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Abstract

We study singularities of ruled surfaces in R*. The main result asserts that only
cross-caps appear as singularities for generic ruled surfaces.

1. Introduction

The study of ruled surfaces in R? is a classical subject in differential geometry.
It has again been studied in some areas (i.e. Projective differential geometry [16],
Computer-aided design [7, 18], etc.). Generally, ruled surfaces have singularities.
Recently there have appeared several articles concerning singularities of developable
surfaces in R? (cf. [3, 8-12, 14, 15, 17]). Developable surfaces are ruled surfaces which
have vanishing Gauss curvature on the regular part. Another characterization is
that developable surfaces are envelopes of one-parameter families of planes in R?,
so that they have singularities of discriminants of such families. In these articles
classifications of singularities of developable surfaces are given. Briefly speaking, the
cuspidal edge, the cuspidal cross-cap or the swallowtail appear as singularities of
developable surfaces in general (cf. Fig. 1).

On the other hand, the Gaussian curvature of the regular part of a ruled surface
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Fig. 1

is generally nonpositive. So the developable surface is a member of the special class
of ruled surfaces. Therefore we have the natural question:

How are singularities of developable surfaces different from those of ‘general’ ruled
surfaces?

In this paper we give a classification of singularities of general ruled surface. A
ruled surface in R? is (locally) the image of the map F{, 5 : I X J — R? defined by
Flys(t,u) = y(t) + ub(t), where v: I — R? §: I — S are smooth mappings and
I, J are open intervals. We assume that I is bounded. We call v a base curve and 6 a
director curve. The straightlines u — ~y(t) + ué(t) are called rulings.

In order to describe the main result in this paper we need some preparation. Let
fi (Ni,z;) — (P, y:) (¢ = 1,2) be C* map germs. We say that f, fs are .«Z-equivalent
if there exist diffeomorphism germs ¢: (N, () — (No, x2) and ©: (P, y,) — (P, y2)
such that o fi = fy0¢. Let Co2(I, R? x S?) be the space of smooth proper mappings
(7,6): I — R*x S? equipped with Whitney C*-topology, where I is an open interval.
The following theorem is the main result in this paper which gives a ‘generic’ answer
to the above question.

THrEOREM 1-1. There exists an open dense subset O C Cp2(I ,R? x S?) such that the
germ of the ruled surface F, sy at any point (£, uy) is an immersion germ or o -equivalent
to the cross-cap for any (7, 06) € O.

Here, the cross-cap is the map germ defined by (xy, x3) — (T3, T2, T173).

It is well known that any singular point for generic smooth mappings from a
surface to R? is the cross-cap (cf. [1, 5, 13, 19]). The set of ruled surfaces is a very
small subset in the space of all C°°-mappings. The above theorem, however, asserts
that the generic singularities of ruled surfaces are the same as those of C°°-mappings.
We remark that the cross-cap is realized as a singularity of a ruled surface as follows:
consider curves y(t) = (t2,0,0) and §(t) = (0, 1/V1 +2,t/V1 +2), then Fi, 4 (t, u) is
the cross-cap (cf. Fig. 2 below) which corresponds to the normal form.

We can summarize the results of the above theorem as the following relations by
referring to the previous results [3, 10-12, 15]:

{Singularities of generic developable surfaces}
+ {Singularities of generic ruled surfaces},

{Singularities of generic ruled surfaces} = {Singularities of generic C*°-mappings}.
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One of the examples of ruled surfaces with cross-caps is the Pliicker conoid which is
given by v(6) = (0,0, 2 cos @ sin 0) and 6(0) = (cos8,sin0,0) (0 < 0 < 27) (cf. Fig. 3).

We can also see a beautiful picture of the ruled surface at the home page of
Banchoff [2].

In Section 2 we briefly review the classical theory of ruled surfaces. The idea of
the proof of Theorem 1-1 is that we may locally regard the ruled surface as a one-
dimensional unfolding of a map germ and apply the theory of unfoldings. In this case
the parameter along rulings is considered to be the unfolding parameter. In Section
3 we prepare the general theory of unfoldings. The proof of Theorem 1-1 is given in
Section 4.
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This is the first paper of the authors’ joint project entitled ‘Geometry of ruled
surfaces and line congruences’.
All manifolds and maps considered here are of class C'* unless otherwise stated.

2. Basic notions and a review of the classical theory

We now present basic concepts and properties of ruled surfaces in R*. The classical
theory has been given in [6]. However, ruled surfaces are not so popular now, so that
we review the classical framework. For the ruled surface F{, ), if 6 is a constant
vector v, then the ruled surface Fi, ,) is a generalized cylinder. Therefore, the ruled
surface F{, s is said to be noncylindrical provided ¢’ never vanishes. Thus the rulings
are always changing directions on a noncylindrical ruled surface. It is clear that
the set (' consisting of noncylindrical ruled surfaces is an open and dense subset in
C’;ff(I,R3 x 5?%). Then we have the following lemma (cf. [6, lemmas 17-7, 17-8]).

Lemma 2-1. (1) Let F, 5)(t, u) be a noncylindrical ruled surface. Then there exists a
smooth curve o: I — R* such that Image F, 5 = Image F|, s and (o’(t),8'(t)) = 0,
where {(,) denotes the canonical inner product on R®. The curve o(t) is called the striction
curve of F, 5 (t, u).

(2) The striction curve of a noncylindrical ruled surface Fi, s (t,u) does not depend on
the choice of the base curve 7.

We can specify the place where the singularities of the ruled surface are located.

Lemma 2-2. Let Fi, 5 be a ruled surface with the striction curve o. If xy = F5 5 (to, to)
s a singular point of the ruled surface Fi, 5 then uy = 0 (i.e. zy € Image o). Moreover,
if o'(to) % 0, then the ruling through o(t,) is tangent to o at t,.

Proof. We can calculate the partial derivative of I, 5 as follows:

aF’(U,&) . / aEa,é)
(‘?t (tv U) -0 (t) +ud (t)7 au

Therefore we have

OFos  9Foe

(t,u) = o' (t) x 6(t) +ud'(t) x 6(t),

ot ou

where x denotes the vector product in R?.

Since ||6 || = /(6(t),6(t)) = 1, we have (§'(t),6(t)) = 0. By the condition
that (o’ (t)) = 0 and the above, there exists a smooth function A(t) such that

o’(t) x 5( ) )\(t)é (t). So we have

8F1(o 8) 8EJ 6) ? / 2

, , _ )+ 2

| Zhet | = s + us'e x 50

= )\(t)2\|6’(t)||2 +2X(E)uld'(t), 8" () x 8(1)) + u*|| 6 (t) x 6(t)|)*
= (A@®)* + ) |81
Suppose that xy = Fi, s (to, uo) is a ilngular point of the ruled surface Fi, ), then

HaFcrﬁ (a =0

2 (to, uo)

Since F{, ) is noncylindrical, this means that uy, = A(ty) = 0.
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By Lemma 2-2, the singularities of a ruled surface are located on the striction curve.
If we consider the cross-cap F,s(t,u) = (£, u/V1+t2,ut/V1+2), then +/(t) =
(2t,0,0) and &' (t) = (0, —t//(1 + t2)3, 1/4/(1 + t2)3). By definition, y(t) is the striction
curve of I, 5 (t,u) and the singular point is (0, 0, 0).

We also consider the following examples.

Example 2-3. Let v: I — R* and §: I — S? be curves given by v(t) = (0,0, f(t))
and 0(t) = (cost,sint,0). Then the ruled surface Fi, s (t,u) = (ucost,usint, f(t)) is
called a positive conoid. We can easily calculate that singularities of Fi, s)(¢, u) is given
by u =0, f'(t) = 0 and the striction curve is y(t).

On the other hand, let g: (R*,0) — (R* 0) be a smooth map germ. It has been
known that the origin is the cross-cap if and only if there exists a local chart (z(, z2)
around the origin such that the following conditions hold:

g9 9y dg d%g d%g

S O F0, 50) =0 and det(a—xl(O),—axlaxQ (0),6—963(0)> +0.

By a direct calculation, Fi, 5)(t,0) is the cross-cap if and only if f'(t,) = 0 and
f"(to) + 0. The above condition means that ¢, is a Morse singular point of f(t).
Moreover, it is well-known that Morse functions are generic in the space of smooth
functions. Therefore, this example confirms the assertion of the main theorem. One
of the examples of positive conoids with cross-caps is the Pliicker conoid which has
been given in Section 1 (cf. Fig. 3).

Example 2-4. Consider the developable surface
Fiys)(t,u) = (u, =2t — 3tu, t* + LtPu)
with a cuspidal cross-cap. If we slightly perturb it into the ruled surface
FE 5 (tu) = (u, —28° — 3tu, t* + et + $t7u),

we can easily show that the origin is a cross-cap. The situation is depicted in Fig. 4.
The left picture is Fi, s)(t, u) and the right one is F)% (t, u).

3. Unfoldings

For the proof of Theorem 1-1. we need to prepare and review the theory of one-
dimensional unfoldings of map germs. The definition of r-dimensional unfolding of
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fo: (R™,0) — (RP,0) (originally due to Thom) is a germ F': (R” xR",0) — (RP xR",0)
given by F(x,u) = (f(x,u), u), where f(x,u)is a germ of r dimensional parameterized
families of germs with f(z,0) = fy(z). This definition depends on the coordinates of
both spaces (R™ xR", 0) and (RP xR", 0). We need the coordinate free definition of un-
foldings [4]. Let f: (N, zy) — (P, ) be a map-germ between manifolds. An unfolding
of fisa triple (F,1i,j) of map germs, where i: (N,z) — (N',x(), 7: (P,y0) — (P, y)
are immersions and j is transverse to F, such that Foi¢ = jo f and (i, f): N —
{(z',y) € N' x P| F(z') = j(y)} is a diffeomorphism germ. The dimension of (F,i,j)
as an unfolding is dim N’ —dim N. We can easily prove that the above two definitions
are equivalent.

Lemya 3-1. Let F: (R*,0) — (R*0) be a map germ with the components of the
Jorm F(t,u) = (Fi(t,u), Fy(t,u), F3(t,u)). Suppose that (OF;/0u)(0,0) % 0. By the
implicit function theorem, there exists a function germ g: (R,0) — (R, 0) with F; '(0) =
{(t,g(t)) | t € (R,0)}. Let us consider immersion germs i: (R,0) — (R? 0) given by
it) = (t.g(t), j: (R2,0) — (R,0) given by j(y1,92) = (y1,y2,0) and a map germ
f:(R,0) — (R%0) given by f(t) = (Fi(t, g(t)), Fs(t, g(t))). Then the triple (F,i,7) is a
one-dimensional unfolding of f.

Proof. Tt is clear that F o = j o f. Since (0F3/0u)(0,0) % 0, F is transverse to j.
We can easily show that

(@ u,yim2) | F(tu) = jlysy2)} = {(E 9(8), Fi(t, g(t)), Fa(t, g(1) [t € (R,0)}.

Since (7, f): (R,0) — (R x R%,0) is given by (i, f)(t) = (¢, g(t), Fy (£, g(1)), Fa(t, g(t))).
it maps diffeomorphically onto the above set. This completes the proof.

Since the cross-cap is a stable singularity of map germs (R* 0) — (R? 0), we
now discuss the stability of unfoldings. Let &, be the local ring of function germs
(R™,0) — R and the unique maximal ideal is denoted by .#,. For a map germ
[ (R™0) — (RP,0), we say that f is enfinitesimally of -stable if the following equality
holds:

&(n,p) = <aafv7aaf> + [ & (p, ),
4 T/ g,

where &(n,p) denotes the &,-module of map germs (R",0) — (RP,0) and
[ &, p) — &(n,p) is the pull back map given by f*(h) = ho f. It is known that
an infinitesimally .«/-stable map germ (R?,0) — (R?, 0) is an immersion germ or the
cross-cap [1, 5, 13, 19].

For map germs f,g: (R",0) — (RP,0), we say that they are S -equivalent if
there exists a diffeomorphism germ ¢: (R",0) — (R",0) such that f*(4#,)é, =
¢* o g*(Mp)E . The A -equivalence is a equivalence relation among map germs. Let
J¥(n,p) be the k-jet space of map germ (R™,0) — (RP,0). For any z = j*f(0) €
J¥(n,p), we denote that

H*(2) = {5%9(0) | g is A -equivalent to f}.
We call it @ #*-orbit since it is the orbit of a certain Lie group action. For any map
germ f: (R™ x R",0) — (RP,0), we define a map germ jff: (R” x R",0) — J*(n,p)

by ji f (@0, u0) = j* fuy(w0), where fu(2) = f(z,u) and j* fu,(x0) = 5" (fu, (2 + 20))(0).
We have the following Lemma (cf. [13]).
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LemMa 3-2. Under the same notation as the above, j¥ f is transverse to A% (5* £,(0)) if
and only if

_/9fo d fo af of
(§<n7p) - <ax17"'7axn>(F fﬂ( ) (’I’L p) <au1(x70)7 78’LLT((E 0) el?"'7ep>R7

where e; = ((),...,O,f,O,...,O) e Rr.

The following lemma is folklore. However, we cannot find any context on where
the proof is explicitly written. So we give the proof here.

LemMA 3-3. Let F': (R™ x R",0) — (R? x R",0) be an unfolding of fo of the form
F(z,u) = (f(z,u),u). If jFf is transverse to A *(j kf(, )) for sufficiently large k, then F
s infinitesimally Jzi stable.

Proof. By Lemma 3-2 we may assume that

_ /9% dfo . of of
&(n,p) = <33:1"”73xn>é,,"+f0 (ﬂp)é"(n,p)+<au1(x,0),.. ,aUT(x ,0), el,...,ep>R.

We can show that

ofy  Of
snerp = (G G s
<8f( 1) IR 8f(a: 0), 61,...,€p> + M. En+r,p).
8’1,61 aur &

We now apply the Malgrange preparation theorem (cf. [13, p. 141]) as follows: con-
sider M = &(n + r,p) as an &,+.-module of finite type. Then we have the quotient
&r-module My = &(n +r,p)/ M ,.E(n+r,p). We also consider an &,+,.-submodule

_ /9% dfo
N_<8x17"'781‘n>5n”+f()( ) (7’L+7”p)

of M. By the previous equality and the Malgrange preparation theorem, we have

af of
M = N+<au1(x O)...,8%(1:,0),61,...,61,>&.
This means that
of of. .
En+rp = <8x(: “’8$:>gmr + fo (M p)E(n + 1, D)

aof of
<8u1( ,0), .. 8uT($ ,0), el,...,ep>ﬁ .

O r

Forany £ = ({,&) € E(n+ryptr)=8En+rp) x EMn+rr), there exist \;,n; €
& p+rand g, ¢; € &, such that

T

& - zﬁfwzmwz afuzga
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Therefore, we have

P r P

€0 =3 NG+ a0+ 3 (50) + 3o Gten0
i=1 o=t i=1 ’ i=1

T P b
i
1

- Z )‘i% + ZW% + Zm(fi,()) + Z(C' — pi)(eq, 0).
i=1 b= LR -

Since (; — p; € &, f:1(Ci — )€, 0) € F*&(p + r,p + ). This means that

e (08 OF OF  oF
b Oxy" " 0x, Ouy’ T Ou,

On the other hand, we have

> +F & (ptr, p+r)+ F* (M pir)E (ntr, ptr).
Ener

T T

or of
0,&) = 2.4 - 2,0 70 .
( 752) ;:1 52, 811,1‘ ;:1 5—-7 <8U1 )
By the same argument as those above, we have

0.6 < OF  OF 9F  OF

i +EF*E(ptr, prr)+ F* (M o) E (nFr, ptr).
axl’ 78.’En’au17 ’8ur>(§”n+r (p T’p T) ( p+) (n Tp T)

Hence, we have

En+ tr)=(—, ., ...
(n T7p T) <ax17 Y 8{[”7 8u17 ’ auT

+F*E(p+r,ptr)+ F My )E(n+r,p+r).

oF oF OF OF >
Ener

Applying the Malgrange preparation theorem once again, we have

OF  OF 9F  OF

&(n+ Tr)=( Ty
(n T7p T) <axl7 7axn?au]’ 78uT

> +F*&Ep+r,p+r).
(”@nJrr

4. Generic classifications

In this section we give the proof of Theorem 1-1. Since the infinitesimally .o7-stable
map germ (R? 0) — (R?,0) is an immersion or the cross-cap, we now prove that the
germ of the ruled surface F{, s at any point is infinitesimally .o/-stable for generic
(7 6).

On the other hand, by the calculation of the proof of Lemma 2-2, the singular point
of the ruled surface Fi, s is given by the condition that rank (y/(¢) + ud'(t),6(t)) < 2
and it is equivalent to the condition that two vectors +/(t) + ud’(t), 6(t) are parallel.
Since 6(t) * 0, rank (7/(t) + ud'(t), 6(t)) > 1.

We now regard the parameter u (i.e. the parameter along the ruling) of the ruled
surface as the parameter of a one-dimensional unfolding. For any (v, §): I — R3 x S?
with &§'(t) & 0, we denote that y(t) = (y((t), v2(t), v3(t)) and 6(t) = (61(t), 62(t), 63(t)),
then we have the coordinate representation:

Fioy 5t u) = (71(8) + ubi(2), 72(t) + uba(t), v3(t) + uds(t)).

For any fixed (ty, uo) € I x J with 03(ty) # 0, we define a non-empty open subset
Us in I by
Us ={teI]bt)+0}.
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We define a function g3(t) by gs(t) = —(v3(t) — yo)/63(t) for any t € Us, where yo =
Y3(to) + wod(ty). Therefore, we have

Flo5)(t,u) = y(t) + g3()6(t) + (u — g5(2))6(t) = ~(T) + g5(T)8(T) + US(T)

for T'=1t, U = u — g3(t). We denote the above map as Fi, (T,U). By Lemma 3-1,
the map germ FN'(%(S)(T, U) at (2, 0) is a one-dimensional unfolding of 73 OFN'(WS)(T, 0) =
(Yi(T)+g3(T)61(T), v2(T) +g3(T)62(T)), where frz: R* — R? is the canonical projection
given by m3(y1, Y2, ¥y3) = (Y1,y2). The following lemma is the basis for the proof of
Theorem 1-1.

Levya 41, Let W C J*(1,2) be a submanifold. For any fixed map germ §: [ — S?
with §'(t) £ 0 and any fixed point (ty, wy) € I X J with bs3(ty) £ 0, the set

sTw,tgue) = 17 | JFs 0 F’(Wg) is transverse to W at (to, ug)}
is a residual subset in C*°(I,R?) x {6}.

Here, we consider that C*>(I,R? x S%) = C>°(I,R?) x C>°(I, S?) and relative topology
on C>(I,R?) x {6}.

For the proof of Lemma 4-1, we need to apply the following fundamental transver-
sality lemma of Thom (cf. |5, p. 53, lemma 4-6]).

LeEMMA 4-2. Let X, B and Y be C*®-manifolds. Let j: B — C>(X,Y) be a map-
ping (not necessarily continuous) and define ®: X x B — Y by ®O(z,b) = j(b)(x).
Assume that @ is smooth and transverse to the submanifold W of Y. Then the sel
{b € B | j(b) is transverse to W} is dense in B.

Proof of Lemma 4-1. Let {K;}22, be the countable set of open covering of W' such
that each closure K; is compact. We define the following set

3TW, (t0,u0), K; = {fy| jffr;; o FN‘(WS) is transverse to W with jfﬁ';; o F’(%lg)(t(,, Uuy) € I_(j} .

We now prove that 37w, 4.k, is an open subset. For the purpose, we consider the
following mapping

' CF(Us, R?) — C=(Us x J, J*(1,2))

defined by j*(v) = j*#y0 F’(Ws). It is clear that the mapping 7* is continuous. We also
define a subset

Ow,x, = {9 € C*(UsxJ, JE(1,2)) | gis transverse to Wat (o, ug) with g(ty, u) € K},

then it is open (cf. [5]). Since the restriction map resy, : C°(I,R?) — C>(Us, R?)
is continuous, 37w, ).k, = (resyy)”' o (%) (Ow,k,) is open. If we show that
STW,(tu,uo),Kj is dense subset in COO(I7 R3) X {6}7 then TW,(thU) = m;.zl TW,(to,w»),Kj
is a residual subset.

Since resy, is surjective, it is enough to show that

Tty u0) k6,05 = {7 € CF(Us, R?) | j{#s 0 Fy ) is transverse to W at (to, o)
with jifty 0 Fio,s)(to, ue) € Kj}

is a dense subset in C*(Us, R?).
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For any v € C®(U3,R?) and p = (pi,p2) € P(1,2;k), we define a mapping
f(%p)i []3 x J — R? by

S w) = (vi(t) + pi(t) + g3(£)61(t) + wdi(t), 1a(t) + pa(t) + g3(t)da(t) + uba(t)),

where P(1,2; k) denotes the space of pairs of polynomials (py, p2) with degrees at most
k without constant terms. We also define a mapping ®@: Uy x J x P(1,2: k) — J*(1,2)
by O, u, (pisp2)) = 35 fryp (1) = 55 fi pyu(t), Where fiy ) w(t) = fiy.p(tu). We may
consider that P(1,2; k) is Euclidian space RY.

It is easy to show that @ is a submersion, so that it is transverse to W. By Lemma

{p = (p1,p2) € P(1,2: k) | @, p, is transverse to W at (ty, uy) with @, ) (to, u) € K}

is dense in P(1,2,;k). Hence, we can find (p,ps)i,(P1,D2)2, (P1,D2)3,... In
P(1,2:k) converging to (0,0) so that @, ., is transverse to W on Kj. Since
llmz—>oo (FY + (<p17p2)i7 0)) =7 n COO(U37R3)7 TW,(tn,u(,)prU:; is dense in COO(U37R3)'

We remark that ;Tw, 4, 4, (7 = 1,2) can also be defined for (¢y,uy) € I x J with
0;(to) # 0 and the same assertion for ;T 4, as the above holds.

Proof of Theorem 1-1. Let #"; be the A -orbit with codimension i in J*(1, 2) for suf-
ficiently large k. We also denote that 2(1,2) = ﬂi>3 Ay C J(1,2). It has been known
that X(1,2) is a semi-algebraic subset in J*(1,2) with codimension greater than 2.
Therefore we have the canonical stratification {&;}." of 2(1,2) with codim .%; >
2. For any (ty,uy) with 63(ty) # 0, we denote that 375 ) t)uy) = ﬂj:ll T, to,u0)-
Since 3T, (toue) A0 3T5(1,2) (t,u0) are residual subsets in Co9(1,R* x S%), 30, 4, =
ﬂ?z] 3T (o) [VTE(1,2),t0,u0) 15 also a residual subset in Cpo(I,R® x S%). By the
remark after the proof of Lemma 41, ;04 ) (7 = 1,2) are also residual sub-
sets in Co2(I,R* x S?) respectively. Therefore, for any fixed (ty,uy) € I x J, there
exists a residual subset O, ., C Cpo(I,R? x 5%) such that the map germ Fi, s
at (ty,uo) is an infinitesimally .o7/-stable map germ for any (v,0) € ¢ by Lemma
3-3. Since the infinitesimally .o/-stable map germ R? — R? is an immersion or the
cross-cap and the singularities of F{, s are located on the striction curve, there
exists an open neighbourhood Uy, C I of ¢, such that F, s is an immersion on
U, x I —{(to,up)}. Since I is compact, we can extend (7,8) slightly on an open
interval I, D I and there exist finitely many U;, (i = 1,...,¢) such open sub-
sets as the above with I = Ule U,. Then O = (.., Oy, ;) is a residual subset of
Coo(I,R? x §%). It is clear that the germ F, s at any point (t,u) € I x J is an
immersion or the cross-cap for any (v,0) € 0. It is easy to show that the map-
ping Fy: C(I,R?* x §%) — C°°(I x J,R?) defined by F}(v,6) = F|, ) is continuous.
Since the cross-cap is the stable singularities of map germs (R?,0) — (R?,0), the set
S ={feC>(IxJR*| fis an immersion or the cross-cap at any point € I x J}
is an open subset. Therefore, ¢ = Fﬁ_' (&) is an open subset of C’;‘?(I,]R3 x S?). This
completes the proof of Theorem 1-1.

REFERENCES
[1] V. I. ArNoL'D, S. M. GUsEIN-ZADE and A. N. VARCHENKO. Singularities of differentiable maps,
vol. I (Birkhéuser, 1986).
[2] T. BANCHOFF. Front cover of Notices of of A.M.S. (http://[www.geom.umn.edu/locate/tfb/art/),
vol. 44, no. 3 (1997).



[17]

[18]

[19]

Singularities of ruled surfaces in R? 1

J. P. CLEavE. The form of the tangent developable at points of zero torsion on space curves.
Math. Proc. Camb. Phil. 88 (1980), 403—407.

C. G. GiBsoN, K. WIRTHMULLER, A. A. bu PLEss1s and E. J. N. Lootsexaa. Topological stability
of Smooth Mappings. Lecture Notes in Math. 552 (Springer, 1970).

M. GorusiTsky and V. GUILLEMIN. Stable mappings and their singularities, GTM 14 (Springer,
1973).

A. GrAY. Modern differential geometry of curves and surfaces (CRC Press, 1993).

J. HoscHEK and H. PortvaN. Interpolation and approximation with developable B-spline sur-
Saces, in Mathematical Methods for curves and surfaces (ed. M. Dzehlen, T. Lyche and L. L.
Schumacker), pp. 255-264 (Vanderbilt Univ. Press, 1995).

G. IsHikawa. Determinacy of envelope of the osculating hyperplanes to a curve. Bull. London
Math. Soc. 25 (1993), 787-798.

G. IsHikawa. Developable of a curve and determinacy relative to osculation-type. Quart. .J.
Math. Oxford 46 (1995), 437-451.

S. Izumrva and T. SaNo. Generic affine differential geometry of space curves. Proceedings of the
Royal Society of Edinburgh, vol. 128A (1998), 301-314.

S. Izvmiva, H. Karsumr and T. Yamasaki. The rectifying developable and the Darbopux
indicatrix of a space curve. Banach Center Publications, Caustics 98, vol. 50 (1999), 137—
149.

S. Izumiya, D.-H. Per and T. Sano. The lightcone Gauss map and the lightcone developable
of a spacelike curve in Minkowski 3-space, Glasgow Math. J. 42 (2000), 75-89.

J. MArRTINET. Singularities of smooth functions and maps, London Math. Soc. Lecture Note
Series, vol. 58 (Cambridge University Press, 1982).

D. Moxbp. Singularities of the tangent developable surface of a space curve. Quart. J. Math.
Ozxford 40 (1989), 79-91.

I. PorTEOUS. The normal singularities of submanifold. J. Diff. Geom. 5 (1971), 543-564.

T. Sasaki. Projective differential geometry and linear homogeneous differential equations. Rokko
Lectures in Mathematics, Kobe University, vol. 5 (1999).

0. P. ScHERBAK. Projectively dual space curve and Legendre singularities. Sel. Math. Sov. 5
(1986), 391-421.

M. ScHNEIDER. Interpolation with developable strip-surfaces consisting of cylinders and cones,
in mathematical methods for curves and surfaces 11, (ed. M. Daehlen, T. Lyche and L. L.
Schumacker), pp. 437—444 (Vanderbilt University Press, 1998).

H. WHrTNEY. The singularities of a smooth n-manifold in (2n — 1)-space. Annals of Math. 45
(1944), 247-293.



