshold, and the third part is to segment the pixels with the gray-
scale values larger than the high threshold in the quantum image. The fourth
part is to compare the gray-scale values of the quantum image with the low
threshold, and the fifth part is to segment the pixels with the gray-scale values
less than the low threshold in the quantum image. The sixth part is to use
the result of the previous threshold comparison to segment the pixels whose
gray-scale values are between the high and low thresholds. The following will
be explained in detail in the order of these six parts.

In order to better describe the algorithm, Fig. 2 gives a 4×4 image as
an example, and the gray-scale value range is [0,7]. The X-Axis and Y-Axis
respectively represent the relative position of each pixel in the image, and each
axis requires two qubits to store. The gray-scale value of each pixel is marked
in the image by using three qubits. The NEQR model of the image is expressed
as Eq. (5).

|I⟩ = 1
22 (|0110000⟩+ |0100001⟩+ |0110010⟩+ |0100011⟩+

|0100100⟩+ |0110101⟩+ |0000110⟩+ |0010111⟩+
|0001011⟩+ |1011001⟩+ |0001010⟩+ |1011011⟩+
|0001100⟩+ |1011101⟩+ |1011110⟩+ |1111111⟩)

(5)

The first part is to input the prepared quantum image into the segmen-
tation circuit. Before this, we have converted the position information and
gray-scale value information of the digital image into the form of a quantum
image. Since the qubits’ initial state on the IBM Q platform [32] is |0⟩, the
quantum circuit needs to be initialized according to our algorithm. Because the
initial state of the auxiliary qubits and threshold qubits are some certain val-
ues, only ordinary initialization is required. For example, the qubits with the
threshold value of |010⟩, |0⟩ does not need any change, and only a NOT gate
is needed to directly change the second |0⟩ to |1⟩. But for quantum images,
we do not use ordinary initialization methods. Because the NEQR model uses
three entangled qubit sequences to store the image gray-scale value and posi-
tion information, and the whole imageis stored in the superposition state of
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Fig. 3 Quantum image preparation circuit

the three qubit sequences, so it is necessary to use the relationship between
the pixels’ positions and gray-scale values in a quantum image to initialize the
quantum image preparation circuit [6]. It is realized by the combination of H
gate, NOT gate and CNOT gate, as shown in Fig. 3. Among them, C2, C1, C0

represent gray-scale value information, and P3, P2, P1, P0 represent position
information. First. By using H gate transformation on the position informa-
tion qubits, the four qubits are transformed from |0⟩ to a superposition state
of |0⟩ and |1⟩. This makes these four qubits become the superposition state of
all positions of the pixels in the whole image, and the consumption of qubits
representing images can be saved through the superposition of qubits. Then
the CNOT gates are used to realize the entanglement of the position sequence
and the gray-scale value sequence. The circuit realization is shown in Fig. 3.

After the quantum image is input, we need to initialize the threshold.
Because the threshold is a certain value set in advance, the initialization of the
threshold adopts the ordinary initialization method described above. Then,
the quantum comparator is needed to compare the gray-scale values of the
quantum image with the threshold. Inspired by quantum bit string comparator
(QBSC) [34], we design a more suitable comparator in this paper. The 1-
qubit quantum comparator is the basis of quantum comparator, as shown in
Fig. 4(a). The circuit takes |a⟩ and |b⟩ as input, |y⟩ as output. If a ≥ b,
then y = 0; if a < b, then y = 1. The 1-qubit comparator only needs to
perform one comparison, and the circuit requires a total of three qubits. Two
comparison qubits are used to compare the relationship between |a⟩ and |b⟩,
and one auxiliary qubit is used to store the comparison result. The 2-qubit
comparator needs to perform twice comparisons, so it needs to add one qubits
on the basis of 1-qubit comparator to store the result of the second comparison.
In addition, another one qubit is needed to compare the two results of the
twice comparisons. At this time, if a1b1 = 01, it means a < b and it directly
outputs the comparison result y = 1. If a1b1 = 00 or 11, the CNOT gate and
Toffoli gate are required to use the comparison result of a0b0 output y = 0
or 1. If a1b1 = 10, it means a > b, a Toffoli gate is required to make the
output result y = 0. Therefore, the final comparison result is obtained. As
shown in Fig. 4(b), this circuit requires a total of 7 qubits, among them, 4
qubits are used for comparison, 1 qubits are used to store the comparison
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result, and 2 qubits are used to form redundant information qubits. When the
number of qubits that need to be compared continues to increase, we just need
to use reset operation [35] to reset the qubits that constitute the redundant
information of the circuit in the 2-qubit comparator, and we can continue to
compare the increased qubits without adding more auxiliary qubits. In this
paper, a 3-qubit comparator is needed to compare the magnitude between
the gray-scale values of the quantum image and the threshold. This need to
perform another comparison based on the comparison result of the first two
qubits on the basis of the 2-qubit comparator and finally |y⟩ is output. The
circuit is shown in Fig. 4(c). According to |y⟩, the magnitude relationship
between the gray-scale value of the pixel and the threshold can be obtained.
The complete 3-qubit comparison circuit of comparing one threshold with the
whole quantum image is shown in Fig. 5(a). Where |C2C1C0⟩ encodes the gray-
scale value information, |P3P2P1P0⟩ encodes the position information, |T2T1T0⟩
encodes the threshold information, and the remaining qubits are auxiliary
qubits. Before image segmentation, the gray-scale values of all pixels in the
prepared quantum image must be compared with the threshold, and finally the
every piexls’ comparison results |y⟩ are obtained. Then, the threshold qubits
and the other two auxiliary qubits are all set to |0⟩, and then we can continue
to use these qubits during next comparison. In order to facilitate the use of
the 3-qubit comparison circuit later, we have given a simplified form of the
circuit, as shown in Fig. 5(b).

After the first threshold comparison, the pixels that are larger than the high
threshold are segmented according to the comparison result, and their gray-
scale values are set to 111. Namely if yH = 0, the gray-scale value information
qubits are transformed to 111 one by one. When the segmentation operation
of one gray-scale value qubit is completed, the auxiliary qubit needs to be set
to |0⟩, and the next gray-scale value qubit can continue to be transformed,
which can save the number of qubits. As shown in Fig. 6.

After the pixels larger than the high threshold are segmented, the pixels
smaller than the low threshold in the quantum image should be found and
segmented. The low threshold quantum comparator is the same as the high
threshold quantum comparator. Before the low threshold comparison, we reset
the high threshold qubits to |0⟩, so that the low threshold setting can share
the three qubits with the high threshold. In addition, the two auxiliary qubits
other than the comparison result should be set to |0⟩, which will be used for
the low threshold comparison. Due to the two comparison results are needed
to segment the image pixels between the high and low threshold later, the two
comparison result must be stored separately and saved to the end, so the low
threshold comparison result need to be stored in one additional qubit. Other
than that, the other parts are the same as the quantum comparator in Fig.
4(c). If the output result after the comparison by the quantum comparator is
yL = 1, the pixels in quantum image will be segmented to 000 through the
comparison result and the auxiliary qubit, as shown in Fig. 7.
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(b) 2-qubit comparator circuit
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(c) 3-qubit comparator circuit

Fig. 4 Quantum comparison circuit

After comparing and segmenting the pixels larger than the high threshold
or smaller than the low threshold, the two comparison results are stored in two
different qubits. When the pixels gray-scale value in the quantum image are
between the high and low threshold, we can find these pixels by using yL = 0
and yH = 1. The segmentation method is shown in Fig. 8, and the whole
quantum image segmentation circuit is shown in Fig. 9.

4 Circuit quantum cost and experiment analysis

In this section, we analysis the circuit quantum cost and compare the per-
formance differences between our algorithm and some other quantum image
segmentation algorithms. Then we perform the simulation experiment on the
IBM Q platform and the experimental result is analyzed.
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Fig. 5 The quantum circuit of 3-qubit quantum comparator and its simplified diagram
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Fig. 6 The segmentation circuit diagram of pixels larger than the high threshold and its
simplified diagram (S1)

4.1 Circuit quantum cost analysis

Single qubit gates and double qubits gates can perform arbitrary operations
on any qubits (E.g, NOT gate and CNOT gate), which are basic quantum
logic gates. So, in this paper, we use the total number of single qubit gates and
double qubits gates (i.e. quantum cost) to evaluate the complexity of quantum
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Fig. 7 The segmentation circuit of pixels smaller than the low threshold and its simplified
diagram (S2)
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Fig. 8 The segmentation circuit of the pixel between the high and low thresholds and its
simplified diagram (S3)
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Fig. 9 The complete quantum circuit of quantum image two-threshold segmentation algo-
rithm

circuits. For example, the quantum cost of NOT gate and CNOT gate are both
1. The Toffoli gate can be decomposed into 5 double qubits gates, thence, the
quantum cost of Toffoli gate is 5 [36]. The circuit quantum cost analysis of
the quantum image segmentation algorithm is based on the circuit in Fig. 9.
Assuming that the size of the quantum image is 2n × 2n, and the gray-scale
range is from 0 to 2q-1. The required basic quantum gates are calculated as
follows. Fig. 4 shows that a quantum comparator requires 3q-2 Toffoli gates,
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q-1 CNOT gates and 2q-2 reset gates, which contains a total of 18q-13 basic
quantum logic gates, and we need two quantum comparators. It can be seen
from Fig. 6-8 that the segmentation operation needs 3q+1 Toffoli gates, 3q+2
CNOT gates, and 3q+3 reset gates. In addition, 2q NOT gates and q reset gates
are also needed to set the threshold. Typically, the NEQR quantum image
preparation and measurement processes are not considered parts of quantum
image processing. Therefore, the two-threshold quantum image segmentation
algorithm requires a total of 60q-6 basic quantum logic gates. So, the circuit
quantum cost is 60q-6, and the circuit complexity is O(q), which means that
the complexity is only related to gray-scale value q, and the circuit complexity
will not increase as the size of the quantum image increases.

Then, the algorithm our proposed is compared with the threshold-based
quantum image segmentation algorithms in references [28, 29, 31] in terms
of the number of threshold, auxiliary qubits and the quantum cost. For con-
venience, the segmentation algorithms in [28, 29, 31] are abbreviated as IS,
NMQCIS, DQIS, respectively. The comparison results are shown in Tab. 1.

Table 1 Comparison of the different quantum image segmentation algorithms

Algorithms Threshold numbers Auxiliary qubits Quantum cost Segmentation numbers

IS [28] 1 3q-1 127q-91 2
NMQCIS [29] 1 18 48q-6 2
DQIS [31] 2 5 70q-14 2
Our algorithm 2 4 60q-6 3

As shown in Tab. 1, one threshold and two QBSCs are used in the IS
algorithm [28] to segment the quantum image into a binary image. Scince the
quantum cost of 1-qubit QBSC is 14, and the number of auxiliary qubits is
3q-1, so the whole circuit quantum cost is 127q-91. The NMQCIS algorithm
[29] is also used to segment the quantum image into a binary one, where one
threshold, one half-comparator, and 2q swap gates with 3 control qubits are
introduced. The quantum cost of the half-comparator is 14q-6, and one swap
gate requires 5 Toffoli gates, so the quantum cost is 48q-6. In the DQIS algo-
rithm [31], the author claimed “the number of the required basic gates or
operations is 42q + 1”, In fact, the quantum cost is inaccurate because the
authors omitted a comparator. In this algorithm, two thresholds and two com-
parators (the quantum cost of one comparator is 28q-15) are used to segment
the quantum image, which require 5 auxiliary qubits. And as shown in Fig. 12
in Ref. [31], two comparators, 2q+2 Toffoli gates, 2q CNOT gates, 4 NOT gates
and 2q+2 reset gates are used to compose the complete circuit. So, the quan-
tum cost of DQIS algorithm is 2(28q−15)+[5(2q+2)]+(2q)+(4)+(2q+2) =
70q−14. In addition, the pixels more than the high threshold and less than the
low threshold are segmented into 0, and the other pixels remain unchanged,
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which is inappropriate for complex images. The above algorithms only perform
two segmentations, which will result in the inability to segment the details of
the image. It can be seen from Tab. 1 that our segmentation algorithm is a
two-threshold segmentation algorithm, which has fewer auxiliary qubits and
lower quantum cost than the other three algorithms. Then, the image is seg-
mented into a ternary image by three segmentations, which can better segment
the complex image and preserve the details in the image. In addition, the cir-
cuit quantum cost will not increase as the image’s size increase, which is very
beneficial for image segmentation with multiple gray-scale levels.

4.2 Experiment analysis

Currently, the IBM Quantum Lab provides some tools for running a quantum
algorithm. One is the IBM Q platform, which contains some real quantum
computers and simulators on the cloud, and users can upload their own quan-
tum algorithm programs to the cloud to run their own programs on the real
quantum computer or simulators. Another method is to use the open-source
quantum computing toolkit Qiskit developed by IBM Research Laboratory to
write our own algorithms with the Python language as the front-end inter-
face, so that we can realize the simulation of quantum computers on our own
computers, but the the number of qubit is very small. Therefore, we choose a
quantum computer simulator called ’ibmq qasm simulator’ to perform simu-
lation experiments through Qiskit extension [33]. This simulator has 32 qubits
and can run all the basic logic gates included in our circuit. So in this paper,
all quantum circuits have been simulated and verified on this simulator.

To verify the feasibility of the algorithm, we use an image with a size of
4 × 4 and a gray-scale range of [0,7] as an example. Fig. 10(a) is a schematic
diagram of the original image, and Fig. 10(b) is a schematic diagram of the
segmented image. The NEQR model of the segmented image is shown in Eq(6).

|I ′⟩ = 1
22 (|1000000⟩+ |1000001⟩+ |1000010⟩+ |1000011⟩+

|1000100⟩+ |1000101⟩+ |0000110⟩+ |0000111⟩+
|0001000⟩+ |1111001⟩+ |0001010⟩+ |1111011⟩+
|0001100⟩+ |1111101⟩+ |1001110⟩+ |1111111⟩)

(6)

Fig. 11 shows the probability histogram of the segmented image, and the
number of measurements is 1024. It can be seen from the probability histogram
that the probability amplitude of the quantum sequence measured is different,
which further verifies the randomness of the quantum system and the principle
of ”uncertainty”. To verify the effect of our algorithm, we compare our algo-
rithm with the existing single threshold (IS and NMQCIS ) and dual-threshold
(DQIS) quantum segmentation algorithms, as shown in Fig. 12. IS and NMQ-
CIS use two segmentations to segment the image into binary images, which
is only suitable for simple images and loses a lot of details. Since DQIS also
only performs two segmentations, the pixels between the double thresholds
are messy, and the rest of the pixels are not classified. This leads to unclear
segmentation of the resulting image details. Like the corresponding classical



An improved two-threshold quantum segmentation algorithm for NEQR image 15

(a) Schematic of the original
image

(b) Schematic of the seg-
mented image

Fig. 10 Schematic of the original image and the segmented image

algorithm, our algorithm converts the image into a ternary image with three
segmentations, which is very clear and retains more details.

Based on the segmentation algorithm in this paper, we also give some
schematic diagrams of the segmentation results with different thresholds, as
shown in Fig. 13. For quantum image segmentation algorithm simulation, the
fewer qubits, basic quantum logic gates, and measurement times are used, the
less time it takes, which can directly improve the efficiency of segmentation.
In the design of quantum image processing algorithms, there are two ways
to directly reduce the quantum cost. One method is to make full use of the
parallelism of quantum, which is also an important reason why quantum image
processing has exponentially accelerated compared to digital image processing.
The other method is to use the reset operation multiple times to reuse the
qubits that have been used. In our quantum image segmentation algorithm,
we make full use of quantum parallelism and reset operations, so that the
quantum cost is very small and it will not increase as the image size increases.

5 Conclusion and discussion

In this paper, an improved two-threshold quantum segmentation algorithm for
NEQR image is proposed, which can segment the quantum image into a ternary
image and can be scaled to use n thresholds for n+1 segmentations. In addition,
a quantum comparator and a corresponding quantum segmentation circuit is
designed, which can segment the quantum image by using few qubits, and the
quantum cost dose not increase as the image’s size increases. The quantum
circuits analysis and the experiment on IBM Q show that the algorithm can
segment image efficiently. However, our algorithm can only segment static
targets in static images, which is less effective for dynamic target segmentation.
Therefore, our future work is to study the segmentation of dynamic objects in
static images. Besides, we will continue to optimize the quantum circuit and
reduce the qubits consumption to increase the applicability of the algorithm.

As described in this paper, our algorithm can divide a gray-scale image
into a ternary image, which can clearly distinguish the objects in the image.
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Fig. 11 Probability histogram of 4× 4 segmented quantum image

However, in some specific cases, it is necessary to obtain an image with more
gray-scale values by image segmentation and segment multiple targets in the
image. We can scale the proposed algorithm to solve this problem. To be spe-
cific, the comparators can be extended to n-qubit comparators by increasing
the number of comparison qubits, and we only need to increase the number
of comparator for multiple thresholds comparisons. For each additional quan-
tum comparator, we need to add a corresponding segmentation circuit (S3)
to segment the pixels between two thresholds. When the previous thresholds
segmentation is over, we reset the comparison result qubits so that each addi-
tional comparator afterward can reuse these auxiliary qubits. Therefore, we
can scale the segmentation algorithm only by adding quantum comparators
and segmentation circuits(S3). In this way, we can obtained an image with
more gray-scale values. So, our algorithm can use fewer qubits to segment com-
plex images with different gray-scale levels in various situations, which is very
beneficial for practical applications.
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Fig. 12 (a) Three original images. (b) The result images of the single threshold algorithm(IS
and NMQCIS). (c) The result images of the double threshold algorithm (DQIS). (d) The
result images of our proposed algorithm. The threshold of (b) is 011; the thresholds of (c)
and (d) are TH = 100 and TL = 010.
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Fig. 13 Segmentation results under different thresholds
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Appendix A The circuit on IBM Q platform

Fig.14 The circuit on IBM Q platform
All data generated or analysed during this study are included in this

published article [and its supplementary information files].
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