
28 10

2011 10 Control Theory & Applications
Vol. 28 No. 10

Oct. 2011

: 1000−8152(2011)10−1349−07

1, 2, 2

(1. , 215021; 2. , 310027)

: . (DE)

(HS) (HQDE). ,

(QDE)

(QHS), ,

; ,

. . 0/1

.

: ; ; ;

: TP18 : A

Hybrid quantum differential evolutionary algorithm and
its applications

REN Zi-wu1, XIONG Rong2, CHU Jian2

(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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2 (The principle and descrip-

tion of algorithm)
2.1 (Encoding and

measurement for quantum chromosome)
,

|φ〉 = α|0〉 + β|1〉, (1)

α β |0〉 |1〉 ,

|α|2 + |β|2 = 1.

HQDE ,

[θ] = [cos θ sin θ]T , |0〉 |1〉
| cos θ|2 + | sin θ|2 = 1; n m

qt
i =

[
cos θt

1

sin θt
1

∣∣∣∣∣ cos θt
2

sin θt
2

∣∣∣∣∣ · · ·· · ·

∣∣∣∣∣cos θt
m

sin θt
m

]
,

i = 1, 2, · · · , n. (2)

[θt
1|θt

2| · · · |θt
m].

θt
l (l = 1, 2, · · · ,m; t = 0)

[0, 2π] .

,

, |0〉 |1〉
.

: , r ∈ [0, 1],
| cos θt

l |2 , | cos θt
l |2,

pt
i 0 , 1 .

2.2 (Quantum

chromosome update based on differential evo-

lution)
QDE [11](DE)

. ,

, ;

, .

m, n,

qt
i =

(θt
1, θ

t
2, · · · , θt

m) DE/rand/1/bin ,

v
(t)
i :

vt
i = qt

r3 + F (qt
r1 − qt

r2). (3)

(3) : r1, r2, r3 ∈ {1, 2, · · · , n}
i , F ∈ [0, 2] ; qt

i

vt
i (4) , ut

i,

ut
ij =

{
vt

ij, rand(·) � CR|j = randn,

θt
ij, .

(4)

(4) : rand(·) [0,1] , CR ∈
[0, 1] , randn {1, 2, · · · ,m}

; θt
ij qt

i j , j ∈ {1,

2, · · · ,m}. ut
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qt+1
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qt+1
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qt
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2.3 (Quantum

chromosome update based on harmony search)
[12](HS)

. QHS

, (
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(harmony memory size, HMS) n,
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HMCR(harmony memory considering
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θ
′
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′
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θ
′
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θ
′
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′
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2.4 (Hybrid quantum dif-

ferential evolutionary algorithm)
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1
Fig. 1 Structure of hybrid quantum differential evolutionary

algorithm
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3 (Convergence analysis of

the HQDE)
1 S ; n ;

f∗ f ; Sn

Sn ={X : X ={x1, x2, · · · , xn}, xi∈S, 1� i�n},
X = {x1, · · · , xn} .

B∗ = {x ∈ S : f(x) = f∗};

S∗ = {X ∈ Sn|χB∗(X) �= 0}, χB∗(X)
X B∗ .

2 X ∈ Sn,

lim
k→∞

P{χB∗(Xk) �= 0|X0 = X} = 1, (9)

1 , P .

1
{X(k), k � 0} . .

2 HQDE , X∈Sn

k � 0, χB∗(X) �= 0, P{χB∗(Xk+1) �=
0|Xk = X} = 1 .

χB∗(Xk) �= 0,

xbest ∈ B∗, HQDE QHS QDE

,

,

; xbest B∗

, χB∗(Xk+1) �= 0.

1 1 .

2

P{χB∗(Xk) = 0} =

P{χB∗(X1) = 0, χB∗(X2) = 0, · · · ,

χB∗(Xk) = 0} =

P{χB∗(X1) = 0} ·
k∏

i=2

P{χB∗(Xi) = 0|χB∗(Xi−1) = 0}. (10)

{X(k), k � 0} ,

P{χB∗(Xi) = 0|χB∗(Xi−1) = 0}.
HQDE pm qt

worst

1–HMCR

,

ρ∗ = min
i

P{χB∗(Xi) = 1|χB∗(Xi−1) = 0}min,

i = 1, 2 · · · , k, (11)

P{χB∗(Xi) = 1|χB∗(Xi−1) = 0} � ρ∗ > 0, (12)

P{χB∗(Xi) = 0|χB∗(Xi−1) = 0} =

1 − P{χB∗(Xi) � 1|χB∗(Xi−1) = 0} �
1 − P{χB∗(Xi) = 1|χB∗(Xi−1) = 0} �
1 − ρ∗ < 1. (13)

(13) (10)

P{χB∗(Xk) = 0} � (1 − ρ∗)k. (14)

2

lim
k→∞

P{χB∗(Xk) �= 0} =

1 − lim
k→∞

P{χB∗(Xk) = 0} �

1 − lim
k→∞

(1 − ρ∗)k = 1, (15)

lim
k→∞

P{χB∗(Xk) �= 0|X0 = X} = 1. .

4 (Simulation)
4.1 0/1 (0/1 knapsack problem)

, ,

HQDE 0/1 ,

.

0/1 : m

C , m

.

f(x) =
m∑

i=1

pixi,

m∑
i=1

ωixi � C, xi ∈ {0, 1}, 1 � i � m, (16)

ωi, pi i ,
[9]:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
ωi ∈ [1, 10] ,

pi = ωi + li, li ∈ [0, 5] ,

C = (1/2)
m∑

i=1

ωi.

, [9]

.

: n n = 30,

m,

T = 1000(QHS 1000×30 ); QEA

δ = 0.01π; QDE F =
0.35, CR = 0.90; QHS HMCR = 0.95,

PAR = 0.30, bw = 0.05; HQDE QDE

QHS QDE QHS
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250, 500), 4 0/1

20 (best) (mean)

(worst) 20

(Std.), 1 .

1 , 20

, QEA

QDE, QHS HQDE ,

,

. QEA, QDE QHS 3

, HQDE 20

.

QSE[9] , HQDE

QSE[9] ,

, HQDE QDE QHS

,

, .

1 0/1 20

Table 1 Results over 20 independent runs of different algorithms on the knapsack problem

m

1000 QEA 450.3164 442.4155 435.4125 3.6198706

1000 QDE 475.5463 464.8918 454.2240 6.6856357

1000×30 QHS 478.3401 475.3143 472.7316 1.4622465

1000 HQDE 479.7002 477.7327 473.6162 1.6471441

100

1000 QSE[9] 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

1000×30 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

250

1000 QSE[9] 1141.9 * * *

1000 QEA 2.1199e+003 2.1043e+003 2.0933e+003 7.9857295

1000 QDE 2.2564e+003 2.2324e+003 2.1605e+003 20.624288

1000×30 QHS 2.2785e+003 2.2609e+003 2.2489e+003 8.2633410

1000 HQDE 2.3164e+003 2.2992e+003 2.2850e+003 8.3571255

500

1000 QSE[9] 2190.0 * * *

: 1 * [9] .

20

, HQDE QHS

, m = 100/250
QEA QDE , m = 500

QDE ,

HQDE .

2 QEA, QDE, QHS HQDE

20

, , HQDE

QEA, QDE QHS ,

HQDE ,

, HQDE .

(2.66 GHz CPU, 2.98 G

) , 4

0/1 ( m = 500 )CPU

,

TQEA(145.99 s) > TQHS(109.43 s) >

THQDE(33.38 s) > TQDE(18.60 s).

QDE , HQDE CPU

15 s , CPU

,

,

HQDE .

(a) m = 100
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(b) m = 250

(c) m = 500

2

Fig. 2 Average profits evolution curves of different algorithms

4.2 TSP (TSP problem)

(TSP)

NP , TSP ,

.

TSP m

, X = {1, 2, · · · ,m}(X

) X = {v1, v2, · · · ,

vm}, :

Td =
n−1∑
i=1

d(vi, vi+1) + d(vm, v1), (17)

d(vi, vi+1) vi vi+1 .

TSP ,

q =
[θ11| · · · |θ1c|θ21| · · · |θ2c| · · · |θm1| · · · |θmc|], c

2c > m . x =
[x11| · · · |x1c|x21| · · · |x2c| · · · |xm1| · · · |xmc|],

{xi1, xi2, · · · , xic} i

, i = 1, 2, · · · ,m.

v1 → v2 → · · · → vm,

[9]

.

2 TSPLIB [18] 14

BURMA14 .

2 TSP 14

Table 2 The data for the TSP problem of 14 cities

1 2 3 4 5 6 7

X 16.47 16.47 20.09 22.39 25.23 22.00 20.47

Y 96.10 94.44 92.54 93.37 97.24 96.05 97.02

8 9 10 11 12 13 14

X 17.20 16.30 14.05 16.53 21.52 19.41 20.09

Y 96.29 97.38 98.12 97.38 95.59 97.13 94.55

HQDE , m = 14, n =
20, c = 4; QDE F = 0.45, CR = 0.80;

QHS HMCR = 0.90, PAR = 0.30, bw =
0.025; s = 4,

QHS t = s,

pm = 0.10; T = 399 ,

TSP Td = 30.8785,

( ) X = {10, 1, 2, 14, 3, 4, 5, 6, 12,

7, 13, 8, 11, 9} , [9, 19]

1 → 10 → 9 → 11 → 8 →
13 → 7 → 12 → 6 → 5 → 4 → 3 → 14 → 2

. 3 HQDE ( :

47.3543) ( : 30.8785).

(a)

(b)

3 HQDE TSP

Fig. 3 Results of the HQDE for the TSP problem

HQDE

Q-bit
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, 20 × 4 × 14 × 399 = 446880,

(14!/(14 × 2) =
3113510400) 0.014%. 3

[9, 19] ,

.

3 3 14 TSP

Table 3 Comparison of 3 algorithms for TSP

problem

PSO[19] QSE[9] HQDE

59.8462 50.7981 47.3543

2000000 1680000 446880

/% 0.064 0.054 0.014

5 (Conclusion)
,

QDE

, QHS ;

,

,

QHS , QDE

,

, , .

,

.
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