X % ® L K ¥ ¥ R
Journal of Dalian University of Technology

Hoa4 5 20
201443 H

Vol. 54, No. 2
Mar. 2 0 1 4

XEHES: 1000-8608(2014)02-0262-05

S R | AR S (I

K& &R, &E R, X B, F ., B T A!
(LASBIA¥ AFHEAGRATRES, TF k% 116024,

2R EBERARAE HFR, TR AL 230026)

WE: #x - REREW R DR EEENEE NP RF . 2 &R HHALFERN% Q.
B BHMIFTHRALQ WA AL X EEWEAMARNEN, LH AW ERM R T
Q. REQ.MAEELFTRE —RFHAENER FLTEAELXNP VAT HRN T £,
AR MERALEFEER R ARG LR FEHT HEBEER n=>2, FEF K €0, D

4B 3 ) —on—1 — ¢
R =2 (1= 57 )

KR AHE LR R R E T E R
FE4ES.0157.9;TP302  XHEiFRIZAE A doi:10.7511/dllgxb201402018

0 §| = butterflies 4% . 37 J5 1% 18 % 2% | #5777 14 ) 28 Al

TEZH A P 2% BEAE vh L 2 — A 1] AP I o i 2
T A5 R R D BN AR AE [ DB N 2
F 1 i B Ry T B Y R S B R /N
Bt AR FR Ny de /s R st A B/ OB VAR Y B
B A R

1 5 1 1) die /DN B At o B ) R, DR T 1 22 40
BN BTz N R AZ B A 5 dn AE LB ) e,
R LA ], T R T 2 — TR BB BRI v A%
G BT RE XUR BHE I 2% i D3 A ] Y
B0 AR 2 AR T 1 AT R 2D b O P — 6 R A 1 31
T AN TR R R AR — AN A A Bh
LTy He 0 TAE BT, F T BEA kb & 46 4, 4
Bre A $AT B9 45 3 AR5 & OB 98 4, TH DL 2
R TAERAS. R 8 AWy R it 02 A sl ik 15 L
SEHL G HE. 3 A AR RAE R G AU P LI o
A3 3R v 3RE e BB A AR Y TR) A TR AE A R
o 284 2. fit a5 4 14 ] A

PR Ry A S — M 10 4 (D) 18 B /D i At e B (1)
@ NP M [a]E fT DL BB B i R BE X X — (A
RIEE A N B E5 0. SRS TE — 2L S0k v, X 5
BE AR AR A 45 H ] (AN mesh 4% | toroids B 4% |

KB 2013-04-07; {EEBEH: 2014-01-14.

B PRIAE) 1Y R B B SRR R R 2k e
BT E BN AT B T OB AR 18] R E R/
S ARATI AN 2 5 i

R SCAR G Jay T 57 J5 AR O R 4R TP e i — 1
TN R R A R T AR 5 K 43 O P AN A
SEH T JE A R B R T B 1 A B B B KA
S DT BIF 52 Jrd B 41 37 7 1A% 4 S A5t £ ] At

1 & X Fng| B

n 4t/ FR AL ST 4K (locally twisted cube) 18
PR Qi (n = 2) i Yang %Y F 2005 R4,
Qu, MZE BT IR 2% Q, WL, 5 n 4T
TEQ, L. Qu, & — A BA 2" A TH A - 1E
KL AER 2 4B (0. 1) FAF R 4L 2 Q.
Q. A VF 2 4 (M S5, 15 2 7 2k 5 R [R) 6 17 20
T.Qu BAQ, B/AKHAE; Q. REIRAFTA K
TR <1<2) Wi B ARIIET Q. A
5K Jr B L S 7 M A G A BT, T2 B SCHR (3,4
10-13,15-19].

EX 1 Q. WYL th X FF Y 30 4 B XAE
BT 2 = 212,02, My = yiyoy, JEAN
Z AT Y A BT R TR 2R 2 — .

EL£WB . ERARBFILE T E (61170303,10671191) ; = 55 A 1 2 Bl 4 L 0RHITF 3 4 %% B 301 H (200801411073).
EHEBN . KEAEQ9I82-) , & B IR E 5 (1967-) , &0, Bl # #2 . E-mail : xirongxu@dlut. edu. cn.



%2

KB EE. X TR L% % 263

(D FIE—DBE A< E<n—2) WL w
=2 (T FEx, WA s 2 € {0,1D) sy = (aps
+a,)mod 2,z Fl y B HAF 1 B (o Fl oy UH
HELEWAL TN AR L T oy y) B AEDE AL 5

Q) FHE—TEEEE (n—1,n) 2 Ml y UTE
5 RN AR AR ) o Ay AEFEE L,
FHFR(z.y) MUCHELH.

i bR SCAME & B, Qe I FRIE 00,01,
10 AT 1T A 4 AT A5 DL K 4 4631 (00,01),(00,10) |
(01,11),(10,11) 4L AE.

M= 3,Qu, HFA AN Q. EIEM
27 Sl AR, HL R RN R A B A A Horp — A
Q.+ BY A TS Y — 2 1 A i i b — 4> A2
0, FH 0Qu 1 F7m s o By 55 b — 4> Qi IIFTA T
SR R B A E o b — AT 1, A 1Qu— #
Ny H— &M #EZEEE 0Q, . TH TN « =
Oxpas-x, MEE 1Qu FHTRE 2 = 1(x, +
)Xy x, X BT RN 2 k. W, IE N
Q. =LOR.HPL=0Q, -R=1Q,. .. A
1 JiR.

000 001
Q 0]
100 11
110 101
(e O
010 011
(a) QhB
0000 0001 1001 1000
0100 1100,
0111 /\ 11
0101 1101
0110 \/ 1110
0010 111011 1010
(b)) Qu

@ 1 /5] %'3 %ﬂ :\\I 7\74{2’& er.’% %ﬂ le

Fig. 1 Locally twisted cube Qi3 and Qi

EX 2 G ASH AR B0 T S A A
FH SHENEG KT,

Beineke %' ER] T — B E G = (V,E) X
BRI T B R

| BV
ro) =| LELLY

HipA=AG)  HEGREBRKE. BT Q. /& n-
EME Q. MEH/NEA =n H|VQ.) | = 2",
|E(Qu) | = n2 ' FrAREIA0F Qu, MR
A

538 1

2 S Fon Q. WY RCBEL WA
1

771—1)'

2 ey BRHLE T K R R R

EX 3 X TR T Q. A =
X1 Xg Xy 6 V(le). /N\’_EX:

fG > 2 (1

(i.r;)mod 2 = 1}

i=1
BQ, = {r € VQu) (i]x,-)mod 2 — o}
i=1

WBARLAQ, J& Qi WA A T M S A
BQ, J& Q. WFTAMTLS MM ES, H VQ)
= AQ, U BQ,.AQ, N BQ, = .

EX 4 EWEEARVQL SFE/FER L =
yiyerey (v € 10,1, 1<<i <)) L & L QL
={ab |2 € V(Qu)}+"Qu = {bx | 2 € V(Qu)}.
IR AR 0 S A R T R
AQEH.EXNQ ={ab|2€Q},'Q= {bx|
€ Q) H ab ERFFH » HFEAF R0 EHEA
) — BT b BT RO 5FFFHR 2
T N — A AT R

ﬁﬁ% ’ Fh le - OQuu—l @ 1Q1\,,71 %ﬂ 73‘[*&%%
— LT R R Qu, A TSR 43S P AS AN HHAE
)T 4.

AR — ORI A 43 O i AR B e — 7
TN AR Qu, 1 TSR 438 P AN AN M 28 19 F

AQ, = {x € VQu)

#

W T ={x=x, 12,520 2€VQu)},

M, ={x=x, 2,21 | 2 € VQu)},WH
VQu) =T, UM, ., T, N M, =0

B To 0 5 M, o8 Qu, B TH R 23 7 7 S A
AHAZ 4R

M Qu ME L EEER » = 22, 002,0
€ Ty FAEME——Drl y = 2,12, 21 €
M, AiFG 2 5y Z A A E.

[EBEERieE T8 U N RN 12 a1 S
5 M, WER.



264 Ax # ¥ I X

S

¥ ¥ R %51 %

Bl 2 4G, =G(T)).G, =GWM, )
24 G, =GQ-) H G =GQ-).

EBH BRVG) = Q. = (20| x €
V(Q, )} RFFIEW E(Gy) = E(GQ1)).

R G & Qu T T MFHTFE,.Va.y €
Tle X — I,,f].r,,fz"‘flo,y = y,,,ly,,fg"'ylo E_ X
My WEJE — iR 0. Qs AL H
04« Fly B~ F AR AAAE &S, XS
Q- My LR L HIL E(G) = E(GQ)-)).

M3, AE G, = GQL ). TEHE.

MM ={x=x, 12,01 | 2EV(Qu)}
CIRVRCER
Mn*l = {f — X1 Xy—2°*t |

T = Ty 1 TnsTmsex1l € ML}

. My = {001,011,101,111}, 04 M, =
{00,01,10,11};

M, = {0001,0011,0101,0111,1001,1011,
1101,1111}, W4 M, = {000,001,010,011,100,
101,110,111},

EXS5 AR, =1{00,01},S, = {10,11},%&
XEAER, MS, T

Ry =Ry U 'Ry (Ry = "Roy U 'Sy
Spet = S U 'St |Su = "Suet U 'Rue

g LS WM Z SR ES R, S, 5M, Z
[ERER/ N .

R, =R, U 'R, = {000,001} U {100,101}
S, =°S, U'S, = {010,011} U {110,111}
R, US; ="R, U'R, U"S, U'S, =

‘M, UM, = M,
R, ='R; U 'S, = {0000,0001,0100,0101} U

{1010,1011,1110,1111}

S, =S, U'R; = {0010,0011,0110,0111} U

{1000,1001,1100,1101}

R, US ="R, U'S, U"S; U'R; =
‘M, UM, = M,

WM TEH R, US, =R, U'R,, U
°S,, U'S,. ="M, , U'M,, =M,.

WHh M, =R, US,. MM, =R, US.

MAETHE R 5 S) i S0 F B Z R 6

513 4G, =GR).G, =G(SH. G,
Gy oyl H& A L.

WA RHEYIE. B R, = {00,01},S,

= (10,11}, 775

R, =°R, U'R, = {000,001,100,101}

{sg =S, U'S, = {010,011,110,111}

R} =R} U 'R} = {0001,0011,1001,1011}

{Si ='S; U'S; ={0101,0111,1101,1111}

WiE 2 s, n = 30,GR) F1G(SH H

SAVCE . [FHE, Y =40 ,G(RD MIG(SH
N A Citi.

mf ﬂi 0101 1101
0011 1011 oM 1111
(@) G(RY (b) G(S3)

00001 01001 10101 11101 00101 01101 10001 11001

00011 01011 10111 11111 00111 01111 10011 11011
() G(RY) (d) G(SH

A2 XLHEFEGR).G(SH.GRDMGSDH
Fig. 2 The acyclic subgraphs G(R}), G(S}), G(R})
and G(S})

XT3 Sy A3 EOR A AP B IR R VA A8k .

551 R B n ML RIS = 2k
B, G(Ry) FG(Sy) EAVEELH  WHEM] Y n =
2k + 1 B, G(RY ) A G(Sh ) B4 ER .

WA Royi = "Ry U "Ry s M Ry = "Ry U
'Ry MR GRY) FVLELL, W GC°Ry) Al
GURy) HULHELH.

R G(RY) S A VEE L, HFEUE R,
5'RY Z A4 S0 . FROIE 2 E B L (R 15 R,
'Ry ZIAA fAHER B a € "Rysb € 'Riisa
50 KH&EH, (a.b) € E(GIRL,)). WA R, =
"Roe s U Sou 1 s M°Ry = Ry U Sy 1Ry =
"Roe v U MSy 3Ry = "Ry U 'Sk Ry, =
“Ryt U "Shy 'Ry = "Ryt U "Sh. Btk
a € "Ry 8" Sy .0 € "Ry BN Sy .

M Qu, & X #5 (asb) RAEVEEL I, ) o F1H AL
A LI F N A R AR, AR a FIo 1
WL F A A (b)) HAEVCE 1, W55 — 7
T AR A 53 W L

BR1 WHfaec Ry, M beE "Ry
SRRy # Sk Wb & 'Sy b & "Ry 5
B 7 I 5



#2m KEESF: X TR L7 0 R4 2 265
B2 WRaee€ Sy Woe S, i BE 25y ME N Ve =2,,2,,2,0 €

RSy Ry Mo & "Ry FIb & Sy 05
BT )

Ht, "Ry 5 'Ry, Z 8 % 5 JCi%E i, B
G(RY. ) HEACE . [, /T3E G(SLy ) R
A VCHEC.

552 P IE AR BEY n AR EON L BT = 28+
1 BF . G(Ryey) Fl GCShyp) A PERCH , WIE B 4
n = 2k+2 W ,G(Ry ) M G(Sin) K AHILE
.

HWH Rus = "Ry U 'Soprs M Ry =
"Rivr U 'Sk R G(RY ) FUCELL, W
GCRY) M GCRL.) &I .

FUE G(RY) S A VEECH s T UE Ry
51Sh Z 4 5 0 . ROUE B E B, B
"River 5'Shy ZWA BAMHER, Bl a € "Ry s
b€ 'SynsaFbHEN.(a.b) € E(G(Ry)).

KN Ryt = "Ry U 'Ry RS = PRy U
"Ry 3Sun = "Su U 'Sus M'Sh = 1S5 U
Sy It a € YRy B Ry b € 108, B S,

H Qu, 5 X #5 (asb) HAEVCEL L U @ F16 X
A ELL WAL TN AR A AL WK a Flb 1
B — L F AR ab) R ARVEES 1, W5 A
T ARAHIE. A 5y PR L% R

BRI WHRae "Ry Mo € "Ry WK,
Ry # Sy Wb & 'Sy, Fib & Sk SR E

B2 W e € "RLU b€ PR, AR,
Sie # Rie W b & °Sh b & VS, H5IRET)E.

I, “Riv 5 'S Z B s Jo i i, B
G(Ry) RERIVCE . R, ATHE G(Shn) HE
FENIN U JEEE,

molB 2/, T, =Q, = AT, U BT, .,
Hrp AT Q) WA EE.BT, . 8 Q.
FIB B RS, AT, F1 BT, 202 Q) sl
S .

5| 3E 4
.

R AT, 2 Q) BT 2 Q. I
S W GCAT, ) A& B, Bl 83 1,
G(R, ) REARED N GR, ) BEAFRE.

Ky AT, C T, Ryt CM, B Qu, iE X
HLTS 2 € AT 5T y € R M HAUCY i
Ja — LR FL A T A (R R )

GAT: . URL ) 2 Q. WIE T

AT, W BEZHE—D y = vy yeeyil € Ry
HIL.GAT, , U R, ) S HFREARSER.

JEEE,

51 EE 4 i S £ R E .15 T 5] B

B35 V(Qu\AT,, UR. ) £ Q. 1Y
S AR

FE1L 2SO0 NQu MEBELN f(n) <
271,

E BN AT | = %\T&LI\ —
Livaum =L <o m R, =L me | =
4 ltn 4 N n—1 2 n—1

Livui= 1«2, wiar UR, | =

27 B F G < VQUONATY , URL ) =2"—
2l = 2t JIF £
M sE B 1 S| B 1,45 1 2.
EFHE2 EEEEHEn=2Hce (0,D H,
Qu., W B ECH

fl) = 27! (1 —n‘jj
RS ELAHE GBT, U S Z2AFE R,
V(Qu)\(BT), U S, ) 2 Q. WS,
N OIBT US| = 20", w18 fo <
VQu\N(BT, , US! ) =2"— 27t =2 |k
GO 1 mr AR EH 2.

3 & i

Xof — P L 2 /N S At AR 2 — A NP M []
RO, WA AR TR Y /N R T AR R AR RE Y. &
A NATT UG — S Re ik (1 1 25 T SR e/ A
£ 1) Z2 3 S 1) 1 B0 A SCAR B e 4 J 4L 57
T3 PR TOU A5 46 A TP o S — 0 7 71 S [R) R R o
T B R0 90 S PSS AR 38 1 F 48 4 AR
Pl 7 B A5 31 T ey 3 4 T U I 4% 1 R A B b
Bt

2% 3Cik -

(1] EAHW. ~AREFHENREHRL]] TEHE*
4R, 2011, 28(2):260-264.
ZHOU Shu-ming. Feedback number of honeycomb
networks [ J ]. Chinese Journal of Engineering
Mathematics, 2011, 28(2):260-264. (in Chinese)
[2] Rebfr. 2B REHID]. AR FEHFHR L



266 X % ¥ LT kK ¥ ¥ #H 554 %

% ,2006. Processing Letters, 1998, 66(2) :59-64.

WU Ye-zhou. Feedback numbers of line graphs [11] Smith G W, Walford R B Jr. The identification of a

[D]. Hefei: University of Science and Technology minimal feedback vertex set of a directed graph [J].

of China, 2006. (in Chinese) IEEE Transaction on Circuits and Systems, 1975,
[3] Garey M R, Johnson D S. Computers and 22(1).:9-15.

Intractability [ M]. San Francisco:Freeman, 1979, [12] Wang C C, Lloyd E L, Soffa M L. Feedback vertex
[4] Erdos P, Saks M, Sos V T. Maximum induced sets and cyclically reducible graphs [J]. Journal of

trees in graphs [J]. Journal of Combinatorial Theory the ACM, 1985, 32(2):296-313.

Series B, 1986, 41(1):61-79. [13] Wang F H, Hsu C J, Tsai J C. Minimal feedback
[5] Bafna V, Berman P, Fujito T. A 2-approximation vertex sets in directed split-stars [ J]. Networks,

algorithm for the undirected feedback vertex set 2005, 45(4).218-223.

problem [J]. Discrete Mathematics, 1999, 12(3): [14] YANG Xiao-fan, Evans D J, Megson G. The

289-297. locally twisted cubes [J]. International Journal of
[6] Bau S, Beineke L W, Liu Z, er al. Decycling cubes Computer Mathematics, 2005,82(4):401-413.

and grids [J]. Utilitas Mathematica, 2001, 59.129- [15] Beineke . W, Vandell R C. Decycling graphs [J].

137. Graph Theory, 1997, 25(1) :59-77.
[7] Bar-Yehuda R, Geiger D, Naor J S. etal. [16] Kralovic R, Ruzicka P. Minimum feedback vertex

Approximation algorithms for the feedback vertex sets in shuffle-based interconnection networks []J].

set problem with applications to constraint Information Processing Letters, 2003, 86 (4):191-

satisfaction and Bayesian inference [J]. SIAM 196.

Journal on Computing, 1998, 27(4) :942-959, [17] XU Jun-ming, WU Ye-zhou, HUANG Jia, et al.
[8] TFocardi R, Luccio F L, Peleg D. Feedback vertex Feedback numbers of Kautz digraphs [J]. Discrete

set in hypercubes [ ]J]. Information Process Letters, Mathematics, 2007, 307(13) :1589-1599.

2000, 76(1-2) :1-5. [18] XU Jun-ming. Topological Structure and Analysis of
[9] Liang Y D. On the feedback vertex set problem in Interconnection Networks [ M |]. London: Kluwer

permutation graphs [ J]. Information Processing Academic Publishers, 2001.

Letters, 1994, 52(3):123-129. [19] Riordan ]J. Introduction to Combinatorial Analysis
[10] Luccio F L. Almost exact minimum feedback vertex [M]. Princeton:Princeton University Press, 1978.

set in meshes and butterflies [ J]. Information

On feedback number of locally twisted cube

ZHANG Si-jia's, XU Xi-rong”', LIU Cong's CAO Nan®’, YANG Yuan-sheng'

( 1.Faculty of Electronic Information and Electrical Engineering, Dalian University of Technology. Dalian 116024, China;

2. Department of Mathematics, University of Science and Technology of China, Hefei 230026, China )

Abstract: The minimum feedback point set problem is known to be NP-hard for general network
(graphs). As an important interconnection network topological structure, the n-dimensional locally
twisted cube network Q,, is a new variant of n-dimensional hypercube network Q,, which possesses
some properties superior to those of Q,. Since the last bytes in vertex set of Q,, are different, vertex
set of Qy, is divided into two disjoint subsets. By constructing a maximal acyclic subgraph of Q,,, the

upper limit of feedback number is attained. It is proved that for any positive integer n==2, there is a

constant ¢€ (0,1), which makes the feedback number of Q,, as follows: f(n)=2"" (1* < j

n—1

Key words: locally twisted cube; independent set; acyclic subgraph; feedback number



