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Hybrid quantum differential evolutionary algorithm and
its applications
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(1. Robotics and Microsystems Centre, Soochow University, Suzhou Jiangsu 215021, China;
2. Institute of Cyber-Systems and Control, Zhejiang University, Hangzhou Zhejiang 310027, China)

Abstract: Standard quantum-inspired evolutionary algorithm uses quantum gate to update the state of Q-bits, which
deteriorates its optimization performance. A novel hybrid quantum-inspired evolutionary algorithm(HQDE) based on a
hybrid of quantum differential evolutionary algorithm(QDE) and quantum harmony search(QHS) is presented. The HQDE
adopts real-valued quantum angle to express the Q-bits of chromosome, and the new quantum population is produced
through two approaches, i.e. QDE strategy and QHS strategy. Therein QDE strategy uses differential evolution to update
the state of Q-bits, and QHS strategy employs harmony search to update the state of Q-bits. In addition, to avoid the
disadvantage of easily getting in the local optimum, the HQDE performs quantum non-gate operation to transform the
selected Q-bits of the current worst chromosome with a specified probability. Theoretical analysis proves that HQDE
converges to the global optimum. The experimental results in solving 0-1 knapsack problem and 14 cities traveling salesman
problem(TSP) demonstrate its effectiveness.
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Fig. 1 Structure of hybrid quantum differential evolutionary
algorithm
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3 Skt o ﬁ(Convergence analysis of T2

the HQDE) P{x5-(X;) = 0|xp-(Xi_1) =0} =

EX 1 WSHA L R 7R ok B BERLRE 1= P{xs (X)) > 1xp (X 1) = 0} <
T HbR R EL f (04 Jm de s el S oy 1— P{xp-(Xi) = 1|y (Xi_1) = 0} <

={X: X={z,29,  ,2,}, 2, €8, 1<i<n}, 1—p* < 1. (13)
APX = {zy, -z PAMBE RREEMBED a0
B* = {:17 €S f(w) = f*}, AR 2 18] R P{XB*(Xk) — 0} < (1 _ p*)k. (14)

S§* = {X € 5"|xp-(X) # 0}, i xp- (X) Pt
XEH L RMAEEB h L ENEH.
EX 2 XNTAEREAYIHRIREX € 5™, ¥
kILI&P{XB*(Xk) #0|Xo =X} =1, )

PR AR R TS, P PROR .

Sl 1 REE T ESSEAEEME)T
{X(k),k > 0} A FRF R IRBHERAE. ik Ing.

SIE 2  XHQDEHE, 45 e IPIREX e S

k=0, iHxp-(X) # 0, WHP{xp-(Xps1) #
0| Xy, = X} = 1T,

E BEEERx - (Xk) # 0, IR R AR A7 ANk
xPt € B*, 11 THQDER. VA T QHS 5 i FIQDE 3 i
FEBT I A R e gt FH i 2 A SE DG PR 144
YRR AR, DR 3 500 213 1 FE A SE AR (1)
MR, AR B A R
F R A TP R T B 1) o —AH R 3E N A
R AR, B X g (Xg41) # 0.
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P{xp-(Xi) =0} =
P{xp-(X1) = 0,xp-(X2) = 0,---,
X+ (Xy) =0} =
P{XB (X1) =0}~
illP{XB*(Xi) = 0lxp-(Xi—1) = 0} (10)

HT{X(k), k > 03255 I B /RBEREE, i baUrT 5
HAFE W HP{xp-(X;) = 0|xp-(X;—1) = 0}.
IRIEHQDESVE M2 p o X @l o T AR TAE 57
FAF - LL1-HMCRME 275 AR 5 X[ 0 [ Py AP 48 R
SRS AR R AR, 2 X
pr= miinP{XB*(Xi) = 1|xp-(Xi-1) = 0} min,
i=1.2- .k (i1

ik

P{xp-(Xi) = 1xp-(Xi-1) =0} = p" >0, (12)

HR A 5 | 215

—p ) =1, (15)
4 5 E5E% (Simulation)

4.1 0/15 £ 1) @ (0/1 knapsack problem)

A ) R — LR A A DA ), AR S5
K FHHQDES V2 K A0/1 75 40 [l @, Jf b5 oAt 5%
AT RELL AR

O/1%5 A4 o] W] 08 e g @ m M- 25 &
ACHE A, L FEm AP 152 AT e AL A 5
N PN

1— lim (1
k—o0

fl@) =3 pia
WA
iwixi <C,z;€{0,1}, 1 <i<m, (16)
i=1
Esz,p/\nﬂﬁéﬁﬁ@ﬁ:ﬁiﬁﬂ{lﬂ
%D%U/lﬂiﬁﬁ%?ﬁﬁﬂTﬁTﬁEX :
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ThEE 1 e K = 0.01m; QDEHVEFF =
0.35, CR = 0.90; QHSH %2 $HMCR = 0.95,
PAR = 0.30, b, = 0.05; HQDE#. 3 1 ff)QDE ¢ %
JQHS I S48 E 43 )] 5 HTQDES VA FIQHS 5 ik
O N ZEH ], 5 AR Hs = 6, 7y BARE L
Rt —AX, PATQHS KM LA KKt = s, =T IE
1A 5 Kp,, = 0.10. 2 53 BUAS [A] 49 14 $(100,
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250, 500), K LA baff AN 5] Sk 6 RO/ A )
53 3 MUST 3B 472008 481t B A (best) - ¥ (mean) 2
I 45 (worst)idi M. 5 B I 71 5209 @& W BE A 1) A #E
ZE(Std.), di R WL 1R,

MR E H, AR IZFT200R BT 15 1 B A
V4 K B 25 SRR B R, QEAST VLIV AH N 45 SR
AN JQDE, QHS XHQDES. v, 1t B # Ml &t 1 HE 1L
SE R F e B 11 500 = N R A AR A L ik B,

s T R R R e, HQEA, QDE KX QHS 34 5k
Lt AR, HQDESRL X 1 AU ) il il 3732 417201K 13 21 5
Yo T34 R s AL T HAL B A AR, 5
QSEPI VL et 45 W LL 4, HQDESTLILAEAN [ 15
SRR e 5 SRR ELQSE B ik B AR 45 A I,
i B, HQDES % F HHQDE 5 QHS Iy i 3 i 5 587
AR B PR S AR AR, WS T AR
R SRR ) A, e A A R A R M RE.

F 1 O/1H & 19 RN FB) Fok b B AT 204 TP Mg 45 R HbdR
Table 1 Results over 20 independent runs of different algorithms on the knapsack problem

m MR S Ak T % bRt
1000 QEA 450.3164 442 4155 4354125  3.6198706
1000 QDE 475.5463 464.8918 4542240  6.6856357
100 1000x30  QHS 478.3401 4753143 4727316 1.4622465
1000  HQDE  479.7002 4777327 4736162  1.6471441
1000 QSE[! 457.03 * % *
1000 QEA  1.0794e+003  1.0647e+003  1.0501e+003  7.0706262
1000 QDE  1.1541e+003 1.1391e+003  1.1168e+003  9.7633316
250 1000x30  QHS  1.1618e+003  1.1533e+003 1.1461e+003  4.3083188
1000  HQDE 1.1830e+003 1.1691e+003 1.1609e+003  4.7495964
1000  QSEL! 1141.9 * * *
1000 QEA  2.1199e+003  2.1043e+003  2.0933e+003  7.9857295
1000 QDE  2.2564e+003 2.2324e+003  2.1605¢+003  20.624288
500 1000x30  QHS  2.2785¢+003  2.2609e+003  2.2489e+003  8.2633410
1000  HQDE 2.3164e+003 2.2992e+003  2.2850e+003  8.3571255
1000 QSEL! 2190.0 * * *

FE: R 7 FoRICRRO1H e i s

M ATIZ AT20I A5 2L A7 A8 e 2 5 T bl
5, HQDES V1 W B H b v 22 {H B 5 QHSH 4%
FHNAE FE AL AL, Khm = 100/25015 1K~ # AL
T-QEA 5 QDES L UMb E 22 (H, 7Em = 50015
TE N WAL T QDES VAR AL fift b v 2548, Ui W 7E K
fift i HQDES VAt BLAT B ity ] Sk

2% % FHQEA, QDE, QHSFIHQDE®. %) |
5 B ] JUAE AN 5] 400 A 50 B AH R 38 A AR 20 A7
IBAT20K V- 3 d A4 38 3 5 L J0E A o R L o ot 2
B, B ] L A SCHHQDES VA 4 Jri 8 &
fie S siod iz 8 T-QEA, QDE A QHSHIVE,
HHQDES V29859 T 5% 5) B N Jay s WA i e B,
M T SRR PR R, B UFHQDE S VA Bt

I A AE A — 11 5 HL(2.66 GHz CPU, 2.98 GN
A7) S [ 38 N FE AR B BG S BUS 0 T, 4R Bk
SKARON TS A ) LAY Him: = 5004 1) CPUAE
R, A

TQEA(14599 S) > TQH3(10943 S) >

THQDE(33-38 S) > TQDE(1860 S).

HQDEF LI, ACHQDER 1L /ECPUKE %
W15 s 4, 5 i F-CPUTHE I [A] S vF SN 2RI
B BERG . WRES MU G I 2 M
DRI A K, B9 W S 1R e o A )3 I L b
THEL BT it e [R]85 A 1) 8 I A F o i,
MU F P FEHQDEM A AT i = MEfE.
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Fig. 2 Average profits evolution curves of different algorithms

4.2  TSPJiE4T 7 18] (TSP problem)

AT 15 (TSP) ) 880 21 A P A A0 75 — b kg 2%
NP @, TSP 4 A B 1] 5 5 i, (R LR Ag ik
TR Ay TR A

TSP ] 5 2 A& - 4 2% Jm AN T (1) 8
R AT, I RIETFHEX = {1,2,- - ,m}(XJT
FARTRATIR T ) — X = {v1, 09, ,
v }, A XU MA:

Ty = 7:211 d(vi, vit1) + d(vm, v1), (17)
(v, vi1 ) RN v BRI T, B,

FRHETSPHE 47 7 ] & A Jir 4 B0k 1, oK
M rETFAEANE F MR ETHEg =
[011] - |01c|021] -+ |02¢| -+ - O] -+ |Omel], €A i
JE2¢ > mig L AR S TE ORI e =
[211] - |21e|za1] - - [wae| -+ [T | - - |2me]], 3o
TR H@in, @i, - -+, wie R AT ) 3 1 4 Y
Fodo= 1,2, PRI S I 28 ) 2 A R
FAF BNV I 01 — ve — - — vy, JFHZ
SCHRIOTH (RIAE A1 S W& A1 VPAS AN 438 N 2 AR Hi %
AT IE A

% 2 JEAs#E TSPLIB FEDSIr 14 AN 3k 117 % i
BURMA 1417 B A,

A& 2 TSP 144 T 4% B A AT 445
Table 2 The data for the TSP problem of 14 cities

W1 2 3 4 5 6 7

X 1647 1647 20.09 2239 2523 22.00 20.47
Y 96.10 94.44 9254 9337 97.24 96.05 97.02

Wi 8 9 10 11 12 13 14

X 1720 1630 14.05 16.53 21.52 19.41 20.09
Y 9629 9738 98.12 9738 95.59 97.13 94.55

K HHQDER VLK M, Hrh Z¥im = 14, n =
20, ¢ = 4; QDEXRMEZHF = 0.45, CR = 0.80;
QHSH % FFHMCR = 0.90, PAR = 0.30, by, =
0.025; FLIEML T AN ks = 4, BARFILRIL—AR
PATQHS I LA I E it = s, T AT TR
P = 0.10; 4 HEAL BT = 3994 N, 55032 3 - B 5]
TSP n) @ S Yok N B2 Ty = 30.8785, HALAL iR
(B3l T V7 )Y A X = {10,1,2,14,3,4,5,6,12,
7,13,8,11,9} , %45 B 5 SCHR19, 191 SV ZRET)
RV B P — 10 - 9 — 11 — 8 —
13 —-7—-12—-6—-5—4—3— 14 — 24
[F]. ¥ 3 24 1 HQDE 3K fi 2] (1) 41 4 it 2 Bl (AX A
47.3543) AR % 2 ¥ (FR s 30.8785).

9 r
98
97
96
95
94
93

(b) fflinek

4] 3 HQDES 1K fi# TSPl f4
Fig. 3 Results of the HQDE for the TSP problem
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Fe BB A, BI20 x 4 x 14 x 399 = 446880, %
15 48 2R A A o P A 2 R) (14! /(14 % 2) =
3113510400)1¥10.014%. 3K A 305 T 45
[ SCHRT9, 19145 5 Hodse, IR LA H AR SCA:
%2 A) o AR 2 ) L e g

& 3 3FF 7 ik KAR 144 IR T TSPIEIA 45 R b
Table 3 Comparison of 3 algorithms for TSP

problem
PSOI**] QSEM HQDE
VTR LR A 59.8462 50.7981 47.3543
=GRl 2000000 1680000 446880
R /% 0.064 0.054 0.014
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