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AREA FORMULAS FOR A TRIANGLE IN THE m—-PLANE

O. GELISGEN - T. ERMIS

ABSTRACT. In this paper, we give three area formulas for a triangle in the
m-plane in terms of the m—distance. The two of them are m—version of the
standart area formula for a triangle in the Euclidean plane, and the third one
is a m—version of the well-known Heron’s formula.

1. INTRODUCTION

If one want to measure the distance between two points on a plane, then one
can use frequently Euclidean distance which is defined as the length of segment
between these points. Although it is the most popular distance function, it is not
practical when we measure the distance which we actually move in the real world.
So taxicab distance and Chinese checkers distance were introduced. Taxicab and
Chinese checkers distance functions are similar to moving with a car or Chinese
chess in the real world. Later, Tian [16] introduced a-distance function which
includes the taxicab and Chinese checkers metrics as special cases. Then, some
authors developed and studied on these topics (see [7], [8], [10]). In [5] Colakoglu
and Kaya gave a new distance function in the real plane which includes alpha,
Chinese checkers, taxicab distances as special cases. The distance function is called
m-distance. If P = (x1,9;) and Q = (w2,%2) are two points in R?, then for each
real numbers u, v and m such that u > v > 0 # u, the distance function

dm : R* x R? = [0,00)
defined by
dn(P,Q) = (uhpq + vipg) / (V1+m?)

where Apg = max{|(z1 —22) + m(y1 —y2)|, Im(z1 — 22) — (41 —y2)[} and
O0pg = min{|(z1 — z2) + m(y1 — y2)|, |m(z1 — x2) — (y1 — y2)|} . Obviously, there
are infinitely many different distance function depending on values u, v and m. But
we suppose that values u and v are initially determined and fixed unless otherwise
stated.
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86 O. GELISGEN - T. ERMIS
According to m-distance function, the m—distance between points P and @Q is
constant v multiple of the Euclidean length of one of the shortest paths from P

to @ composed of line segments each parallel to one of lines with slope m, —1/m,
[m(u? — v?) 4 2uwv] / [(u® = v?) = 2uvm] or [m(u? — v?) — 2wv] / [(u?® — v?) + 2uvm] .

See Figure 1.
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Figure 1

In this paper, we give area formulas for a triangle in the m-plane in terms of
the m—distance. In this study, we use the usual Euclidean area notion. One can
easily see that in the m-plane, there are triangles whose -lengths of corresponding
sides are the same, while areas of these triangles are different (see Figure 2).This
fact arises a natural question: How can one compute the area of a triangle in the
m-plane? It is obvious that every formula to compute the area of a triangle depends
on some parameters, and using different parameters gives different formulas. Here
we give three formulas to compute the area of a triangle in the m-plane, using
different parameters.

Figure 2

Let the line AB be parallel to the line y = mx, let C; be a m—circle with center
A and radius b, Cy a m—circle with center B and radius b + ¢, and C' and D two
points in C; N Cy. For different C' and D such that C and D are not symmetric
to the line AB, Area(ABC) # Area(ABD), while d,,,(4,C) = d,(4,D) and
dm(B,C) = dw (B, D).
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2. AREA OF A TRIANGLE IN THE m-PLANE

It is well-known that if ABC'is a triangle with the area A in the Euclidean plane,
and H is the point of orthogonal projection of the point A on the line BC, then
standard area formula for the triangle ABC is A = ah/2, where a = dg(B,C)
and h = dg(A, H) or h = dg(A, BC) (see Figure 3). In this section, we give two
m-versions of standard area formula in terms of m-distance. Clearly, a m-version
of standard area formula for triangle ABC would be an equation that relates the
two m-distances a and h, where a = d,,,(B,C), h = d (A, H) or h = d,, (A, BC)
and area A of triangle ABC. Here, we give two m-versions of the area formula that
depend on one parameter, namely, the slope of the base segment, in addition to the
other parameters. Note that the real numbers u, v and m are fixed.

A

H

Figure 3

The following equation, which relates the Euclidean distance to the m-distance
between two points in the Cartesian coordinate plane, plays an important role in
the first m-version of the area formula. Following two proposition are given without
proofs. One can see [2] for proofs.

Proposition 2.1. For any two points P and @ in the Cartesian plane that do not
lie on a vertical line, if n is the slope of the line through P and Q, then

dE(P7 Q) = p(n)dm(P7 Q)

V(1 +n2) (1 +m2)
umax{|l +mn|,|m — n|} + vmin{|1 + mn/|,|m —n|}’
If P and Q lie on a vertical line, then by definition,

V1+m?

umax{1l, |m|} + vmin{l, |m|}

where p(n) =

dE(P’ Q) = dm(PvQ)

If P and Q lie on the lines y = mx ory = %:& then

1
Another useful fact that can be verified by direct calculation is:

Proposition 2.2. For any real number n # 0
p(n) = p(=1/n).

We first note by Proposition 1 and Proposition 2 that the m-distance between two
points is invariant under all translations. If b/a # /2 — 1 in m-plane, the rotations
of m/2 , m and 37/2 radians around a point, and the reflections about the lines par-
-1 m-114+m
m’l+m’1—m
If b/a = v/2—1 in the m—plane, the rotations of 7 /4, 7/2, 37 /4, 7, 57 /4, 37 /2 and
77 /4 radians around a point, and the reflections about the lines parallel to y = nz+c

allel to y = nx+c such that n € {m, } preserve the m—distance.



88 O. GELISGEN - T. ERMIS

such that
1 m—-114m 1-v2m—-1 (1+vV2m—-1 (1-vV2)m+1 (1+vV2)m+1
TAm T-m’ (1 -V2)4m’ 1+vV2)+m 1-v2)—m (1+v2)—

preserve the m—distance (see [5]).

neqm,—

The following theorem gives a m-version of the well-known Euclidean area for-
mula of a triangle:

Theorem 2.1. Let ABC be a triangle with the area A in the m-plane, H be
orthogonal projection (in the Fuclidean sense) of the point A on the line BC, n be
the slope of the line BC, and let a = d,,(B,C) and h = d, (A, H).

(i) If BC is parallel to one of the lines y = ma or y = —*x, then

1 ah
A= w? 2
(#i) If BC is parallel to a coordinate axis, then
ah
A= [pm? 2,

V1+n?
umax{|n|,1} + vmin{|n|,1}"
(#i1) f BC is not parallel to any one of coordinate azxes or the lines y = mx or
Y= _Wlx, then

where p(n) =

ah

A= () %
V(1 +n2) (1 +m2)
umax{|l + mn|,|m — n|} + vmin{|1 + mn|,|m —n|}’
h

Proof. Let a = dg(B,C) and h = dg(A, H). Then A = %
(1) If BC is parallel to one of the lines y = mz or y = %x, then obviously a = %a
and h = 1h Hence A = L a2h.
(#d) If BC not be parallel to any one of the lines y = mz or y = =Lz, and let the
slpe of the line BC be n. Then the slope of the line AH is _71 By proposition 1

and Proposition 2, a = p(n)a, h =p(n)h, hence A = [p(n)]? ah. O

where p(n) =

In the m-plane, m-distance from a point P to a line [ is defined by
dp (P, 1) = min{d,, (P,
(P,1) = min{d(P,Q)}

as in the Euclidean plane. It is well-known that in the Euclidean plane, Euclidean
distance from a point P = (g, yo) to a line [ : az 4 by + ¢ = 0 can be calculated by
the following formula:

(2.1) dp(P,1) = \axo+byo+c|/(a2+b2)1/2.

In Proposition 4 we give a similar formula for d,,(P,1), using m-circles (see [2]).
One can see by calculation that if 0 < v/u < 1, then the unit m—circle is an

octagon with vertices A1 = (4, 2x), Ay = ((i;;’;k, (51'3; ), Az = (T2, 1),
—1-m -1 —m —1—-m —1
A4 = ((u-l-'u)k’ (u+v)k:) A5 = (uk7 “uk ) A6 = ((u-i-v)k:’ (utv)k )7 A7 = (uk:’ uk)

Ag = ((iig)lk, (ﬁ__v)k) where k = V1 +m?2. If u = v or v = 0, then unit m—circle
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is a square with vertices Ay, As, As, A7 or Ay, Ay, Ag, As, respectively (See figure
4).

‘a4 my=0

Figure 4

The next proposition introduced m—distance from a point P to a line [. For the
proof of proposition, one can see in [2].

Proposition 2.3. Given a point P = (x9,yo), and a linel : ax +by+c =0 in the
m-plane. Then the m-distance from the point P to the line I can be calculated by
the following formula:

2.2
22 lazo + byo + ¢| V1 + m? S
max { |a+qi)m| , \an;—b\ } ’
p lazo + byo + ¢| V1 + m? _o
m(P1) = max { \a(l—m):b(l—&-m)\’ |a(1+m);b(1—m)\ v
|lazo + byo + | V1 + m? O<vju<l
max { \aJrij7 Iaﬂl—bI’ Ia(l—mgig(1+m)\7 Ia(1+ml);2(1—m)\}

The following equation, which relates the Euclidean distance to the m-distance
from a point to a line in the Cartesian coordinate plane, plays an important role in
the second m-version of the area formula.

Proposition 2.4. Given a point P, and a line | in the Cartesian plane that is not
a vertical line, if n is the slope of the line I, then

(2.3) dg(P,l) = 7(n)d.(P,1)
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{|1+nm| |m—n|}
u U
, U=
V(A +n2) (1 +m2)
1 1 1-—
ey | = 0 ) 1 -l
where T(n) = u ,v=0
\/(1—|—n2) (14+m?)
max J L7 Im—nl In(l—m) — (1 +m)| [n(L+m)+1—m)
wo oo Uty , utv 0<v/u<l
VI +n2) (1 +m?) ’
If | is a vertical line, then
Ui
max 4 —, —
u - u B
ﬁ U=
[1—m| |14+ m)|
max ,
T(n) = u u v =0
V1+m? 7
{| | 1 |1—m| 1+m|}
maxq —, —, ,
U U u+v  utwv 0<vju<l
V1+m? ’
Proof. Let P = (x be a point, and [ : ax+by+c = O be a line in the Cartesian
f. 0> Y0 p Yy
plane. If [ is not a vertical line, then b# 0and n = —%. Using n in equation 2.1
and equation 2.2, one gets dg(P,1) = |axg + byo + ¢| / |b| (1+n2)Y/? and
lazg + byo + ¢| V1 + m? S
‘b|max{|1+n’m|, [m—n]| ’
lazo + byo + ¢| V1 + m?
dn(P,1) = - 0=0
\b|max{|"(1 m)— (1+m)| In(1+m)+(1 m)|
b \/1 2
[1+nm)| |le0:|- \i(21+7i|) (1:;1;1 [n(14m)+(1—m)| 0 <vfu<l.
\b|max{ u ) u ) u+v ) u+v }
Hence, dg(P,l)=71(n)d,(P,1) where
{|1+nm| |m—n|}
max
u
, U=
VL) (L4 )
max{nl ) (1+m) n(1+m)+(1—m)|}
7(n) = ’ u L v=0
\/(1 +n2) (1+m?)
s { L] T [nll )~ L) o)+ 1= )
Uty uty , 0<v/u<1.
V(1 +n2) (1 +m?2)
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If [ is a vertical line, then b = 0 and a # 0. Therefore, dg(P,1) = |axo + ¢| / |a]

and
lazo + ¢| V1 + m?
,U =D
|a\max{%,|73—‘}
lazg + ¢| V1 + m? 00
Bl = |a|max{4|1*m| |14m| ’ ’
u u
laxg + ¢| vV1+m?
,0<wv/u<1
|a|max{l Im| [1=m]| LJ””'}
hence
)
max< —, —
uu
, U=
V1+m?
|1 —m| |1+ m]|
max ,
7(n) = u U o= 0
V1+m? ’
e Im| 1 |1=m| [L+m|
w u ut+v utov 0<vju<l
V1+m? ’ .

O

The following theorem gives another a-version of the well-known Euclidean area
formula of a triangle:

Theorem 2.2. Let ABC be a triangle with area A in the m-plane, n be the slope
of the line BC, and let a = do(B,C) and h = do(A, BC). Then the area of ABC

18

A =o(n)ah/2
(¢) If BC is parallel to lines y = max or y = _ﬁlx, then

o(n) = 1/u? ,u=vorv=0
ju(u+v) , 0<v/u<l

(ii) If BC is not parallel to any one of the lines y = mx ory = :—nlx, then

{|1+nm| m—n|}
max

)
u u

umax {|1 +nm|, |m—n|} +umin{|l1+nm|, |m—n|}
ax{|n(1—m)—(1—|—m)| In(1+m)+ (1 —m)|

)

u u

umax {|1 +nm|, |m—n|}

S R T
U U u+v U+ v
umax {|1 +nm|, |m —n|} +ovmin{|l +nm|, |m—nl|}

Proof. Let a =dg(B,C) and h = dg(A, BC). Then, A = ah/2.
(2) If BC is parallel to lines y = ma or y = %x, then clearly a = %a and h = 7(n)h,

,u=v
,v=20
, 0<wv/u<l.
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where )
— ,u=vorv=_0
Tm)=q¢ " 1
—— 0<v/u<l.
max {u,u + v}
Hence, A = o(n)ah/2.
(7i) Let BC not be parallel to any one of the coordinate axes, and let the slope of
the line BC' be n. Then, by Proposition 1 and Proposition 5, a = p(n)a, h = 7(n)h,
hence A = p(n)r(n)ah/2. Since p(n)7(n) = o(n), we get A = o(n)ah/2. O

3. m VERSION OF HERON’S FORMULA

It is well-known that if ABC' is a triangle with the area 4 in the Euclidean plane,
and a = dg(B,C), b = dg(A,C), ¢ = dg(A,B), and p = (a+ b + ¢)/2, then
A=[plp—a)ip—Db)p-— c)]l/z, which is known as Heron’s formula. In this sec-
tion, we give an m-version of this formula in terms of m-distance. Clearly, an
m-version of Heron’s formula for triangle ABC would be an equation that relates
the three m-distances a, b and ¢, where a = d,(B,C), b = do (A, C), ¢ = do (A, B),
and the area A of triangle ABC. Here, we give an m-version of Heron’s formula
that depend on three new parameters in addition to a, b, c and A .

We need following two definitions which is revised according to given in [15] and
[13] respectively, to give an m-version of Heron’s formula:

Definition 3.1. Let ABC be any triangle in the m-plane. Clearly, there exists a
pair of lines passing through every vertex of the triangle, each of which is parallel
to lines y = mx or y = %x A line [ is called a base line of ABC' if and only if
(1) I passes through a vertex,

(2) 1 is parallel to lines y = max or y = ﬁlx,

(3) I intersects the opposite side (as a line segment) of the vertex in (1).

Clearly, at least one of vertices of the triangle always has one or two base lines.
Such a vertex of the triangle is called a basic vertex. A base segment is a line
segment on a base line, which is bounded by a basic vertex and its opposite side.

Definition 3.2. A line with slope n is called a steep line, a gradual line and a

separatorifn>}f7:z0rn< ]fn’l” or n — 0o, zfﬂ’f <n<ﬁ7%andn=mor

n = % for 0 < m < 1, respectively.

The following theorem gives an a-version of Heron’s formula:

Theorem 3.1. Let ABC be a triangle with area A in the m-plane, such that C
is a basic vertez, a = dy(B,C), b = dn(A,C) and ¢ = d,,, (A, B). Let D be the
intersection point of a base line and AB, the opposite side of the basic vertex C.
Let Hy and Hs be orthogonal projections (in the Fuclidean sense) of A and B on
the base line C'D, respectively. Then,

ﬁ [m@p —c)—v(lh + 12)} ;af Cy is valid
A ﬁ [m@p —c)—u(ly + 12)] s if Cy is valid
I

S [VI+m2(2p—c+ (v—1)b+ (u—1)a) — (V21 + u?ly)] ; if Cs is valid
ﬁ [\/l—l—m2 2p—c+uw—-1)b+(w—-1)a)— (u211 —|—v212)] ;if Cy is valid

where p=(a+b+¢)/2, 1 =dn(C,D), l1 = dn(C, H1), la = dn(C, Ha),

a
a



AREA FORMULAS FOR A TRIANGLE IN THE m—PLANE 93

C1 : lines AC and BC are not gradual and base line C'D is horizontal, or lines AC
and BC' are not steep and base line C'D is vertical,

Cy : lines AC and BC' are not steep and base line CD is horizontal, or lines AC
and BC' are not gradual and base line C'D is vertical,

Cs : line AC' is not gradual, line BC is not steep and base line CD is horizontal,
or line AC' is not steep, line BC' is not gradual and base line CD is vertical,

Cy : line AC is not steep, line BC' is not gradual and base line CD is horizontal,
or line AC' is not gradual, line BC' is not steep and base line CD is vertical.

Proof. Let ABC be a triangle with area A in the m-plane, such that C is a basic

vertex, a = dp,(B,C), b = d,(A,C) and ¢ = d,, (A, B). Let D be the intersection

point of a base line and AB, the opposite side of the basic vertex C. Let H; and Hs

be orthogonal projections of A and B on the base line C'D, respectively. And let

p= (a + b+ C)/2, |l = dm(C, D), ll = dm(C7 Hl), 12 = dm(C, HQ), hl = dm(A,Hl),

hs = d, (B, Hy). The m-distance between two points is invariant under all trans-

lations. If b/a # v/2 — 1 in m-plane, the rotations of 7/2 , 7 and 37 /2 radians

around a point, and the reflections about the lines parallel to y = nz + ¢ such

that n € {m, ;1, E, 1+m} preserve the m—distance. If b/a = v/2 — 1 in

m 14+m 1—m

the m—plane, the rotations of n/4, 7/2, 3w/4, m, 5w /4, 37/2 and 7w /4 radians

around a point, and the reflections about the lines parallel to y = nx 4 ¢ such that
“1m-114+4m 1-vV2)m—-1 1+vV2)m—-1 (1-vV2)m+1 (1+vV2)m+1

m’l+m' T—=m’" (1-v2)+m (1+vV2)+m (1-v2)—-m (1+v2)—m

preserve the m—distance. Therefore Figure 5 represent all triangles for which C

holds, Figure 6 represent all triangles for which C5 holds, Figure 7 represent all

triangles for which C5 holds, and finally Figure 8 represent all triangles for which
C4 holds.

neqm,

Figure b

In Figure 5, a = (uhg + vl2) /vV1+ m? and b = (uh;y + vl1) /v/1 + m? by m-distance
definition. Since A(ABC) = A(ADC) + A(BDC) = L(hy + hy), using hy and ho
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l
values, one gets A =5 [VI+m2(2p—c)—v(ly +13)].
u

Figure 6

In Figure 6, a = (uly + vhe) /V1 4+ m? and b = (uly + vhl) /vV1 4+ m? by m-distance
definition. Since A(ABC) = A(ADC) + A(BDC) = L(hy + hy), using hy and hy

2
[

values, one gets A =59 [\/1 +m2(2p—c) —u(ly +12) ]
v

Figure 7

In Figure 7, a = (uly + vhs2) /V1 4+ m? and b = (uh; + vl1) /v/1 + m? by m-distance
definition. Since A(ABC) = A(ADC) + A(BDC) = L(hy + h), using hy and hs

l
values, one gets A =500 (VI+m2(2p—c+ (v—1)b+ (u—1)a) — vl — u’l].
uv

Figure 8

In Figure 8, a = (uhs + vl2) /V/1 4+ m? and b = (uly + vhy) /v/1 + m? by m-distance
definition. Since A(ABC) = A(ADC)+A(BDC) = £(hy+hs), using hy and hs val-

[VI4m2@2p—c+ (u—1)b+ (v—1)a) —u?ly —v?ly]. O

ues, one gets A =——
2uv
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Since well-known taxicab, Chinese Checker and a—distances are special cases of

m-distance for m = 0 and v = v, v/u = v/2 — 1 and 0 < v/u < 1, respectively,
Theorem 3, Theorem 6 and Theorem 7 give also taxicab, Chinese Checker and
a—versions of area formulas for a triangle, when m = 0 and v = v, v/u = V2 — 1

al

[10
[11
[12
(13

[14
[15

[16

DE

d 0 < wv/u < 1, respectively, (see [12], [15], [11] and [6]).
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