RiE k5 2 B O MR HER I 120 3 5 Bour O EH

BRI ENLRY: « RPN IRER shRd

Yuki Hattori
Graduate School of Engineering Science,
Yokohama National University

k]

ARED NS, RIS (BORETAY) L AT (Bt et 7 L — L)
v OILFNT (8] Ici5 ., HEEHED 1-57 X — X OO (EFCRZ 2 i
BWHEHH L\ 5. Bour OFME, 52 5 S 126 L, S &SR m g
FEHHEID 2-%F X —RERFHET A 2 e 2 FikT 5, 2L E T Bour OE#HIX, 4+
DAERAHE 4 T3 3 IOEY — L ERERDB AR X W T &=, ARITIE, Bour @
FHONLEN 7 ML e LT, KR A% S OWBEIT I 5 Bour HEMOMN
BT, 2O LTS 2R AT H T 2 8210 R 2 i O AEED I
OB ETT S

1 A4>vrO8 o3>

3XTLL—2 ) v F2EH R OIEFEES) ©ARE i 2 hgdim e WS, 22T, B
EH 213 R OFREMBOIEEALR 187 X — XEGEEOEH £ 35, BRI E

R & PATRBENC X D

flu,v) = (x(u) cosv, x(u) sinv, z(u) + hv)

rRIND, 2IT, (2(u),z(u) 1 R? OFHERETH D, h iy F XN 2 EHK

THb, 1862 FIT E. Bour [ZIRHEMTE R T 2 U T DEBZ AL L 72,

EX 1.1 (Bour FH [1]). R? ©5 2 &N/ ERIZZIRHEHENICN LT, ZOIRGEHHE I

L RAVZIEHERIIT D 2-%5 X — R IEDFET 5,

Bour OEH OIS EBNT 5, f: 2 — R ZIZHEHHEH L 32 &, s BEEEROEHH
I TH D t EEREHHAR DR O REIIEHEES QI L 72 2 X 5 REREIER (s,t) BDEET
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Bo T (s,t) BERBAT A=K LR, TOHRRAT X=X (s,1) 1 LTH 5
AR g 13 O SIEMMEL U (s) Z VT

g =ds* +U(s)*dt? (Bo)

ERTIEPTES, HCHAON Y EOARB AT X=X (s,t) & C™ RIEMEBEE
U(s) iR LT, B—HEAERD (By) &8T5 X5 niFhedhim 2 IRICRR T % 2,
Z DWRHEENL 2-89 X =R IETHE A BN 5,

do Carmo-Dajczer [4] i, Bour OFEH DA & L TR —E RGO 7R
BRefsi.

Bour OFEMHIIANDZEMD—RILB XN T E 7, BRI,

e 3XLH—L ¥V I ya 7 AFx—"E R} (Sasahara [26], Ji-Kim [14], Honda [9])
e S’x R, H?x R, "4 ¥ ¥ ~ULZ# Nily (Sa Earp-Toubiana [23], Sa Earp [22])
e Bianchi-Cartan-Vranceanu (BCV) space (Caddeo-Onnis-Piu [3])

VIR PASGERED 3 XLV —~ ¥ ZhkA (Domingos-Onnis-Piu [5])

DIZHEHHTE 12X LT, Bour OEMEMFEHI N T WS, KIFSFETIE Bour OEEDNTER
—t, BRI R A Z RO E 2N 3 % Bour OEHO— (L 21T - 72

2 T
CZTWRFECHEZRRZ72DICHEREEREEZITo TV, TTDICFRSZ

SHMETHZ70 Y XL REDEREIT>. UTF, S2 % R® OBMIRE, 2%
S2:={x e R3|lx]|=1} £ L, S RAESI N2 KT C° WBRKL T 2.

EE 2.1 (7uryxu, ). C*RER f: X - R 2P7OV2ILTHS i3, EED
pEXIINLT, poliEtE D, C*HEH/v:D— S? T, veT, X qeDITHLT
dfy(v)v(q) = 02T HOPRET I E2 VWS, X561, L:=(f,v): D — R>xS?
PIEDIAAICHRZE, 7Juy&RL f:Y - R ZEEE VI,

RICZBOFEHRTERICR 2 H - HEAEREFERNDERZITI.

EE 2.2 (B —HAENX, FEN). 7orx f L - RICHLT, FEHE g =df -df
PE—EAER VWS, S EAEOT LN 2 RIL O fEHke L, f: ¥ - R3,
f: SR ZE7av&RL, g% fOBE—HEAER, g% fol—HAER T2, 20
rE, fr fOERNTHI LI, g=9'g 2l ITMOFMEESR ¢: X - £ PEET
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LY EREWNI,
nZIEOBEEY 33, WATHO—RLTH 2 n B2 ERT 2,

EE 2.3 (n B [19]). C° WEH f: X — R* 2 p € ¥ T n BT (n-type edge) TH
ek, BEIFE f:(3,p) — (R, f(p) DIEMATOEBRIF
R? 5 (u,v) — (u™,u"a(u,v),v) € R®

v ARMEE 7% & 5 7% O SBEE a(u, v) PIFET B L 2205,

ZIZT, AFEEEMTD XS ICERSINL GHRFICB T 2FEEMEHFETH S, N ZIE
DERL L, X1, Yo & O WEBMHE, i = 1,21 f;: % — RY % O ®EH T
b0 pi €3 (Z = 172) LT, ¢ = fi(pi) 5 E, GERF fi: (Ei;pi) - (RN,%‘)
(i=1,2) 2 A-FMETH % 21X, MAFHEEEEF o (Z1,p1) = (Z2,p2), P : (RN, q1) —
(RN, qo) BEELT fo=Po frop l hdrErR VI,

n BIDERIIBVWT, n =2 DHEE—MRIEINIAITB LTINS [10], KIZ,
MRRIERIRDERZ1T 5.

EE 24 (25, 18). f: S >R Z7uYRLEL, peX 21 ORES, 2%
rank(df), =13 %, DL X,
fuu(p) - v(p)
)= TP
i3 fu(p) = 0 ZiliTe TIRFTERSR (u,v) DED HIZE SRV, k(p) % f D picBiF3
WRRERRER VWS, 51, BRI ORER p PRV v I THE LI, Kk(p) #0 T
HrLEZWVI,

EE& 2.5. (8) RRovuryaiy Sy iR n B0 ©Th3 X, BHEES TR
EThDH, 70V RILVORBEEENETHL, FREORESI Y 22 v 7 nBITH
BrEEWNI,

3 FEE
I TEEHEHNML TV, £3HDHIC Bour WEREEZEEHEMNT 5,

FIE 3.1 (Y= 2V v ZiHE n BT % Bour HEREZEM [8]). R 05260
PRV VBT VY - RPCHLT, UICERMNAEY =2V v 7 8fEn B
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D 285 X — ZIE V) b DIFEET B0 WUZ, UICHEEMRS = 3 U v 2 8HE n T
TE Vg m THABND,

FREOHFEREEHIRDOEINREZHNTREN S,

EIE 3.2 (YA Vv ZIBEn BN S % Bour BERHANK [8]). kb ZIEDOEET,
n=k+1r5%, JEFEEZECHXE, Us) % J Lo O FRIEMEERT U (0) =0
(1<i<k)®iizTdbDr T2, V(s) % J LD C™ KT U'(s) = s*V(s) Ziizz
THDET B, X561, m,h ZEK (m > 0) T,

Pham(8) := /m2U(s)2 — h2 —mAU(s)2V (s)2

TREND ppm(s) DT ETO® WEBTHY, ppm(0) #0 &35, THIT,
z(s), z(s): J = R, 0(s,t): JXx R— RZZNZN ey, e1,62 € {+1,—1} ZHWNT

z(s) = egr/m2U (s)% — h2,
o s CkU(C)ph,m(C)
z(s) = 62m/0 m2U(C)? — dg,

C)Q h2
_l et — ¢ ° (kph,m(g)
ot =0 ( it—eh | U<<><m2U<<>2—h2>dC)

95, ZOLE,

U(s,t) := (z(s)cosO(s,t), x(s)sinb(s,t), z(s) + hb(s,t))
TREINZ V:Jx R— R3F, HHAEAD
g = s2Fds? + U(s)%dt? (Bi)

THdEHBT 22y 7BhEnBLOTH 5,
W, RREDORET, HEAEAD (By) THALNBEEDOY =22 v Z18lEn
AZ R3 OERZHRZRNT LD U TEZ 515,

ZZTCTEEHDIHDENCAEHICHNEREE RS X — R ZE AT 500, BEEEDER
YRIEEE D OHROENER T X — X BN T D,

E#E 3.3 (EHE). [ ZBIXME, n, N ZIEOBE, u ZHXME I Lofr 33, 2ok
X C°MEBR~y: I — RN DBy TEEEnTH2LI3,

Y (up) = ="V (ug) =0, 7" (o) # 0
BT ERVD, TDug PEEE n DRFERE LR,
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ERX 3.4 (27,6, 17)). C°HEH v : 1 — RN D uy TEEE n 3§35, O,

= Js]" !

i TR s = s(u) DIRET 50 2D s RIBEENT A—R L LS,

EHBNAR (EH 3.2) QMO E RS, f: 3 — R %YV x2) v 218 n 7
A, peX %z fORREELT 2, ZOLE, HRAZEBUXM J & J Lo C* BB
U(s), p 20 LT 2BEERE (D;s,t) BFEELT, ¢: D — Jx REMHFAHEET
HH, UD0)=0(1<i<k)»>

g = s2Fds? + U(s)*dt? (Bk)

DD LD, TD XD RIEHER (D;s,t) DIFAEZRTRS 72018, RERZFEOHFROEE <
FIRA=RHVE, Y=V v ZigEn %

f(u,v) = (z(u) cosv, z(u) sinv, z(u) + hv)

ERTEE, FFRAE p = (ug,v) ERESND, ZDLXE, (u,t) PEREELRS LS
T8 BEASZEHR (u, ) — (u, t(u,v)) DFEET Do B I, ar(u) = f(u,t) EEDZ, Z
DEE, oy(u) B ug TEEE n LR2DT, FHENRT X — XANOPEFZEM s = s(u) DFF
fE52, ZOLE, f=f(st) 1

E=fs fs=s*% F=f fi=0, G=f-f=U(s)

BB, COZLh [ OB—EABRIE (By) TRINB 2 L ARENL, #iE
Bour OEHEDFEH [1] L [FARITRE N5,

4 FTFEOIGH

X TRFEEHEAWNTE SN E 2 DT 5.

4.1 (n,r)-ARTD=FOZIEMEDFRER

1 2B (n,r)-2 XA 70 FROBREMEICOWTOIHABMEZRNT 2. MR
N DHNT, RREZARND D ICHERERPLEE, MEZHENT 2. UT, (n,r) =
(2,3),(2,5),(2,7),(3,4),(3,5) £33,



E&E 4.1 (n,r)-AATA). f: 2 - R % C°MEBRLTZ, 2o =, FE
BpeXd (nr)-hRTATH 2 X, GBI f: (3,p) — (R f(p) 54
Fo, : (R%0) = (R%,0) £ AFETH2 L2205, 22T, F, : R — R 1%
For(u,v) := (u™,u",v) (u,v € R) TEE3 C* REH/BET 2, F,, ZEE (n,r)-I A
TS, (2,3)-HATHADZ e B BITHR T DS,

RIZ (n,r)-AATDERZIHENT b,

E&E 4.2 ((n,r)-A A7) XM I ETERINDS C° ®EHB vy : I - R* IIxfL,
FRfE ug € I 2 (n,r)-AhRAFTTH2 X, BBF v : (I,u) — (R v(u)) BEH
F T, (R0) = (RL0) ¥ ARMBTHELE%8 NS, 22T, T, : R — R &
Iyr(u) == (u"u") (ue R) TEE2 C° WEBRTH %, Ty, ZIEHE (n,r)-H AT LW
9o (2,3)-HARATDZ L ZHITART LIS,

ZZT (n,r)-HATDOHEEZHNT 5,

EE 4.3 ((2,3),(2,5),(3,4),(3,5)-H AT DHEE, cf. 2], [21]). [ ZFEXMHE, v : I — R?
% O WE, v (u)=0rF2, ZDLE,

(1) vy D ug THARAT 22D ORLE+IEME, det(v”. 7" )(up) # 0 THZ S
na,

(2) v DY ug T (2,5)-H AT %2 DIDDRETTFEMZ, XX LD & 5 725K
cn E RPFET S THEZbN %,

V" (uo) = c1 7" (o),  det(v”, 37 —10c17 M) (ug) # 0.

(3) v 25 ug T (3,4)-H AT DDDBEFTTFMIX, 7 (uw) = 0 2D
det(v", v ) (up) # 0 THZ 5N 3,
(4) v S ug T (3,5)- AR T % HDIDDRETIHEMEE, 7 (ug) =0D5D

det(v",v*)(ug) =0, det(",7®))(ug) # 0
THZ6N 5,
(2,7)- A TDHEHRIIULTTHZ N D,

EIE 4.4 ((2,7)-H2RAT7OHERE [28, 8]). I ZBHRXM, v : I — R? % C™ 51,
V() =02F3, ZOLE, v uy T (2,7)-DRT%EDDLDDBEF LM, ug



WKBWTRKADED IO XS BFE - c1,co e RBIFET 2L THEZONS,

"

V=, A

10
B 3617(4) = 627”7

det (7’/,7(7) — 7e1y(®) — <7CQ - 73—0c‘;’> 7(4)> £ 0.
FREOHEFEERH WS Z e TU TomEEE LN,

M 4.5 (8]). V: JxR— R M 32 THEZX N2V 3V v ZEn ALY §
%, 2O %, KSR p=(0,t) e Jx RH

(1) ARATATH 57DDREFTEHE, n=22D2U"(0)#0THERZbNI5,

(2) (2,5)-HATATH 2 7=DDRE+3EMIE, n=2222U"(0)=0, US(0)#0
Thzohs,

(3) (2,7)-HATLTH 572D DRE+535M1E, n =222 U"(0) =0, U (0) =0,
UD(0)#4A0TEH5z260%,

(4) (3,4)-AATATH 272D DBEFSEME, n=3»2UD0) #£0 TH5X5

s,
(5) (3,5)-H AT WTH 21D DRE+535ME1Z, n=322UD(0) =0, U (0) £0
THEZoh 3,

M 45 &0, (n,r)-HATATH2DDORBEFREMFT hm BEENT U(s) DA
TRINZ D, FREFT AREEIRINE, ZO0Zehr s, UTORPELN S,

% 4.6 ([8]). (n,7) =(2,3),(2,5),(2,7),(3,4),(3,5) £33, R? D5z 6172 =%
Uy ZI8HE (n,r)-AATHE, =V v Z8EE (n,r)-H AT Lok 5IFERLER
EREDD, TOFEREVIEZS =2V v ZBHE (n,r)-AATHs D 2-7 X —RETH
Abhd,

M1 YV ZlEhRTILOFERER



K2 U=y oy 2N (3,4) H R FLOHELT

42 RWEIUIHITZRAENAFEEDOHNTEMH
FEMD 2 OHOWHZMENT 2. $TIELDIAZERBDEREZITI,
& 4.7 (TER). [ >R %27unv&)), pk Y LOFALT 5,

o P POEZEZEEJI(f,p) VAREETH S IF, R OEELIT e MyuFEHE
Bo:X =X Tolp)=pZiliTdbDIINLT, |J(f,p)|=|J(Tofoop L p)
DD DL EEWV I,

o FZER J(f,p) PREMTH 2 L1Z, EED fIERMNAZZn Y2V f .Y - R3
ZXLT, |J(f,p)| = |J(f,p)| DI EE WS,

o RER J(f,p) PNENTH % 21X, J(f,p) DREMTRY, 2%, |J(f,p)| #
\J(f,p)| 27T k5% fICERNAR 7Y AL 0 > REMPIFET 2L 5%
W,

Bl 4.8. VAR K 3HE EAERKOATREINL DNENIEETH S, —77,
IR H 3SMENAERTH %,

MTROHEIENPH ST VWS,

EE 4.9 (20, 11, 10)). EBHTH2OY =2V v 7 BR—RLINT A X T LT, M
RIERIR k), BIMENTERTH 2,

TEHEHWS Z 2T, BTN IPOD 223V v 7 —RILZINT2HATAE D = %
Yy ZW8HE n BN EZ THIRED Z EDBR D LD Z e 30 h o 72,

% 4.10 ([8)). ¥ =2 U v Z8HE n BICH LT, BRI o, 3OMERTH 5.



%410 1%, XomEEHWTREINDS,

M8 4.11. V: J xR > R? #EM 32 THEz26N3Y 22V v ZiBlEn B 53,
ZDrE, KW p=(0,t) € J x RIZBY 2MRIEME r, ZRXTHZX 5N 5,

. Ph,m(o)
w(P) = a0y
FEED S, U(s,t) DE—HEARERNL (By) TREINS, —F7, K, Em, hITKEFET 2
e, Ky, BHNERNTHZZ e 2bh %,
[19] I2BWT, K, DD n BT 2 kA BAERPEA SN, FEHZHWT
ENS DAEEDIMENEZFNT %,

FEA412. [ SR E7UVRALL, fORESES S(f)H S NOERE ¥
2, 572, pe S(f) 2B 1 ORRE L T2, DL X, pDEE D TERBININRY
UGN T, n# 0 »OEED ¢ € S(f) N DI LT df,(n,) =0 Zii7zsdD%iBL
R BMILZEWVWS,

[19] TRD n A0 OREEIRE NIz,
ER4.13 ([19). f: X =R Z7urxirl, fORREES S(f) 2 X NOIEHIf

W35, ¥%, pe S(f) BWE 1 OBRAL TS, £ % &, € T,5(f) TE ¢ ker(df,)
BT MBS T 5, O E, fip ETaEIELOIL L,

Bi=2,...,n—1, K qecS(f)ITRHLT n'f(q) =0 I (4.1)
Efp) & n"f(p) HWYEHIL
Z 7z SIRER T SV DFEET 5 Z L IEXFEET® 5,

& 4.14 ([19). f: X > R Z7nv&il, pe X2 nBr 33, &n % (4.1),
(4.2) Zilil=F_7 PABET 2, ZOLE,

() 1 JUES "] 6" f) (&f -n"f) det(Ef. 0" f. €2 1)
e < IEFIPIES < n™fII?

13 (4.1), (4.2) 2723 RZ PG n OID FTITX 5720, ki(p) & cusp-directional
torsion ¥ FER, F7z, i=1,...,nINLT, wypti &

(p) — (p)

_ eIt det(e S, 0" S0 )
BEXZIEERE

(p)

Wn,n—i—i(p)



TEDD. wWynt1(p) & (4.1), (4.2) Zii7=T X7 PABF En OWMD HIZE S0, £
7z, i=2,...,m—1ITHL, wpnsils() = = Wnmti-1ls() =0 DEZ, wynti(p)
Z(4.1), (4.2) ZHiZTRT MU En DD FIZE SRV wynti(p) & (n,n + 9)-
cuspidal curvature, i = n D& Z, w,2,(p) & Pn2n(p) TEL, (n,2n)-bias &
23,

FREREZHNS Z L TROMEIF SN 5,

R 4.15 (8]). V: J xR — R® M 32 THEZ 6N 2V =2V v 7 8fE n 850
3%, ZOrE, KB p=(0,t) € J x RIZEBI} 3 cusp-directional torsion xy(p),
(n,n + i)-cuspidal curvature wy, n4:(p), (n,2n)-bias B, 2,(p) FRXTEHEZ LN,

h

m2U(0)2’
m2U (0)U "+ (0)

((n = DY +/mpy, 1, (0)

frantp) = 12 (TLOO O (e Y

i 4.15 25, BAZERIE m, h ITEKIFLTEBY, H—HEAEAL—H L THERLE
B30, MENAZETHEZ edbhrd, LEBoT, RO DT,

Ke(p) =

Wnon+i(P) = €1€2

% 4.16 ([8]). Y= AV v Z1ghE n BN LT, MREME £, cusp-directional
torsion k¢, (n,n -+ i)-cuspidal curvature wy, 4 (1 <i<n-—1), (n,2n)-bias By 2, &

ETHMENTERTH %,
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