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Quantum Linear Convolution and Its Application in Image Processing

LIU Xing-Ao“? ZHOU Ri-Gui*?* GUO Wen-Yu"*

Abstract Linear convolution plays an important role in image processing, but when processing massive high-resolu-
tion images, solving linear convolution will consume a lot of computing resources. To this end, this paper conducts
related research on quantum linear convolution and its application in image processing problems. We first propose
the quantum one-dimensional and two-dimensional linear convolution in the case of single channel, unit stride and
zero padding, and then implement the case of multi channel, non-unit stride and non-zero padding. Finally, we ap-
ply the quantum two-dimensional linear convolution to quantum image smoothing, quantum image sharpening and
quantum image edge detection. Through theoretical analysis, it is proved that the space complexity O(logM) and
time complexity O(log2M) of quantum linear convolution decrease exponentially compared with classical linear
convolution, and the simulation experiment based on Qiskit successfully verifies the correctness and feasibility of the
quantum linear convolution and quantum image processing algorithms.
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B TRERE AR, AN [F T A TR ) TS AR
BB, BT AT RS- IR R TR
HE B, BRI AE R T ok ok AR, 2 AE A
HERE B mE . AT A Qiskit i QasmSimulator
B & 7 AR P 0L, Hodh 238 shots BN
1024, SEBACHS W2, B g R HORAS & (RS
] & A AT 1024 N Ie R R IF iR I ER) LA
N T AR QR 24 0 HIMEE.

Kl 4(b) F W] T A B o 0 R R 2
0.935, &l 4(c) Sor 1 & B0 Yt 1) 2 4E B8
JEHTENR, K 4(d) Bon T @Mk SEHUER] SciPy?
W IE SRS P EE. R B E R
B 7imkang s FRERL, & 4(e) R T m Ik
WA S 0 MIERE 0.905, K 4(f) R T ET
AL s ) A v BT JE B IR, 1 4(g) Bos T &
TSN SciPy %t B BT BOE IR, P
HAEAL G ERCH 2 e R A] 1 e s A EE T
¥)77 % % (Mean-square error, MSE) FH U1 {5 M
tt (Peak signal-to-noise ratio, PSNR), 454 #H1LL
P (Structural similarity, SSIM) JPEA 14 e B
Uhttps: //github.com /linxingao/SimulateCode /blob /main/NORMAL/
mean_filter.ipynb

* https: //github.com/liuxingao/SimulateCode/blob/main/NORMAL/
gaussian _filter.ipynb

3.1

* SciPy f: https: //docs.scipy.org/doc/scipy /reference/


https: //github.com/liuxingao/SimulateCode/blob/main/NORMAL/mean_filter.ipynb
https: //github.com/liuxingao/SimulateCode/blob/main/NORMAL/mean_filter.ipynb
https: //github.com/liuxingao/SimulateCode/blob/main/NORMAL/gaussian_filter.ipynb
https: //github.com/liuxingao/SimulateCode/blob/main/NORMAL/gaussian_filter.ipynb
https: //docs.scipy.org/doc/scipy/reference/
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Fig.3
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e T IE U i 1 L ) SSTML /2 0.999923 3, 1X
O P IE G AR A, RIS, 36AE T B EG i A
T BBV R T AT I R IE A 1

3.2 =ETEEGIHK

P& B AT A2 BRI S B, 3 5 R )34
Gk BOR PBEBRAR IR oy, A R ARAF IR M. AT AT
BT EBEL, AP TR B S B GRS B
Gnhd, HEMHNE T AEEREEN KBIER, &
BERMNAE, 5TEEERE T a2 RO R AR,
BALIERHE T BT R, & E A M AL R
TELS SOBOT R UG AR AR AL, 7T AR 3 &8 735

[%0) =

1
— 0) Zy+ | L) =
A

1
m |O> Z'Zwsi’j |7/J> + |L> (22)

YR JE AP Real QADC J7 04 25 145 S DR I 4R
SIS, W LR T

v = 7 1) Yl

5 A B T L (T B T L e

AN A 2w, i, j 50, Aw,i i E 255 n

IR S P el Ca i R
ST

AT 0, T HE N 0 G
N0, MR HE N ﬁn%& X

2w, i, j
& ||Xw||> T @)

Aw, i, g

e 255
25 g |
ai RS

LATEL 5 Jall, 5 5(a) RS, R 60 x 60,

5(b) RBAH T, RT3 x 3. QI SRR

Experimental image and smoothing filter for quantum image smoothing

BT URERE, B N A7 TR R R AT (R B T
HBKTR S IR TR AL RO K. 2 MEE T
SEI6 A& DL BT B R 290, FRATT I RE A A
Qiskit (fFESLMP T 1, ETFH 2. 3 KBAESHE —
(LAY b 3% BB AT 4 s B, SepRAS . &
TRGEAFIE D B3N =T W 6(a)
BT, RAA S 2 AT 5T FL M 0 BRI 58 2 20,
HLER TR 2 23, (HAER M, 2O e T,
BT RETE (TR, 3,5, 7) KA AR iE
A HANE T (TR 2, 4, 6, 8) AR A ALt 4w
R AR A AR AL B SRR I S R AR OK
R 7 BN Z MO TG E TS (g 2, 4,
6, 8) HIA X AR ALK 2 A IE A7 FRATME A Qiskit
] QasmSimulator #l & T GBI E L, Hh S
# shots WHE N 1024, HALE R HARE &= R
BHEMF 1024 MU ERERBAEFIEIZ) DL
B T8 QR 24 0 M. K 6(b) RW L
0 MR Z 0.026, K 6(c) T T &R 24 5
Mgtk 5 B, B 6(d) B 74 it B LA
SciPy it B4k J5 BMg. PE e L E E 5,
H PR EAE ) SSIM A& 1.0, 3% 2% B iR BG4,
AR, B0AE T & 7 ER S SR E P B R ER N
AT PR R R R

3.3 BETFEBLSEN

15k I 2 PG AL BRAN VT SRR 5 5 A ]
B, TL AN H AR R B BHR h S RE AR A
S R BB G I AT K P b e Ko, )
FRAHRIIE S, R R E R e Jm k. A
W e 7 BRI G, 3 K1 A0 BT A Y
Sobel 57, BASFAFHIL LR B 2,y = |/ 22 + 22

" https: //github.com/liuxingao/SimulateCode/blob/main/NORMAL/
sharpen_filter.ipynb



https: //github.com/liuxingao/SimulateCode/blob/main/NORMAL/sharpen_filter.ipynb
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(a) Quantum circuit of image smoothing, in which disentangler dg is the quantum state preparation process,
disentangler dg dg is the inverse process of quantum state preparation, circuit-zzzzz is the permutation operation
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Fig.4  Simulation circuit and simulation results of quantum image smoothing

BT EGRIA GRSl R T
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MRTHER, RALERBECNETHER, @
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0 -1 0 _ ®q1 ®q2 ®q1 ®q2
e ) = 10)0) [0)=**[0) =*2]0) = |0) (24)
(a) SEBOFEE (b) Bitkik: 2 IR 2. KW 2 METFEARIAT H T THRAE:
(a) Experimental image (b) Sharpen filter 1
_ ®q1 |0\ ®q2 |0\ ®I1 |0\ 92
B 5 TR R A S R R 5 ) = ﬂ[|0> 10 10) 10710} 10) 7+

Fig.5 Experimental image and sharpening filter for 10) [1) |0>®q1 |0>®q2 |0>®q1 |0>®q2} (25)

quantum image sharpening
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(a) ET RGP IR — 1 E T, b disentangler dg 2 76| &L FE, disentangler dg_dg 72
ETAHSWILRE, circuitarary & B R
(a) Quantum circuit diagram of step one in quantum image sharpening, in which disentangler dg is the
quantum state preparation process, disentangler dg dg is the inverse process of quantum state
preparation, circuit zzrar is the permutation operation
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quantum simulator

K6 &1 RGBT AR AR

Fig.6  Simulation circuit and simulation results of quantum image sharpening
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Experimental image and Sobel operator of quantum image edge detection
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(a) The simulation circuit diagram of quantum image edge extraction steps 1-5, in which disentangler dg is the quantum
state preparation process, circuit-rrzzz is the 2D quantum convolution operation
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Fig.8 Simulation circuit and simulation results of quantum image edge detection
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R COHERHIE T RGUEEAME T BB IEL S 5%k, B E TR 3 < 3,
BGBRSTRE M x M, M=2m, ¢ RRBGRIKEEGHE

Table 1  Quantum image filtering and quantum image feature edge detection algorithms have been proposed.

Suppose the size of the convolution kernel operator is 3 x 3,
and the image size is M x M, M = 2™, q represents the range of gray values

5 ab 3 P18 G LRRAF AR AREL o (R A S N 1) 52 2% 119
NEQR fF BB 85— Fh 18m + 9¢ O(9m* + 9¢) (14]

PG DB (¥, Bidk) NEQR Gaussiant% A 20m+10g + 1 O(m*2* + ¢2*") [15]
NEQR EEHERW 55— Fh 18m + 9¢ O(9m’ + 9¢) [16]

NEQR Sobel SR 4m+18¢ o(m* + ¢) (18]

NEQR Kirsch H—Fh 18m + 9¢ O(m* + 2¢7) (19]

NEQR Zero-cross e 2m + 9¢ o(m* + ¢) 20]

GQIR Sobel H—Fh 18m + 9¢ o(m? + 27 + ¢) [21]

NEQR Prewitt H—Fh 18m + 9¢ O(m® + 27%) (22]

BT RS NEQR Sobel R 2m + 9¢ O(m’* + 2 (23]
NEQR Sobel ot 2m + 9q O(10m* + 4¢) (24]

NEQR Sobel B —Fh 18m + 9g O(gm* + 9¢) [25]

FRQ Sobel 5l 2m + 9q 0(10m* + ¢) (26]

FRQI Sobel 5 Fp 4m + 10 o(10m* + ¢) (28]

NEQR Canny 5= Fp 18m + 9¢ O(48m’ + 4¢) [29]
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Fig. A1 Quantum circuit of permutation matrix
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(1) A REH T HL T LA AL AL(E), 1 T
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TR EEROP R i, BT AL EA N 25
BANE TR AR ARE, 5 Jrm, BT ARSIk R
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B |y) = cos§ 0y + ei‘/’sin5 1), &S B LA ETE RS

0, |1), AHXTARAL o, A HRIE cosa . sin5 . ARAE AR AL B
FIAR, B FEHI&TES NZH, EE R (Basic code,
BC)B557560 FA 4T (Phase code, PC)E7 FlHR 1 g il
(Amplitude code, AC)®P% 500 5 F- 4 [F] B ) & 17 1l &%
T3 1%, AN[E] I e e LA ) e AR ZE 5+

1 T BB BT 7 A0, 2T BB RIS 7 5 H S
i, g 2 8 - R 5 = 7 3278 (A novel enhanced
quantum representation of digital images, NEQR)", |~ X
T B % R (The generalized quantum image represent-
ation, GQIR)") #RIEGmIG, R EER~HETEIE (A
flexible representation of quantum images, FRQI)"™, &¥
MEH K% 915 (Quantum probability image encoding,
QPIE)®", n-qubit IE¥ERZZMA (n-qubit normal arbit-
rary superposition state, NASS)F". H i NEQR, FRQI,
NASS ®AFH, =ME&EFERE. Bk BRI R T
&M x M, KEEAERTEEE 0, 29 —1). NEQR B [F & &%
(0(2¢M?loght + 1)) 1§, PEHAEIT{E, HEE 4 (O(2log
M +q)) #=i; FRQI AR R (0(2M2logM)) FIZE[AISE
2R (O(2logh + 1)) #AK, HAE P ERAEATTE; NASS ()74 [H]
FHE (0(2logM)) &, 1 E RN HE B (0(2M21og? M))
W N T RAFIHZF WS, R A2 =R g As ik
HEAT$64e, SCHR [63] TP E 68 QDACHY J720% NEQR %%
R FRQL, #8576 FRQI JEfili b SR I .
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i QRAM J5 iR K= T BB D IR B B 2. 15t
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