F 43 % H oM o od UL K F R (BARFR 2018 4 9 A
Vol. 43 No. 9 Journal of Southwest China Normal University (Natural Science Edition) Sep. 2018

DOI:10. 13718/j. cnki. xsxb. 2018. 09. 009

3T R L IR AR H A
X

2t M[ARE, KHE

Lo M Do O B AR 22 B ik 5 IR 55 AME 2 e - TL98 S5 2150045
2. MR WA 2 S EOR . 1095 75 M 215006

FEE . (ESCHE L T b g LB e R T AR A, IEW] T 2 e == 3 W, SR 7 7 AR v T R A e B T A 1 PR
HWER 2n— 2, X —GERILT RS R PG E WS ARG T R T RBIE R R E &
O log | F | Tn®) (75 i BB 800 JRAEWT T 76 SRS T F o 26580 0 400 i ) 10 T A i 2 1) 5 K 22 4K BE 1 1
Sm+n—1, Hfm = [log | F| Ts #— % FH ER 8 k705 K.

% # W SR JMTRG HAEE, PR E

hESES: TP393 NEREL: A XEHE: 1000 -5471(2018)09 — 0051 - 09

ZAbPRAS M 2, (AR ELE W 2% . JEdi th 220> Ak PR A8 4 IR — 5 R U0 AH B I T R Y 1 2%, T
eI M BAE T B R B A DCRIF SR S AU gt AT R

UTAER, B L% W 28 B RUBR W 9 O, LI 2% Y A S PET S © 22 O — D E R R ST DR AL
JEE SR R HL T S AR R — D RS T O, U EE ) 4 B AR TR RE AT X B . AR HLE
0 255 1) 12 388 R 14 SCHR AT — > BT A I SE BRI BT AT 4 Ak R g A A R A R RE R R —RE Y, (HSEBR AR AR IR AR
AN RGN — Ak B A A0 i 4 R A A R R ) TT RE R R ARAR AL PRI T R R DT B T O 2% Y A R
PESARAE B M A R AR TERE. 0 T s IRX A BeBs . SCER2 ] SIA T &P d g se. #E—2. X3
X e A W R A T B 5 A BR A B o PR ) G AR M. SCHR A AR T A% 1 %l ] U NP 52 4 ).
WG A R R O 2 A Y BRI S P ] R I e SR

SEREAL T (Cross-cube) ™ {4y 87 J7 R 9 4% 11 — 2K T AR AL 5587 77 R AH L B A IR AR L e 2 1
T SRR . WE S S S 7 PR A R G . B8 T IIORS B M R R R 2 B A . AR SO e S
B 7 7 VR A BR ) T 30 O AR R T A9 BRI SE 3E E L FBTE ARBT T — B AR R Rk

1 &R

— A M BTSSR AT — A Sk s, Horp A BSR40 g 2 A) 0 4 B0 0 T SR A R R
. A G=(V(G), E(G) Fmn—AK, Kb V(G FRRTigsE, E(G) £, HEl G EEMATIN
ufl v, & (uy v) € EG), W uFl v Z4RJE. TiE u 78R G BISBIEE S XA NG, w = {v]| (u, v) €

O ek HW: 2017 -09 - 30
FGIH . ERA KPR H (61702351); o [+ )5 B oE 5 4 B B al 0 (17KJB520036) 5 L7544 W A H AR B2 2 G 1 H
(17KJB520036) ; L7844 -1 G RHIF 9 Bh I H (1701172B) 5 YLIRA “7S KA A B IE7 1 H (2014-WLW-010) 5 J5 M i il & 38 15
A S S I H (SKLCC2013XXD 5 g M Al BRIl 35 A 2% ¢ g 4 ERA (SG YK J201706).
fEE N £ BA988-), B, Mt PHF, RENFEENL ., H7 500N REHR.



52 BHFERFEFIROARAF RO http://xbbjb. swu. edu. cn % 43 H%

EG) ). K G 1% B KR« (G).
B GHTE 5o 2R P fTE =TS T P = (up = us urs 5wy = v), PHRTIER
i T a8, w RNZE T 0 IS AT A TSR SR AR A Y. P Mo, B, BT 848 T 7R 8 Path(Py wy s w)) s
Ho<i<j<k BHEPHREW =0v, s w,u =w A[FERHP'.P *Fﬁﬁﬁ,ﬁm) S St
FRANVPYEMP). MRV VG, 0 GLV ] FmE G RIS TR, #—%, il G-V kL
mGDMD—WLﬁ?&%%mﬁvewoxM%w,weEmmmumv%~¢%ﬁﬂu5vww.m
X NG V) ={e e VG | HFEBHE y € VR (e, ) € E(G ). T v WABEES (G, v) = {u €
V(G | (vs w) € EG} Foms v MFTASRE. #E—4%, T —ATEEEGYV C VG, #LV WBEES
H
G, V) =U,vI(G, )/V
IR
rG,Vy=N@G, Vy/V
EX1 $HERG, A FCVG EGH—MHBETSAES, R ue Fy u 26— NIRRT &
W w2G o — A TER T . 25 G PR T A — AN TR AR, W 45 1 19 G B ) 342 5 32 T
FoRH € (G, HHb, FTATBMEETUE A G A B 1 #R N e (6.
— A GRS RN A 2 AT (n+ D27 B+ D —ENES Y, 2k C,, Hirp
n=2. BHBANTUEH 0 F 2" — 1 ZEE—MEE Ry o ) 36 2, 2, 00z Fm, Hoba, A

WA, w0 WIRARA R, IR 2, 1N 2, = 1 — . AT T f B R R 0 R A TH A —
R P A — AN E WA R — Sk, BB RGP AL EAE L. A w = 2,2, 00 x FoR C,
FAEETE, Huli: j] = 2xa, oz, a WF iR, Hban—1=i>=j>=0.
Co JB2— M AT S 2E, KA TE N ESC 3, BRI — A SEARA . Yo =30, &
ST PR R 8 A S LA X2 fERT
EX2 — a5 Tk G, A n— 1451 0000 0101
CES LT R B T L, Ay e G Rl Gy Her 0001 0100
Gy Gy Hh & TOUS A S5 o A B 4 2 0 L L. iR w =
Uy 1ty 5ty € VC ) v =1, 10,50, € V(C, ), N 001 0110
(u, ) € E(C) Y HACYS ] ¥ 1 fe e A UL AN ). 0010 0111
A 4 e SRR S T R 1 TR 0 0

2 RBEMFEMRHEEE

AN UE B 0 2 58 57 7 A 1 R ) 328 308 B Ohy 2 — 1ot 1110
ﬁ#%%%?%%%LﬁE%W%.I%,ﬁﬁx%i 1010 1
J7 VA 1) B o 3 3 B RS B (L, BB 8 T IIORS A th B R W) B 4 %5554k C,

ISR

FE1Y FHa=3, W k(C)=n+1.

BB 1 Y =30, MFEBMMETEES FOCVC) B | Fl=n+1, #C, —F ER&#EM.
WAAE DTS v e VICH R F=1C,, w BHC, —FfHMNHERANEED T, Hph—4E@a 2
C.li{ut], B—A i@y C,— (F U {ub).

%0 HGE X STV TE . 2S5 E 0 = 3 BB ER L. R ILS A e = o — 1
(r =41 B RN FEEM FCVCH H | Fl=c+1, % C.—F Z2RE@EPY, M4 F, =FN
VCL ) Hi € {0, 1) Rge—fehk, B | Fo [<<| Fy | B 40LUF 3 M ERiHe | B | f1 | F, |

1001 1100




%9 H I OE, . ABIFTHRERP B LRI RNHR 53

WH1L | F [=0. Wi F, =F. faEX2, C.,—F mEATAE CL,—F, = Cl I AHSR. ik
C.— FZiEimm, X 5/rE.

WH2 | Fol=2 it | FI<|F [<c—1 m@ L, Co, —F MCL, —F, #EERKN. Y=
AR, fETE | VO, —F) | —| F, | = 27" —| F\zzﬂ—(r—i—l)>0. M2 | VCL—Fo) | > Fi | B
S XEWE CL — Fy WEDHEE-ATAE CLy — F hIAARSE. 8 C — F @M, X5/ 75,

rﬁ—ﬂ/:% | Fo [=1H|F [=c bt | F [=1<< WREEH1, C, —F Z2%#EN. BEC, —F

W, Mo=Amf, |[VCL—F) |—| F [=27"—| F\:2ﬂ—(r+1)>0. W2, 778 | VCL, —

Fo) |>\ Fol, XEWE CL — F WEDAEE—ATAYS CLy — F TS AR E C.— F 2%, X
HERKFE.

Wi, Coo — Fy 2 %58 1. *ETEUEQP‘MF)%&, Tﬁé/\ﬁﬁ we VICL) R F =TI, w A

— FA BAUCH WA %8503, Hh— A5y 302 CL w1 55— A 302 Cly — (F U {uh). X

%724, HIVWC, —F) |—| F U {u} |: 27— (¢ +2) > 0. ﬁa%% Cl, —F, 1 &/DHFHE—ATI
w5 CLy — (F U {up) HrTi s AH4E.

#ruHCLy —F, MIGAHE, W C.—F 2#EM, XS5BREFE: & o5 F hME—W TS AHZE, W
C.—F Z&ifimn, X5REFE. A C —F2ANEEN, WAE NS ee VICOWRF=1C,, w H
C. — FAHACAWA & 5332, Hrh—AN i 50 30 C.{ub ], 55— #5302 Co— (F U {u}). UEER.

n

HREAE 5 P AR S e S o AR P TOURE AN R 2 MR m B8 R AR 5 B A { FIE. AR JE n Jo%5 K
n

(. KRR C, HhT50 S i A 408 s 15 oA 0 B 10T A5, 1 ABE R 2 IR /N

I 2 Ma=30, WTHEMTEESFCVC) H|F|<2n—3. 4 F, =FN V() HF, =
FOAVC ), R Cy —Fo M Cy — Fy #2iEER. B4 C, — F Z&iEE.

iE Ya=3m, A |FUF |=|F|<2n—3<2""=|V(.) \:\wcm | $n|v<c,z,1>—Fo | >
| Fo | B, Gy — Fo MAALET RS C — Fy TGS, & C, — F R&E#E .

HaE 2, Al DS DU 5] 38

513 X FERWELR 2 =3, C, TEE DTS T — DTS 4 e 2 E L.

gl B3 e L2, AT LIS DL 5 B

14 Ha=30f, WTHEENH (u, 0 € ECCH. WM uln—1:2]=2[n—1:2], | (I'C,, w) —
{0}) N (D(C,s ) —{u}) =25 HFW, | (DCC,s w)— {0} ) (I(C,s v)—{u}) |= 0.

BIEES Ma=30, WTEENHEES FCVC) B | F < 2n—3. WE C, WS E D
B TCHEEAR SR, W C, — F J& 3438 1.

E G EAUE AL TR SR T IR W E s BT X FEERAARTB S 2, ye VC,—F) ., C,—F
x My Z I AEFE— 55 O BR B AR

4 F = FOVC D, i€ (0, 1), K%k, | B I<|F | E <) 2L 202

1<

n—2. HEH1, C, —F, BEEA. M, a4 T 3 FEERTE.

HH1 2, ye VD, HTFC  —F BiEMMAC, . —F, CC,—F, WC,—Fdaxfly Z[H{F
T — 4 O s A2

WH2 2eVC ) HyeVC ), HuFomy £C, . THLE. KBS yEC, —FhELHE -4
TSR, ILEA DL 2) AT 1EE.

Dud Fo. Hu=x, Mz, y) Z2C,—Fz My ZHK—FEUFERS; S0, BT | F, \<nf
2, MIEER 1, C o — F BEEN, B2« MuZ\fE C, o — F, PHEAE—FILHEERKZ Q, M(Q, y) & C



54 79 i T e KR FF IR RFAF R http://xbbjb. swu. edu. cn % 43 K

Frz fily Z (81— 45 T e B A

DueF,. T y7EC, — FHEDLH-ATCHMEEE, B4 C — Fy PAEFETUT v, 5 (y, v) €
EC). & aisars - sar FHER yHEC, o —F HERT o 4BE, B BBy RN 0 Co —
F, R T v W4BRE. at, A ©.@ BT IE-.

DQuln—1:2]=o[n—1:2]. HFIEA, TEH [ {asas s ar) N B Bos =os Bt | =2, RK—
Mk, B {ars azs s ann ) N ABs Bos s Bt} = lawss ani ) = Bz B b = B visves v
NEIR arsaz s v FECoy — Fo HIIZBIE . H @481 002+ 2803 ST HZER vafisfBessersBis 7E Cooy — Fy R
FIARE. FIE X 2, {71s Yo s Vo) N Aws 81s 820 =0 8,5 ) = O. WM, F74E 20— 3 FAMZ R P, =
(yrars 71)s Po = (ys azs 7205 s Pot = (yvsars 7)) P = (s vy w)s Py = (ys vs Bis 71D
P = v, Bs 725 o5 Poy = (y5 s Porss O20s).

T F |~ {u [<2n—4<2n—3. Hit, EDHFE—-FKLHBFERE P, 783X 2n — 3 54 P,
Pyyees Py, Hj e {1, 2, o 2n—3) HEFER, H1<j<n—1, AP, =y, 0, 73 5] =n.
AP = (y:v,0); Bint1<j<2n—3, 0P, =y, 0., 08). W, fE7E—5HHE P&y MC,
T =

Hrrz=a, WP'J&EC, —FHx My ZHM—KIHERE: S0, T C — F, &ElN, o flz
ZITE C ., — F, PHE—ZHERERE Q. IBAQ., P & C, —F Hha Ml y [H] [ — & Jo B 45

@ uln—1:2]£v[n—1:2]. A, TE [ {asas s amr) N Bis Bos =os Bt | = 0. KMTF
T 2. 2.1 ki, nIMEH C, —F iy BIC) 1 2n+ 1 ZARMZHE. T I F -] {u) |[<2n—4<
2n+1, Wik, fAE—FBE PGy MC W 2. 22, BT Cry — F) BEEN, 2 Mz ZRTE
Cr — Fo WFE—FLHMBERZE Q, IBAQ., P JEC, —Fra fly BIM—KIGHFERSE; A, P! &
C,— Fa My Z[a i) — 2% J0H R 6 A1%.

BH3 2.9€EVCL), #H(x, y) €EWC), Wz, v &C,—Frhx 3y ZA— & TTMBERE; &
W, RRIFREE 2.2, TSGR > 8 Chy — Fo PITS u ZH —F TR E P, UKk yEIC . —F, h
T v € V(C-, — Fo) ZIai—& ik iz P,

% V(PO NV(P) =0, % z3RKRP, il Py RIS —DAI S, 848 (Path (Py s x4 2), Path(Py', =,
y) JEC,—F iz 3y ZMA— S TCMBERER: &0, T C —F Z2EEN, C — Fo 1w fllo Z 7
TE— &Mk 4e P, 4, (Pyy Pyy Py J&C, —F Hx Fly Z IR HY— 45 0l b 4%

ZERR, MTFREEWANARTE 2.y € VC, — F), C,— F W x Fly ZfEE—F T2, )
C, — F & ny. jEke.

EE2 =30, #FC, FREATUEMEDA DB, W« (C) = 2n— 2.

IE BB 2, £ (C) =2n—2. HFK, KHIEW £ (C) < 2n— 2 oL,

PR 2 =3, R C, hEATEIE DA — DTSR R . WAFFE— %% (us v) € EC,),
i r(C,s {us v}) =2n—2HC, —T(C,s {us v}) HHAAAEMAEET . Hp—AE@E SR C [ {u,
ol ]y J3Ab =AM 5 3R C, — N(C,y {us v)).

HAUEW Y n = 3 BRI, 2 n = 3 B, $EHE— 25301 (000, 001), A4S R I(Cy, {000,
001}) = {010, 011, 100, 101}. B | I(Csy {00, 01}) | =4 = 2 X 3—2. KB IF C, — ' (C,, {00,
011) A HAUAH WA %8 433 . Hh — A4 3 C,[{00, 01} ], Sob—A &4 X R C — NGy, {00,
01},

BTk, BEZGBEn=c—1(c =D B, Y n=cbf, BEHABE, FEFH, v e
ECE) i3 D(CLy s {uy vp) =20—4 H CLy —I(CLy, {us o)) A BHAUH PIA @4y 37 Horh— AN %83
R CL Hus ot s A= EE SR CLy— NCLy s {us v A a2 Fly 500 FRR u Flo REECE, i



%9 H I OE, . ABIFTHRERP B LRI RNHR 55

JE. TR, A, {u, v)) =Ty, {us o)) Ula, y) D, {u,s vp) |=20—2. fER 1, A
PLSGHE CLy — (v} Z3EEM. X FAERNER =4, F 1 C— {2, y) [=27"— Qc—2) > 1. I,

— Az y) PAFETS E R CL — NCCLy s {us o)) —AT0 . §C,—D(C, s {us o)) A HAUE A%
WAy Hop AN s R Cl{u, vh ]y SO EE S 3R C.— N(C.y {us o)), 4, SHFREA
N IDCC, {us vb) s ZGRIUE C. AT B R DA — A T FE 48 & . 3@ R IEW] ol URAIE « (C) <
27 — 2.

25 Pk, & (C,) = 2n — 2. jFEE.

3 S AHETREGEENABE R

FERL 2 U T n 2RS4 7 7 A b BRI A RS B AT R S Al ST MR b R IR R T
£ A5 RRE R L CFRouting, R TR,

Algorithm: CFRouting

Input: An n-dimensional cross-cube, C,, a faulty node set FCV(C,) with |F|<{2n—3, and two nodes u, v€V(C,).
Output;: A path from u to v in C, —F.

print(CFRouting(C, s F, u, v));

function CFRouting(C,, F, u, v)

1. if (u, v) € E(C,) then return (u, v);

2. else if n<<{3 or |F|=2n—2 then

3 return (BFS(C, —F, u, v));

4. else if F= then return (CFRouting(C,, u, v));
5. end if

6. Let F,<~FNV(C.-)), Fi<FNV(C)-,

7. Let m<min {|F,|. |F\|};

8. for i€ {0, 1} then

9 Let Co,<Ci_,, C,<C\i;

10. if u, v€V(C,) and | F:| =m then

11. return (CFRouting(C, , F;, u, v));

12. else if u,v€EV(Cy) and | F,—;| =m then

13. Let P<~CMapping(u, C,, C;, F);

14. Let Q«=-CMapping(v, Cy, C,, F);

15. if V(P)NV(Q) =0 then

16. S<-CFRouting(C,, F, P[—1], Q.—101);
17. return(P, S, Q ');

18. end if

19. Find the first common node x from P and Q;

20. return(Path(P, u, 2), Path(Q ', x, v));
21. else if ueV(C,) and v&€V(C,) and |F;|=m
22. Let Q<-CMapping(v, C,, Cy, F);

23. if u€V(Q) then return(Path(Q, u, v));
24. return(CFRouting(C,» F, u, QL—11. Q)3
25. else if u€V(C,) and v€V(C,) and | F,-;,| =m then
26. Let P<-CMapping(u, C,, C,, F);

217. if v€V(P) then return(Path(P, u, v));
28. return(P, CFRouting(C,, F, P[—1], v))
29. end if

30. end for

end function
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Algorithm: CFRouting
functionCMapping(u, G, , G, , F)

1. Let {v}<N(Gy 5 w;

2. if v€& F then return(u, v);

3. for v in N(G,—F. uw) then
4. for x in N(G, —F, v) then
5. return(u, v, x);

6. end for

7. end for

8

.for vin N(G,—F, u) then
for x in N(G,—F, v) then
10.  for y in N(G, —F, x) then

©

11. return(u, v, x, y);
12.  end for

13. end for

14. end for

end function

function CRouting(C, , u. v)

1. Let i==n—1, P<(w;

2. while i>>1then

3. Let x be the last node of P;

4. if x2[i]##v[{] then

5. P<(P, z[n—1: i]+oli: i]+z[i—1: 0D
6

end if
7. i<-i—1;
8. end while

9.if u[1: 0]=w[1: 0] then return(P);
10. return(P, v);

end function
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A Restricted Fault-Free Unicast Algorithm in Cross-Cubes

WANG Xi'?, HE Fumnan', ZHANG Shu-kui’

1. Suzhou Institute of Industrial Technology , Suzhou Jiangsu, 215004 , China ;

2. School of Computer Science and Technology . Soochow University , Suzhou Jiangsu, 215006, China

Abstract: Supercomputers based on parallel systems have always been the hot research topic in industry
and academia. The interconnection network, which is the basis of the parallel system, its properties deter-
mine the performance of the parallel system directly. The n-dimensional Cross-cube, denoted by C,, is a
variant of the hypercube, which has some features superior to the hypercube, for example: the diameter of
the cross-cube is less than that of the hypercube. In this paper, we first introduce the concept of the set of
restricted faulty nodes into cross-cubes. We further prove that under the condition that each node of the C,
has at least one fault-free neighbor its restricted connectivity is 2n—2, which is almost as twice as that of
C, under the condition of arbitrary faulty nodes. Moreover, we give an O([log|F| [n*) fault-free unicast
algorithm, and the maximal length of the path constructed by the algorithm is no more than 5m—+n—1,
where m=[log| F|]. Finally, we give the simulation result of the expected length of the fault-free path
gotten by our algorithm.

Key words: cross-cube; parallel systems; connectivity; restricted connectivity
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