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We study the envelope of the family of lines which bisect the interior region of
a simple, closed curve in the plane. We determine this bisection envelope for
polygons and show that polygons with no parallel pairs of sides are characterized
by their bisection envelope. We show that the bisection envelope always has at
least three and an odd number of cusps. We investigate the winding numbers
of bisection envelopes, and use this to show that there are an infinite number of
curves with any given bisection envelope and show how to generate them. We
obtain results on the intersections of bisecting lines. Finally, we give a relationship
between the internal area of a curve and that of its bisection envelope.

1. Introduction and overview

We study the envelope of the family of lines that bisect the interior region of a
given simple, closed curve in the plane. This concept, which we call the bisection
envelope, was explored in [Fusco and Pratelli 2011]; however, here we apply it to a
more general class of curves. Fusco and Pratelli only used the bisection envelope
in relation to Zindler sets — convex sets whose bisecting chords have fixed length:
they used as a tool to rewrite the problem of minimizing the area of a Zindler set
with fixed bisecting chord length.

Specifically, let S be a simple compact curve which is piecewise of class C!
with a finite number of pieces. Let £ be the set of lines /gy that have direction 6
and bisect the interior of S. The bisection envelope of S is the envelope of the
lines in £. For curves S that are bisection convex (see Definition 2.2), we show
that the bisection envelope is the midpoint locus of bisecting chords. Furthermore,
we show that for curves that are strictly bisection convex (see Definition 2.3) we
can parametrize the bisection envelope by a function f such that f(6) lies on /y,
and find the derivative of f, defined at all but a finite number of points. Where
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this derivative exists we show it is of the form vg(cos 8, sinf), and give conditions
on S such that for a scalar vy,

0
f(6) =f(0)+/ vs(cost, sint) dt.
0

We show that zeros of f'(6) (which are also zeros of vy) each corresponds to a
bisecting chord at whose endpoints the tangents to S are parallel. We also show a
relation between sign changes of vg and the appearance of cusps on the bisection
envelope. These results are summarized in Theorem 1.

In Section 3, we examine the bisection envelopes of polygons, showing that they
are the union of sections of hyperbolas. Furthermore, for each hyperbola, there exist
two sides of S which are segments of its asymptotes. We also show Theorem 2,
which states that polygons with no mutually tangent sides are uniquely defined by
their bisection envelopes.

Section 4 addresses curves with identical bisection envelopes. We show how to
generate a curve S’ from the bisection envelope B of a strictly bisection convex curve
S satisfying certain criteria by letting S’ be the image of a function g, defined as

g) = f(B)+r(@)(cosH,sinb),

where r(0) is a radius function that can be changed to produce different S’. The
main result of Section 4 is Theorem 3, which states that if the generated S’ does
not intersect 3, then B is indeed the bisection envelope of both S and S'.

To prove Theorem 3, we first prove Theorem 4, which concerns the winding
numbers of bisection envelopes. Specifically, let m p be the number of lines through
a point P tangent to B. We show that

mp = —2w(P)+1,

where w(P) is the winding number of B about P with € increasing from O to 7.

In Section 5, we examine the interior areas of S’ and B. The interior area of B
is usually not well-defined, as it can be self-intersecting, therefore we define the
interior area of a curve I' by the integral

ﬂ(F):%%xdy—ydx.
r

From this definition, we use the construction in Section 4 to break apart #(S’) to
give Theorem 5, which states that

2 .2
&Q(S/):/(; ! ;0) do + 254(B).

We also show that «{(13) is never positive and use this to show that certain curves
with maximal interior area are rotationally symmetric (see Corollary 5.3). We
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conclude by computing the internal area of the bisection envelope of an equilateral
triangle, and thus deduce a constant universal to all triangles: % In2— % the ratio
of the area of a triangle to the area of its bisection envelope.

2. Basic properties

For the entirety of this paper, it is assumed that S is a curve in R? which is compact,
continuous, simple, and piecewise of class C' with a finite number of pieces.
We now define the bisection envelope.

Definition 2.1. Given such a curve S, define £ to be the family of lines that bisect
the interior area of S. Each [y € £ is the bisecting line in direction 8. Define the
bisection envelope B of S to be the envelope of £; that is,

B:{P|P=Eli_r)r2)lgﬂlg+e,0§9<n}.

We now restrict the class of curves S to be studied.

Definition 2.2. Define S and £ as above. We say that S is bisection convex if for
all 8, Iy intersects S in exactly two points. Alternatively, for every point A on S, there
exists a unique point B also on S such that the line A B bisects the interior area of S.

We also create a tighter restriction.

Definition 2.3. Define S and £ as before. We say that S is strictly bisection convex
if it is bisection convex and for all 6, [y is not tangent to S. At any point where
there are two tangents to S —one from each side — the /y through that point is
distinct from both tangents.

Henceforth, unless otherwise stated, it is assumed that S is strictly bisection
convex.

Define A(#) and B(0) to be the endpoints of the bisecting chord in direction 6,
with B(0) = A(0 + ). We distinguish between A(f) and B(6) by demanding that
for each point Q # A(6), B(6) on the bisecting chord, the vector A(6) — Q points
in positive direction 6 and the vector B(6) — Q points in positive direction 6 + 7.

Proposition 2.4. Assume that S is bisection convex. Then A(0) varies continuously
with 6.

Proof. First, we note that any two bisecting chords must intersect in the interior
of S, for if they did not, the interior of S would be split into three regions, one of
which would have zero area, which does not make sense.

From this, we have lim,_, g [y =g, as the limit of the intersection point lg. NIy
is bounded. This also implies that the limit as € — 0 of the distance from A(6 + €)
to the intersection point /g4 Nlg is bounded. Therefore, the limit as € — 0 of the
perpendicular distance from A(6 + €) to [y is zero.
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We have that lim¢_, ¢ A(6 + €) must be a point P on [y which intersects S, where
for every other point Q on the bisecting chord with direction 6, the vector P — Q
points in positive direction 6. There is only one such point, A(6); therefore,

lim A(6 +¢€) = A(@0),
e—0

and A () varies continuously with 6. [l

From this, B(0) also varies continuously with 6. We now determine the bisection
envelope of bisection convex curves.

Proposition 2.5. Let S be bisection convex. Fix 6 and let A = A(0) and B = B(6).

Then,

. A+ B
limlyNlgpre = ——. 2-1)
e—0 2

Proof. Let A(0 +€) = Ac and B(® +€) = B.. Let lp Nlpye = O, and let
lim¢_,0lp Nlg+e = O; see Figure 1. Define a(e) = d(A¢, O¢), b(e) = d(Be, O¢),
and extend to let a(0) =d (A, O) and b(0) =d(O, B).

Since Iy, g1 are bisecting line segments,

A(AOA) = A(BOeB.), (2-2)

where AO.A¢ and B O, B, are not triangles, but rather the regions enclosed by
S, l@, and lg_,_e.
For fixed €, we have the inequality

lem* < A(AO:Ae) < LteM?,

where m and M are the minimum and maximum values of d(As, O¢) for0 <§ <e.
Asm<a(e) <M,

The previous two inequalities have the same bounds, therefore
|A(AOA) — Kea*(e)| < Se(M? —m?). (2-3)
From the continuity of S, we have

1_ag2 2
lim 2D 1 20) - a20) =o.

Combining this with (2-3) and using an identical argument for (B O, B¢), we have

(A0 A) — jea’(e)| = o(e),

|4(BO.B.) — Leb*(€)| = o(e). @
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Figure 1. The situation considered in the proof of Proposition 2.5.

By the triangle inequality and (2-2), we have that
|1ea®(e) — Leb?(e)| < [Aea’(e) — A(AOAL) |+ |A(AOA) — Leb* (o)
= |A(AOAc) — Sea*(e)| + |A(BOBe) — 1eb(e)|.
It follows from this and (2-4) that

|Tea*(e) — 1eb*(e)| = o(e),

|36%(0) = 56*(0)]| =0,
a(0) = b(0). (2-5)
Therefore O is the midpoint of A and B. ([

Hence, B is the locus of midpoints of the intersections of each ly € £ with S.

Define a function f : R — R?, with f(8 + ) = f(8), such that f(9) signifies
the point on B that is the midpoint of the bisecting chord of § with direction 6.
The image of this function is B. We are interested in the derivative of this function,
where it exists.

Proposition 2.6. Let S be strictly bisection convex. Fix 0 such that S is of class C!
at the endpoints A(0), B(0) of the bisecting chord with direction 0. Then f'(0) is
defined, and if f'(0) is nonzero, then ly is tangent to B ar f(0).

Proof. Tt suffices to derive f’(0) and show that it is either zero or a nonzero vector
pointing in direction 6.

Without loss of generality, let the axes be redefined such that direction 6 is along
the x-axis.

Define A, B, A¢, B¢, O¢ as in the proof of Proposition 2.5. Let

A+ B Ac+ B
=L and M, = <t <.
2 2

Letr =d(A,M)=d(M, B), r(€) =d(Ac, M) =d(M,, Be), A(€) =d(O¢, M,).
Leta(e) =m/lAcAO, and B(€) =m/LBBO.

Let ay (¢) and a, (¢) be the horizontal and vertical components of m, positive in
directions 6 and 6+ /2 respectively. Define by, (¢) and b, (¢) similarly; see Figure 2.
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By definition,

e —_— >
/ . MM, . AA.+ BB,
(@) = lim = lim
e—0 € e—0 2¢
— i [(4(©) +bh(€)’ a(€) +bu(€)\ (2-6)
e—0 2¢e 2e
By inspection,
ay(e) = —(r(e) —A(e))sine and b,(e) = (r + A(e)) sine.
Thus b '
lim @@ +bule) _ lim (- — () + 2x(e))% =0, 2-7)
€—> € €—

as lim._,gr(¢)=r and lim._,o M, =lim._,o O = M, which follow from definition
and Proposition 2.5.
As aj,(€) = —ay(€) cot(a(€)) and by (€) = —b,(€) cot(B(€)), we have
. ap(€)+by(e)
m e —

li
e—0 €
= 1in% (r(e) cot(a(e))—r cot(B(€))—A(€) cot(B(€)) —A(€) cot(c(e)))

sin €
€

= lin(l)(r(cot((x(e))—cot(ﬁ(e)))—cot(a(e))(r—r(e))—k(e) cot(B(€))

sin €
—X(€) cot(e(e))) —
=r(cota—cotf8), wherea = lin%oz(e), B = 1in%) B(e). (2-8)

This follows from the same limits stated earlier, as S is strictly bisection convex
and thus neither « nor 8 are 0 or 7. Note that & and § are not necessarily defined —
the limits only exist if S is of class C! locally at A and B, and thus « and 8 are
not defined for only a finite number of values of 6. Where they are defined, we can
combine (2-6), (2-7), and (2-8), giving

r(cota — cot B) 0)

> (2-9)

£ = (

and so f'(0) is defined. Since f’'(0) has y-component 0, it points in direction 6

if it is nonzero. (]
Directly from (2-9), we have:

Corollary 2.7. We have f'(0) =0 if and only if the tangents to S at the endpoints
of the bisecting chord with direction 6 are parallel, that is, when o = B.

Proposition 2.6 can be further extended to cover more points on B.
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Figure 2. The situation considered in the proof of Proposition 2.6.

Proposition 2.8. If f’ is zero or undefined at a finite number of points, then for
all 0, lg is tangent to B at f(6).

Proof. Define t, to be the tangent to B at f(9).

If there are only a finite number of points for which f’ is zero or undefined, then
there are only a finite number of values of 6 for which Proposition 2.6 does not
hold. Thus, around any of these values 6, there exists a neighborhood for which
Proposition 2.6 does hold. For small €, 8y + ¢ will lie in this neighborhood. Also,
f is continuous, so the lines /y € £ vary continuously with 6, and it is clear that

to, = lim 19y+e = lim 100+€ = lgo. |
e—0 e—0

From the derivation in Proposition 2.6, it is true that wherever f’ is defined, it
points in direction 6; thus, each defined f'(6) is a scalar multiple of (cos 6, sin 6).
Also from Proposition 2.6, we have:

Proposition 2.9. Wherever f'(0) is defined, f’ is continuous at 6.

Proof. From (2-9) we have that, where f'(0) is defined, it is continuous if r, cota,
and cot 8 vary continuously with 6.

We have that r is half of the distance between the points A(6) and B(6), which
vary continuously by Proposition 2.4, and therefore varies continuously for any 6.

From the fact that S is strictly bisection convex, the angle @ must remain
between 0 and r; therefore, coto varies continuously if o varies continuously.
The angle « is defined as the difference in direction of the bisecting line and the
direction of the tangent to S at A(8). The direction of the bisecting line is 6, so it
varies continuously. Where f(6) is defined, S is of class C' locally at A(6), and
as A(0) is a continuous parametrization of S, the tangents to S around A(6) vary
continuously with 6. Thus « varies continuously with 6.

An identical argument can be used to show that 8 varies continuously with 6,
and the result follows. U

From this, we have that f’ is undefined in at most a finite number of places over
any period of length 27, and it is only at these points that it is discontinuous.
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Definition 2.10. Define vy := f'(0) - (cos 8, sin0), where f’ is defined. Then vy
has the following properties:

(1) lvgl =1£"O)I.

(2) Voyr = —p.

(3) f'(0) = vy(cosb,sinb).

“4) fiﬁﬂ vg(cos B, sin@) do = (0, 0).

These follow directly from the definition of vy and from Proposition 2.6. Also
note that the integral shown is defined, as the number of discontinuities of vg over
the interval is the same as the number of discontinuities of f’, thus finite, and the
set of discontinuity points has measure 0.

Proposition 2.11. If vy is not identically zero, then over any interval [6y, 6y + 1]
where vg, # 0, vg changes sign an odd number of times, and at least thrice.

Proof. As vg,+n = —vg,, we know that vy must change sign at least once in the
interval and must change an odd number of times.

Assume that only one sign change occurs over the interval [y, 8y + 7r]. Then
there exists a value 61 (not necessarily unique) with 6y < 6 < 6y + 7 such that over
the interval [0y, 61], vg < 0 and over the interval [0}, 6y + 7], vg > 0, or vice versa.
Either way, this ensures that vg does not change sign over the interval [0, 61 + 7].

Consider the component of f/(#) in direction 6; + 77 /2. We observe that

01+m
0= / £ (@) - (cos(0; +1/2), sin(0; +7/2)) dO
0

01+m
= / vg(cos B, sin @) - (—sin(H;), cos(61)) d6
01

01+m
= / vp sin(6 — 61) d6. (2-10)
01

Neither vy nor sin(6 — ;) change sign between the bounds of the integral; thus,
their product does not change sign (and is not identically zero by assumption), and
(2-10) cannot be equal to 0, a contradiction.

This implies there is more than one sign change in any such interval [0y, 6y + 7],
so there are at least three, the next odd number. (]

Remark 2.12. The notion of sign changes of vg has a geometric manifestation. For
every point or interval where vg changes sign, a cusp or corner, respectively, appears
on B. If vy is zero at a finite number of points, then corners do not occur, and we
have one cusp per sign change in an interval of length 7r. With these conditions, we
extend Proposition 2.11 to B geometrically — if B is not a point and has no corners,
then it has an odd number of cusps, and at least three cusps.
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Note that this collection of results becomes much cleaner if we assume S to be
entirely of class C!.

Theorem 1. If S is strictly bisection convex and of class C', then there exist n > 3
lines ly that bisect the interior area of S such that the tangents to S at A(0) and B(0)
are parallel. If n is finite, then there exist m cusps on the bisection envelope B of S,
withn >m >3 and m odd.

Proof. From our assumptions and Propositions 2.6 and 2.9, f’ is defined everywhere
and is continuous; therefore, from the definition of vy, we know that vy is continuous.
Therefore, if we let m be the number of sign changes of vy and n be the number of
zeros, we have n > m. A zero of vy is a zero of f(6), and thus by Corollary 2.7,
there are n lines /y such that the tangents to S at A(6) and B(0) are parallel. If n is
finite, then vy is not identically zero, so by Proposition 2.11, m is odd and at least 3.
With 7 finite, no corners exist on B, so from Remark 2.12, we have that m is the
number of cusps on B. (]

3. Bisection envelopes of polygons

From Proposition 2.5, we know that the bisection envelope of a bisection convex
curve is the midpoint locus of the bisecting chords of its interior area. We apply this
fact to the computation of the bisection envelope of a bisection convex polygon.

Let A(0), B(6) be the endpoints of the bisecting chord with direction 6, with
A@+m)=B(O) =A@ —m). If Sis apolygon, we can split the interval [0, )
into a finite number of subintervals [0, 61), [01, 6>), ..., [6,, ) such that on each
subinterval, the locus of each of A(6) and B(f) is a line segment.

Proposition 3.1. The locus of points M(0) = (A(0) + B(0))/2 over any of the
intervals [6;, 6;11) is either a section of a hyperbola or a point.

Proof. Let all points A(0) lie on line k; and all points B(6) lie on line k. If
ki and ky are parallel, it follows from Corollary 2.7 that the locus of M (6) is
a point. Otherwise, k| and k, meet at a point Q. Let a(f) = d(A(), Q) and
b() =d(B(6), Q).

If we construct the triangles AA(0) Q B(0), they each have area %a(@)b(@) sin y,
where y is the angle between k| and k;, a constant; see Figure 3. Furthermore, the
chords A(0)B(0) are area preserving on S; therefore, the triangles have constant
area, or

La(©)b(9) siny = ca(@)b() = R (3-1)
siny

for some constant ¢’.
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Figure 3. The situation considered in the proof of Proposition 3.1

Thus there exist distinct unit vectors w1, wo parallel to ki, k respectively such that
a(@)wy +b(O)w, a@)wy +(c'/a(0))w;
=0+ ,
2 2
We see that M () is a linear transformation of the set of points

o 25)

which represents a section of a hyperbola. Note that the image of a hyperbola under
a linear transformation is itself a hyperbola. ([

M@®)=0+

(3-2)

Proposition 3.2. On any such interval [6;, 6; + 1), if the locus of M (0) is a section
of a hyperbola, the asymptotes of the hyperbola are the two lines k| and ky, where
ky and ky contain all A(0) and B(0), respectively.

The proof of Proposition 3.2 is left to the reader.

Proposition 3.3. The bisection envelope 5 of a polygon S is the union of a finite
number of sections of hyperbolas. Let the set of all asymptotes of these hyperbolas
be H, and let the set of all lines that contain the sides of S be G. Then H C G, with
equality if no two lines in G are parallel.

This follows from the previous two propositions.

This makes the calculation of a bisection envelope of a polygon significantly eas-
ier — one must only find the bisecting lines through the vertices and their midpoints;
this then strictly defines each of the hyperbolas on each section [6;, 6;11).

Example 3.4. The bisection envelope of an equilateral triangle AABC of side
length two centered on the origin with A = (0, 2/\/5), B = (1, —1/\/5), and
C =(-1, —1/\/5) can be found as follows.
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A

Figure 4. The bisection envelope of an equilateral triangle found in Example 3.4.

Let A’, B/, C’ be on the triangle such that the chord AA’ is bisecting, and so
forth. The bisection envelope is split into 3 sections: a section of a hyperbola from
(A+ A’")/2 to (B + B’)/2 with asymptotes AC and BC, and two other congruent
hyperbolic sections; see Figure 4.

Specifically, we have

o) r=(h) (s

Therefore

A—I—A/_(O 1 ) B+B’_(1 1 ) C+C’_( 1 1 ) (3.3)
2 \U2/3) 2 \4 a3) 2\ 4 4/3)

The three hyperbolas, from A to B, B to C, and C to A respectively, are

((-3)ra)r ) o
(-3 () os
b )(o-2)-m) s o

By plugging in (3-3) above, we can find

3
(&) =_Za Cy) =

[\S]]9%}
BN 9N}

, 3=—3.
This defines the bisection envelope fully.

Theorem 2. A polygon with no mutually parallel sides is uniquely defined by its
bisection envelope.

Proof. From observations in Proposition 3.1, the assumptions in the theorem give us
that the bisection envelope of this polygon does not contain any static points. This
is to say, over each of the intervals [6;, 6;+1), M (0) is not a point but a section of a
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hyperbola, and therefore, there exists a bijection between the points on the interval
[6;, 6;+1) and the points on the locus of the restriction of M(0) to that range.
From Proposition 3.2, we know the two lines k1, k», upon which A(6), B(9)
must lie. A(f) and B(6) must each lie on the line in direction 6 through M (), a
line distinct from k| and k», so the points A(6), B(0) are strictly determined over
the interval [6;, 6;11). This can be done for every such interval, and the union of all
such intervals is [0, 7r); thus we achieve uniqueness for the loci of A(8), B(8) over
all 6, giving the result. U

4. Backwards construction

The natural question arises: are there multiple curves with the same bisection
envelope? Given a bisection envelope 3, can we generate all suitable curves with B
as their bisection envelope?

First we ask, what curves can be bisection envelopes? Suppose that B is a
bisection envelope associated to some strictly bisection convex curve S which is
piecewise of class C! with a finite number of pieces. Its bisecting lines are £ = {Iy},
as explained earlier.

Define f : R — R? by f(6) = lim._oly Nlp,c. From Proposition 2.5, we
know this is the midpoint of the bisecting chord in direction 8, described by the
function M (6) presented in Proposition 3.1. Then we have:

Proposition 4.1. The function f is continuous.

Proof. This follows immediately from the definition M (6) := (A(6) + B(#))/2, as
we have from Proposition 2.4 that A(6) and B(8) vary continuously along S. [

Since S has tangents which vary continuously everywhere except a finite number
of points, by Proposition 2.6, f’ is defined everywhere but a finite number of points,
and where it is defined, it is of the form vy (cos 0, sin @) for a scalar vy. Therefore,
it is possible to define f as the Lebesgue integral of f’, giving

6
f0) = f(O)—i—/ vs(cost, sint) dt. 4-1)
0

The value of f(0) is unimportant— it can just be set to the origin.

Now we generate a curve S’ from f and a radius function r : R — R, with
r(@ +m) =r(0) and r(0) > 0. We define the function r to be continuous and
piecewise of class C! with a finite number of pieces.

Define S’ to be the image of the function

g(0):= f(@)+r(@)(cosh,sinb). 4-2)
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We have then that S’ is continuous, compact, and piecewise of class C! with a
finite number of pieces; however, we do not have that it is simple. It is clear that

8O) +g+m)
2

Thus the chords g(0)g(6 + ) are area-preserving if S” has a well-defined interior
and if the chords lie strictly within this interior except at their endpoints, that is,
if §’ is simple and bisection convex. The remainder of Section 4 is concerned with
the proof of Theorem 3.

Theorem 3. Let f, g be defined as above.
Let S’ be the image of g and B be the image of f. If S'N B = &, then B is the
bisection envelope of S'.

g@+2r)=g(@) and = f(6).

To prove Theorem 3, we use a consequence of the following result.

Theorem 4. Let [ be defined as above with image B. Let L be the set of lines ly
through f(0) in direction 6 for all 6.

Given a point P € R*\ B, let m p be the number of lines in L for which P lies
on lg, and let w(P) be the winding number of f around P with 6 increasing over
an interval of w. Then

mp=—2w(P)+1. 4-3)

The proof of Theorem 4 begins by looking at the winding number of a simpler
function.

Lemma 4.2. Define the function

Fp@) = (F0) — P) (cos@ —siné)‘

sinf  cos6
If f(0) £ P for all 8 then, over the interval 0 <6 < 2m, let np be the number of

values of 0 for which fp(0) lies on the x-axis, and let wp be the winding number of
fp(6) about the origin. Then

wp = —3np. (4-4)
Proof. We have

cosf —sinf
sin 6 cos 6

f;’)(9)=f/(9)(

)+(f(t9) _p <—sin«9 —cos@)

cosf —sinf

— 01,0+ £r0) (] )

= (vg+y,—x), where fp(0)=(x,Yy). (4-5)

Note that if x > 0, y’ < 0, and vice versa.
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Now consider fp(0) over the half-open interval [0, 27r). We have fp(6 +7) =
fr(0), so the image of fp is a closed loop, and fp (@) is never equal to (0, 0), so it
has a winding number about the origin.

Let ) <6, <--- <6,, be the values of 8 for which fp(0) lies on the x-axis.
Let fp(01) = (x1, 0) and so on, with x; # 0 by assumption. Then

. fO+h)-0,1)— f(6)-(,1)
i=g—fr@)-(0,1)=—1
X 8 fp( )~ ( ) hg& A
. fl:i+h)-(0,1)
=g— lim .
h—0+ h

Similarly,

e fE=2-0.D)
i+l A—0t A '

But in the domain (6;, 6;+1) we have that f(6) - (0, 1) is continuous and, by our
choices of 6;, nonzero, so it has constant sign. Therefore, for all i, A sufficiently
small and greater than zero,

sign(f (6 + 1) - (0, 1))=sign(f Bi+1 — 1) - (0, 1)).
Thus

FO+m-©01)
- _

Therefore the x; alternate signs. This also implies np is even and x; is positive
for np /2 values.

The winding number of a curve I" about a point P can be calculated descriptively
by fixing a ray R from P in any direction and counting the number of intersections
of I" with R. For each intersection where the derivative is counterclockwise about P,
we add 1, and where the derivative is clockwise, we subtract 1. The final total
is the winding number. Note that if the derivative is along the ray or zero at any
intersections, a more subtle approach is required, but this is not the case here.

If we fix the ray from the origin along the x-axis in positive direction for fp, we
see from (4-5) that at each intersection the derivative is counterclockwise about the
origin; therefore wp = —%n p. O

. fOis1—2)-(0,1) .
ign : = —signx;yi.

signx; = —sign

Now we show the relation between the winding numbers of f(6) about P and
fp(0) about the origin.

Lemma 4.3. Let the winding number of f(0) about P over the interval [0, i) be
w(P) and the winding number of fp(6) about the origin over the interval [0, 27)
be wp. Then

wp =2w(P)—1. (4-6)
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Proof. An alternative method of determining the winding number of a function
relies on the calculation of an integral; several forms exist, although this proof uses
the form

Lo £@ (o =P()
EEL [f(x) = P]?
for a function f(x) about P on the interval (a, b). Now we calculate
S AON(FAORIEH)

do

wp = ——

27 Jo | fp(0) —0]?

dx 4-7)

L (POl ) @ - P )

~ 27 Jo |f6)— PP |
(@ = P)(Snd ") (04)) 46

L e (PO Ta) (GO - P ()

21 Jo |f(6)—P|?
Lo (GO =P (R D) - (Ce - aae)
+— de.
27 Jo |f(©)—P|?

For the first half of this sum we note that (> g _Zions%) and (_(1) (1)) commute, and
recall that a dot product is unaffected by an isometry applied to both multiplicands.
Furthermore, note that f is periodic in 7, so this integral can be split into two
identical parts. For the second half of the sum, recall that v - (—v) = —|v|?. This

allows us to simplify to
= 1O ((FO) - P)( 0, 2
wp=2<i/ ( ( 1°)>d9)+i/ —1d6
27 Jo | f(6) — P|? 21 Jo
= 2w(P) — 1. O

The results of the two preceding lemmas can be combined to achieve Theorem 4.
Proof of Theorem 4. When P is on ly, fp(0) lies on the x-axis, but
fp(0+m)=—fp@) #(0,0) and lo1x =1ls,

so the number m p of distinct lines /y containing P is equal to half the number of
times fp (@) lies on the x-axis in the interval [0, 277). Using Lemmas 4.2 and 4.3,

mp=np/2=—wp=-2w(P)+1. O
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Corollary 4.4. Every point P in the exterior of B lies on precisely one bisecting
line ly.

Proof. Since P is on the exterior of 5, we have w(P) = 0, and the result follows
from Theorem 4. [l

Remark 4.5. This also implies that no bisection envelope can have strictly positive
winding number about any point, or the value mp would be negative and have
no meaning. Intuitively, this could be observed from fp, which may not wind
counterclockwise about the origin.

Theorem 4 can be used to show the first step in proving Theorem 3.

Lemma 4.6. If S’ lies on the exterior of B, then it is not self-intersecting and each ly
intersects S' exactly twice, at g(0) and g(0 + 7).

Proof. If either of these conditions are false, there exist two lines lg, , [y, that intersect
at some point on §’, say at P. But &', and thus P, lies on the exterior of B; thus
w(P) =0. By Theorem 4, this leads to the contradiction

2<mp=2(-0)+1=1. ]

Lemma 4.7. Given two continuous, compact curves C1, C» € R?, if C5 lies fully in
the interior of C\, then for each P € R?, there exists a point P, € C such that for
all P, e Cz,

d(P1, P) > d(P,, P).

Proof. If P; lies on the interior of C, then there is a ball around P; that lies on the
interior of C;. The ray starting at P passing through P, extends to points past P, but
still in the interior of Cy. Since C| is bounded, eventually this ray must intersect C;
at a point Q, and d(Q, P) > d(P», P).

Let P; be a point on C; such that d(P;, P) is maximal (this can be done as C
is compact). Then

d(P1, P) 2d(Q, P) > d(P>, P)
for all P,. This can be done for every point P. U
Lemma 4.8. S’ cannot lie fully in the interior of B.

Proof. From the definition of g, for a point P; on B, there exist points P, = P; +a
and P; = P; —a on &' for some nonzero vector a (r is defined to be greater than
zero); then P, Py, and P are collinear in that order.

It follows that given any reference point P, P; cannot be the furthest of these
points from P; thus by the contrapositive of Lemma 4.7, S’ is not fully in the
exterior of B. ([
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Proof of Theorem 3. If S'NB = &, then &' lies fully in the exterior of B— it cannot
lie in the interior by Lemma 4.8. By Lemma 4.6, S’ must not be self-intersecting,
so it has a well-defined interior, and each line ly touches S’ at exactly two points.
Thus the chords gggs 1 are fully contained in the interior of S’. By Proposition 2.5,
they are area preserving, and gy 8o+~ = &o+x&o+2x, SO they are bisecting lines of
the interior of &’. From the definitions, f(6) is the midpoint of g(0) and g(6 + 1),
so again by Proposition 2.5, B is the bisection envelope of S’. U

Remark 4.9. Note that S is strictly bisection convex; therefore by Proposition 2.6,
there are no points on B where the limit of | f/(6)] is infinite. However, B is also
the bisection envelope of &', so &’ is also strictly bisection convex.

Remark 4.10. If the radius function r is sufficiently large, S’ cannot intersect .
This implies that for any strictly bisection convex S, there are an infinite number
of other strictly bisection convex curves S’ that share its bisection envelope, each
generated by a different r.

5. Relations between areas

Using the construction from the previous section, we now determine the interior
area of &’ as the sum of two integrals, one involving r(0) and another that gives
the interior area of f(6). Note that we assume f and g are differentiable almost
everywhere throughout this section.

We define (and denote) interior area of a closed, continuous curve purely based
upon the line integral

&a(r)zéyfrxdy—ydx (5-1)

irrespective of whether the curve has a well-defined interior. Note that whenever the
curve I' is simple, that is, when discussion of area makes sense, this area function
gives its exact area, positive or negative depending on the direction we integrate
about I'. Also note that this integral functions equivalently to the double integral

// w(l, P)dxdy, (5-2)
R2\I"

where P = (x, y) and w([", P) is the winding number of I" about P.

2r .2
Theorem 5. AS) = / z ;9) do +24(B). (5-3)
0

Proof. We recall that S’ is parametrized by

0
g(®) =f(0)+/ vy(cost, sint) dt +r(0)(cos, sin6).
0

Since f(0) is arbitrary, we take it to be zero.
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Next we take the derivative and separate the x and y components, giving
/() = (v cos O +r'(6) cos & —r(6) sin, vy sin @ +r'(9) sin 6 + r(6) cos ).

We expand and simplify #{(S’) using standard trigonometric identities.

1 1 (¥ ( dy dx
AS) = - dy —ydx == ——y——)do
&) 2%,;)‘ yoyax 2/0 (xde yd@)

1

2 &
= 5/ ((/ vy costdt +r(0) cos@)(ve sin@ +r'(9) sin@ +r(6) cos@)
0 0

0
- (/ v sint dt +r(9) sin 9)(1}9 cos 6 +r'(6) cos @ — r() sin 9)) do
0

2 r2(9) 1 2w O )
= do+ — Vv (sin(@ — 1)) dt d6
0 2 2Jo Jo

2 2] 0
+ % / (w(@) / vy sin(@ —t) dt +r(6) f v; cos(0 — 1) dt) do. (5-4)
0 0 0

Observe that, from the points in Definition 2.10,
O+ O+
/ vesin((@ +m) —1)dt = / — Uy SIin((@ +m) —t) dt
0 T

0
=— / v, sin(0 — 1) dt. (5-5)
0

Similarly,

O+ 0
/ vrcos((f+m)—t)dt =— / vy cos(f —t) dt. (5-6)
0 0

By splitting the integrals and replacing variables, the final line of (5-4) can be
rewritten to give

1 bid 0 1 b4 0+m
—/ r/(e)/ v sin(@—t)dtd9+—f ﬂ(@—l—n)/ v, sin(@+m —t)dt do
2 Jo 0 2 Jo 0

T 0 T O+
+l/ r(Q)/ vtcos(G—t)dth—i-l/ r(@—i—zr)/ vy cos(@+m —t)dt db.
2 Jo 0 2 Jo 0

As r(6 4+ ) = r(0), this can further be written as

1 bid 0 041
—/ r’(G)(/ vy sin(@—t)dt+/ vy sin(@ +mw —t) dt) do
2 Jo 0 0

1 b4 0 0+
+§/ r(G)(/ v; cos(0 —t) a’t+/ v cos(@—l—n—t)dt) deo.
0 0 0
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However, from (5-5) and (5-6) this entire expression amounts to zero. From (5-4),
we are left with

4 o 2 7‘2(9) 1 21 0 .
(S) = > do + 3 vrvy (sin(@ — 1)) dt d6. (5-7)
0 0 JO

In a similar fashion to the above, the second term can be rewritten as

1 b4 0 0+
—/ 1)9(/ vy sin(@ — t) dt—/ vy sin(@ +m —t) dt) deo.
2 Jo 0 0

Note the change in the negative sign, as vg4+, = —vg. By (5-5) this is equal to

7 prO
2(1 / / v,uesin(e—z)dzde) (5-8)
2 0J0

Now applying (5-1) to 5, we recall that B is parametrized by

6
fO) = f(O)—I—/ v;(cost, sint) dt,
0

with derivative
£ (0) = (vg cos b, vg sinf).

&a(B)—lf d d—I/n LANINCE PP
T Ty =0 Yae T Vae

1 b4 0 0
=—/ (/ vtcostvgsinedt—/ vtsintvgcosedt>d9
0

2 0 0
1 T rb

== / / vy Ug sin(@ —t) dt d6. (5-9)
2 0J0

Thus

Combining (5-7), (5-8), and (5-9), it is finally achieved that

27 .2
94(5’)=/0 d ;9) do +24(B). 0

This formula may be useful in determining the area of a bisection envelope where
the integral (5-9) is much more difficult than finding r(6) then calculating (5-3).
A property of B described in Remark 4.5 allows us to bound s(B).

Proposition 5.1. AB) <0.
Proof. Remark 4.5 notes that, for all P ¢ B,

w(B, P) <0.
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Thus from (5-2),
&d(B):// w(B, P)dxdy <0. O
R2\B

Proposition 5.2. Let S’ be piecewise of class C' with a finite number of pieces. If
A(B) = 0, then B is a point.

Proof. If sd(B) = 0, then from the reasoning in Proposition 5.1, w(B, P) = 0 for
all P not on B.

Consider three bisecting lines /g, , ls,, lg, with mutual intersections A, B, C. As-
sume the three points are distinct. From continuity, we have that all points P in the
interior of AABC lie on at least three lines ly. By Theorem 3, this implies that for
all such P, w(P) < —1, and therefore P must be on B. Hence, B is a space-filling
curve on some subset of R? that contains AABC. However, f is of class C! at all
but a finite number of points, so it cannot be a space-filling curve.

It follows that any three bisecting lines are concurrent, and thus, all bisecting
lines are concurrent, and B is a point. U

Corollary 5.3. Of all bisection convex curves S' piecewise of class C! with a finite
number of pieces such that

27 .2
o
/ 7O yo—k
o 2

for some fixed k, those with maximal interior area have 180° rotational symmetry.

Proof. From Theorem 5 and Proposition 5.1, these curves clearly have maximal
interior area when ${(3) = 0. By Proposition 5.2, this is only possible if 5 is a point,
say P. From the definition of g, §" has 180° rotational symmetry about P. ]

Remark 5.4. The proof of Corollary 5.3 shows that if we drop the restriction that &’
is piecewise of class C'! with a finite number of pieces and rather assume it is only
piecewise of class C', then the bisection envelope consists of all the points of
intersection between bisecting lines and this envelope might be space-filling. We
are unable to rule out the possibility of a space-filling bisection envelope and leave
it as an open question: can f be differentiable almost everywhere and space-filling?

Lastly, we use Theorem 5 to find the internal area of the bisection envelope of
an equilateral triangle calculated in Example 3.4.

Example 5.5. The bisection envelope of a triangle is not self-intersecting; therefore
its interior area is well-defined and is recognized to be —s{(53). Rearranging
Theorem 5, we have

[ r20)/2d6 — (S

—d(B) = .




BISECTION ENVELOPES 327

Now s4(S) is the area of an equilateral triangle with side length 2 or /3. Also, by
symmetry, r has period 7 /3, and therefore we rewrite

/3,2
—sl(B) = 3/ ! ;9) g3 (5-10)
0

Rotation of the triangle has no effect on area, and thus we rotate so that the three
medians have directions 0, 7 /3, 27 /3 with A, B, C being the vertices that lie on
the respective medians.

Let A(0), B(0) be the intersection points of /5 with the triangle, where A(0) = A,
B(m/3) = B. Leta(0) =d(A(#), C) and b(8) =d(B(0), C). Since the A(0)B(0)
are bisecting chords, we have %a(@)b(@) sin(/3) = V3 /2, which implies

a(@)b(9) = 2. (5-11)

We now apply the sine and cosine laws to get 2r(0) sin (l — 0) = a(f)sin Z on
. . 2 3
the one hand, which yields

a(@) = %r(@) cos 6, (5-12)
and on the other hand
4r2(0) = a2(9) + b2(8) —2a(0)b(0) cos % (5-13)

Combining (5-11), (5-12), and (5-13) we have

2— S cos®0)r* (@) +r%(0) —

=0. 5-14
8 cos2 0 ( )

Thus we find
r20)  1++/3tan6

2 %COSZQ—S‘

(5-15)

We choose the & to be a —, otherwise as 8 — 7/6, we have that r2(9) goes to
infinity. This function is integrable by standard methods by a change of variable to
u = cotf and then through use of partial fractions. We calculate

/3 129
/ ré)de:%ﬁln(um@tane) |g/3:§1n2. (5-16)
0

This can now be inserted back into (5-10), giving the result

—AB) = 34£ In2 — \/75 ~ 0.03440. (5-17)

Remark 5.6. As ratios of areas and ratios of lengths along a line are unaffected by
linear transformations, the bisection envelope of a curve will remain unchanged
under a linear transformation. As any triangle is the image of any other triangle
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under some linear transformation, it follows that the ratio s¢(B) : #A(S’) is a constant
when &' is a triangle. Therefore, for all triangles S’,

AB
L = % In2 —
A(S)
In other words, every triangle has a bisection envelope with area roughly a fiftieth
of its area.

3 ~0.01986. (5-18)
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