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Acute triangulations of double planar convex bodies

By LIPING YUAN (Shijiazhuang) and TUDOR ZAMFIRESCU (Dortmund)

Abstract. A (2-dimensional) double convex body 2K is a surface homeomorphic
to the sphere consisting of two planar isometric compact convex bodies, K and K’,
with boundaries glued in the obvious way. In this note we prove that, if K admits
two perpendicular axes of symmetry and bdK satisfies a certain curvature condition,
then 2K admits an acute triangulation of size 72. In particular, each double ellipse
admits such a triangulation.

1. Introduction

A triangulation of a two-dimensional space means a collection of (full) tri-
angles covering the space, such that the intersection of any two triangles is either
empty or consists of a vertex or of an edge. A triangle is called geodesic if all its
edges are segments, i.e., shortest paths between the corresponding vertices. We
are interested only in geodesic triangulations, all the members of which are, by
definition, geodesic triangles. The number of triangles in a triangulation is called
its size.

In rather general two-dimensional spaces, like Alexandrov surfaces, two geo-
desics starting at the same point determine a well defined angle. Our interest will
be focused on triangulations which are acute, which means that the angles of all
geodesic triangles are smaller than 7.

The discussion of acute triangulations has one of its origins in a problem
of Stover reported in 1960 by Gardner in his Mathematical Games section of
the Scientific American (see [3], [4], [5]). There the question was raised whether
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a triangle with one obtuse angle can be cut into smaller triangles, all of them
acute. In the same year, independently, BURAGO and ZALGALLER [1] investigated
in considerable depth acute triangulations of polygonal complexes, being led to
them by the problem of their isometric embedding into R?. However, their method
could not give an estimate on the number of triangles used in the existing acute
triangulations. In 1980, Cassidy and Lord [2] considered acute triangulations of
the square. Recently, Maehara investigated acute triangulations of quadrilaterals
[10] and other polygons [11], and a result on the latter was improved by YUAN
[14] and C. T. ZAMFIRESCU [19].

On the other hand, compact convex surfaces have also been triangulated.
Acute triangulations of all Platonic surfaces, which are surfaces of the five well-
known Platonic solids, have been investigated in [6], [8], and [9]. Furthermore,
some other well-known surfaces have also been acutely triangulated, such as flat
Mbobius strips [15] and flat tori [7]. For a survey on acute triangulations, see [18].

However, the case of arbitrary compact convex surfaces is more difficult, even
for polyhedra with small number of vertices. So, for example, even the family of
all tetrahedral surfaces is far from being easy to treat.

Concerning non-polyhedral surfaces only the sphere and pieces of it have
been considered so far. We shall construct here, for the first time, acute triangu-
lations for another type of non-polyhedral surface, namely a double convex body,
which is a surface 2K homeomorphic to the sphere, consisting of two planar isom-
etric compact convex bodies, K and K’, with boundaries glued according to the
isometry.

Acute triangulations of double triangles [17], double quadrilaterals [16], and
double pentagons [13] have been investigated. In this paper, we present a fairly
small upper bound for the minimal size of an acute triangulation of 2K in case K
has two perpendicular axes of symmetry and bdK is of class C? and satisfies a
certain curvature condition.

We regard our work as a step towards a solution to the following problem
first raised in [6].

Problem 1. Does there exist a number N such that every compact convex
surface in R? admits an acute triangulation with at most IV triangles?

As remarked in [9], this Problem can be extended (or restricted) to other
families of surfaces (such as Riemannian surfaces), with or without boundary.
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2. Main result

We consider a planar convex body K with two orthogonal axes of symmetry,
say the z-axis and the y-axis, and with C2-boundary bdK. Let a and b be
the points of bdK on the positive z-semiaxis and y-semiaxis. We may assume
lall > [1b].

Let A be the arc {(z,y) € bdK : 2,y > 0}. This arc determines of course K.
In order to obtain a relatively small acute triangulation of 2K we need some
curvature condition on A.

Theorem. If the curvature of A is monotone or bounded above by 2/||b||,
then 2K admits a triangulation with 72 acute triangles.

Here, monotone means non-increasing or non-decreasing.

PRrROOF. For any point u € R?, let u* be the point symmetric to u with
respect to the y-axis, u, the orthogonal projection of u on the z-axis, and u, the
orthogonal projection of u on the y-axis.

For any point v € K, let v' be the image of v through the isometry between K
and K.

Choose ¢ € A such that Z0ac be slightly larger than 7/4. Let k be a point
of A where the tangent line to bdK is parallel with ac. Consider the orthogonal
projection m of k on ac.

We prove now that mk U km’ and c,bU b, are segments on 2K.

First assume the monotony of the curvature on A. Considering A ordered
from a to b, and denoting by p(u) the curvature radius of bdK at u € A, from
lla]] > J|b|| it follows that p : A — R is non-decreasing.

Suppose k is not a point in A closest to m. Then k is not closest to any point
of the line-segment ac.

For each point s € ac, let p(s) be the point in A closest to s if it is unique,
or the smallest subarc of A containing all points in A closest to s otherwise. The
family {p(s) : s € ac} constitutes a partition of the subarc of A from a to ¢. To
see why this is indeed a partition, remark that for any pair of points s1, s2 € ac
and any choice of t; € p(s;) closest to s;, the line segment s1¢; is orthogonal to
the tangent line 77 at t; to A, and therefore the angle between sot; and T} is
acute, whence s1t1 N sate = (. Thus, since k is not closest to s for any s, k € p(s)
for some s, and A is externally tangent at the end-points e, e3 of p(s) to a circle
of centre s and radius r, say. Then p(e;) > r (i = 1,2), but p(e) > r cannot
hold for all e € p(s). This, in turn, contradicts the monotonicity of p. Hence the
point k is closest to m. This implies that mk U km’ is a segment in 2K.
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We already observed that p is non-decreasing on A. Thus, p attains its
maximum at b, and the whole arc A is included in the osculating circle of bd K
at b. Let C be the arc from a to —a (through b) of the circle through a, b, —a. The
arcs A and C meet at a and b only, because the existence of any further common
point obviously contradicts the monotonicity of the curvature of A. Hence C C K.
Since b is the closest point of C' from ¢y, b is also the closest point of bdK from
¢y, and cyb U bc; is a segment in 2K.

Now, assume that the curvature of A is bounded above by 2/|b]|.

We saw above that, if k is not closest to m, then p(e) < r, while ||s —e;|| = r
(i = 1,2) for some s € ac and e € p(s); remember that ey, es are the end-points
of p(s). Let h € R? satisfy h, = a and h, = b. Every point of ac is at distance
less than ||b]|/2 from ah U hb, whence also from A. Hence,

ple) <lls —eill <bll/2,

which contradicts the upper bound on the curvature.

The argument used to show that k is closest to m can also be applied to
check that b is closest to ¢,. Just replace ac by cc* and A by the arc of bdK
from ¢ to ¢* (through b).

Hence, mk U km’ and c¢,b U bc;, are both segments on 2K.

Put {g} = cc; N mm,. We have the following non-obtuse triangulation. The
rhombus ¢;my(—cg)(—my) can be divided into two acute triangles, if it is not
a square (and in two ways into two right triangles, if it is a square). Further,

Cgcy, GCyMy, CGM, GCzMy, GCz My, gMzMm, MMga are right triangles. The arc A
/

’y7
triangulation obviously extends to a full non-obtuse triangulation 7 of 2K, with

is covered by the non-obtuse geodesic triangles ccycl,, cmm’, amm’. This partial

size 72, as shown in Figure 1.
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Fig. 1. Non-obtuse triangulation of I'g
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Now, in six steps, we successively change the position of certain vertices of T
in order to transform right angles into acute ones. Once an angle is acute, the
next steps will be performed so gently that the angle remains acute.

Step 1. We replace ¢, by a point on 0b slightly closer than ¢, to 0 (and
replace —c, by a symmetrical point on 0(—b)). Thus, the triangles ccyc), cc,g,
and all the other 10 symmetrical right triangles become acute.

Step 2. Similarly, we replace m, and —m, by symmetrical points on b(—b)
closer to 0. This takes care of the triangles gc,m,, gmyc, and all the other 14 sym-
metrical triangles. Moreover, it produces two acute triangles replacing c,m, (—m,)
and (—cz)my(—my) in case c;my(—cz)(—my) is a square. (The same happens
in K'.)

Step 3. Then m, and —m, are replaced by points on a(—a) closer to 0.

Step 4. Similarly, we replace the points ¢, and —c,.

Step 5. Now replace g by a point on gg* slightly closer to ¢g*, and perform
the other 7 analogous replacements, to take care of cgm et al.

Step 6. Finally, replace m by a point on the line through m and k farther
away from k, and make the 7 symmetrical replacements, to make all remaining
right triangles acute.

Thus we obtain an acute triangulation of 2K of size 72. (I

We mention an immediate application of our Theorem to the case of a double
ellipse.

Corollary. Every double ellipse admits an acute triangulation of size 72.

PROOF. Indeed, in this case the curvature being monotone on A, the The-
orem applies. O

ACKNOWLEDGEMENT. The first author gratefully acknowledges financial sup-
ports by NSF of China (10701033, 10426013); program for New Century Excellent
Talents in University, Ministry of Education of China (NCET-10-0129); the Plan
of Prominent Personnel Selection and Training for the Higher Education Discip-
lines in Hebei Province (CPRC033); and WUS Germany (Nr. 2161). The second
author was supported by a grant of the Roumanian National Authority for Scien-
tific Research, CNCS — UEFISCDI, project number PN-II-ID-PCE-2011-3-0533.

References

[1] Y. D. BURAGO and V. A. ZALGALLER, Polyhedral embedding of a net, Vestnik Leningrad
Univ. 15 (1960), 66-80 (in Russian).



126

2]

(10]

(11]
(12]

(13]

(14]
(15]

[16]
(17]

(18]
(19]

L. Yuan and T. Zamfirescu : Acute triangulations of double planar. ..

C. Cassipy and G. LORD, A square acutely triangulated, J. J. Recreational Math. 13
(1980/81), 263-268.

M. GARDNER, Mathematical games, A fifth collection of “brain-teasers”, Sci. Amer. 202(2)
(1960), 150-154.

Bra M. GARDNER, Mathematical games, The games and puzzles of Lewis Carroll, and the
answers to February’s problems, Sci. Amer. 202(3) (1960), 172-182.

M. GARDNER, New Mathematical Diversions, Mathematical Association of America, Wa-
shington D.C., 1995.

T. HANGAN, J. ITOH and T. ZAMFIRESCU, Acute triangulations, Bull. Math. Soc. Sci. Math.
Roumanie 43(91), no. 3—4 (2000), 279-285.

J. IToH and L. YUAN, Acute triangulations of flat tori, European J. Combin. 30 (2009),
1-4.

J. IToH and T. ZAMFIRESCU, Acute triangulations of the regular dodecahedral surface,
European J. Combin. 28 (2007), 1072-1086.

J. IToH and T. ZAMFIRESCU, Acute triangulations of the regular icosahedral surface, Disc-
rete Comput. Geom. 31 (2004), 197-206.

H. MAEHARA, On acute triangulations of quadrilaterals, Proc. JCDCG 2000, Lecture Notes
Comp. Sci. 2098 (2001), 237-354.

H. MAEHARA, Acute triangulations of polygons, Furopean J. Combin. 23 (2002), 45-55.

M. GOLDBERG and W. MANHEIMER, Elementary Problems and Solutions: Solutions: E1406,
Amer. Math. Monthly 67, no. 9 (1960), 923.

L. YUAN, Acute triangulations of pentagons, Bull. Math. Soc. Sci. Math. Roumanie 53, 4
(2010), 393-410, submitted.

L. YUuAN, Acute triangulations of polygons, Discrete Comput. Geom. 34 (2005), 697-706.

L. YuAN and T. ZAMFIRESCU, Acute triangulations of flat Mobius strips, Discrete Comput.
Geom. 37 (2007), 671-676.

L. YuaN and C. T. ZAMFIRESCU, Acute triangulation of the double quadrilateral, Bollettino
U. M. I. (8) 10-B (2007), 933-938.

C. T. ZAMFIRESCU, Acute triangulations of the double triangle, Bull. Math. Soc. Sci. Math.
Roumanie 47(3-4) (2004), 189-193.

C. T. ZAMFIRESCU, Survey of two-dimensional acute triangulations (to appear).

C. T. ZAMFIRESCU, Improved bounds for acute triangulations of convex polygons, Utilitas
Math. (to appear).

LIPING YUAN
COLLEGE OF MATHEMATICS, AND INFORMATION SCIENCE, HEBEI NORMAL UNIVERSITY
050016 SHIJIAZHUANG, CHINA

E-mail: Ipyuan88@yahoo.com

TUDOR ZAMFIRESCU

DEPARTMENT OF MATHEMATICS, DORTMUND UNIVERSITY, OF TECHNOLOGY
44221 DORTMUND, GERMANY;

MATHEMATICAL INSTITUTE, ROUMANIAN ACADEMY

BUCHAREST, ROMANIA;

“ABDUS SALAM” SCHOOL, OF MATHEMATICAL SCIENCES, GC UNIVERSITY
LAHORE, PAKISTAN

E-mail: tuzamfirescu@googlemail.com

(Received January 17, 2011; revised July 31, 2011)



