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LIMIT OF THE HAUSDORFF DISTANCE FOR ONE-PARAMETER
FAMILIES OF WULFF SHAPES CONSTRUCTED BY AFFINE
PERTURBATIONS OF DUAL WULFF SHAPES*

HUHE HANT AND TAKASHI NISHIMURA?

Abstract. It is known that the Wulff construction is an isometry. In this paper we provide
an alternative proof of this fact. Moreover, according to this result we investigate the limit of the
Hausdorff distance for one-parameter families of Wulff shapes constructed by affine perturbations of
dual Wulff shapes.
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1. Introduction. Throughout this paper, we let n,S™ and Ry be a positive
integer, the unit sphere of R™*! and the set consisting of positive real numbers re-
spectively. Define the set C°(S™, R ) as follows

CO(S™,Ry) ={y:8" = R,| v is continuous} .

For any v € C°(S™, R, ) and any 6 € S™, let I, ¢ be the following half-space, where
the dot in the center stands for the scalar product of two vectors x,6 € R" 1.

Lyo={zeR"™ | z-0<~(0)}.

The Wulff shape associated with -y, denoted by W,, is the following intersection

Wy = ﬂ Ly 0.
ocsSn

This construction is well-known as the Wulff construction of geometric model for an
equilibrium crystal introduced by G. Wulff in [9]. By definition, it is clear that Wulff
shape is a convex body containing the origin of R**! as an interior point. Conversely,
it is known that any convex body containing the origin as an interior point is a Wulff
shape associated with an appropriate continuous function ([8]). For details on Wulff
shapes, see for example [2, 5, 6, §].

Given a v € C°(S™,R,), set

graph(y) = { (0,7(0)) e R"™" — {0} | 0 € 5"},

where (6,7(6)) is the polar plot expression for a point of R"*1 — {0}. The mapping
inv: R"*!1 — {0} — R"T! — {0}, defined as follows, is called the inversion with respect

to the origin of R™ L
inv(f,r)=( -6 —1
in r) = .
3 ) r
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Let I'y be the boundary of the convex hull of inv(graph(vy)). If the equality I, =
inv(graph(v)) is satisfied, then v is called a convex integrand. If the convex hull
of inv(graph(vy)) is a strictly convex body and the equality I'y = inv(graph(y)) is
satisfied, then ~ is called a strictly convex integrand. We called the convex hull of
inv(graph(v)) is the dual Wulff shape of W,. The notion of convex integrand was
firstly introduced by J. Taylor in [8] and it plays a key role for studying Wulff shapes
(for details on convex integrands, see for instance [5, 8]). Let CI(S™,R;) be the set
consisting of convex integrands.

CI(S™,Ry) = {y€C%S™,Ry) | v: convex integrand} .

Let Heonw,0 (R"H) be the set consisting of convex bodies containing the origin of
R"*! as an interior point.

Hconv,o (Rn+1)
:{ W C R"+1| W : convex body and 0 € R"™! is an intrior point of W} .

Then, the mapping W : C°(S™, Ry) — Hconv.0 (R"H) , defined by
W(’V) = W’Yﬂ

is well-defined. The space C°(S™ R,) (resp., Heonv,0 (R"+1)) is a metric space with
respect to the maximum distance (resp., the Pompeiu-Hausdorff distance). For details
on the Pompeiu-Hausdorff distance see for instance [1]. It is not difficult to see that
the restriction of W to CI(S™,R;) is continuous and bijective. Let

CO (CI(SH, R+), 7_[Conv,O (RnJrl)) (*)

be the set consisting of continuous mappings from CI(S™,Ry) into Heonv,0 (R"H)
with respect to the maximum distance and the Pompeiu-Hausdorff distance respec-
tively.

In [7], it is shown that the restriction of W to CI(S™, R4 ) is an isometry. In this
paper we first give an alternative proof of this result (see Section 3).

THEOREM 1 ([7]). The restriction of W to CI(S™,R,),
W|C](SH’R+) : CI(Sn7R+) — Hconv,O (Rn+l) )

s an isometry.

According to this result, we investigate the limit of the Hausdorff distance for one-
parameter families of Wulff shapes constructed by affine perturbations of dual Wulff
shapes. There are several steps for our investigation. Firstly, we construct a strictly
convex integrand as follows. For any a € R"*! — {0}, any positive real number ¢ such
that ¢ > [|a]|, we consider the function fa.:S™ — R defined by

facX)=a-X +c

Then, as shown in p. 237 of [4], fa, we have the following:
ProprosITION 1.
(1) For each i, fa;., is stable and Sing(fa;.c,), which consists of Morse singular
points, is the set {a—H, —a—}

[[a [Ta:]l
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(2) Suppose that aj,as are linearly independent. Then, the mapping
(far.crs fag.es) @ S™ — R? is stable and Sing ((fay.crs fag,ca)), Which consists
of definite fold points, is just the circle S™ N (Ra; 4+ Ray).

(3) Suppose that ay,az are linearly dependent. Then, the mapping (fay.c,» fas.cs) :
S™ — R? may be regarded as a stable function, and Sing ((fa,.cys fas.cs))s

which consists of Morse singular points, is the set {ﬁ, —H:—in}

We concentrate on f, . from the viewpoint of convexity. We have the inquality
a- X +c = |lal||cosd + ¢ > 0, where 6 is the angle between vectors a and X in R" "1,
Thus, fa.: S™ — R is a positive function (for details, see the proof of Proposition
2).

PROPOSITION 2. For any i € {1,2}, suppose that 3||a;|| < ¢;. Let ga,c, : S™ —
Ry be defined by ga;.c;(X) = v/ fai,c;(X). Then, graph(ga,.;) is the boundary of a
strictly convex body.

COROLLARY 1. For any i, suppose that 3||a;|| < ¢;. Define ﬁ : ST s Ry by

1 _ 1 1 . . .

T (X) = T Then, G s a strictly convex integrand.

Nextly, for any two given convex integrands 7,72 and any aj, az € Rt — {0},

c1 > 3lag]],c2 > 3||az||, we consider the following functions I'y s, oy : S™ — Ry
defined as follows,

__ e
1 + t’}/2932702 ’

tmn

T(X)=— 11
Lt( ) 1 + t/}/lgahcl

) F2,75 (X)
where ¢t € (0,00). Since ga, ., (i = 1,2) is a strictly convex integrand by Corollary 1,

it is not difficult to show that the function I'y ; and I's ; are strictly convex integrand,
for any sufficiently large ¢ € (0, 00) (see Proposition 5 in Section 2).

PROPOSITION 3. Let v1,v2 be convex integrands. Let ga, ¢y, Gag,c, be as above for
ar,az € R"" — {0} and ¢, > 2|ja1||,co > 2||az||. Then we have the following.

(1) limy o0 Wri,t = Whmt%oo Tie — W_1 (Z = 17 2)7

Jay,c;

(2) limyyo0 hOVF, ,. Wi, :d< L1 )

gay,c1 ' Jag,co

By Proposition 3, it follows that the Hausdorff distance of the limit of one-
parameter families of the Wulff shapes {Wr,,} (t — o0) does not depend on the
given v;, it does depend only on the given convex integrand ga, ;. Moreover, we have
the following result.

THEOREM 2. Let aj,as be two vectors of R — {0} and let c1,co be positive
real numbers such that 3||a;|| < ¢; for each i. Let ga, ., : S™ — Ry be the function

defined by ga,.c;(X) = va; - X + ¢;. Then, the following equality holds:

1 1 1 1
= Imax —
(gal,617982»02) {‘\/al'X+Cl \/aZ'X+CZ

’ Xes"n (Ral —‘rRag)} .

This paper is organized as follows. In Section 2, preliminaries are given. The
proofs of Proposition 2 and Proposition 3 are given in Section 2. The proof of Theorem
1 (resp., Theorem 2) is given in Section 3 (resp., Section 4). In the Section 5, an
alternative proof of Theorem 2 and some examples are given.
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2. Preliminaries.

Proof of Proposition 2. We would like to show that graph(ga, ;) is the boundary
of a strictly convex body. In order to do so, take two distinct point P,@ € S™ so that
P #£ —Q. Let £ : I = (p,q) — S™ be the geodesic with arc-length parameter such
that lims_, &(s) = P and lims—,,&(s) = Q. Then, it is sufficient to show that the
curvature of ga, , © £(s) is always positive for any s € I. Since £ is a geodesic of S,
its image £(I) is contained in a plane. Hence, from the first we may assume that £ is

amap I — S'. Thus, it is sufficient to show that for the function g; : I — R with the
Q—(P-Q)P

form g¢;(0) = v/A;icos0 + p;sinf + ¢; where \; =a; - P, u; = a,; - TO=(P-O)FTl and for
any 0 € I,
2(0) + 2977 (0) — g:(0) g/ (0
9; (0) +29;"(0) 9(?391()>0. (%)
2
(420) + 9%®)
The numerator of the above formula is as follows.
97(8) + 2917 (8) - 9:(8)37' ()
. —M\;sinf + p; cos 6 2
= (A;cos b + p;sinf + ¢; —|—2( )
( ) 29:(6)
) 2(—N\; cosf — p; sin0)g?(0) — (—\; sin @ + p; cos 0)?
9 4g3(0)
3 : 3(—=\; sin 6 + p; cos 0)?
= 2(A10059+u1s1n9)+cz+ 16%00)
> g()\l cos @ + p;sinf) + ¢;

3
> —§||ai|| +¢; > 0.

Therefore, (x) is always positive. O

Since a convex integrand + is of class C! if and only if its Wulff shape is a strictly
convex body ([3]), by Proposition 2, we have the following.

PROPOSITION 4. Let v : S — R, be a convex integrand, a € R*** — {0} and
¢ > 3||a||. Then the boundary of the Wulff shape W__~__ s of class C*.

1+vga,c

Next, for given convex integrands 7v,,7, and aj,ap € R""! — {0}, ¢; >
31lay||,c2 > 2||az||, we consider the convex integrands I't¢,T'2; : S™ — R, defined
as follows, where ¢ € (0, c0).

_ t, (X)
14ty (X)9317C1 (X)

7, (X)

Ty (X - '
l,t( ) 1 +t")/2 (X)gag,C2 (X)

) ]-—‘2,t(X)

PROPOSITION 5. Let t € Ry be sufficiently large. Then, for any i € {1,2}, T';,
is always a strictly convex integrand.

Proof. Remember that

Faon 1 (5 19w ).
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Similarly as in the proof of Proposition 2, we would like to show that if ¢ is sufficiently
large, then

1
graph <_ + tgai,Ci)
Yi

is the boundary of a strictly convex body. In order to do so, it is sufficient to show
that there exists a positive number 7" such that for any ¢ satisfying ¢ > T and any
two distinct points P,@Q € S™ such that P # —@Q and the geodesic £ : I — S™ with
arc-length parameter connecting P and @, the curvature of

+ tgaiyci 0 5
vio&
is always positive. Again similarly as in the proof of Proposition 2, from the first we
may assume that £ is a mapping I — S'. Moreover, for simplicity, we set
fe——rs £(s)
= » § = Gay,c; ©6\S)-
Yi o &(s) e
Then, it is sufficient to show that there exists a positive number T' such that for any
t satisfying ¢ > T and any two distinct points P,Q@ € S™ such that P # —@Q, the
geodesic € : I — S™ with arc-length parameter connecting P, and any s € I,

(f +t9)? +2(f' +19")? = (f +tg)(f" +tg")
((F +19) + (/' +19)2)*
The denominator of (xx) is always positive. We concentrate on its numerator. Since

F242f%2 — ff” is always non-negative and g2 + 29’2 — gg” is always positive, we have
the following:

> 0. (%)

(f+tg)” +2(f +tg")? = (f +tg)(f" +tg")
= (9 +29% — g9V +2(fg+2f'g — f"g— fg')t
+(f2+2f% = 11"

+2f/g/_f//g_fg//
> a2 4202 — gd) (¢ 2fg '
> t(g” + 29 99)<+ PR "

Let C be a great circle of S™. For the C, set

S fgt2f'g —f'9—fg"
Mec = min 2 5 5 - .
XeC g+ 2g'* —gg

Of course, the value M depends on C'. In other words, the function
M:Va (R") = R

defined by M((v1,v2)) = Mc is a well-defined continuous function, where V5 (R™*1)
is the Stiefel manifold consisting of orthonormal 2-frames in R"*! and C =
(Rvy + Rvy) N S™. Since Vs (R"“) is compact, the image of M, too, is a compact
set. Denote its minimal value by m.

Set T' = |m|. Then, for any ¢ satisfying ¢ > T', any two distinct points P, Q € S™
such that P # —@Q, the geodesic £ : [ — S™ connecting P,Q and any s € I,

(f+tg)* +2(f +tg)? = (f +tg)(f" + tg")

A >0. O
((f +tg)?> + (f +tg')?)?
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Proof of Proposition 8. Since the space consisting of non-empty compact set of
R"*! is a complete metric space with respect to the Pompeiu-Hausdorff distance and
the mapping W is continuous, the following equality holds.

lim Wr. . = Wiim; ool - (1=1,2)
t—o00

Also, since
. . 1 1
lim I';; = lim — = ,
=00 =00 W + 9a;,c; Gaj,c;

the assertion (1)

tliﬂm WFM = Wlimtﬁoo Tiy = W_a (Z = 1, 2)
o0 gaj,c;

holds.
By Theorem 1, the assertion (2) easily follows from the following equality.

t t 1 1
lim h(Wr, ,, Wr, ,) = limd( S e ) :d( , )
t—o0 ' ' t—o0 1+ 1Y, 9a1,e1 1+ 1Y, 9az,c5 9ai,c1 Yaz,co

3. Proof of Theorem 1.

LEMMA 3.1. Given a convez integrand v € CI(S™,R,) and a positive real number
a € Ry, define the continuous function vy, : S™ — Ry by v.(0) = ~v(0) + a for any
0 € S™. Then, the following equality holds.

W, BW,,a).

a

Here, B(W,,a) means UPeWW B(P,a) = UPeWW{I € R"M| ||z — P|| < a}.

Proof. We first prove the inclusion B(W,,a) C W,,. Suppose that there exists
a point P of the boundary of B(W,,a) such that P is not included in W,,. Then,
by the definition of Wulff shape, there exists a point € of S™ such that the following

sharp inequality holds,
v@)+a< P-0.

Let @ be a point of the boundary of W, such that d(P, Q) = a. It is clear that there
exists a point @ such that d(P,Q) < a. Suppose that there exists a point @ of the
boundary of W, such that d(P,Q) < a. Then, there exists a positive real number &
satisfying B(P,¢) C B(Q,a). This means B(P,e) C B(W,,a), which contradicts the

fact that P is a point of the boundary of B(W,,a). Thus, by the sharp inequality
~v(0) + a < P - 0, the following holds.

P-Q P-Q
7(9)—|—a<P~9—(Q+a7>-9—Q-9+<a7>~9. (% % x)
1P —Qll 1P = Ql
On the other hand, it is clear that the following holds for any 6 of S™.

P-Q
Q-0 < ~(0) and (am)-ega.
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F1G. 1. The hyperplanes ToB(P,b) and Hg .

Thus, we have the following.

P-Q
Q-0+ (ai) -0 < ~(0) +a.
1P = Ql
This contradicts (x * *).
Next, we prove the converse inclusion W,,, C B(W,, a). Suppose that there exists

a point P of W, such that P is not included in B(W,,a). Then the intersection of

B(P,a) and W, is the empty set. Let b be the positive real number such that the
following equality holds.

B(P,0) N oW, = {Q}.

It is clear that a < b = ||P — Q||. Let TgB(P,b) be the affine tangent hyperplane to

B(P,b) at Q (see Figure 1). Since W, is a convex body, it follows that ToB(P,b) is
a support hyperplane to W, at Q. This meas that W, N ToB(P,b) is a subset of the
boundary of W,,. Set

__P-Q

1P =Qll
Then 6 is a point of S™. Notice that there exists a positive real number A\ such
that P — @Q = X 0. It follows that @ - 0 = () and (0,v(8)) € ToB(P,b). By the
assumption, the hyperplane

0

P —
HQ.,G.: {RERn+1|R_M—l—aﬁ, MGTQB(P,b)}

does not contain the point () and the intersection of the segment P(Q) and Hg , is not
empty (see Figure 1). Thus the following sharp inequality holds,

P-Q P-Q

WO) o=@ty TPl

) 0<Q- -0+ )-0=P-0. (*%)



284 H. HAN AND T. NISHIMURA

Since P is a point of W, , (s*) contradicts the inequality P -6 < v,(6). O

Now we are ready to prove Theorem 1. It is enough to show the following two.

(1) AWy, , Wa,) < d(71,72) for any 71,72 € CI(S™,Ry).

(2) d('}/l,'}/2) < h’(W’Yl7W’Y2) for any vyi,7v2 € CI(SnaRJr)

Suppose that (1) does not hold. Then, there exist two convex integrands 71,2
such that the sharp inequality d(v1,v2) < h(W,,, W,,) holds. Set d(v1,72) = a > 0.
By Lemma 3.1, there exists a point P of W,, such that

P ¢ B(W’h?a) = WVz,a'

Then by the definition of Wulff shape, there exists a point # of S™ such that the
inequality v2(0) + a = ¥2,4(0) < P -0 holds. On the other hand, since P is a point of
W,,, we have that P -6 < ~,(0) for any 6 of S™. By the assumption, it follows that

Y2 (0)+a< P-0<v(0) <v(0) +a.

Thus, we have a contradiction.

Next, we show the inequality (2). Suppose that there exist two convex inte-
grands 71,72 such that the sharp inequality h(W,,, W,,) < d(v1,72) holds. Set
h(W5,, W,,) = a > 0. By the definition of maximum distance, there exists a point ¢
of 8™ satisfying a < |v1(8) — v2(0)|. Then, without loss of generality, we may assume
that a < 71(0) — 72(0). Notice that for any 6 of S™, there exists a point Py of the
boundary of W such that the equality Py - 6 = +,, (0) holds. It follows that, for the
6 of S™ satistying a < v1(0) — ~2(6), there exists a point Py of the boundary of W,,
such that the following holds,

v2(0) +a <7 (0) =Py - 6.
By Lemma 3.1, it follows that
Py ¢ W,,,=BW,,,a).
This contradicts the assumption h(W,,, W,,) = a. Therefore, the restriction of W to
CI(S™ R,) is an isometry. O
By Theorem 1, we clearly have the following (see Figure 2).

COROLLARY 2. Let Wy, Wy be two elements of Heonv.o(R"™1) and let T : R* ! —
R be a parallel translation such that the origin O is an interior point of T(Wi) N
T(Ws). Then, the following equality holds.

d(’}/wl ) 'sz) = d(FYT(Wl) > T (wa) )

For any ¢ € Ry, let ¢* : S — R, be the constant function ¢*(S™) = ¢. For
any W € Hconv,0(R"™1), define the function w* : S® — Ry by w*(f) = min{c €
Ry | W C T g} for any 0 € S™. Then, notice that v,, = w*. By this observation,
the following is clearly obtained as a corollary of Theorem 1.

COROLLARY 3. Let Wy, W5 be two convex bodies such that the intersection Wy N
Wy is a convex body. Then, h(W1,Ws) can be calculated radially from any interior
point of W1 N Ws. More precisely, the following holds.
h(W1, W2)
= max |min{c € Ry | W1 C (x + T+ g)} —min{c € Ry | Wa C (x4 Te-9)}H,
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graph(7,,) graph (3o, )) graph(7z,,))

Tov)

Fic. 2. d('yWl ,’sz) = d('YT(w1>7'YT(W2>)'

where x is an interior point of W1 N Wa.

For given two convex bodies such that their intersection is a convex body, Corollary 3
gives an algorithm that can compute an approximate value of the Pompeiu-Hausdorff
distance with high precision.

4. Proof of Theorem 2. Since
i . i 1

hmFt—h EEELL hm1 = ,
t=oo 1 +1Yiga;c; t7 7 T Yi9ai.c; Jai,ci

by Corollary 1 (the Wulff construction is continuous) and Proposition 2 (qa.lc. is a

strictly convex integrand if 2|a;|| < ¢;), the following holds:

tlgéloW (Tie) =W (tlggo Fi’t) =Wa (i=1.2).

9aj,c;

Hence we have

Jim 5 (W (T1,0), W (Ta,0)) h(
(

lim W (T'1) hm W(Fz,t))

h (W

gal cq 932 cg )

Therefore, by Theorem 1 (h(W,,, W,,) = d(71,72) for convex integrands ~y1,72),

tg%oh(W(rl,t),W(rz,t))_d( L )

Yai,c1 YGaz,co

Next, we consider the mapping (ga, .c;, Jag.cs) : S™ — R%. Set G = (gay.c1» Gas.co)s
= (far,c1» fas,co)- Let H : Ri — Ri be the C*° diffeomorphism defined by
H(Xl, X2) = (\/ Xl, vV XQ) Then, it is clear that

G=HoPF.

Hence, H gives the correspondence between the boundary of G(S™) and the boundary
of F(S™). On the other hand, by definition, we have the following;:

( 1 1 ) { 1 1
d , €S|l —+
Jai,c1 YGaz,co Xl X2

| (Xl,Xg) S 8G(Sn)} R
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where 9G(S™) stands for the boundary of G(S™). Moreover, by Proposition 1 (Any
projection of S™ is stable), OF(S™) is characterized as follows:

OF(S™)={F(0) |6 € S"N(Ra; + Ray)}.
Therefore, as a conclusion, we have the following:

tlilgo h (WFI,t ’ WF2,t)

1 1
i oy
gal,cl ga2,02

{ 1 1
= max
1

- Heesnm(Ra1+Ra2>}.
5. Appendix. Since the function R S™ — R defined by

gal,cl (9) 932702 (9)

1 (X) = 1

Ga,c \/fa#:(X)’

a € R" — {0} and ¢ > 3||al|, we have that

1 1
d< , >_max{|(a-x+c1)é —(b-X +¢) 2|X € 5"},
ga,C1 gb,02

Let g : S™ — R be a mapping defined by g(X) = X - X — 1. Let F: S - R be a
mapping defined by
F(X)=(a X +e) 72 = (b X +e2)72 = Mg(X),

where X is a constant. Set a = {a1,...,an+1},b = {b1,...,bpt1}. If X is a local
conditional extrema point under the constraints g(X) = 0, by method of Lagrange
multipliers, the following equalities holds.

Fpy = =@ X +c) a1+ 1(b- X + )" 3b — 2Xa1 =0,
Fpy=—4(a - X+c1) " 2as+ (b X +¢2)"2by — 2Xa5 = 0,

: : : (4)
Fppiy=—3@- X +c1) Fapin +3(b- X +¢2) Zbyp1 — 2M541 =0,

Fyx=ai+a3+ - +a%,—-1=0.

The equalities (#) can also be written as follows.

—%(a~X—|—cl)’%a+%(b~X+cz)*%b:2)\X,
x%—i—x%—i—-u—l—xfwl—l:().

This implies that if X is a local conditional extrema point under the constraint g(X) =
0 then the vectors a, b and X are linearly dependent. So we have that

1 1
d( , ) :max{|(a-X+cl)_%—(b-X—FCz)_%HXESn}
Ga,c; Gb,co

= max{|(a- X +¢1)"% — (b- X + ) #[|X € " N (Ra + Rb)}.
O
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5.1. Some special case of Theorem 2. In the case of a=b. In this case, we
can write the equalities () as

(a-X+ec) far+ia X +ce)2
ga —}-% %

(a X + Cl)_7

Fyp = —

FIQZ_ 2

= D=

an+l = —%(a-X + 01)7%an+1 + %(aX + 02)7%QH+1 — 2/\In+1 =0,
Fy=ai+a3+ - +a2,-1=0.

Since —3(a- X + ¢)7? + ia- X+ ¢2)” 2 is never be zero, it follows that

a a2 _ Gp41

)
Z1 Z2 Tn+41
2 2 2 _

This implies that if X is a local conditional extrema point under the constraint g(X) =
0, then vectors X and a are linearly dependent. So in this case a=b, we have that

1 1

d(—,
Ga,c1 YGb,cy

) =max{|(a- X +¢1)72 — (b- X + ) 2[|X € 5}

= max{|(|[a]| + c1)"% — (|la]| + c2) %]
[(~Jlall +e1)7% — (~[lal| + e2) "]}

ad
EXAMPLE. Let n = 1,a; = a € R?* — {0} and 2|ja1|| < c2 < c1. Let X =
(cosf,sinf) € S, We consider the mapping G : S™ — R? — {0} defined as

G = (gal,cl1 (X)’ gaz,clz (X)) '

Let K is the positive real number such that d( 1 1 ) = K. Then for any

gay,c1 ' Gag,co

X € S', we have that d ( < K. This implies that

1 1 )
9ajy ,cq (X) ’ Gag,co (X)
the lines y = x — K or y = x + K is tangent to image of G at the

: 1 1 1 1 1 1
oint such that d = - . *
p (gal,cl (X)7 gaz,cg(X)) gaq,cy ’ Gag,co gaq,cy (X) Jag,co(X) ( )

Moreover, by assumption, we know that the point X € S! gives the distance

d( L ) satisfies the equality
9aj,cq1 ' Gag,co
1 / ( 1 ) !/
) = — ) . Hox
<gal701 (X)) ga2,02 (X) ( )

C%G(cos 0,sinf) = ( - %(al cosf + agsinf + 01)7%(—(11 sinf + as cos ),

Since

ajcost + aysinf + 02)7%(—(11 sin 6 + a9 cos 6‘)),

N =
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by the equality (), we know that the point gives the distance d(-——, —1—) is satisfies

Ga,cy ’ ga,co

the following equality,

1
—§(a1 cos @ + assin @ + cl)_%(—al sinf + ag cos )

1
= —§(a1 cosf + asin 6 + 02)7%(—a1 sin @ + az cos ).
This implies

1 . _3 . _3
-3 ((al cosf + azsinf +c¢1)”2 — (ag cosf + agsinf + ¢2) ) )
(—aq sinf + az cosf) = 0.

Since the part —% ((al cos@ + assinf + cl)_% — (a1 cosf + agsinf + 02)_%) is al-
ways non zero real number for any (cosf,sinf) € S, the equality () holds if and
only if (—aq sin @ + ag cos§) = 0, namely, the singular point of mapping G. It follows

that the point (cos6,sinf) gives d(5 L 7 L) then there exists a real number m
ajl,c1 az2,c2

such that (cos#,sinf) = m(aq,asz).

In the case of ka = b, k is a real number. In this case, we can write the equalities

F, = —%(a-X —i—cl)_%al + %(ka-X +C2)_%ka1 —2\r1 =0,
Fpy=—1a X +ec) Zas+ 3(ka- X + c2) " 2kaz — 22 = 0,
Fpoo = —%(a X + Cl)_%an_l,_l + %(ka-X + 02)_%kan+1 — 2 xpy1 =0,

Fy=azi+az3+ - +22,,-1=0.

In the same way, we have that

1 1
d< , >—max{|<a~x+cl>%—<b-X+c2>%|Xesn}
ga,C1 gb,02

= max{|(|lal| + c1)~2 — (kl[al| + c2) 3|
(~Ifal| + )" — (—klla]| + c2) "2}

In the case of a = (m,0,...,0) and b= (0,...,0,7), where m, r are non-zero real numbers.
In this case, we can write the equalities (¢) as

Fpy = -3 (m +cl)7% —2\r1 =0,

—2)\$2 = O,

S?j
I

an+1 = _%(anrl + 02)7% — 2/\In+1 = O,
FA:x%—I—x%—i--u—i-x%Jrl—l:O.
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This implies that if X is a local conditional extrema point under the constraints
g(X) =0, it follows that

—M (2 +¢1)7 2 — 2y =0,
Ty = =1y =0,
—%(InJrl + CQ)_% - 2/\In+1 = 0,

x§+xi+1—1=0.

Therefore the vectors a, b and X are linearly dependent and a-b = 0. Set cosf = a- X
and sinf = b - X. Then

max{|(a- X +¢1)"2 — (b- X +¢3) 7| X € 5"}

1 1
(e )
Ga,c; Gb,co

= max{|(cosf + ¢1)"? — (sinf + c2) 2|0 € [0, 7]}
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