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793 7D3 -BERKIZONWT

LBRKI®H #¥3W WE ( Toshimasa Watanabe )
LBEBRKIZHE $H B ( Akira Nakamura )
LBAKAKER RHE HBA  ( Takanori Narita )

»HoZF L

7571, AU BERrELTEOLCHMT AR MR NODVEE L RET S
MBI AMmMBIEELRIEh, BRlcw<2»r0@RPmonTWS, :
ABBXTIE, ER/E 7T 76l LT, HDaXMHPRLBESIIZ. (1)6Ge %
3-DEEATAAMSGMBEINP L2 ThHhb I %L, ()2 -0#E%
LRI EERDER O ZHKRL. 3 - LERKLZHFLZ300IVI2(IV]+
lEINOEDBEX*RET S, Flo., SUROFTME LT, B)2 -DEES
TTENTE3-LERALOLHOLEMURE. BEROIR LD 2L 7 57
WX TEEZABDKRKDAAPEDRLUTICL A EZRT,

1. F2ZHE ‘
5z6nr7s37i brMERELT LD NTEIRNIAMNODES
PRETLMELZAMAMEEL W, BRcDEE SEKLCICET LM
FIEICOWT, RIS BERIPALNT W B,

Eswarank Tarjan'3'{Z. EmM 753702 —HEEL 2-LEKLICEHT S
WA MBESLEmM 7S 70BERKACICET 2L NEEICO>WT, #Lna X
PRI XRTFELWESRE, O(IVI+|EI)DGFERBEZE>BEEZTILT
Wb, 272, MOIRANHELZIHAICIE. NP-RLiRLHB2ILEHTHLT
Wb, 22T, I VIIEIE. ZhZFh79 70488 ABERLIT., EA
LR EmMZI 70k - HERLCETIAMSMBAELCOWT, LD
ARAMBPIRTEHELWEZ, k=3DHAE. OUIVI(IVI+IEI])2)DEHE
B2 OoOMELRL, BOaXMVEELLHBAEIIE. k2327 LTNP -5
2R%HBZEERLTWVWS, Frankk Chou'®' . LAAXMHFIXRTHELWNE
B, I EREELWIIZ)ENLT, BALEESONMIZED, b5
Zohr:mmlERE (local edge-connectivity) 2427 53 7% BRI 5 M
HHY ZHABBTEITILZILZRLTWS, B EH 123 AmAkicx
TR2(EFMZ7IT7DERTD)Kk —DEREAL k2D ICET 2O MBAELE 2.
VOAXNPINRTELWESEZ, OKIVI)DEHEBBZLOMEEZRLT
W3, R, B HEE2UYE AMALCHTEZEBMIITIDERTH)Kk —
REBELEKZDIEETIANNBPELZE L. DOARXRRMNPINTHELWE &2,
FEBRREO(K|IVI)DBEZIRLTWS, ERdLdMH29E BDARXMHT
RNTCELWEEOKk -DERLICHAT AN MBEICH LT, BANAILEOHF M
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2E20 &2 V| A(k|VI+HIE|I)NDDHFHENKRBLZETIHBEEZRLTWVS, &
ik, Blzr2zBnwT, ORI VI (k|IVI+IEINEBRRINTWS,
72, Frederickson& Ja'ja'®'ii, E@mM 7 I 772 — @KL 2 —LEFIL.
EW?%?@ﬁﬁﬁmtﬁﬁémﬁmmﬁmomr;%z%zht¢§7éﬁ
B7I97CHBLTL, J0aXMVERELLIBEICE. NP-R2£ThHhH L
PHEWEL, BRRAaAPERARZEHWLO(IV]IDYoEBEEIR L » T, ﬁ
BBEOIIZAFOD2HBLUTDAXINZLOEUEZROT WS,

— B, k—DEELCHETIAMAMMAERk - DEELCBEL BIIHLTW
2., k—0E&EA B E (k-Edge Connectivity Augmentation Problem) & {3,
L7976 AAXA i EQ)=>Z FEABRBODES).COENY 7T 76 (HL., & -
BEVG)=VGHBEHEZ SR TWR EE GCHHLVG)=V@O»P2LKREFEG")
SEG)UEDNDB Kk —DEBELAIBRPIAINDEARE SEG)- E(Ga)i'ik&‘)%ﬁ
BHThad, 2T B2 EcE)=Zeecec(e)THh 5. ,

EHXTIE., VOaARXRIPRLZIBED3I-DEKILEAEZHAEANRE T 5,
Thbb ERIZ7I7GRAILT. BOAAMERELBZLER Gn3 —0#E
EILBELNP -2 THhEI i rl. 2-UEFBLEPUBE S 2HKRL
T, 3-NERACHEIEUBELRET S, Fio. 2-AEK 7T 7ieH8T
53 -JERKItDL OB BHEABOIRXRIND2H/ETFT 7R E>TE
FHEE KD AaAVVEDODRMEUTRZEIEZRT,

PITFT., 2BTHESRBLYF L. 3BT Gz EBE 77 7ICHBLZ3-ECAR
NP-RETHAHIELE¥RYT, 4T, 3-ECAONREMBET NV TV X A (ATE
OQIZOoWVWTHN B, ATECII 32D FH ZBRC. FICB L UFSHh 5% 5, FT. G
o¥ Fredericksonk Ja'jadd 2 — A E LA PMEE BRC)'NiCL»T, 2—0&
WAL 76 2MET 5. KiZ. FREFICK. G LN3 - AEERY 2
D23, BBICFHEEFSE., 21 8CH/PILAZ7I97F2B8WT,. B/hNa
ZbDFEMAZRD, COFBMAZERAMLLLIRERBWT, 79 7FkE
EINTWlEV(G) Lo BlcEWML T, BB ELET S, SETIE. BHoH5N5
HUBOFHEZHT ). CITE. RAREZENEALLTEUHRRIBELZEAL,
VEPBLPEBOIA VR /BRI LI ENVWSFELHWS, 6BETIIE. xR/ XD
FLOHESBOFRBICZOWTANS,

2. #ES

75 7 (graph)G=(V(G),E(@M)ix. FMLZZETLWHESVG)E, BHEASE@G
YERPLTETWS, ZZT, BRVEO)D2HA(FA—Th->-THbIWEEERD
NDET R, CHD2REZ2ZDALDOWMP[ERE, 75 762BWT, BICMELH
5(F bbb, 2®ALPHEAE BRALLTIRMEATWSE)LE, GEHFMY I
7 (directed graph) L WU, £ T4 Wk EGXEM Y F 7 (undirected grap
h)& w3,

Hubr b EvVANDEMBEE<, W, 4 280, vERSEEL T 2EMND % (
LWYVERT, DUTHEOLSD, FHME(EMA)E2£EGEBRREIERT S, b
Lo e=(u,v)(e=}Xu, W2 LBV, )P 7IF76DB BH)THHIE. muk Jvid B
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#BLTW3 (adjacent) 2 Wy, Huk 30 (Ble, TR AVvER E)eld®HEBEL T
W3 (incident) 2 WS, 8512, GD2D0DRL 2 (Blei1 ke HEBDHIZ
BHELTWS 26, L EeirkeddBEL TS (adjacent) W5, 2200
M) e, e FRFhfu veEERLTWVWREE, ThH5%223EM (nultiple

edge) £ 72X Z BB (multiple arc) & Wi, e=(v,v)(e=<v,v>)D & & (K
Ye2 HOCH X (self-loop) 2 WS, 73 76 HCHRKE. 2EL(ZEH)OWT
NELEFILWVWESE, GEHMZ T 7 (simple graph) & W I,

75 76cBWVWT, AVOAXRBI(MEFAVEERELTIWR2EHCHRBLU DD
(B)OBRICLI->TED S, FMI7I 76 cBWT, AviBARAIETEE
MEOEARE AREId (v) (HBEXBOde (V)T 5, AXRBHBITHLHEETRHIC
PR3 (isolated vertex) & W 9,

LYE S 76D (B TFLLBLAELEEBBLL W) 2875, GlcBWwWTuky
PHEEALTLE(path) b id. REBEFLRERBEDOREFF u=ve,e1,v1,"Vn-1,8
Ve sV AL VBN O E (WAL BRI PHRELLZLODDZIETHSE, 2T
e, 1Sig€n 3, vio1 b VviZERALITALEHETH S, ei=(vi-1,vi) (ei=<vi-,
vid),l1SisSn, Dk &, EmEBE(HEFMmME)EFUE, Flei=(vi-i,vi)Fldei =<
Vi-,vi>,12iS0, 0k & PEBEEER B, Zhz(uv)-BEHEMmME,
FEEE) IR LLHE, BAEEEB)OHERAELERALPEA—DATHB L
5 ZOHEZHAK (cycle) (HBMEBAR (directed cycle)) e WS, HAvEHFUAR
PCveEDLTILELHE, EMI7II7GHED2 Hu,vicwdLTH, (u,v)-EH
HET A EE, GIIEE (connected) THB WS, ERETHWI I 73 EER
(unconnected) TH 3 LWV, BHMIZI 76 ICBWTIHOMEZEREL WL &,
HBETHE7 57 %HEK (weakly connected) TH S & W I, F . A
MRAVITAEMBELIFEET I EE, ViZur 5 HBYRETH S LW, TXRT
DEPDL2ELLBETHRTHEL LS, ZDriEB (root) WS, GOMHEL
BEYD2HEL, —FHWMMEFHLLHBVRTHA L L. GIIHEER (strongly
connected) TH B L Wi, Al EFARNWEREN 757D L2 WVWI, 5
BELZEMZ 57600, EG@)PIde (V)=00BrE2 &L, »olde(v)=1({HL.
ViZrDAhoEBEDR)NDE S, GIZFMAK (arborescence) & KT 5,

HEHEESSSVG IR LT, SiI2k->TCHEHEEI NS (induced)GOEH 7 5 7
i, HEASELL., OSSO ERLTWVWARGHOAITNRNTILoLbLRE
*Lo75 702 ThBb, THEGSI=(V(G[S]), E(G[S])), 4B L. V(G[S]
)=8,E(G[SD)={(u,v) lu,veSNERDT, TDELE GSI2GOHRARBH7 5
ZEME, ZI76(V(G),EG)) DS HEAPSVE) (AveVG))  2hicER
FTAHAAFTNRTEMN EB L%, AEAP(AVOBREL WV, G-P(G-V)ERT.
GHhrHLUHEEACEG) GBecEG))ZMN EBHT L2 LEAW(TAe)ORABKE
(deletion) X WV, G-Q(G-e) b %R T, GhblecErBRTIMHERE 12D
Bl e, Pode2ARBEIT LI LE. Ve MK E (contraction) &
Wi, B2V 212 ¥R LEEGET S, EPUEG) =0T B, ZDLE,
G+E'=(V(G),E(G)UE Y B, Bz, E'={eln & &Gte DT, HEASE 1L
HsiCHEW (shrink) 9 3 L. V(GO -Sicfsemz. EiZe=(u,v) €E(G) (HL.
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UE€ES, ve¢S) L BB Pex WG, VHICEZMMZEIETHS, k- BEHITT 7L
3. ERO_ARBKRLERXRFLLVWELR S ZSLLKkFDL7I77TH B, (
WIERBR> LT BRXL (B)EEX» 7570 L EER k —K&H Ll

EEDO2Hu VEBIICBZHELZW (W, V)-BHIAP L LLkFEDHDI2BBAL A
E45%WS, EmMFL-BEMZI760Ahy M (BERMALIE. FhEHBBE
BE)TE2LEER>E. BESRIBS 1D EEMIZISLAEAR)D
ZETHhBE, Z7I7376BWT. BB AT Z2BRETEHIILERRIDERS N
R—=DDEBRIPLLIAEFNEARZ U Ty 2w, AvESTI LW
FTRTHDu -7y 2hrblba&E&2W (u;v)ERHDT, kK—SH v bEit, k
FOLDPLL B Ay bPDILTHB, 51,5:2GHRL Ik —RHy4 L., Gnxg
w FRK(I Kl <K)THBG6-KeBWT, S1LS: P RL2ERKRS. BEZER I
AFThdLs, KiZS,5:250 8T 5 LwnwI,

E(G) : EmM S 7GLEONES

A(G) : EmMZ7 I3 76E0BRA

Ps (u, v) T V576G BT AupPLVNDEGREmM 7 7DE EE. AME
LELIEHENELEL S)

Pelu,v> : ZI37GIZBT BubrbvNDEHMHE

Me (u, v) : GeBWVWTy, VDL Z2HEFELLZWEOR KR

Ne (v) : T T7GICBVWTVEBBLTWSAES

KG s V) omET T 7

a (S) D3 —RASIEHAIBT BFD K

a (v) : (HL. ves)

a (E) : (u, V) EEREHNET S (a(u),a(v)){HL a (u)*+a (v)) EXKFEE
FLTHEHES '

B (v) D VCHY T AGCL AL B3 KRy

3. 3-JAEHILBMEONP —Z£H
3-ECAICBWVWT. G2 K73 7HBLTEREINBC3-ECAlcH L, &Ko
EWEH/ L, (GTHEIXMB3ZSRHOI L)
[ 1) C3-ECAlZ. NP -2 TH5, (3DMxc C3-ECA)

4. 3 —-AEE/LBEDA MK E
4. 1 PHITVXLOBE
3 -DEBEAES TN T Y XAATEC(Algorithm for Triply Edge Connecti
vity)
Input. E2EMZ 7 7G6=(V(G),E(G)), | VG) | 24, 2 X FEECc:E(G)=2Z",
BRERD 7 T 7G6Ge=(V(Ge),E(Ge)) (fHL. V(Go)=V(G),E(Ge) SE(G))
Output. (V(Go),E(Ge)UZ)H 3 — A HEFE L L 2L EAISE(G)-E(Ge)

© BRC''' (Go#% 2 — D& T 25 BMIE O (| V(@) | 2)BETRD 3,
G' & GotZ)
@ FIC (' LOFTRTHD3 —RAEBRD )
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® FS (G'23 -~ AEHNTLELURE ZRKD L, Z<LUE")

PLTFTFICEFSIZoWT NS, ZZTa=| V(G) | ,m=]| EG) | & &L,

4.

2 F®EFTC

Input. 2 —AERKHEN 7776 =(V(G"),E(G"))

OQutput. 3 — R T DHECs

1) CG=G'; Dae {ve V(CG) | dea(v)=2}; ¥VvEDZCGRHAMBET 5 ;

2) DseV(CG)-D2; A& & :

3) DB BIZL B FET. 3.)H63.)0HBELTHDRT:

3.1) HIBEAEER (depth-first search)ZHWT, BEH A, 2 - HAEER
5,0FS-KR T2 Rdp e, UToHEZITR D,

3.1.a) 2 —AERBRABCIEHLT. EoKRKABCHNAMOR (BB A 2V
95, Hu,we€Ne s (V) NVBCH) EF<v, e A(THIZH LT, @© | Ne
s(v)NV(BC:) | =200 & &, CGe=CG-{(v,u), (w,v)}; CGe=CG+(w,u); L
={(,y) | <x,y>€ {Pr<u,w>, <w,u>}} ;@ | Neo (V) NV(BC:) | 23D & &,
L={(x,y) | <x,y0€ {P:<v,w,<w,v}}; ABRLBEBCHEZ2 T WV
FETHIE, OTidEA<«AU[Lu]l; @TEA=AU[Lv]; FELLZITH
i¥. DseDs-u; CseCaU {S}; CGe=CG-u; (HL, SEulc#id IR
®£4)

3.1.b) vERELETATXRXTHOABC)NAMOHIER. KOBK, vVENY 7
FI w72 35LE | Nea(v)NV(BC;) | =27% 61X, t,z2€ Neo(v) NBC
i), G e LT CeeCe-{(t,v), (v,2)}; CGeCG+(t,z); £ D
th., dees(v)=0% S, DseDs-v; Coe=CsU {S}; (HL. SlkvicH# 3
M AD=§ S0

3.2) AL IL VI BU., BFIBATERIID, C-EILIZBWTvA S F2

TELVILEDEEZITRTRD, ZOHREZSc(VEEL,

3.3) DseD3-Sca(v); Sca (V) Z1HvVvsICHEW L A7 5 7% CGLEBEL, 22T,
deo (vs) =232 72l dce (vs) =07 6 I CGe=CG-vs; Co=CsU{S}; £5T%h
TR, DseDs-vs; (SkE. vsiZHBINTARE)

3.4) A+ o H0E. 3.2\, EI3TL T hE. 3.1,

[HE1) SEASSVE )R LT, SEC:D72ODHLERHRBFEIZISHGD
- RNy THBZLTH 5, :

[ME 2] FTCIE. GCOIXRTH3 -—KHZ0 (n(otm) ) DFHBEHRBTRD 5,

3 FBEFS

Input. 3 —RKHPDEARCG, 2-AHEKE7I7 76

Output.G"=(V(G), ZUE(Ge)) A3 — A ERK L L LK SEL

D) GC(HLEDDE3 -RAFIRECHEHLTELZZ 75 78FLRT. V(F
Y5475 7%KFe 93, KFED 2 XA he'ld, ¢’ (u,v)=min[{oo} U {
c(x,¥) | (x,y) €E(G)-E(G"),u=a (x),v=a (¥) (u=v)}]. Ny 2K4L V%
bix. b(u, v)=(x,y) & § 3, |

5
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#£1 a2 MEBC
a |b1|b2|b3|blbs|cifeod|e]| £f] g|ln | i
a 65| 418 55121 116|542 2}5
b1 T4 b 71 8] s{7l2l1]6]9
bo 10/ 4} 511} 5]11/9 k1|8
b3 37l16[8 {119 |25
bl 31 8|63]27{5 {14 2{33
b5 31/40]91136l6 |6 |74
c1 ' 8] T71kl1L]|83
12 39]9 |52] 6 |72
1a 7121 8]6]2
< c(u,v)=c(v,u) 2 115
f 5117
g 2
, h ,
M1 2-A&E&g7576" il 4 o1 oo b1

2) FRLEIZCZEDLTBRNWT 7T 705,

3 de()=20BrZWE 5 ({BL., FABEBAwvZ SO E EIZE. rix. 27
120FWBRZTLOABCLEDFEEL, »POCETriwhEEEN T | E(C) |
/21 %2 lETB), 793720 2BWT, rdbDIBEAEERE (breadth-fi
rst search)iC&» T, VLD EMAITNTEFEMALLZ57%20°L T
3, De={r}; izlic LT, Di={veV(U) | u€Di-1,veD; (j<i), (u,v
YEEW 2 MR L, A(U)={<u,v> |l u€Di-y,veD; (iz1)}U {Ku’,v>|
u',v’ €D (iz0),(u',v')€eE(U)}E T 5,

4) F# & modified DIST
¥(v,u) eE(XF)Ic LT, BEHERBIZCIDED 5,

@ dre (W)=2hDdr ()23 L &

d(v,u)eminfc (v,w) | we ¥(u;v)};
b'(v,u)e (v,w'); (HL. d(v,u)=c’(v,w’))

@ de(v)23hp2de(u) 230Dk & ‘
d{v,u)eninf{c ' (w,w') | we W(v;u),w €W (u:v)}:
b'(v,u)e (v,u’); ((HL., d(v,u)=c’(v’,u’))

@ de (V)=22dr(0)=20 Lk &
d{v,u)ec’' (v,u), b’ (v, u)e (v, u)

5) UOZBHABCIZEOWT, ,we€ Ne (V) 2<u, vo,<v,we AU )L BCEDEHYV
(#0)lcH LT, <y, welET B, CTOBEIREINIEELYS7%DET 3,

6) He (V(F), ¢); ¥ (u,v) €eEXFE)-EU) izt L. HeH+{<u, v, <v,uw}; AMH
Ve {Ku, v | <v,u>€ A(U')}UA(D); HeH+AH'); PEMERI B ad i,

(u,v) € E(KF)-E(U)lcxH L T, d’<u, vo=d’<v,u>=d(u, v);
<y, e ARDNEEH T Hv,wizx L T, d’<v, u>=d(u, v);

<u, v>€ AH)-AMDIZ iz L T, d’<u, vo=d (v, u);

<u, vE€ADIZHL T, d’<u, v>=0;
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v, r>€ A LT, . ‘ d'<v, r>=00; ¥ 7 3,
7 AICEALT. HED 2R ETEIBPNIAPEMARTZ KD 2 (K2, R2).
F2 EREAR
a|lblecldle fl g nh[i
a 1 G s {2215
b| 1 1 5 | 2 1 2 | 2
clo | O 1 7271 2 6 | 2
d]leo |1 0 7 2| 2 6 | 2
€ | = 0 7 7 2 ] 5
T 0 2 | 2 2 5 7
g 1 2 2 2 2
hl> | 216 6 1] s 0
ife | 21 271 2 51 71 0

M2 B/NaXFERAT
8) TOHEMBEAAMEZBWT, i, WeA(D-AM%2b (o, v HGE
DEBMMDIZEBLULE (G)SEG-EG )2 ZICMZ 5,

FSOE B BB IZ O (n2 (n_ﬂn)).«c% 5. 3LZFS@§HBH®E‘7~I—'\'V§-¢

(HE3) VP | 250 &, BET¥veVE-{r} 2HLT. #2h 3
By, wDd' <y, WHOBHABERTHLEMEP(r, VIBEET 5,

[EM 2] ATECK. G"=(V(6),E(G)UDH3 -~ LS 57 L% b 0KAT
%OUﬁWmH@%ﬁ%@TE&T&

5. BEUBROFM k
REBEBRZZOPREMBAV-AUVALUVUA D ZERL. A ETEBOEAZ
&35, I0ZFHABCIEHLT, CHEBARwvEELESE, u ve N (w)h 2L,
w>, <v,w>€ AU 2 BM Twhd 272 1’)??763‘?"% Zh#xs(CQrFxbT., F
RVERUHABZECVERDLT,
O Medr,w |l wd, CeBEOQAL1I>OBE A CxCrE B A % 25K
UEESTCFOERARCEHLOZBENDET, '
@ AU {Ks(C),w | CIFOMAMK. wid., CLDsC)LIS DB A}
E*(G)SE(Q-E(G)ZG+E"(G)HB 3 —LERKLLr2REMRL T2, X ={(u
yv) | de(u)=de(v)=2, u,veV(C) (CHRS3LEDHAKRIETSH. Y =a (E° (G’
))-X" &9 5,
@ Ace {Ks(C),u>,<s(C),v>| (u,v)€X, u,veV(C)}SAH)-A(D);
@ Ase {<u,v> | (u,v) €Y, dr(u) =3, dr(v)=2};
® Ase= AU Ky, v | (u,v) €Y, [Pu(r,v) | S| Pu(r,u) |, de(u)23,
de (v) = 3}-41;
de (u)=de (V)=2H2Cv=Cu2 @A T (L, VeV IIHLT., ®O®%T% D
® Ase=AzU {Ku,v> | 3IPy-<v,u>, duolu)=du(v)=1};
@ Ase AU {Ks(Cv),v>, <v,u> | 3Pyu-<v,u>, doe(u)+1,ds(v)#1};
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® AseAs U {<w, v, <v,u>| WPy -<v,u>, WPu-<u,vW>{{H L. Hwit 3Py <u,
w>, 3Py <Ky, wE HEL TP, VLB A '

(a) &% @ W% (b) ] %
X4 & DK
EHE, L, ACSAH), DO®RBWT, A2z 60 l<s(Cv), v, <w, IZH
LT dDE&RED.
7 d(s(Cv),v)=d(u,v)=c’(u,v), dw,v)=d(u,v)=c’ (u,v).
oT. : d(As)=2 d(u, v) < 2c¢’ (Y).

<u.v>EA3

(BEA) r2BE32AMT)CSADUANL 2 EBART 2 5 0HKESAVCAM
Y-AD) B EET 2.

(MBS ] FSICX»TG' 23 - LERKLTLIEUREZE G)ET S, DL

%, c(E"(G'))=2c(Y")+c (A1) +c(A2)
WE4, Sk0. KOEE3ES 5,
(s3] c(E"(6)) S 2c(B"(6'))+&. (HL, c(B"(C")RE &
ENENGCRE->TEIZRARDIXLRUEHADIANTH Z)
6. HL¥s

ARTE. IAMPBHNOBRPIODEEOITMICE>T. 759 72tk23 -0
BELCTLIRABERENTLIEMUTNTY XLERELL., SBOFHEL LTI
AREND-BRIETHI2ARPEELEHT S 2 LE3 - AEELLBRERLCHT S
EBENRFIVFZLLNS,
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