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Abstract; Program verification is the key technology to ensure the correctness of the program. However, due to essen-
tial differences of the classical and quantum world, classical program verification techniques and tools cannot be applied di-
rectly to the quantum system. Since quantum programming language is a new formal model of quantum system , the verifica-
tion problem of quantum program is more urgent and necessary. We investigate the program verification for the reachable set
and the terminating set of specific nondeterministic quantum program described respectively by bit flip channel, phase flip
channel ,depolarizing channel, amplitude damping channel and phase damping channel starting from computational basic
states in quantum communication systems. Then,we combine pairwise the above five quantum programs into nondeterminis-
tic quantum programs,and merge these nondeterministic quantum programs into three nondeterministic quantum programs in
terms of the similarities of the reachable set of five quantum programs, and discuss the problem for termination and diver-
gence of these three nondeterministic quantum programs starting from computational basic states. The results shows that these
three nondeterministic quantum programs starting from computational basic state O are terminated, while starting from com-
putational basic state 1,the termination and the divergence of nondeterministic quantum program consisted by bit flip channel
and depolarizing channel relates to the two parameters describing two quantum channels,the termination and the divergence
of nondeterministic quantum program consisted by bit flip channel and phase flip channel relates to one parameter describing
bit flip channel ,and nondeterministic quantum program consisted by amplitude damping channel and phase damping channel

is divergence without the two parameters describing quantum channel. And the results provide theoretical and technical sup-
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port for verification of quantum communication protocol in quantum information security.

Key words: quantum communication ; quantum programs ; program verification ;information security

1 5|8

Shor' "' 3 - K Hi 14 5t B - 43 i 349 L % Grover!™
S TR 1 2 S AR Ak L B, R e T
S AT L 2 A A T B T R
AbTEREAR K - 14 5 T 4R 5% B4R R B Bt IE 40 Abram-
sky B URY , 5 7K - BORE Ak 1 77 Bk 0 T R S i
R R AR . IE I, 7E i 251 20 £ 4E
th, Z R E S ROEE E SO . e, Knill™!
Bl T R FRIFIE S, Omer © 85 — A T
HIE M T BT 6 5 08 X AT T H Sel-
inger! 5t — M TR B A TR IR R
4 B T R —. KW LUR , e (5 E AR I 14 1
i R PR B T A B — B SR R e
{10 T i) A, A S A S T LR A R 1 R )
J 2 BT TR IR T A TR R, T LA
TR 4 360 1) R (15 5 g3t MR B

R, — S T FRAC R B S 5 42 Y, 4 Gay Al
Nagarajan'™ 2} T CQP {4k, Feng 25" 421 T qCCS 14
B, X BB R B o T iR A o AR e T
R Bt , Lt S i LT — N S I SL Y
JewfE B TR ORI Yo' SRS R T O R
TR M ARSI /7 X SRR oh B R T
BRA o T BA 51 4 , ok 26 0 T BA B2 p IR 2452 i)
T Markov 64 R, A SCTE Bk TAEFIVES C A4 R
RAERE [, B e e R E I b R e B A
{37 Bl 2tk IR ERELIS 37 BEL 8 2505 1 1 SR Ak 1
JEA E B TR — i A T RRY , AR ST
QBT TR A ISR R A SIS I R
PR AT AR A TS X A R LA
AR =R AR E B T RY M L S T BR B AT
I F 2 110 R B 0, HE— 2B S i TR A T Y
0 36 TIE B AL 5 G AR S
2 EBEXEE

SCH R E A S T A A & LSk 3 .
HI D(H) F5 Hilbert Z5[0] H 1T % B8 T2 4. % p
eD(H) e B—PHE T, E | BHEBH T, W0HEE
1p,fie(p) = Y, EpE/ ,Hifi/L Y, E/E =1

EX 1M % H R — A BR4E Hilbert 23 i), & 41
ST RT RS 2 18], — R E B F R TR
THP=(lgli=1,,m|,{M,,M,}|),Hrh

(e, & H ERET,i=1,,m;

(2) iM,,M, | & H FR)IER T

— AR E B TR R — T2 AL M B
m D T — A A FRECTC R 37 51, 78
BAR R WER T MM, R e —2 |
PLTRGE R PP S 2 1L 2 4k 22817 jk B I yes-no™ Il
i, ISR 0 I R 2L, R AR A A —
AL RS A ) YA A 1 R AT —
W, AREESE AR YT &

TR P YT R E UGS
S=1{1,2,,m} " ={s;5,5,ls, e {1,2,-,m} ,k=0}

T P A BRI TR SRR
Sp=11.2,m = Uf1,2,,ml" (2)
RAEEL,H 0 s d. ML ER s =55, €
San s s RN s IR E. X EE—A sl <n,s(<n) £I/R s
BYSKER 515, , 00,8, , BE s =55, € S FISLTH

s(<n) =s,5,"'s, €8, (3)
FRHR
s(>n) =s,,,8,,, €S (4)
h T RS T, R AT ST
T.(p) =e,(MpM)) 0<i<m (5)
HpeD(H). #E1M HEREM s =5,5,, 5, €8, 5
T =T, ool oT, (6)

FESIAL T, (p) =p. B p € DCH) Wi AT LT P H5c 0
PATE s =55, -, e SPAT,E n FERFHREN
Ts(Sn) (P)

X 2N B R R TR AR A p, Xt
(L — A RIITE s € S,, 8 SURF P 1E s WA 1A

MM=2MM&MWW) (7)

WA s = 5,5, BT AP AE AL n 5
ZAb IR N ¢, -y (p). T, FRIFAE AT LA 2 11 1 40
%K

t(p) =limt, _, (p) = 3, w(M,[T, ., (p)M,) (8)
e n=0

B, u(p)=t(p),Hulp) -t (p) RRTFIERE p B
FTHATH s IR BLAGAE R,

X — AN AEHRE B TR PO B E— TR
se S HIBATERIE T RE Y. PR, T 11 45 76 7 45 7T e i
PATIAE BRI RER A LT

BN 3" PRZS p JFIAB AT B 0 5 75 4 T A
J§ P IR E LR t(p) =infit (p) IseS).

EX A (D) I TR p W AR & B 7



2934 i, F

¥4k 2016 4

J¥ P ISR EE G E A R(p) = {T,(p) Ise S, |
(2)XHMEER pe D(H) AR t(p) =u(p) ,MFK p
BT P 2R, WOV AZS. H T RARRT P
I ASNES M T=1peD(H)It(p) =t(p)f.
(3)XMEER p e D(H) ,WRMHL s e S, 1,(p)
=0, 0FK p J& P BRI, T D FoRm &y P i &L
SHES B D={peD(H) It (p) =0,%fHL s e S}.
R 1(p) = (p) W AR E R FR)F P Y
LR XA KR, HER )Y P IRE p 16,
ME—ESEARL N IE HZ 3R 1.
THEAI X, Y, Z R B AR Pauli-X HH [
Pauli-Y 4[4  Pauli-Z 4 [%. H, =span{ 10),11)} ,M, =
10)(01I,M, =11)(11.

3 FHEEAMMNBERETEFNAIES
EREE
NETEEE, HE, i=1,,5fe,i=1,,54)

VPN ey R LA RN i AN (1 D A

JEAEAE I AIE BT Kraus BT R R (GEET).

3.1 hEHBEGEEARNBERE FEFAE
EEMEL
PO B £ 1 912 55 70 S L Kraus 551 F12 78 73511

NE, =/plLE,=/1-pXHK (p)= vZ?E“pE;., nj

H FeAr BHAL (S E 4L Bl R TR o P = (1K,

{M,,M,}).

S PR EEAS10) 21 1) iz 47 iy Al ik 4E &
Gr528 R(10)C01) = {10) €01, 1) (LA R(IT) (L)
={10)¢01,11)(11},Mmil0),I11) eT,D=.

3.2 HUBEGEEANMNHERETREFHAE

EEMEE

SRV

A BFE (5 18 )3 B e Kraus BT IR N E,,
=p.1,Ey, = «/1 -p.Z il Kz(p) = Z, Ez;PE;nm\UHﬂ*E
N B GBI E R FRF N P= (1K, |, IM,,
M }).

01 P ITEIEE10) 50 11) FFiRiE 1T g a] ik
LA HR RCI0)C01) ={10) ORI RCIT) (11 =11
Ly (1. RIEF, 2 p =10) CO1AF, B £(10){01) =tr(M,]
0)(0IM)) =1 %1,p=10Y(01 eT;% p=11)(LINF,H¢
(10)¢01) =0 %1,p=11){11 eD.

3.3 EBRMUEEEARNIERERETFREFANE
EAMLT

WA 1B B8 0 A Kraus 551 F1 38 7R 20 51l
VA Z3y gL /EX,E% - ﬁzy,Eﬂ - égz i

E, = ) R T, )

Kip) = 3 Euply, JUih KB (5 AR 1507

iﬁﬂ“ﬁP (1K}, (M, M, ).

S P IS 10) 511 BTN I ATk
I R(10)(01) =R(I1){11) ={10) (01, 11) (11},
fil0),1) eT,D=(

3.4 REMEBFEEAKMNHEEETERFNAIE
ESFLTE

SRV

IB{ERILE (F 1B 2B UM Kraus B FMER N E,
1 0 /

= ( )’ E42 — (O p4) *n K4 (p ) =
0 1 -p, 0 0

ZEpE , U0 i L 135 0 L R 2 TR TR
HP=(IK,| .M, M,]).

23 PSS 10) 8K 11) TR G387 i 7] ik
SEAHIH RC10)(01) = {10) (01} F R(IT)(11) =
FI) QU S, 245 p = 10) (01,1(p) = tr(M,pMy)
=1,p=10)01eT;%p=11)11,t(p) =0,p=11)(1
| e D.

3.5 fEfIfEBIEE

EAMAS

A BB {5 38 1912 57T A Kraus BT RI%m J E,

1 0 0 0
O R - L

3 EspEs,, WAL (5 GE AL 0 B 2 TR
HP=( K|, (M, ,M,}).

283155 P MHFEIEA10) 81 1) IF BB 47 9 7T 3k
SEAHIN RC10)(01) = {10) (01} # R(IT)(11) =
HI) QUL RS, 245 p = 10) (01,1(p) = tr(M,pMy)
=1,p=10)01eT;Yp=11){11,t(p) =0,p=11)
(11 eD.

i b fEHE T RS R Hy b AR e R TR
FE MBS 10) 811 FFUR B FTIEA W F 4538

(U%%@%F‘Kﬂim%ﬁﬁKM\m%
|1) VIFRR B AT I 1 T SR 4R A M), B R(10) (01) =R
(1YL 1Y =410) o1, 11y {11}, mloYy,11)eT,D
=

(2) KBS 3530 K, B PE £ 38 K, 7 BHE
Hil Ky 10) FFUGIZ I B AT 2 R(10)(01)
=110)(01}, FL10) e T3 M1 1) TF U 12 17 9 7] ik 48
AR ROI1Y(1D) =1 11){1I}HI1) e D, I}t D
#“ .

4 IMERAETFEARNERERET
B
L4 B ST, T AT AR e i 2

HEWHBERETREFAIE



%12

B LSRR E

AR P 2 R IRAIE 2935

TREF I RSB Z AL R BU LR R IR 1 4L A3 8
XX TP 1 3 G R A 4 R S R TR RN
TFERS10), 1) | FFIRE 17 0 B & 1k & #UIE
O, B

(1) LR B AR (518 K, AW 5 K, Ay e
B R T

(2) LLAR BN AL (518 K, FUAHAL B AL 1508 K, 4L
JEH B B R

(3) TRMELRH JE (5 18 K, AR B e (58 K 41
A0 e A AR
4.1 BB EEMERUGEEARMNIEHTER

EFEFR

FUAR R A% £ T8 RN 25 A Ak £ T8 20 B 1) A 1 o2 7 o 1

FEIP
P=({K K}, {M, ,M}) (9)

4.1.1 K PITmREK, BITn X

(@)X p=10)C018f:T, .. <, (p)=0,t(p) =1,
pel B AR EFRF PEPITEs =s,(<m)
s, (<n) AW 10) (O LizA7 I 22 k1.

(b)%p =11)1IE:T, _, (p) =p/11){11+p/~' (1
—p)10) 01,4 p =pI 1) (11 +p0 " (1 =p,) 10) 01, ]

T e (p) =p';'(2 p3) [2 S+ 20) (01

(57 )

Lyzmi=n (P) =

-pi) +py 2[1+

XL MR 1 (p) B AN
(1) p, =1,p, =0 i}
b <moc<n (P) =0
Hp=11)(11eD.
(2) % p, =0 B}
bt <msi=n (P) =1
Mp=11)(11el

(3)1)1:1»}’3#05#:
2
Ly <p>—1—(—~) (p) =1.

(4)1)1751 ,p; #0 At

2 _p n n
t.xl(Sm).\',(Sn) (P) =1 _( ) 3) P1

% o 8o 5 mn s B () =1
(5)1)1#1’]73 =1 HTJ‘:

2-p5\" .
by (<mysi(<n) (P) =1 —( ) 3) P

A4 m—oo 8 n—oo 1 m,n—w i} ,t(p) =1.
(6)0<p, <1,0<p, <1 Mt

2-ps\"
_( ) )P]
HIY m—oo B n—oo 5 m,n—ow i ,t(p) =1.
(7) % p, #1,p, =0 i}
Ly (<mysy(<n) (p) =1-p/',t(p) =1,m—ow.

Rl R B EIE (K) FI AR5 IE (K,) A
BRAER E T B FRRT P IZHUTR s =5, (sm) s, (<
n) IBATI A A58

(1) 59025 010) COTR A AR 1Y 5

(2) 2588 R11) (1L B2 p, =1,p, =0 B2, (p)
=0, BIREF MRZS 1) (LI RR IS A7 o 2 R 00 5 35 0],
t.(p) =1, B F AR D) (LI IRIBATRHEZ R/
4.1.2 K BITmREK $ITn R

(a) % p = 10) (015

T (cmoizm (p) =0,t(p) =1,peT
B, AEE B B AT P ARPATER s =5, (<m)s, (<n)
MHIZ10) (O 1IBF T S22 k.
(b)%p=11) (IR,

2 -p,\" 2 _p\"!
T(s,,z)<p>=(7p3) |1><1|+( 2”3) 210y o1

by (zmyoi=m (P) =1

2-p,\" 2-p mflp%
A ot~ 3 5\ P
7p—( . )|1><1|+( . ) -10) (0]
il

Y
a0 =757 DU 517 (1=p) 10) 01,

Ly msi<n (P) =
B 2 0o
XA AR 1 (p) THEANE
()XY p, =1,p, =0}
Ly(<msc<n (P) =0
Blp=11){1leD.
(2)24p, =0,p, #0 H} .
bl zmyi<n (P) =1
BHip=11){1leT.
(3)%p, =0,p, =10
to(emai<n (P) =1,t(p) =1.
(4)%Y p, =1,p, #0 I}

2 _ m
t-ﬁz(Sm)s‘(su)(p) =1 _( 2p2) ,t(P) 21,m~>oo‘

(5)% p,#1,p, =1

L(zmai=m (P) =1,t(p) =1.
(6)ip, =0,p, =0 i}

Locemsi=m (P) =1,t(p) =1.
(7)240<p, <1,0<p, <1 A}



2936 H +

¥4k 2016 4

(2-ps\"
ts,(Sm)x‘(Sn) (p) = l _pl ( 2 %)

BIY m—oo B8 n—oo ,5f m,n—ow Bf,t(p) =1.

L2 ORI EIE (K) FIE RS IE (K, ) 4
B AERE R TR P AT R s =5, (sm)s, (<
n) BT, AR A4S

(1) 2450750 10) COTRFIZ2% 1R/ 5

(2) MM (1, H Y p, =1,p, =0 1,2, (p)
=0, BIFEF MRS 1) CLUFFRG IS AT B 2 R H 5 75 0
t,(p) =1, BIFRF MRS 1) CLITFARIS AT IR 2 1k 1Y),
4.1.3 K, BUTLREK UT1 Rtk RE

(a)%p=10)01Ht:T, . (p)=0,t(p)=1,pe
T. B AR B T RET P HEIRAT R s = 5,538,8, AI
A10) (0B TRHEZ IR

(L)W p=11)(11:

Ts(szn)(p):

2_p n . 2_p nflp ,

( 23)p]|1><l|+( 2*) 10y (o1,

Ly <am) (P) =

2 -2p, +p,p; 2 -p, 2-p, "

( 2 )[l+ 2 P, + +( 2 pl) ]

LT 1 MR 2 (HE A W F &458.

W3 R EIE (K) IR IE (K;) 4
AR E B TR T P AT R s = 5,538,818 1T
1 I S 7o

(1) 25070 10) (0TI REZ R/ 5

(2) BRI L, HY p, =1,p, =0 B),2,(p)
=0, AR MRZS 1) (LR UGS 17 R 2 30y 75 0,
t,(p) =1, BN PR 1) (LT R T2 2R 1.
4.1.4 K, #fT1REK #IT1 Rk RE

(a)lp=10)C01Hf T . (p)=0,(p)=1,pe
T. B AR B TR P AT IR s = 535,838, Y]
A10) (0BT LR

(D) FZEp=11)(11:

T‘(szm (P) =

2_ n 2_ n-1

( B pii (s “)pﬁu—mﬂmmu
2 2

ts(SZn)(p) =

2-2p, +pips 2-p, 2 -p, !

( 2 )[1+ y Pt +( 2 Pl) ]

R4 iR BRI (K)) AR b 58 (K;)
YUY AER S R TR T P AT s = 535,855, 181T
B SR P IEA o

(1) 447450 10) CONHHEZE R 1 ;

(2) WA A1) (1L, HY p, =1,p, =0 B],1,(p)

=0, BIFEF PCIRZS 1) (L VIR IR I8 A7 e 2 A0 5 5
t,(p) =1, B F PRI (LRI T TR 28 1k 1.

ZE B TR e A

EE1 &P R AR E (K) M Bl
1 (Ky) s e o e B 12 5, ) P4 AE = T
s AT, AU S8

(1) 49125 HK10) (O BHREZ R ;

(2) BRI, H Y p,=1,p, =00 ,1(p) =
0, BPARFE MCRZS 11) (1L FFARA8 A7 A 2 R A 5 75 0], 24
py#1 8 p, #0 B ,e(p) =1, BPFEF MR 11) (LI FF 4G
BATI R .

4.2 LHEHBEEEMEMCPEEEARNIERTE
BEFERF

B T (5 3 TR 57 5% 15 3 ALl 170 A e 7Y o

TRF A
P=({K K, iM, ,M}) (10)
4.2.1 K #ITmREK #ITn R

(a) B8 p =10) OIS T, L)< (p) =0,1(p)
=l,peT W, AEE R R FRT PIMIITE s =5, (<
m)s,( <n) NFIZ10) (0 LHEFTHHEZ R ).

EWEp =11 1T, e (p) =p11)
(Tt e (P) =1 =l

RS e BlE FRF PHEPATR s =5, (<
m)s,( <n)BITH, A FAIZ5E:

(1) 441285 010) (OB 2R R

(2) M &R I1) (L, HY p, =0 8f,1.(p) =1, 1
FEFMARZS 1) (1 HBFTIHEZ R 0,2 p, = 1 i,
t.(p) =0, BIARF MRS 11) (1 HEF7 2 K HL).

4.2.2 K, BITm R K $ITn R

(a) B0 p =10) 018 T, ). < (p) =0,t(p)
=1p e B AEBE Bt TR PG s =5, (<
m)s, (<n) NHIZ10) (0 LaFTHHEZ k).

() H¥pEp=11)(11:

T\ cmpui=n () =PV 1)1 +pi 7 (1 =p, ) 10) (01,
Lotcmyoi=n (P) =1 =pi.

A6 AEmiE AR FRT PHEPATR s =5, (<
m)s, ( <n)BfTH, A F 458

(1) 43185410 (OB 2R/

(2) MR 11) (L, HY p, =0 8,1 (p) =1,
FEFMARZS 1) (1 BFFIHEZ b1 7,2 p, = 1 i,
t,(p) =0, BIARF MRS 11) (1 1B F7 e & HU).
4.2.3 K HUTLREK T RNEkRE

(a) W1 p=10) 018 :T,  (p) =0,i(p) =1,
peTl B AEH BB FRF P HEPATE s = 5,855,
MAHIZ10) (O BFTHF 2 k1.



%12

LU JLSRTN T TR 026 100 2937

(0)4H1ZS p =11) (1IA:
Ts(szm (P) :PY |1> <1 [ sy <am (P) =1 _PT-
W7 ARHE R E TR PIRPATR s = 5.5,8,5,
< JBATHE A TSR
(1) 2450250 10) COTRFIZ2% 111 5
(2) 2450780 11) (UL [FI2Y p, =0 1,2 (p) =1,
RIARRF MOIRZS 1 1) (1B AT i Rk B0, 2 p, =1
BF,e, (p) =0, BIRRF AR 1T) (1 1B 1T & #.
4.2.4 K BITIREK SUT1 RERE
(a) G025 p=10)0INF:T, . . (p)=0,t(p) =1,
pel BV AR ER G TRUT P IZIHATHR s = 5,5,8,8,
MAIZE10) (0 s TEEHEZE 1k 1.
(b) 405 p=11) (1IN
Ty oo (p) =p 1) (11t 0 (p) =1 =pi.
GES AT BT PG s = o5 50
< BATI AT AEE S
(1) 451750 10) CONRZZ k1 5
(2) 438 R11) (1L, HY p, =0 8,0, (p) =1, 1)
PR MCRZS L) (LB AT 2 R/ B0, 2 p, =1 1,
t,(p) =0, BIFRF PR 1) (1 s AT LB
EE2 WP bR B (R IE (K, ) AR A #H 5%
FIE(K,) A8 AR B iRy, WAy PR
AT s BT A A48
(1) 2450250 10) COTRF 2% 1k 1 5
(2) M NI (1L, H Y p, =00, e(p) =1, 1
PR MCRZS L) (LB AT 2 R/ B0, 2 p, =1 1,
t(p) =0, BIFRF MRS 11) (1B AT I A 5
(3) 250N 1) LI FEP PRI R B R &
PR B 708 (K, IS5 p, AR
A F T BEA] DL B LR B S I (K) FAH
P 5 18 (K, ) AR AR & B i 57 P2 kA
KBS R B EIE (K) S8 p, A%, SN E
PAG1E (K) M8 p, WA KRR, XA R B (518
(K,) Bph A A 1 o 20 S 1 A5 7 I 28 1R R B 45 18
4.3 MEREMHEERFEMEMLERFEEARNIEHRE
BETIERF
W15 RELJE A5 T8 RUAH 057 L@ 5 18 20 B8 1) A fff o 7 o
TRET N
P=({K, K} ,{M, ,M}) (11)
PR ATR s ' =s,(<Sm) s (<n),s" =
ss(=m)s,(Sn) ,s" =5,5.85,5,,8" =558,8,8, LA
EER R
(@) %31 p = 10) (01T (p) =0,1(p) =1.p e
T B AR AL T RET P AT R s ABIZS10) (01
IBATHEZE 1R 1.

(b)) B4 p=11)(1IK}:
T.(p)=(1-p)'11){1l,t(p)=0,peD,

Hodr 1 AR e fFE K, 7B

EIE3 WP EHIEMEEEIE (K,) FAH AR e
i (K) AU AR i e T 1y, W Iy P #E
WATER s 170, 8 T8 .

(1) 59175010) (OB ZZ8 11

(2) BRI (11 ,e(p) =0, BPFE 7 ACARAS 1)
(LT ARIZ AT B 2 A .

5 ZRiE

LRSI DI AR L 19— 3 ZEH SO
FLPR e R TR AL 250 F— B TR PR ) &k AN AT A
SE . A SO JLZE AR i 5 L1 R 7 1 26 1k R B
117 PR TS, B 500 B 1 e 1 BT R 1 B
WA A AR e 1) 3 B8 R ek 1 T B A A Y
T RRT HBTTEIE AT AR 2 04 BE V8 T 52 56 7 2 50 35 MLAD
FE, WX AR P A G P P 2R A A Y
BYRFIEMN MR 7, M, =1 +) (+1,M, =
| =) = VR WZ LR HUE O, S Hy 25 R A LA
R T EE A A AR AR E R TR R
BRI L AT BA TAE 73 S A e

S5 3k

[1] P W Shor. Algorithms for quantum computation; discrete
logarithms and factoring[ A ]. Proc. 35th Annual Symp. on
Foundations of Computer Science[ C]. Los Alamitos, CA .
IEEE Press,1994. 124 - 134.

[2] L Grover. A fast quantum mechanical algorithm for data-
base search[ A ]. Proc 28th Annual ACM Symp on the The-
ory of Computing[ C]. New York: ACM Press, 1996. 212
-219.

[3] M A Nielsen, I L C’huang. Quantum Computation and
Quantum Information[ M ]. Cambridge ; Cambridge Univer-
sity Press,2000.

[4] S Abramsky. High-level methods for quantum computation
and information[ A ]. Proceedings of the 19th Annual IEEE
Symposium on Logic in Computer Science ( LICS ‘04 )
[C]. USA:IEEE Computer Society,2004.410 —414.

[5] E H Knill. Conventions for Quantum Pseudocode [ R ].
USA :Los Alamos National Laboratory,1996.

[6] Bomer. A Procedural Formalism for Quantum Computing
[ D]. Vienna:Department of Theoretical Physics, Technical
University of Vienna,1998.

[7] P Selinger. Towards a quantum programming language[ J].
Mathematics Structures in Computer Science,2004,14(4) .
527 -586.



2938 H +

2 e 2016 4F

[8] S J Gay,R Nagarajan. Communicating quantum processes ,
annual symposium on principles of programming languages
[ A]. Proceedings of the 32nd ACM SIGPLAN-SIGACT
symposium on Principles of programming languages[ C].
USA ; Programming Language,2005. 145 - 157.

[9] Y Feng,R Y Duan,M S Ying. Bisimulation for quantum
processes [ A ]. Proceedings of the 38th ACM SIGPLAN-
SIGACT Symposium on Principles of Programming Lan-
guages (POPL) [ C]. New York: ACM Press, 2011. 523
-534.

[10] Y JLi,NK Yu,M S Ying. Termination of nodeterministic
quantum programs| J]. Acta Informatica,2014,51 (1)1

-24.

[11] N K Yu,M S Ying. Reachability and termination analysis
of concurrent quantum programs [ J]. Lecture Notes in
Computer Science,2012,7454 .69 - 83.

[12] M S Ying,N K Yu,Y Feng,R Y Duan. Verification of
quantum programs [ J |. Sci Comput Program, 2013, 78
(9) :1679 - 1700.

[13] FRLLHT, B BUE, 22K W, |7 ST Loop &5 #4711
JELT]. B2 ,2013,41(4) 727 -732.

LEI Hong-xuan, XI Zheng-jun,LI Yong-ming. Some prop-
erties of genaralized quantum loop program [ J]. Acta
Electronica Sinica,2013,41(4) :727 —732. (in Chinese)

[14] FRLLEF, B, 25K W & 7-deesis B i i E AR R 38

P R LR T B 241 ,2013,24(5) 1933 - 941.
LEI Hong-xuan, XI Zheng-jun, LI Yong-ming. Commuta-
tivity of quantum weakest liberal precondition and its
properties[ J |. Journal of Software,2013,24 (5):933 -
941. (in Chinese)

[15] iz [, BELLEF, 2K W, o7 By R ] o2 A MR AU &G
MLT]. 74,2014 ,42(11) ;2191 -2197.

LIN Yun-guo, LEI Hong-xuan, LI Yong-ming. Model
checking of safety property over quantum markov chain
[J]. Acta Electronica Sinica,2014,42(11) :2191 -2197.
(in Chinese)

EE T
B 55,1967 L TRV, 1
o B, EEAF SO A S, TR
B UE I AR T AR .

i E-mail ; hongxuan _ 1ei@ 163. com

HHRE F,1962 BTG A,
+ B, R S R E B AL
E-mail ; pengjiayin62226 @ 163. com

XK 51,1979 AE AT B L,
o, BIHCE, BRSO REAE S A 2L
E-mail ; liuyiyl@ 126. com




