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795703 -BEFERKIZONWT

LBKI®E #38 W|E ( Toshimasa Watanabe )
LEKRKI®HE hi B ( Akira Nakamura )
BBAKFER RH &Rl ( Takanori Narita )

HoF L

7571, hABBEHELTEISOLCHMTEIAAXAINRNOAELE L RET S
MEEE. AdmMEELRIEh, BicWw<2r0BREFPASATWS, :
ARXTE., EE 79 76lcn LT, ADAIAMNBRELBLEEIZ, (1)Ge %
3-EBLTI2ANMBELINP L ThHAI %L, ()2 -0
LRI LHERDER O EFHWKRL., 3 - DERKELETLI0VIA(IV]+
Bl EPREZRETZ, B2, AUEOFMHE LT, )2 -DEEY
F7ENTE3I-DEREOLODEURE. BABOIRXR I ND2FBL T 5
REoTEEZAHEDPKDAIAPEDRLUTRZEIEERT,

1. 22HE |
267k, HprEBRELTLDIECINTEE SR NDODES
FRETLIMBELZAMNMBEL W, BICDERBA. SREHECICEITEAMSM
MEIZO2WT, KDES5ERPTMLSNT WS,

Eswarank Tarjan'3'{3, EMZ 53 702 — @M 2-DEHLICHET S
VA MBESLEMZ 970 E#AICETI2AFTMBAEICO>VWT, FJnax
FBRITANRTHELWEERE, O(IVI+|EIN)HERBEZE>BELEZRLT
W3, 2/, AOARMNPRELIZHAEIRKEB. NP-SRLi2h 3L ¥THLT
W3, 22T, IVI.IElid. #hZFh79 7088 A8z £HLT, ED
Emfteig EmM7 570Kk —AEBALCRT IO MEAEC O WT, LD
AAMBINRTHELWEE, k=30BE&EIE. OCIVI(IVI+IEI)2)DEHE
BRZFOBEEZRL, BOAXMPRLLIZHBAIZIE. k232HLTNP -%
2% B2 L2xRLTWS, Frankk Chou's' i3, WDIAXMHPITNTHELWVE
B, B 7D EHLLVWII)ERHLT, BADEAOMMICE ). F
Zoh7:RmmlERE (local edge-connectivity) 2 L2753 7% KT 5 M
S, 2HABRTERILIILZ2RLTWS, B EH 23 AmAiex
FTE2(FEMII7ODBRTO)k —DEKK k=2)ICHIT 2N MBAEEZ & 2.
MOAXMBITRTHELWEESR, OKIVI)OHEBBEZLOBEZERLT
W3, MR BE HEOTEG FHACHTEEMIITINDERTD)K —
REBEk=2)ICEITLATMMAEZELZ. DOAXAMPIXRNTEHELWE &2,
HFEBBOKIVI)OBEERLTWS, BLLHMN 2 LI XBMRBT
NTCELWLEDKk - DENLICETAAMGNBELCT LT, BADBOF M
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L350 ®2 | V]| VI+HIElIDOFEKRRBE2ETIHREEZRL TS, &
iz, Blee2lizBnwT, Ok | VI3(k|VI+]IEINEBRINRTWS, ¥
72. Fredericksonk Ja'ja'®'i{Z, EWM I 702 —mERILL 2 —BEHL.
FMZ7I970%ELICBII2AFMBEIEOWT, 262757 7% 4
K795 7CHBLTL, BOARXMNFRLL2BAICE. NP-RR2THBHZ L
PHBHL. BIcRBPMIAAMERATHAWLZO(|VI2)oESBELZLE>T. B
BROAZXAFD2HLUTOAXMR2LOEHUBE RO T W B,

— B, k- DEKALCEITIAMAMMAEII -DEELBE L HIIL TN

55, k —AHEKEILME (k-Edge Connectivity Augmentation Problem) & (I,

27 F7763RXAbPc:EQ)=>2Z (FFABROER).COHE P /7T 76 (HL, &
EAVG)=VG)HBEZLRTWBE EE, GCUHLVG)=VOIr>BLEEEG’)
SEGe)UE )Rk —DERELIBPIAXAPMAEERE SE(G)- E(Ga)i’?ﬁ&’)%ﬁ
BThd, 2T, EDaARAMIc(E)=Zeece-c(e)Th 5.

KFEXTE., LDOARDBRLZIBEDI - DERLLEMEZHAANR L T 5,
Thbb EREZ7ITT7GRNILT BDIAXPMPRLBZELEEIR. GD3 —U&E
HILBMESNP —E2ThbZ L% rl. 2-DERBLLEAUBE 'S 2HKL
T. 3-IERLLBMEOAEUBRELRET L., Fio. 2 -LE&K7I 7T
53 -NERBLCLDLOOEURE. RBEROIXPMD2H/BETIFI 72 LE>TE
FHEEYARKDAAPEDRMLUTIRZLZ L ZRT.

PIT., 2BTHERBLEHF A, 3ETIE. G2 EBE 77 7CHBLA3-ECAH
NP-RE2THAHILF¥xRYT, 4ETIE. 3-ECAOFREHEET N T Y X A (ATE
OQEzonTHhNSE, ATECII 32D FH ZEBRC, FICB X UFSH S5 % 5, 3. G
o % Fredericksonk Ja'jadd 2 — A ERE{LAPBE (BRC)!N ik » T, 2 —0#&
WAELALZ7I 76 2HRT 4. K2, FREFICR., GCEN3 -LEKKH %
RDB, BRBICFBREFSKE., Ch21AHAREBHLLZI 7FZBWT, B/h2
ZrOEHMARERD, CoOFMAREEALLLIESCBWC, Z I 7FEE
’%ihiﬁ‘hﬂl%V(Ga).&@ﬂlkE?ﬁLf ERPMErda 52T Boh3
HEEROFMEZE T D, T BEAB:2IEIESLLTEUPRERZEAL,
ﬁfﬂﬁ}:qﬁéﬁﬁi@ﬂxl\é’kﬁiﬁﬁ‘ékﬂ’)%?ﬁ%ﬁﬁhéo 6ETIE. H@XD
TLHLSBORBEILZOVWTHRNS,

2. HESR

75 7 (graph)G=(V(G),E(®)iX. FRMLZZETLWHAESVG)E, BHEAEG
YEPLTETWS, 22T, BRVOGO)D2A(HA—THh->THbIWEEERD
DEFT D, CHD2REZDINDEWREBRLR, 77 762B0WT, BRXMEHNH
52T 4bb, 2HAPHBA. BRALLTIRERHMIATWS)EE G HEMT I
7 (directed graph)t"?(} ZI3THWE EGEEMZ F 7 (undirected grap
h) & w3,

Hub b EvANDEMmMBEER<u, vWE, T, 250 vEWBALTAEMD % (
LWV)ERT, UTHEREOLSD, FHMHE(EMDZHEG@ BRI LTS, b
L. e=(u,v)(e=<u, W2 LRV, )P Z7I760R W) THHIE. muk mviiBE
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LT3 (adjacent) L W JRuk 30 (B)e, T i3 AvEsD (B eldBBLT
W3 (incident) & VW I, 3 512, Ga)2?0)§&6m(ﬁ)61t827§§#&iﬁ7)}§02
BBRLTWSZHE, B HlereddBEL TW 5 (adjacent) & \,\59 2950
M (B)er, e FENRZFRMu vEERLTWSLEE, Thoe3ED (nultiple
edge) T 7 I3 2 EH (nultiple arc)E WS, e=(v,v)(e=<v,v))D ¥k & I (&
e HOHE (self-loop) k. WI, /75 7GHAECHE. Z2EL(ZFER)NOVT
NE2LETLWVWEE, G EM 7T 7 (sinple graph) & W I,

73 76BWT, AVORRBde(MZFAvEERLTWI2EBCHRBD DD
(B)OBRRE->TEDE, AHZ7I762B0WT. AvERAGRAELTELEE
MEOEAREZ AXRBEIde (v) (HEXBOde (V)L T 5., HAEXBPITHSLHERLK
P74 (isolated vertex) 2 W3,

LVEZ S 7GD (WFLLEBLDLIIRLLW)2RET S, GiZBWTukv
PHEAELTLE(path) 3. AL B EFLEBEDOEEMu=ve,e1,v1,"Vn-1,8
VsV CE A VSO R (MR ERR)PHEELZ DI LODIETHSE, ZIT
ei, 1SiE€n it vio1 b viZ2ERIALITLEHETH S, ei=(vi-1,vi)lei=<vi-1,
vi>),1SiS0, DL &, EMBHEMmME) LWBU, Fhei=(vi-1,vi)ERldei =<
Vie,vi>, 1SiS0, 0k & BHEFHEEIRE B ZhE O v)-EEHMmE,
PFEBE) BRI LLPE, BEAEOBILRALPIFA—DATH D L
5 ZOELZHAK (cycle) (AMBAK (directed cycle)) e WS, HAvEELHAR
¥CviRDLTIELHE, BEHI7ITIGDED2Hu,vicHLTL, (o, v)-EH
HETSELE, GIEM (connected) TH b WnH, EBRTHWI T 7I3IEER
(unconnected) TH B VI, HFHMZI 726 IcBVWTIHOMEEZEREL LWk &
HMETHLZ T 72 BHE (veakly connected) TH B E WIS, T A,
MREVETAEFMENFEETALEE. ViZduwhLBBTRRTHDL LW, TR
DEPHLEDPLFBITRTHE I LEE, ZDrgR(root) WS, GOHRERL
BEYD2HL, —F P MAELLBIETRTH S L 6. GIIMER (strongly
connected) TH 3 VI, K3, EFARNWEREEM /7 I 7D L ZWVWI, B
HEELEMZ 7760V, EG)Hde (M=0DWr2HFEH, H»Dlde(v)=1({HL.
VErSWoEBER)ND L 5. GIZFMA (arborescence) & X h 5.

HESEESSSVE) IR LT, Sick>TCHEEE NS (induced) GO REH 7 5 7
Lid, HEASE LD, POSOIEARERLTWVWRGHAITRTI L% 5LRE
202075702 ThHB, ZEGSI=(V(G[S]), E(G[S])), {HL. V(G[S]
)=S, E(G[SD={(u, V) Ju,veSHERDT., TDLE GSI2GHBXAREH 7 5
ZERE, ZTFT7G6=(V(6),EG)) 2S5 HEAPSVG) RveV(@) L ZhizHE
TR2ATRTCERNEBZILE. AEAPHEVIORBREL VWY, GPG-V)ERT,
G oBEFISEG) (BeeE(GHZMH EE L2 LEAGULe)DRABKE
(deletion) ¥ WV, G-Q(G-e) & KT, GhroLBecEHEBITIMBREZL DD
Az, PolerBABRBETBILE. LeD AWM E (contraction) &
Wi, B2V D282 ¥R LEAELT S BUVEG)=0LTB, DL E,
G+E'=(V(G),E(G)UE B, Hic. E'={eln ¥k EGter XDT. HEASE 1
ESIZHER® (shrink) ¥ 5 L i3, V(G -SIcfMsx M. EiZe=(u,v) € E(G) (HL.
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€S, vES) AKX Wed W, VICEEMZISBILTHS. k- DVHEFKE /777 L
. FRO_ABIRILERXRFLLVWELR I LS LLKFHD7T77TH S, (
HW)ERRS LG BRL @ EERFI I 70 L ERE kK —-KRH&A L
EREO2Hu VBIRBEZEFLZW(,V)-BHLP LS LLKkAEHIBRLTA
BE&%*WS, EmFLBEMII76nAy M(BABMA)EE. FhEPRBKRE
(BRE)TRLEBRIB. BEERIBS 1ILUEEMNTE2IL2TLEES(R)D
ZETHB., 77 76icB0nWT. ABRu Th2BETEILICEIVERS N
R—=DDEERNIDPLLIRABIEEZ v Ty 2w, AvESEI LW
FRTHDu—70yw7hrolbhd&Eadzi(uvEexdT. k—A v bEid. k
AOLDPLL B Ay bPDIELTHD, $1,5:2GHRL Bk —RHyL L., Gnxg
w FR(I K| <K)THB6KI2BWT, S1 LS FPELI2ERRY. BEERS
a32hdrE. KIS, S:2H0ET2L0n5, |

E(G) : Em S5 76EDANE S

A(G) : AWM 75 7GLOHE A

Ps (u, v) D VS5 7G BT uprLVNDBEGHREM I VDL . HHE
EErLIEHENELEZ S)

Pelu,v> : ZI37GICBT B urbvNDEME

Ms (u, v) P GeBWTyL VBl 2 H_HEFELLZWEORAK

Ne (v) D I 76 IEBVWTVEBBLTWS ARS

KG VGO osEEeET 57

a (8) : GD3 -—EHSIEHIET BAFD A

a (v) : ({HL. ve€Ss)

a (E) D (0, V) EEIEHIET 5 (a (u) a (v))({BEL a (u)+ a (v)) €eKF2 HE
LT LHHEE '

B (v) : VICH Y T A56LDAPL L B3 - R

3. 3-UAREILMEONP —SZF2H
3-ECAICBWVWT, GeZ ERE 77 7ICHRBLTERINSCI-ECALH L., KD
EH*5 5, (FHEZXWM[33]12RBOZ L)
[sE® 1) C3-ECAlZ. NP -2 TH5. (3DMxc C3-ECA)

4. 3 — 0L BE DR O &
4. 1 7HTIYVXLOBME
3 —-BESAES T TY X AATEC(Algorithm for Triply Edge Connecti
vity)
Input. SE2EM 7 7 7G6(V(G),E(G)), | VG) | 24, 2 X HREc:EG=2Z",
BBy 7 7 7G6Ge=(V(Ge),E(Ge)) ({fH L. V(Ge)=V(G), E(Ge) S E(G))
Output. (V(Go),E(Ge)UZ) D 3 —AERKE L L LU EARZISE(G)-E(Ge)

@ BRC'!' (Go% 2 —LMEALT 2EMMIZO (I VEG) | 2)BETRD 3,
G’e=Gat+Z)
@ FTIC (G LDITRTHD3-—RAHERD3)
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® FS (G'23 - AEHLKITLIELUWE 2 KDL, Z«ZUE")

LT TEFTICLFSIZOoWT#H NS, ZZTa=| V@) | .m=]EG) | & &L,

4.

2 FEIFTC

Input. 2 —AERFEED 7776 =(V{G"),EG"))

Output. 3 R DEAECs ‘ .

1) CG=G'; Dae {vEV(CG) | dea(v)=2}; ¥VvEDZCGHLEAMBRET S ;

2) DseV(CG)-D2; A& ¢ :

3) DB BIZA B FETT. 3.)63. )y HBEZTHEDRT:

3.1) I EAVERE (depth-first search)Z HWT, BIE A, 2 — HAEBEK
H,DFS-K T2 Kbz, LDToBEZTL 5.

3.1.a) 2 —AEBSRABCiIcH LT, HHKABCHNAMOR (BB A% v
L35, Hu,welNe s (VM)NVEBCHEF v, weA(MizcH LT, ©| Ne
(V) NV(BC:) | =200 & &, CGeCG-{(v,u), (w,Vv)}; CGe=CG+(w,u); L
=,y <x,9>€ {(Prdu,w>, <w,uw}};@ | Nea (V)NV(BC) | 23D & &,
L={(x,y) | <x,y>€ {Pr<v,w>,<w,v>}}; FIBRL(ECH®B2 &% )P
FEITHhIE, OTIZA«AU[L,u]; @TiEA<AU (L v]; FELZLTH
i¥. DseDs-u; CseCsU {S}; CGeCG-u; (HL. SIFulc#Ed S iR
®£4)

3.1.b) vVERETETNTOABCHNATM ODBRER. KRDOBKL, vO>EN Yy 7
FI w27 935BEE | Neo(v)NV(BC;) | =27% 61X, t,z€ Neo(v) NBC
v, (=) LT, CeeCq-{(t,v), (v,2)}; CGeCGH(t,2); £ D
#%. deo(v)=07% S . DseDs-v: CseCsU {S): (HL. SIIvicHEdN X
nNREE)

3.2) AL ILvIZ BY., ESBAERIZID., CG-EL)IBVWT v S I

TEBVIEDREFRTRD., 20K EScs(v) L B,

3.3) DseDs-Sce(v); Sca (M Z1EvsICHEW LA/ T 72 CGLEEL, 22T
dea (ve) =22 723 dca (vs) =07 5 X CGeCG-vs; Cos«=CsU{S}; £9T%
BRE. DoeDe-ve: (SW. veloMi#y S R7e s A)

3.4) A+ 0% bIE. 3D, 23 THBAE 3 DA

[#iB 1) HEASSVE )N LT, SEC:D7DNDPHEFHEHREITISHECD
- BHyTHBEIETH 5B, :

(#E 2] FICIZ, GDIXRTD3-—RATZO0O (n(ntm))DHEBETRD 5,

3 FHWEFS

Input. 3 —RHBPDEAECG, 2-AHEKE7 5376

Output.G"=(V(G), ZUE(Ge ) A 3 — L ERK L L 2L HEAL

D C(HLEDDE3 -RAEIALCHEHLTELZZ 7578 FLRT, V(F
Y5275 7%KFE 95, KFEOD A Rhe'ld, ¢’ (u,v)=min[{oo} U {
c(x,y) | (x,y) €E(G)-E(G"),u=a (x),v=a (y) (uxv)}l. Nw 2K AL %
bid. b(u, v)=(x,y) & ¥ 3,
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#1 a2 B8

a |P1|b2|b3|bUibsici|eola|e| £ gln|i
a 65| 418 55 21 1| 6| 5|42 215
b1 T b 7181 s{7121]6]9
b2 10{ 4] 5|11l 5141119 |41} 8
b3 37116/8 |1 19|25
by 3]18163]27|5 |14 2 {33
b5 31|40]91|36|6 |6 | T |k
C1 \ 81 7|L4L1L]|83
ic2 , 39{9 |52} 6 |12
14d 712 8|6}2
e c(u,v)=c(v,u) 2 115
f 51T
g 2

h ,

M1 2-0&E&& 7576 AL v v v o0 op o311y

2) FRroBICZEBDEBRNWT S5 70% 4 5,
3 de (=20 RrZWETHL. FHABEBAvZ AL E B, 3. 27
120 R ZLOABCEDFTEL., POCLETriwnEEREDS T | E(C) |
/21 %3 ET3), Z5708B0WT. rhbDIBERER (breadth-fi
rst search)iC X » T, VLo EmMAITNXNTEFEMALLF57%20°L T
. De={r}; izlicd LT, Di={vevV(0) | ueDdi-s,veDd; (j<i), (u,v
YEEW IR L, A(U)={<u,v> | u€Ddi-1,veD; (i=1)}uU {Ku’',v'>|
0w, v €D (iz0),(u’,v')eEEU)}E T 5,
4) F ¥t & modified DIST
¥ (v, ) €EE(RR) i LT, BEERARIZCIDIED S,
D de (V)=2hDdr()23D Lk &
d(v,u)emnin{c (v,w) | we W(u;v)};
b’ (v,u)e (v,w’); (HL. d(v,u)=c (v,w’))

@ de (V)23 2de(u) 230Dk X
d(v,u)eninf{c (w,w’) | we W(v;u),w’ € W(u;v)};
b'(v,uye(vi,u’); (HL., d(v,u)=c’(v',u’))

@ de (V)=2Hp2dr(0)=20D k &

d{v,u)ec’ (v,u), b’ (v,u)e (v, u)

5) UOZBHABCIEOWT, ,we€ Ne (V)P 2<u, v, <v,we€ AU )Y B5CLED Y
(#£r)leH LT, <y, wERET S, ZOBRELCZINELII7%DLT 5,

6) He (V(F), ¢); ¥ (u,v) e E(RF)-E(U) iz L. HeH+{<u, v>,<v,ud>}; AH
e {Ku, v I Kv,w€AU’)JUAMD); HeH+AH); FEREBI B A 3.

(u,v) € E(KF)-EU)IcH L T, : d’<u, v>=d’'<v, u>=d(u, v);
<y, W eEAMDNIIH T HLv,wiexw L T, d’<v, u>=d(u, v);

<u,v>€ AH)-AMD)YIZlZH L T, d’<u, v>=d (v, u);

<u,vwe A ZH L T, d’<u, v>=0;
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vyroe A(D)2x LT, d’<v,rr=00; ¥ 3 3,
7) dicEL T, H_tﬂ)(r%ﬁt‘ﬁ'é)ﬁij\:l:( FEMAKRTEZ RS 5 (M2, £2).
| %2 EEER
a b c d e f h i

a 1 1 6 S 2 2 5
b | w 1 1 s | 211 2 | 2
cleo | O 1 721 2 s | 2
4| = 1 0 7 2| 2|1 6|2
eleow gl 717 2 1 15
Bl 0 2 | 2 2 5 7
g o 1 2 2 2 2
hli>® |l 2] 61l 6 1] 51} o
il 2] 2] 2 5| 7 [ 0

M2 B/NIaXANERAT
8) TOHMBEAAMEZBWT, <y, WeA(D-AM %2bb (v, v HGE
DEBMADIZEWLLE (G)SE(G)-E(G" )R ZIC 2 5,

FSOFERBAIZO (02 (+m))TH B, H3CFSORAR 2 R T,

(HE3) | V(P | 250 L &, HETY¥veVH)-{r) /LT, &#2h 3
By, 0ond'<u, wORBHNBERTHLEMEPu(r, VIBEET 5.

(EHE 2] ATECIZ., G'=(V(G),E(G)UZD)HW3 - NERK /I 7L L bBHRAL
0 (ne(n+mL))0)§‘r§B§ﬁ-ﬁT‘EﬁiT6o

5. AR DFME
BEMY SO PREMAV-MUAUA (TDEZ2ERL. SORLTRBRBEOEAYL
&35, 0ZFHABCIHLT. CHEBAwvEZAELE S, u, veE Ne(w)h o<,
w>, <v,w> € A(U’ )ﬁ‘éﬁﬁﬁﬁﬁwwf‘f’l')#i{?‘% InEsOrKRbLI, Fin
RVERUHABE2CVERDT, ,
O Mer,w |l wd, CerAAROULE1I>0BB A} CxCrBE oW A% 251
UEETCFOERARCICHL 28D ERT,
@ AMehU{Ks(C),w | CIIFORAK. wid., CLOsCYLISNDBHE )
E*(G")SE(Q)-EGYZ2G+E- (G )M 3 - IERKL L r2HERET S, X ={(v
, V) | dr(u)=de(v)=2, u,veV(C) (CIR33LLDHARIET B, Y =a (B (G’
))-X" & 9 5,
@ Ace {(Ks(C),u>,<s(C),v>| (u,v)€X", u,veV(C)} S A(H)-A(D);
@ Ase {<u, v | (u,v) €Y, de (u) =3, dr(v)=2};
® Ase AsU {(<u, v (u,v)eyY, [Pu(r,v)| £ | Pul(r,u)l], dr (u)=3,
“de (V)= 3})-A1; _
de (u)=dr (V)=2HDCv=Cu2 @l T (u,VEYIEHLT., ©@©DO*F% >
® Ase=AsU Ky, v> | 3Py-<v,u>, du(u)=du(v)=1};
@ Ase=AzU {Ks(Cv), v, <v,ud | 3Py-<v,u>, dou)#1,du(v)+1};
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® Ase=As U {<w,v>,<v,u>| WPu-<v,u>, RPy-<u,v>{{B L. smEwidt FPu- <y,
w>, 3Py <v, w7 TP, vV LOBEE S}

(a) % & W% (b) b [a] %
M4 hREIBOER
EB/BHP O, A:SAH, D®IZBWT, Asicz 5h7<s(Cv), v, <w, vICH
LT, doEH LY.
d(s(Cv),v)=d(u,v)=¢c' (u,v), d(w,v)=d(u,v)=c’ (u,v).
> T, : d(As) =2 d(u,v) S 2¢’(Y).

<u,v> € 3

[BHEA)r2BE33AT)SADIUARLZ AEMART 250K ESAVEAH
)-ADBEET 3,

(MBS ] FSICX > TG 23 - DERBHKTLIEPUBREE G)ET S, DL

N c(E"(G"))=2c(Y")+c (A1) +c (A2)
WE4, S5k XOEHE3IZI 5,
[iEB) c(B"(G7))=2c(B*(G"))+&. (HL. c(B"(G"))RU &I
EFNZNRCR I TELIIRABDODIAMRUFHSARNDIXLTH %)
6. HLHFE&

ARTHE., AIAMBRNOBNODDLEEOTIMICE>T, 75 7¢tk23 -0
EREALTIHRMBERENTIREMTNTY XL ERELL SHBOFHEL LT
AREND-BRAETHIARTEEFLEHA TS 2 LEB3 - AESELBERCH TS
EPBENORFBFTLLN S,
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