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Chaos quantum immune algorithm based on phase encoding
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Abstract: The binary encoding is commonly used based on qubit measures in the current quantum swarm intelligent
optimization algorithms. Due to the frequent decoding operations, the efficiency of optimization is greatly reduced when
the binary quantum algorithm is applied to continuous optimizations. To deal with this problem, a chaos quantum immune
algorithm is proposed, in which individual antibodies are directly encoded by the phase of qubits. The excellent individuals
are cloned by quantum rotation gates; and the local search is achieved by employing the chaos variables in the rotation
angles of quantum rotation gates. The global search is achieved by the mutations of the inferior individuals based on the
quantum Pauli-Z gates. Because the optimization process is performed in [0, 27r]™ which has nothing to do with the specific
issues, the proposed method has good adaptability for a variety of optimization problems. The experimental results indicate
that the proposed algorithm effectively improves the search capabilities and optimizes the efficiency of the general immune
optimization algorithm.
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1 5|E (Introduction)

G BE B2 A S A iy Bh 2 o G A RN
Wi SR i — Rl X vk, A B A PR A
SFFRFFAERI L Prak 2 A4 oA XAl 2 2]
FAZ . A BRI ERFAE, 2 et NP RA B
KN AT AR AEN R4, e b
FIF T S gt i) AU (g — e A B, AT RT A6
DAL v 7 A SR A IR 2, R 1) ) e A
B A1 E — AN A /N (4 2% ) 3 L P, L /2 ) L £
BWRMEIFAGEAS N EPL R (R A b —Ff
BRI LS, E B IR EL, 204735 R 801 P 78 45
oy, B BAMLYE 3 D S R P A5 o, A — T
FE PN e L B B U AN B 53 Ml g BT IR
TR A 7 AR T 2R 28 IR /N I R R 3, (R R =

ek H H: 2009—12—20; A& ek H #3: 2010—02—27.
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WL R AR R I — PR A S, e AR Tk B
(¥ — LML R B, P IR T ERR R RIS
Heh, (Rl 2e gt ML SR EAMILE, QEARAH 2L
w, GG AR 22 B AT 42 )R SO0 RE 0 PN
B MEAS W SR R PERESE . (HO2EQEA, T
A5 1 e C AR TR AR 25 R A BT 5 22 110 — BE i,
KRR AR R, HATR KR BENLYEATS H
PE, DAL AS AR AE TE A R TR I, R AN 7 3 e b ™ 2 3R
AIRATRE. BHXTIX— ), 2B 0 4800 i) P ik T
F B M R 5 R 1 BE R Bloch A b R AN 1 i 15 7
VRO, e R R AR T SRR, AR
AT, AR HUR AR 2 s AR T
fift, IXAF RS T AL ORI BEALIE, thigkfe T
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R 0 T AR I

AL Rl-G TR AR AL AN S B A B IR (R 2R
Pt S it 1Ak 16 v RRPE, Bt Al R T R A7 2
B (1) VR i & ¥~ 90 94 57 Vi (phase-based chaos quantum
immune algorithm, PCQIA). Z & A H R H &= 1Lk
R AL WA A MORE, SR B e e 1] I &5 TRl
AR SCILAL R PUAR I v B 1, K fPauli-Z [ 530
FEPURINRAL. S50 45 R W], SR A R BT R FR
TR 22 FEE )[R B, B Sl BE B, 48 2R e 9
R
2 PCQIAZEA J7 B (The principle of PCQIA)
2.1 B AR Si(The chaos system)

TR RS e A7 () — PP AR PRI SR, 3
1T R 5 5%, ZRAUBE ML, A7 10K B0 o 22 L TR
WAL T AR TR AR TR R G — O
FOREARY, s RS ARY R A — o MU B, vt B
e H AR 20 1) B R H AR A IR TR B AR AR A, R
NLogisticB i, an=(1)Fror:

S =ud (1 - ¢), (1)

For: Wl IR 517, Mu = 48, RGN TEHRR
A, PRI RS (= 1,2, -+ ), HAKALE[0, 1] X W]
P, HRF USR5 1A AR i 1 B
22 BT RS E T HEE(The quantum bits
and quantum optimization algorithm)
fEEFIFE T, SR (0) A1) Rom a1 LURE
(quantum bit, qubit) 3L, ¥.5 7 LEr AT BOIRAS
H AT AR IR A i AN RS I Gt A 5. LUy 1
EEARR 1 DX il 5 T, &1 LU ARR RIR S B 4| 0) Rl (1) 2
Ah, BT DL FE AR (R Ge k41 A, Al PR B A
(superposition). 5] U1
[¢) = al0) + Bl1), (2)

b o, BRBH, PO E T AR, & T
| ) PR 3 B LA || ? HO M 3 4 (collapsing)
2|0, 2 LA BRI P 2 (1), His 2

laf* + 18 = 1. 3)
e AU, & LERE A AL I R W] LA
FLLER BT e T RS, o SO (4):
cos(Af) —sin(A6)
sin(Af)  cos(Af)

I VRAT RGP R e, drdn T fa] S 3 ng 0, %010
e A2 7 AR IR AR A :

cos ¢ |  |cos(p+ AB)
R(A9) [sin (b] B [sin(¢—|— AB)

R(AG) = )

. (5)

2.3 A% on Bk B 1 (The immune clone select
algorithm)

G SLU R B TR e R IRRF ROT &5
£ AR FH T4 HE 1 — o SR e A 1
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IS, SEH AR GO FREE I [ & .

WA N PURFIEE P IR PR, A = [A), Ay,
o ANTATUARIRE. A(K)FE S ST VEH R 13
L RETRid A : TC (A(k)) =TS (Y (k) =T (Z (k)
UA(k)) — A(k+1). Hrh: TORTEREERAE TS A%
P BRI, 2 SR A XORNAR ey T e e ik ¢
BAE. B TR S B UR R AR + 1)5%
¥ AW 50 SR % I (R A2 40 B R i 5 4 ).
24 RV E T % % H %(The chaos quantum im-

mune algorithm)

241 FEAYIEEFREE(Colony initialization)

FIH LN nALogistic LS 7= Az n AN TR AR

8 = w67 (1—67), (6)

o w, = 4, (RIRHEERMTIS. 25 =0,
25 38 AN TR AR AN [F] 4 45 18, R 75 R 6)
An MR RSN (i = 1,2, -+ ,n). FIHXnANEE
AR AT AR 2 — AN PUR IR T ERE 2y =
1,2,--+ N — 1, #%& BRIk~ E AN — 14 Pfk.
ENAPURA S PRE. LU AN Pitkp, k6, ¥)
I R

p; = 051,052, , 0], (7

Hoi0;; = 26, ey ar 40, X P g Jy s
AR —AE[0, 27| 3 (A HEAT, 5 BARPLAL i) 6 G,
T A5 R4 45 A4 I R AN 2 R8 A AR 5 1R ) 2 Y T
BRI T 15 T G — IR LA SR s
2.4.2 f#=3 A28 #e(Solution space transformation)

WAL A R 2B MR A X € [ay, by, Pitkp;
L%j&%?tt#%ﬁgj:ﬁ{fLYJew U‘JJEHGU?%@JXU (1) it
7 ) A e R

Xij = a; + (bj—;r])@”,

Hrp:i=1,2,---,N,j=1,2,--- ,n.

X TARATIE S 0] L, B JEAE[0, 2748 H) 45
B A, AR5 ) FH 2 (8) T8 i 2 P A48 45 Bl vy 143 31 45
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243 AR EHUARI SIS W (Clone of superior an-  SHUARINIAR 5. 1% 1175 KL T HRE| o) L AE I
tibody ) H
K e LA B 1 b B S A A ZW*:F ﬂ[ww]:rwﬁvﬂq.OQ
RIS ). M M (M < N)ASSERI) e 0 —1] |sin6]  [sin(2w —6)

I PTAEAT TR, I I HA IR Do Ad R v e A i 1)
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Forpe [P 4% DY & TN U SLAT, poh 4558 T 2
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B D ORFEMOREIBRE, 7Y Ny < N — M, J]
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KO AEB PR 7E; BHETN — MAFUE,
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N VEREMRE N, KI5 1% F e He M A0):

()]

AGF = N (26711 — 1), (10)
o iR AR o7 U
67 =467 (1 - 6)). (11)

VRIS AG; 38 J3 90 b [— N, Ae]. X T 75 B4 HE 1)
BEAR, 28 A0 T i, 37 48 I I 3% o 6 36 il 4 20 1k
ONPS): D VACIE g S

A = Aoexp((k — M)/M), (12)

Ferp o A 24, Y LA TR BT B 7R
PBNHIR .

iﬂ%k/l\ﬁ%ﬂ‘%}pk = [9k179k2;"' 79kn]’ EB

SRR L B T HER T b A
Dis = [Or1 + AOF, O + AOF, -+ 0 + AOF ],
(13)

Hrps=1,2,---,N,.

M _Eid e FE T DU Y AL R PR A &
BAAPAES bR IOAE T 76/ XS IR AR = I S I
A e 2 13 £ KIS R 7 ) B BAT BE ML, AT
W TR 2R Ak
244 B ZEHiAE A R (Mutation of inferior anti-

body)

X S B 1 S (A T ARSI it e o e) AR e, SRR
PUATRSERN ). JEPEEFN ) AR m(m < N)Mt
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720, 12 [0 B . AEPCQIA, H TP T
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FLSIz, TP AR S 1) SIS 2 HEAT 1 LUARE (R A A T
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2.4.5 MAFPUEEAE (ncrease of new antibody)
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X b dAN SRR Dy S AR R Bo A, FH X7 A BB btk

B, Hohd < N, X —ib FEAR Y TR g s T )

HEAT VRV 2R, DALE 4 Jm) 90 B 4 2SR ) B i 1)
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3 PCQIA SEJifi 77 & (The implementation
scheme of PCQIA)

25 b, PCQIAI LIt D ¥R 1

Step 1 P“AEWILAFIEE. 12X (7)== NN PUR4L
AT AR TR

Step 2 KEPEERAE. MBIEE T IE H MANSEFN ) i
EINEAR LS

Step 3 TelEY HEERAE. X H BT I
YA H, B TR g ) T e T SR IN ve pE
.

Step 4 B SHHRAE. MR Hm NS ) B
RIPLAR, FlPauli-Z| TSI HT AR .

Step 5 ridfAE. Mg Y RIAR 7 5 Pk
rha% H dA S R T S AR I oA, FH X7 A OB Btk
=E

Step 6  {REmALPUA. A AT AR P R 4f
AR SRR AR B AR, W b AR ) d5
PO AR 5 2 B

Step 7 IR [FIStep 27 ¥R v, H 2L WSS
A B ARE R B e K PR .

4 PCQIAHK W S (The convergence of PC-
QIA)
&ﬁﬁﬁ%@@%%%@%szfym@LMﬁ

B (AL — T A Z

max f(X): S — R, (15)

Xes
o £ VR BB S TPCQIAMIML S, f5 40 F &
P,
EIB 1 X TIESANAL ) B(15), PCQIA R 5E 4
WS, FF B 5 0T aa R IC k.
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iE 08 = [0,27]" X € §, X € S. MR (®),
X5XZIAE B %EAX = F(X). it
£ =max f(F (X)),
XeSs
Me = {X € §|f(F(X)) > J* —<}.

% HEPCQUARE 55 kX Bt i % B £ 1 5 e B
T’E PR X 5 g STh I BENLPTARX >, X%
AT I AU (0, 27), HEHE 6% B ol
A - _
P(X") = {(1] 03 (16)
Ve > 0, FMe € S,
P(X* € Me) f P(X

L, d™ i Z SR e B IR Me A HTAR )
NP, = (1 —0)? < 1— 6. Kl AR s
B, 3AR7=HE M e PRI A

k
P(k) =[] P; < (1 —6)". (17)
=1

T AR AR B b, T i 4 R S, Tl
A7 A\ M e EL AR e B d DA 1 £ B
TR AR B 5L, 5P(f* — fo > &) < P(k). 3
i o o S AR R BE T O B4R 1 PP L T <
5 < 1, FHACS (1 — S)FIKL,

k=1

“)dt =6 > 0.

kif: P(f*— fi > ) < i(l—é)kzo.
751, POQIAZE A g, i W3k 5 1T B 1 4
IS A P T

5 X HeSZE (Comparative experiment)
5.1 R B {E 1 4K.(Optimization of function ex-
tremumn)
Ohy B8 U A SO H S0 (R AT RO, A SRR SR
T2 SR R E AR U EON B, I S v i R B
7% (immune clone select algorithm, ICSA). Fx #E it 1%
#7%(standard genetic algorithm, SGA)XJ L.
1) Multi-peak PR %:
fi(z,y) = 1+ xsin(4dnzx) — ysin(4dry) +
sin (GW)
6y/x2 + 42 + 1015’

z,y € [—1,1].
(18)

Z R 4 A4 R B K AE RL(+0.64, +0.64),
(—0.64, —0.64), (+0.64, —0.64), (—0.64, +0.64), 4> )7
I KA M 2.11876. A7AE K& Jm i KA, JEH 2 fE
Hp ) XS B 5 4 Ry e R B AR BT 1 SR A
KAEQR.077)N &, 2 EFE B, S 4 1ok T
2. 118N A BRI 8L

1,06, 9)

B 1 f1(x, y) 25 AR AE
Fig. 1 Space feature of the f1(z,y)

2) Needle-in-haystack pf %1

3
Py =Gy ye

Hrpr, y € [-5.12,5.12].
RN FN W ()N SR - N
3600, 41 Ja R RAE s FR a0 Ai
(5.12,5.12), (— 5.12, — 5.12),
(+5.12, - 5.12), (— 5.12, 4 5.12),
A AVRAAE A 12, A A SR T-3599I A o e
/8

)P+ (2® +97)?% (19)

4000
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£x,)

2000 H\

GIESE18

B2 fo(z,y) s
Fig. 2 Space feature of the fa(z,y)

b FIR AN e E, 43 5 FHPCQIA,ICSA,SGA %1
FRS0IR. 3FR LR A IS0, PR 22 1C%0500. PCQIA
FICSAZ %L

M =10, p=0.3, \o =1.0, m =10, d = 5.
SGAZH: X XMHp. = 0.8, B R *p, = 0.05.
oAb gh R anF 1R 2517,

A1 RIS (v, y) oAbt Rtk
Table 1 The optimization results of f(x,y)

WAL P RS0 T P

ﬁiﬁ Ny M) o
g g% wE P mas
PCQIA 2.1188 2.1184 49 12856 0.3617
ICSA  2.1187 21182 43 22050 0.3559
SGA  2.1187 2.1170 40 27096 0.4968
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A2 BE oz, y) AL Raf it
Table 2 The optimization results of f>(x,y)

AR OTH M RH O FY

ﬁiﬁ ) M N
aim AR e B ms
PCQIA 3600.0 3597.7 46  173.56 0.3126
ICSA  3599.8 35957 35  309.84 0.3087
SGA 36000 3377.5 31  361.68 04235

HH 22 10] %1, PCQIAM W Sk Ik H ot fe 22 1), [ I
AT 280 Bt b, i B 85 Rt s ). I
UAEICSA, WSIUIR Bt /b BV Y00 5 % 11 £ SGA.
X EIRGE R, nIAE M 40 A

T 5, PCQIAMIICS ATE WL SI 1 H A - 1) I ] Py
J7 4L T-SGA. IX 2 K A fEPCQIAFIICS A

1) v B AE— 7 Tl i Pk — P s & B s
AR 1) 5 4, 5 — 7 TR o Ad — oA a) 1) 26
D3R, i B 56 4, DLORFEPTAR R (1) 2 FE 1,
M SGAAL R H ARG FE (1) M 5E 4

2) G SRR A AE B — P A L = A — AN
il A, R R 4 R 3 0 T B A S PR R
B A RENE, TTSGA S = 31X —HLH Y,

3) SOREGLPRER VR R AL, SEBL T R EER
JE4g, [FIRORAE T HUacri it o s i A s 2.
b, AR B3R ERAE R, A A wT s MRS
R IRZE g KB~ — Ak 51 3l HAw
) SRR LR g, AR AR AR LA ME 26 1) 25 A0 1R A5
Ak, AL P BEL T SGA.

LIk, PCQIAY- ¥ I [A] % = TICSA, 1X 52 K 4
YEPCQIAHY, 38N T fift 2= [ AR et A, Tz AN
S PR AR, BT LAISAT N R ZE AN K. PCQIATH
WS B 2 FICSA, 3% 5 AT 5 7 1 1) J5 I

1) fEPCQIAH I N TIRAR &, MK FEIRIE RS
(e, AEPUARFBEAE I AL R AR R, 3950 T
XOF At 2% ) P 30 g 1 5

2) fEPCQIAH BN T AHAL S A AL . 753X G
T ML, ik B 7 LR AR A g b, &7 e s
I BB AE AV Sl ) 2, I T B S T MR M g )
A AR = A ek B R AR R BRI

3) YEPCQIAH G| AN T it ¥ 5o F Fll ot A8 S AR
TP PR AR A 5 e T I Pauli-Z 1 AR,
RSB B bR LORE AR A, 1A B BURT AR A £
(17 5 1, R i T A AR AR .

5.2 ZEFEARAL(Clustering optimization)

AL IR B B A K TIRIS i 4. 1% 50¥i 46
A3V YEFEA: setosa; versicolor; virginica.
FERPEAEL H 50, LLER2,3 446508 9 B, 3FRFEA
()75 1) 73 A i B 3 .

z/cm

3
oy 02 ol

3 IRISFEAIN 58] 7341
Fig. 3 IRIS samples distributing in space

RRTTEN: FAPUERIA — A KoL, it
PUAR o 1 BRI Rholy, B AT FE A B &%
H IO P I B BN, A REARIEE N2k, S
Pitkz, = (ma,mag, -+, Mine), mi; A FIRFEAR
Ci . Hbr & Eoe Sy

Nc
Je=3( > Zp—myl), (20
j=1 VZPECU
TUATPOY BREE SN
fit = a+Je’ 1)

Horb: o = 10728 — /N L BURAE 43 BEA 50,
b = 103 DIAEHUIARTEIMEA T TR/

73 5 FIPCQIA, ICSA, SGARR K, 3Fh VLRl Y
IS0, 2 [M4EE A 12, HoAh 250 B Ry, 3R ELT
FabrEtk ih £k W4, SRS 45 L L 3.

180

160 4. -—-ICSA
........... SGA
B o0
et HEH
= A
m 120 F =

100 -

80 1 1 1 1
0 100 200 300 400 500

R
Bl 4 3BREIR ISR SRR H £k

Fig. 4 Clustering index curves of three algorithms

R 33 EENRELER

Table 1 The clustering results of three algorithms

Sk BRREAE Hbse il

PCQIA 504951 97.7157
ICSA 50 60 40 109.9162
SGA 375162 115.8392

HAPCQIA MK L2
#5125: (5.02, 3.46, 1.48, 0.27):
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#5225 (578, 2.72, 4.22, 1.33);

#5325 (6.63, 3.00, 5.46, 1.95).

ICSAI R LM E:

12K (5.02, 3.55, 1.48, 0.32);

22 (591, 2.75, 4.43, 1.49);

#325: (6.19, 2.86, 5.78, 1.69).

SGARIE A E:

H125: (6.77,2.94, 5.69, 1.77);

22 (5.33, 3.04, 1.46, 0.44);

3951 (6.16, 2.77, 4.64, 1.65).

SEIG 25 R, 0T R IE R PCQIA AL RE
[FFEAL T ICSAFISGA.

6 45i&(Conclusion)

m AR R B A S AT A
ErH=Y), HRE A —AN B X 7 10, 7552 Bl A
ANEF T ARSCEH T — P s e A,
B B LR A R A B T hUR iy, 5
G2 7 B 3 B VR RUARME ISt SR AR LE, A AT i
FHE Ak e, Ty B R AN [R]RORE 5 TR AR AL )
BRI [0, 2] N LA ) @, AT 38 = T 5
VES AN ) RUBE 23 ()AL AR ) 0 ) 35 B e 7. s 45 21
KW, ZTIERAT — W IEAHEE A .
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