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Chapter 3
Elementary Geometry

3.1. Plane Geometry
3.1.1. Triangles

‘ 3.1.1-1. Plane triangle and its properties. ‘

1°. A plane triangle, or simply a triangle, is a plane figure bounded by three straight line
segments (sides) connecting three noncollinear points (vertices) (Fig. 3.1a). The smaller
angle between the two rays issuing from a vertex and passing through the other two vertices
is called an (interior) angle of the triangle. The angle adjacent to an interior angle is called
an external angle of the triangle. An external angle is equal to the sum of the two interior
angles to which it is not adjacent.

(b)

Figure 3.1. Plane triangle (). Midline of a triangle (b).

A triangle is uniquely determined by any of the following sets of its parts:

Two angles and their included side.
Two sides and their included angle.
Three sides.

w =

Depending on the angles, a triangle is said to be:
Acute if all three angles are acute.

Right (or right-angled) if one of the angles is right.
Obtuse if one of the angles is obtuse.

w =

Depending on the relation between the side lengths, a triangle is said to be:
Regular (or equilateral) if all sides have the same length.

Isosceles if two of the sides are of equal length.
Scalene if all sides have different lengths.

w =

2°. Congruence tests for triangles:

1. If two sides of a triangle and their included angle are congruent to the corresponding
parts of another triangle, then the triangles are congruent.

2. If two angles of a triangle and their included side are congruent to the corresponding
parts of another triangle, then the triangles are congruent.

43
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3. If three sides of a triangle are congruent to the corresponding sides of another triangle,

then the triangles are congruent.

3°. Triangles are said to be similar if their corresponding angles are equal and their corre-
sponding sides are proportional.

Similarity tests for triangles:
1. If all three pairs of corresponding sides in a pair of triangles are in proportion, then the

triangles are similar.

2. If two pairs of corresponding angles in a pair of triangles are congruent, then the triangles

are similar.

3. If two pairs of corresponding sides in a pair of triangles are in proportion and the

included angles are congruent, then the triangles are similar.

The areas of similar triangles are proportional to the squares of the corresponding linear

parts (such as sides, altitudes, diagonals, etc.).

4°. The line connecting the midpoints of two sides of a triangle is called a midline of the

triangle. The midline is parallel to and half as long as the third side (Fig. 3.15).

Let a, b, and ¢ be the lengths of the sides of a triangle; let o, 3, and y be the respective
opposite angles (Fig. 3.1a); let R and r be the circumradius and the inradius, respectively;

and let p = %(a + b + ¢) be the semiperimeter.
Table 3.1 represents the basic properties and relations characterizing triangles.

TABLE 3.1

Basic properties and relations characterizing plane triangles

No. The name of property Properties and relations
| Trianele inequalit The length of any side of a triangle does not exceed
& quatity the sum of lengths of the other two sides
Sum of angles of o
2 a triangle a+f+y=180
b
3 Law of sines S = =2R
sina sinf  sinvy
4 Law of cosines & =a* +b* - 2abcos o
tan[ (o + t( %
5 Law of tangents atb - Aan [ 2 (o + )] = col (27)
a-b tan[3(a-p)] tan[3(a-p)]
Theorem on projections _
6 (law of cosines) c=acosf+bcosa
_ _ sin Y = (p—a)(p—b)’ cos Y = p(p—C),
7 Trigonometric 2 ab 2 ab
angle formulas — g 2
an = JEEDED iny = ol -0
8 Law of tangents tany = - sina__ csinf3
g W_b—ccosa_a—ccosﬁ
a+b _cos[5(a-P)] cos[5(a-p)]
- . 1 - El
c sin( 5 cos +
9 Mollweide’s formulas . . 1( 2 7) [2 (o 5)]
a—b_smb(a B)] _ sin[4(a - B)]
c cos(37) - sin| 4 (oz+,6’)]
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Table 3.2 permits one to find the sides and angles of an arbitrary triangle if three
appropriately chosen sides and/or angles are given. From the relations given in Tables 3.1
and 3.2, one can derive all missing relations by cyclic permutations of the sides a, b, and ¢
and the angles «, 3, and ~.

TABLE 3.2
Solution of plane triangles
No. | Three parts Formulas for the remaining parts
specified
1 Three sides | First method.
a,b,c b+ —a?
> One of the angles is determined by the law of cosines, cosa = e
c
Then either the law of sines or the law of cosines is applied.
Second method.
One of the angles is determined by trigonometric angle formulas. Further
proceed in a similar way.
Remark. The sum of lengths of any two sides must be greater than the length of
the third side.
2 Two sides a, b | First method.
and the included| The side c is determined by the law of cosines, ¢ = \/a? + b?> —2abcos 7.
angle The angle « is determined by either the law of cosines or the law of sines. The
angle 3 is determined from the sum of angles in triangle, 3 = 180° — a—.
Second method.
a+ (3 is found from the sum of angles in triangle, o+ 3 = 180° —~;
- -b
a—f is found from the law of tangents, tan o= =2 b cot %
a
Then « and 3 can be found. The third side c is determined by either the law of
cosines or the law of sines.
3 Asside ¢ The third angle - is found from the sum of angles in triangle, v = 180° —a - 3.
and the two | Sides a and b are determined by the law of sines.
angles «, 3
adjacent to it
b
4 | Twosides a, b | The second angle is determined by the law of sines, sin3 = — sina.
a
and the_ angle o The third angle is v = 180° —a — (. .
opposite one T . . sin~y
of them The third side is determined by the law of sines, c=a sna”
Remark. Five cases are possible:
1. a > b; i.e., the angle is opposite the greater side. Then o > 3, 8 < 90° (the larger
angle is opposite the larger side), and the triangle is determined uniquely.
2. a = b; i.e., the triangle is isosceles and is determined uniquely.
3. a < band bsin o < a. Then there are two solutions, 3; + (3, = 180°.
4. a < b and bsin a = a. Then the solution is unique, 8 = 90°.
5. a < band bsin a > a. Then there are no solutions.

3.1.1-2. Medians, angle bisectors, and altitudes of triangle.

A straight line through a vertex of a triangle and the midpoint of the opposite side is called
a median of the triangle (Fig. 3.2a). The three medians of a triangle intersect in a single
point lying strictly inside the triangle, which is called the centroid or center of gravity of
the triangle. This point cuts the medians in the ratio 2:1 (counting from the corresponding
vertices).
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46 ELEMENTARY GEOMETRY

(b)

C

Figure 3.2. Medians (a), angle bisectors (), and altitudes (c) of a triangle.

The length of the median m,, to the side a opposite the angle « is equal to

1 1
ma:5\/2(b2+c2)—a2:5\/a2+b2+2abcosy. (3.1.1.1)

An angle bisector of a triangle is a line segment between a vertex and a point of the
opposite side and dividing the angle at that vertex into two equal parts (Fig. 3.2b). The three
angle bisectors intersect in a single point lying strictly inside the triangle. This point is
equidistant from all sides and is called the incenter (the center of the incircle of the triangle).
Concerning the radius 7 of the incircle, see Paragraph 3.1.1-3. The angle bisector through
a vertex cuts the opposite side in ratio proportional to the adjacent sides of the triangle.

The length of the angle bisector [, drawn to the side a is given by the formulas

\/—2_2 —
la=m: be[(b + ¢) a]:\/m’

b+c b+c
2cheos () sin 3 sin y sin(13) sin (L) (3.1.1.2)
la = =2R I =2p— .
b+c cos[5(8-7)] sin 3 + sin

where b; and ¢ are the segments of the side a cut by bisector [/, and adjacent to the sides b
and c, respectively, and R is the circumradius (see Paragraph 3.1.1-3).

An altitude of a triangle is a straight line passing through a vertex and perpendicular to
the straight line containing the opposite side (Fig. 3.2¢). The three altitudes of a triangle
intersect in a single point, called the orthocenter of the triangle.

The length of the altitude h, to the side a is given by the formulas

b
heg =bsiny =csin = —C,
2R
N 3 - N 4 - (3.1.1.3)
hq =2(p—a)cos§cos§cos§ =2(p—b)s1n§s1n§cos 5

The lengths of the altitude, the angle bisector, and the median through the same vertex
satisfy the inequality h, <1, <mg. If hy =1, =m,, then the triangle is isosceles; moreover,
the first equality implies the second, and vice versa.

3.1.1-3. Circumcircle, incircle, and excircles.

A straight line passing through the midpoint of a segment and perpendicular to it is called
the perpendicular bisector of the segment. The circle passing through the vertices of a
triangle is called the circumcircle of the triangle. The center O of the circumcircle, called
the circumcenter, is the point where the perpendicular bisectors of the sides of the triangle
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3.1. PLANE GEOMETRY 47

Figure 3.3. The circumcircle of a triangle. The circumcenter (a), the Simpson line (b), and the Euler line (c).

meet (Fig. 3.3a). The feet of the perpendiculars drawn from a point () on the circumcircle
to the three sides of the triangle lie on the same straight line called the Simpson line of @
with respect to the triangle (Fig. 3.3b). The circumcenter, the orthocenter, and the centroid
lie on a single line, called the Euler line (Fig. 3.3c¢).

The circle tangent to the three sides of a triangle and lying inside the triangle is called
the incircle of the triangle. The center O, of the incircle (the incenter) is the point where
the angle bisectors meet (Fig. 3.4a). The straight lines connecting the vertices of a triangle
with the points at which the incircle is tangent to the respective opposite sides intersect in
a single point G called the Gergonne point (Fig. 3.4b).

(b)

)

C

Figure 3.4. The incircle of a triangle (a). The incenter and the Gergonne point (b).

The circle tangent to one side of a triangle and to the extensions of the other two sides is
called an excircle of the triangle. Each triangle has three excircles. The center of an excircle
(an excenter) is the point of concurrency of two external angle bisectors and an interior
angle bisector. The straight lines connecting the vertices of a triangle with the points at
which the respective opposite sides are tangent to the excircles intersect in a single point IV,
called the Nagel point (Fig. 3.5).

The inradius 7, the circumradius R, and the exradii p,, pp, and p. satisty the relations

r= (p_a)(p_b)(p_c)=ptangtanétan1
D 2 2 2
—arsin S sin 2 sin ) = (—oytan L = 2
=4Rsin 2 sin > sin > =(p-c)tan 27 3.1.1.4)
R=——0 b ¢ _abe P (3.1.1.5)

T 2sina 2sinfg  2siny 4S5 4cos(ga) cos(3/3) cos(57)’
1 1 1 1

r_r,r,r (3.1.1.6)
™ Pa  Pb Pc
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48 ELEMENTARY GEOMETRY

Figure 3.5. Excircles of a triangle. The Nagel point.

The distance d; between the circumcenter and the incenter and the distance d, between
the circumcenter and the excenter are given by the expressions

dy =V R*-2Rr, (3.1.1.7)
dy =\/R?+2Rp,. (3.1.1.8)

3.1.1-4. Area of a triangle.

The area S of a triangle is given by the formulas

1
S =ahg = —absiny = rp,

2
S =+/p(p-a)p-b)p—c) (Heron’s formula),
abc 7 . . . (3.1.1.9)
S = iR 2R sin asin 3 sin 7,

,sinasing  , sinasin 3
=c =

s 2sinyC 2sin(a+ B)

3.1.1-5. Theorems about points and lines related to triangle. ‘

CEVA’S THEOREM. Let points Cy, A, and By lie on the sides AB, BC, and CA,
respectively, of a triangle (Fig. 3.6). The straight lines AA;, BBy, and C'C are concurrent
or parallel if and only if

ACl BA1 CBl

Ci,B A,C BjA

=1. (3.1.1.10)

STEWART’S THEOREM. If a straight line through a vertex of a triangle divides the opposite
side into segments of lengths m and n (Fig. 3.7), then

(m +n)(p® + mn) = b®m + n. (3.1.1.11)
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3.1. PLANE GEOMETRY 49

y 7, C

Figure 3.6. Ceva’s theorem. Figure 3.7. Stewart’s theorem.

MENELAUS’S THEOREM. If a straight line intersects sides AB, BC', and CA of a triangle
(Fig. 3.8) or their extensions at points C', Ay, and By, respectively, then

ACy, BA, CB;
: : =-1. 3.1.1.12
1B A C B/A ( )

A C

Figure 3.8. Menelaus’s theorem. Figure 3.9. Morley’s theorem.

Straight lines dividing the interior angles of a triangle into three equal parts are called
angle trisectors.

MORLEY’S THEOREM. The three points of intersection of adjacent angle trisectors of a
triangle form an equilateral triangle (Fig. 3.9).

In a triangle, the midpoints of the three sides, the feet of the three altitudes, and the
midpoints of the segments of the altitudes between the orthocenter and the vertices all lie
on a single circle, the nine-point circle (Fig. 3.10).

Figure 3.10. Nine-point circle.

FEUERBACH’S THEOREM. The nine-point circle is tangent to the incircle and the three
excircles. The points of tangency are called the Feuerbach points. The center of the
nine-point circle lies on the Euler line (see Paragraph 3.1.1-3).
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Figure 3.11. A right triangle.

3.1.1-6. Right (right-angled) triangles. ‘

A right triangle is a triangle with a right angle. The side opposite the right angle is called
the hypotenuse, and the other two sides are called the legs (Fig. 3.11).

The hypotenuse c, the legs a and b, and the angles « and 3 opposite the legs satisfy the
following relations:

a+ (=90
o _a o b
s1noz—cosﬁ—z, s1nﬁ—cosa—z, (3.1.1.13)
a b
tana=cot=—, tan(=cota=—.
b a
One also has
a’> +b> =¢®> (PYTHAGOREAN THEOREM), (3.1.1.14)
h? = mn, a’ = me, b = ne, (3.1.1.15)

where h is the length of the altitude drawn to the hypotenuse; moreover, the altitude cuts
the hypotenuse into segments of lengths m and n.

In a right triangle, the length of the median m. drawn from the vertex of the right
angle coincides with the circumradius R and is equal to half the length of the hypotenuse c,
me=R= %c. The inradius is given by the formula r = %(a + b—c). The area of the right

triangle is S = ah, = %ab (see also Paragraphs 3.1.1-2 to 3.1.1-4).

3.1.1-7. Isosceles and equilateral triangles. ‘

1°. An isosceles triangle is a triangle with two equal sides. These sides are called the legs,
and the third side is called the base (Fig. 3.12a).

(a) (b)

a

Figure 3.12. An isosceles triangle (a). An equilateral triangle (b).
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3.1. PLANE GEOMETRY 51

Properties of isosceles triangles:
In an isosceles triangle, the angles adjacent to the base are equal.
2. In an isosceles triangle, the median drawn to the base is the angle bisector and the

altitude.
3. In an isosceles triangle, the sum of distances from a point of the base to the legs is

constant.

p—

Criteria for a triangle to be isosceles:
1. If two angles in a triangle are equal, then the triangle is isosceles.
2. If a median in a triangle is also an altitude, then the triangle is isosceles.
3. If a bisector in a triangle is also an altitude, then the triangle is isosceles.
2°. An equilateral (or regular) triangle is a triangle with all three sides equal (Fig. 3.12b).
All angles of an equilateral triangle are equal to 60°. In an equilateral triangle, the circum-
radius R and the inradius r satisfy the relation R = 2r.

For an equilateral triangle with side length a, the circumradius and the inradius are given

by the formulas R = ?a and r = %a, and the area is equal to S = ?az.

3.1.2. Polygons

3.1.2-1. Polygons. Basic information.

A polygon is a plane figure bounded by a closed broken line, i.e., a line obtained if one takes
n distinct points such that no three successive points are collinear and draws a straight line
segment between each of these points and its successor as well as between the last point and
the first point (Fig. 3.13a). The segments forming a polygon are called the sides (or edges),
and the points themselves are called the vertices of the polygon. Two sides sharing a vertex,
as well as two successive vertices (the endpoints of the same edge), are said to be adjacent.
A polygon can be self-intersecting, but the points of self-intersection should not be vertices
(Fig. 3.13b). A polygon is said to be plane if its vertices are coplanar. A polygon is said to
be simple if its nonadjacent sides do not have common interior or endpoints. A polygon is
said to be convex if it lies on one side of any straight line passing through two neighboring
vertices (Fig. 3.13¢). In what follows, we consider only plane simple convex polygons.

(a) (b) (©)

Figure 3.13. Polygons. Nonself-intersecting (a), self-intersecting (b), and convex (c) polygon.

An (interior) angle of a convex polygon is the angle between two sides meeting in a
vertex. An angle adjacent to an interior angle is called an external angle of the convex
polygon. A convex polygon is said to be inscribed in a circle if all of its vertices lie on the
circle. A polygon is said to be circumscribed about a circle if all of its sides are tangent to
the circle.

For a convex polygon with n sides, the sum of interior angles is equal to 180°(n — 2),
and the sum of external angles is equal to 360°.
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52 ELEMENTARY GEOMETRY

One can find the area of an arbitrary polygon by dividing it into triangles.

3.1.2-2. Properties of quadrilaterals.

1. The diagonals of a convex quadrilateral meet.

2. The sum of interior angles of a convex quadrilateral is equal to 360° (Fig. 3.14a and b).
3. The lengths of the sides a, b, ¢, and d, the diagonals d; and dp, and the segment
m connecting the midpoints of the diagonals satisfy the relation a” + b*> + ¢ + d* =
d2 + d3 + 4m?.

A convex quadrilateral is circumscribed if and only if a + ¢ = b + d.

A convex quadrilateral is inscribed if and only if « + v = 3+ 4.

The relation ac + bd = d;d, holds for inscribed quadrilaterals (PTOLEMY’S THEOREM).

A

Figure 3.14. Quadrilaterals.

3.1.2-3. Areas of quadrilaterals. ‘

The area of a convex quadrilateral is equal to

S = %dldz sinp = \/p(p—a)(p—b)(p—c)(p—d)—abcd,cos2 5;5, (3.1.2.1)

where ¢ is the angle between the diagonals d; and d; and p = %(a +b+c+d).
The area of an inscribed quadrilateral is

S =/p(p—a)p-b)p-c)p—d. (3.12.2)

The area of a circumscribed quadrilateral is

S = 1/ abed sin? 5;’ 0 (3.1.2.3)

If a quadrilateral is simultaneously inscribed and circumscribed, then

S = Vabcd. (3.1.2.4)

3.1.2-4. Basic quadrilaterals.

1°. A parallelogram is a quadrilateral such that both pairs of opposite sides are parallel
(Fig. 3.15a).
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3.1. PLANE GEOMETRY 53

(@) (b)
C
d, a
v/ |, / 4 4
d, N
a

Figure 3.15. A parallelogram (a) and a thombus (b).

Attributes of parallelograms (a quadrilateral is a parallelogram if):

1. Both pairs of opposite sides have equal length.

2. Both pairs of opposite angles are equal.

3. Two opposite sides are parallel and have equal length.
4. The diagonals meet and bisect each other.

Properties of parallelograms:

The diagonals meet and bisect each other.

Opposite sides have equal length, and opposite angles are equal.

The diagonals and the sides satisfy the relation d? + d3 = 2(a” + b?).

The area of a parallelogram is S = ah, where h is the altitude (see also Paragraph 3.1.2-3).

A=

2°. A rhombus is a parallelogram in which all sides are of equal length (Fig. 3.15b).

Properties of rhombi:

1. The diagonals are perpendicular.

2. The diagonals are angle bisectors.

3. The area of a thombus is S = ah = a%sin« = %dldz.
3

°. A rectangle is a parallelogram in which all angles are right angles (Fig. 3.16a).

(@) (b)
b b
a d a d

Figure 3.16. A rectangle (a) and a square (b).

Properties of rectangles:

1. The diagonals have equal lengths.
2. The area of a rectangle is .S = ab.

4°. A square is a rectangle in which all sides have equal lengths (Fig. 3.16b). A square is
also a special case of a rhombus (all angles are right angles).
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54 ELEMENTARY GEOMETRY

Properties of squares:
All angles are right angles.

The diagonals are equal to d = av/?2.
The diagonals meet at a right angle and are angle bisectors.

: _2_17p
The area of a square is equal to S = a” = 5d-.

Ll s

5°. A trapezoid is a quadrilateral in which two sides are parallel and the other two sides
are nonparallel (Fig. 3.17). The parallel sides a and b are called the bases of the trapezoid,
and the other two sides are called the legs. In an isosceles trapezoid, the legs are of equal
length. The line segment connecting the midpoints of the legs is called the median of the
trapezoid. The length of the median is equal to half the sum of the lengths of the bases,

m = %(a +b).
1 m \d

[\

b

Figure 3.17. A trapezoid.

The perpendicular distance between the bases is called the altitude of a trapezoid.

Properties of trapezoids:

A trapezoid is circumscribed if and only if a + b = ¢ + d.

A trapezoid is inscribed if and only if it is isosceles.

3. The area of a trapezoid is S = %(a +bh =mh = %dldz sin ¢, where ¢ is the angle
between the diagonals d; and dj.

4. The segment connecting the midpoints of the diagonals is parallel to the bases and has
the length %(b —a).

Example 1. Consider an application of plane geometry to measuring distances in geodesy. Suppose that
the angles «, 3, 7y, and ¢ between a straight line AB and the directions to points D and C are known at points A
and B (Fig. 3.18a). Suppose also that the distance a = AB (or b = DC) is known and the task is to find the

distance b = DC' (or a = AB).

(a) (b)

DN —

Figure 3.18. Applications of plane geometry in geodesy.

Let us find the angles ¢ and 4. Since o is the angle at the vertex O in both triangles AOB and DOC,
it follows that o + v = ¢ + 9. Lete; = %(cp +10). We twice apply the law of sines (Table 3.1) and find the
half-difference of the desired angles. The main formulas read

AD siny siny BC sin &

a sin(mr—a-B-7) sinf@+B8+7)° a  sin(a+vy+0)’
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3.1. PLANE GEOMETRY 55

b sin 8 b sind

AD ~ siny’ BC  sing’

These relations imply that

(3.1.2.5)

T Singsin(@+ B+7)  sinpsin(a+y +0)

b sin 3 siny sin d sin v
a

and hence
sing _ sindsinasin(a+ [+ )

sint)  sinGsin~ysin(a + v + 6)

=cotn,

where 7 is an auxiliary angle. By adding and subtracting, we obtain
sing—sinyy _ cotn—1  2cos[5(p+9)]sin[5(p—v)]  cot(;7)cotn—1
sing +sing — cotn+ 1’ 2sin[1(p+v)| cos[I(p-v)|]  cotn+cot(im)

tanﬂ = tan prY cot<% +77> =tanaT+’ycot(% +77).

2 2
From this we find &, = %(cp — 1) and, substituting ¢ = €1 + €2 and Y = &1 — &3 into (3.1.2.5), obtain the
desired distance.

Example 2. Suppose that the mutual position of three points A, B, and C is determined by the seg-
ments AC = a and BC' = b, and the angle ZAC B = ~y. Suppose that the following angles have been measured
at some point D: ZCDA =« and ZCDB = f5.

In the general case, one can find the position of point D with respect to A, B, and C, i.e., uniquely
determine the segments x, y, and z (Fig. 3.18b). For this to be possible, it is necessary that D does not lie on
the circumcircle of the triangle ABC'. We have

p+Y=2mr—(a+p+7)=2e. (3.1.2.6)
By the law of sines (Table 3.1), we obtain
singp = —sinq, siny = 3 Sin B, (3.1.2.7)
a
which implies that

sing _ bsina
siny ~ asinf

=cotn, (3.1.2.8)

where 7 is an auxiliary angle. We find the angles ¢ and % from (3.1.2.6) and (3.1.2.8), substitute them
into (3.1.2.7) to determine z, and finally apply the law of sines to obtain x and y.

3.1.2-5. Regular polygons. ‘

A convex polygon is said to be regular if all of its sides have the same length and all of its
interior angles are equal. A convex n-gon is regular if and only if it is taken to itself by the
rotation by an angle of 27 /n about some point O. The point O is called the center of the
regular polygon. The angle between two rays issuing from the center and passing through
two neighboring vertices is called the central angle (Fig. 3.19).

2
N

Figure 3.19. A regular polygon.
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Properties of regular polygons:

1. The center is equidistant from all vertices as well as from all sides of a regular polygon.

2. A regular polygon is simultaneously inscribed and circumscribed; the centers of the
circumcircle and the incircle coincide with the center of the polygon itself.

3. In aregular polygon, the central angle is « = 360° /n, the external angle is 3 = 360° /n,
and the interior angle is v = 180° — j3.

4. The circumradius R, the inradius r, and the side length a of a regular polygon satisfy
the relations

a=2VR:_r =2Rsin% =2rtan%. (3.1.2.9)
5. The area S of a regular n-gon is given by the formula
1

S = ? = nr? tan% = nR>2 sin% = Jna’ cot % (3.1.2.10)

Table 3.3 presents several useful formulas for regular polygons.

TABLE 3.3
Regular polygons (a is the side length)
No. Name Inradius r Circumradius R Area S
a a
1 | Regular polygon W 2sin = Sarn
2 Triangle ﬁa ﬁ a ﬁ a?
6 3 4
3 Square la L a 2
2 V2 ¢
4 Pentagon 5+ 2\/§a 5+/5 " V25 +10V/5 2
20 10 4
5 Hexagon éa a ﬁ a2
2 2
6 Octagon 1 +2\/§ a \/2 +V2 a 2(1 + \/E)a2
2
7 Enneagon 5+2V5 a L++5 a 5+2V5 a2
2 2 2
2+3 3+/3
8 Dodecagon a 32 +V3)d?
3 a NG ( )a
3.1.3. Circle

3.1.3-1. Some definitions and formulas.

The circle of radius R centered at O is the set of all points of the plane at a fixed distance
R from a fixed point O (Fig. 3.20a). A plane figure bounded by a circle is called a disk.
A segment connecting two points on a circle is called a chord. A chord passing through
the center of a circle is called a diameter of the circle (Fig. 3.20b). The diameter length
is d = 2R. A straight line that meets a circle at a single point is called a tangent, and the
common point is called the point of tangency (Fig. 3.20c). An angle formed by two radii is
called a central angle. An angle formed by two chords with a common endpoint is called

an inscribed angle.
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(@ (®) ©
(D
NS

Figure 3.20. A circle (a). A diameter (b) and a tangent (c) of a circle.

Properties of circles and disks:

The circumference is L = 27 R = nd = 2v/7S.

The area of a disk is S = 7R? = %ﬂ'd2 = %Ld.

The diameter of a circle is a longest chord.

The diameter passing through the midpoint of the chord is perpendicular to the chord.

The radius drawn to the point of tangency is perpendicular to the tangent.

An inscribed angle is half the central angle subtended by the same chord, o = %ZB ocC

(Fig. 3.21a).

7. The angle between a chord and the tangent to the circle at an endpoint of the chord is
B =3/A0C (Fig. 3.21a).

8. The angle between two chords is 7y = %(B\-C/' + Ef) (Fig. 3.21b).
9. The angle between two secants is o = %(Df - B\C/') (Fig. 3.21¢).

(b)
G-
ED
(©) r ) (d) .
"’ p b
E' .j A
D C

Figure 3.21. Properties of circles and disks.

AR

10. The angle between a secant and the tangent to the circle at an endpoint of the secant is
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5= L(FE - BF) (Fig. 3.210).
11. The angle between two tangents is o = %(BB/C’— B\EJC) (Fig. 3.21d).

12. If two chords meet, then AC' - AD = AB - AE = R> —m? (Fig. 3.21b).
13. For secants, AC - AD = AB - AE = m? — R? (Fig. 3.21¢).
14. For a tangent and a secant, AF - AF = AC' - AD (Fig. 3.21c¢).

3.1.3-2. Segment and sector.

A plane figure bounded by two radii and one of the subtending arcs is called a (circular)
sector. A plane figure bounded by an arc and the corresponding chord is called a segment
(Fig. 3.22a). If R is the radius of the circle, [ is the arc length, a is the chord length, « is the
central angle (in degrees), and h is the height of the segment, then the following formulas

hold:
a=2V2hR -2 =2Rsin %

2
I Y SN
h=R R 1 R( cos2> 2‘[an4, (3.13.1)

3 2t Ra

l= 360 0.01745 Ra.

The area of a circular sector is given by the formula

_E_ TR2a

S 2 360

~0.00873 R?a, (3.1.3.2)

and the area of a segment not equal to a half-disk is given by the expression

S = +Sa, (3.1.3.3)

where S is the area of the triangle with vertices at the center of the disk and at the endpoints
of the radii bounding the corresponding sector. One takes the minus sign for o < 180 and
the plus sign for a > 180.

The arc length and the area of a segment can be found by the approximate formulas

8h—a , . 1612
~ oI~ a?+ ——,

3 3 (3.1.3.4)
_ h(6a +8b)

15

l

Si

where b is the chord of the half-segment (see Fig. 3.22a).

3.1.3-3. Annulus.

An annulus is a plane figure bounded by two concentric circles of distinct radii (Fig. 3.22b).
Let R be the outer radius of an annulus (the radius of the outer bounding circle), and let r
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(a) (b)

Figure 3.22. A segment (a) and an annulus (b).

be the inner radius (the radius of the inner bounding circle). Then the area of the annulus
is given by the formula

S =m(R*-1?) = %(D2 —d%) = 2mp0, (3.13.5)
where D = 2R and d = 2r are the outer and inner diameters, p = %(R + 7 is the midradius,
and § = R —r is the width of the annulus.

The area of the part of the annulus contained in a sector of central angle ¢, given in

degrees (see Fig. 3.22b), is given by the formula
TP p2 2 ey

S=—@R -17)=——

360" ") = 1440

2 py_ T
(D d)—180p5. (3.1.3.6)

3.2. Solid Geometry
3.2.1. Straight Lines, Planes, and Angles in Space

‘3.2.1—1. Mutual arrangement of straight lines and planes.

1°. Two distinct straight lines lying in a single plane either have exactly one point of
intersection or do not meet at all. In the latter case, they are said to be parallel. If two
straight lines do not lie in a single plane, then they are called skew lines.

The angle between skew lines is determined as the angle between lines parallel to them
and lying in a single plane (Fig. 3.23a). The distance between skew lines is the length of
the straight line segment that meets both lines and is perpendicular to them.

(a) (b)

/

— < [f=

Figure 3.23. The angle between skew lines (a). The angle between a line and a plane (b).

2°. Two distinct planes either intersect in a straight line or do not have common points.
In the latter case, they are said to be parallel. Coinciding planes are also assumed to be
parallel. If two planes are perpendicular to a single straight line or each of them contains a
pair of intersecting straight lines parallel to the corresponding lines in the other pair, then
the planes are parallel.
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3°. A straight line either entirely lies in the plane, meets the plane at a single point, or has
no common points with the plane. In the last case, the line is said to be parallel to the plane.

The angle between a straight line and a plane is equal to the angle between the line
and its projection onto the plane (Fig. 3.23b). If a straight line is perpendicular to two
intersecting straight lines on a plane, then it is perpendicular to each line on the plane, i.e.,
perpendicular to the plane.

3.2.1-2. Polyhedral angles,

1°. A dihedral angle is a figure in space formed by two half-planes issuing from a single
straight line as well as the part of space bounded by these half-planes. The half-planes are
called the faces of the dihedral angle, and their common straight line is called the edge. A
dihedral angle is measured by its linear angle ABC' (Fig. 3.24a), i.e., by the angle between
the perpendiculars raised to the edge D E of the dihedral angle in both planes (faces) at the
same point.

(b)

Figure 3.24. A dihedral (a) and a trihedral (b) angle.

2°. A part of space bounded by an infinite triangular pyramid is called a trihedral angle
(Fig. 3.24b). The faces of this pyramid are called the faces of the trihedral angle, and the
vertex of the pyramid is called the vertex of a trihedral angle. The rays in which the faces
intersect are called the edges of a trihedral angle. The edges form face angles, and the faces
form the dihedral angles of the trihedral angle. As a rule, one considers trihedral angles
with dihedral angles less than 7 (or 180°), i.e., convex trihedral angles. Each face angle of
a convex trihedral angle is less than the sum of the other two face angles and greater than
their difference.

Two trihedral angles are equal if one of the following conditions is satisfied:

1. Two face angles, together with the included dihedral angle, of the first trihedral angle
are equal to the respective parts (arranged in the same order) of the second trihedral
angle.

2. Two dihedral angles, together with the included face angle, of the first trihedral angle
are equal to the respective parts (arranged in the same order) of the second trihedral
angle.

3. The three face angles of the first trihedral angle are equal to the respective face angles
(arranged in the same order) of the second trihedral angle.

4. The three dihedral angles of the first trihedral angle are equal to the respective dihedral
angles (arranged in the same order) of the second trihedral angle.

3°. A polyhedral angle OABC DE (Fig. 3.25a) is formed by several planes (faces) having
a single common point (the vertex) and successively intersecting along straight lines O A,
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(b)

Figure 3.25. A polyhedral (a) and a solid () angle.

OB, ..., OF (the edges). Two edges belonging to the same face form a face angle of the
polyhedral angle, and two neighboring faces form a dihedral angle.

Polyhedral angles are equal (congruent) if one can be transformed into the other by
translations and rotations. For polyhedral angles to be congruent, the corresponding parts
(face and dihedral angles) must be equal. However, if the corresponding equal parts are
arranged in reverse order, then the polyhedral angles cannot be transformed into each other
by translations and rotations. In this case, they are said to be symmetric.

A convex polyhedral angle lies entirely on one side of each of its faces. The sum
LAOB+/ZBOC+- - -+ ZFEOA of face angles (Fig. 3.25a) of any convex polyhedral angle
is less that 27 (or 360°).

4°. A solid angle is a part of space bounded by straight lines issuing from a single point
(vertex) to all points of some closed curve (Fig. 3.25b). Trihedral and polyhedral angles are
special cases of solid angles. A solid angle is measured by the area cut by the solid angle
on the sphere of unit radius centered at the vertex. Solid angles are measured in steradians.
The entire sphere forms a solid angle of 47 steradians.

3.2.2. Polyhedra

3.2.2-1. General concepts.

A polyhedron is a solid bounded by planes. In other words, a polyhedron is a set of finitely
many plane polygons satisfying the following conditions:

1. Each side of each polygon is simultaneously a side of a unique other polygon, which is
said to be adjacent to the first polygon (via this side).

2. From each of the polygons forming a polyhedron, one can reach any other polygon by
successively passing to adjacent polygons.

These polygons are called the faces, their sides are called the edges, and their vertices
are called the vertices of a polyhedron.

A polyhedron is said to be convex if it lies entirely on one side of the plane of any of its
faces; if a polyhedron is convex, then so are its faces.

EULER’S THEOREM. If the number of vertices in a convex polyhedron is e, the number
of edges is f, and the number of faces is g, thene + f — g = 2.

3.2.2-2. Prism. Parallelepiped. |

1°. A prism is a polyhedron in which two faces are n-gons (the base faces of the prism)
and the remaining n faces (joining faces) are parallelograms. The base faces of a prism are
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(@) (b)

Figure 3.26. A prism (@) and a truncated prism (b).

equal (congruent) and lie in parallel planes (Fig. 3.26a). A right prism is a prism in which
the joining faces are perpendicular to the base faces. A right prism is said to be regular if
its base face is a regular polygon.

If l is the joining edge length, S is the area of the base face, H is the altitude of the prism,
Piec is the perimeter of a perpendicular section, and S is the area of the perpendicular
section, then the area of the lateral surface Sj; and the volume V of the prism can be
determined by the formulas

Stat = Peecl

V= SH = Seudl. (3.2.2.1)

The portion of a prism cut by a plane nonparallel to the base face is called a truncated
prism (Fig. 3.26b). The volume of a truncated prism is

V=LP, (3.2.2.2)

where L is the length of the segment connecting the centers of the base faces and P is the
area of the section of the prism by a plane perpendicular to this segment.

2°. A prism whose bases are parallelograms is called a parallelepiped. All four diagonals
in a parallelepiped intersect at a single point and bisect each other (Fig. 3.27a). A paral-
lelepiped is said to be rectangular if it is a right prism and its base faces are rectangles. In
a rectangular parallelepiped, all diagonals are equal (Fig. 3.27b).

(a) (b)
et

\
NESY
\
\
\
A\
[3Y

— — = =

ol

b

Figure 3.27. A parallelepiped (a) and a rectangular parallelepiped (b).

If a, b, and c are the lengths of the edges of a rectangular parallelepiped, then the
diagonal d can be determined by the formula d> = a” + b + ¢*>. The volume of a rectangular
parallelepiped is given by the formula V' = abc, and the lateral surface area is Si, = PH,
where P is the perimeter of the base face.

3°. A rectangular parallelepiped all of whose edges are equal (a = b = ¢) is called a cube.
The diagonal of a cube is given by the formula d” = 3a?. The volume of the cube is V' = a?,
and the lateral surface area is Sj,; = 4a>.
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3.2.2-3. Pyramid, obelisk, and wedge.

1°. A pyramid is a polyhedron in which one face (the base of the pyramid) is an arbitrary
polygon and the other (lateral) faces are triangles with a common vertex, called the apex of
the pyramid (Fig. 3.28a). The base of an n-sided pyramid is an n-gon. The perpendicular
through the apex to the base of a pyramid is called the altitude of the pyramid.

(a) (b)
D

E

Figure 3.28. A pyramid (a). The attitude DO, the plane DAFE, and the side BC'in a triangular pyramid ().

The volume of a pyramid is given by the formula

1
V= gSH, (3.2.2.3)

where S is the area of the base and H is the altitude of the pyramid.
The apex of a pyramid is projected onto the circumcenter of the base if one of the
following conditions is satisfied:
1. The lengths of all lateral edges are equal.
2. All lateral edges make equal angles with the base plane.
The apex of a pyramid is projected onto the incenter of the base if one of the following
conditions is satisfied:
3. All lateral faces have equal apothems.
4. The angles between all lateral faces and the base are the same.

If DO is the altitude of the pyramid ABC'D and DAL BC, then the plane DAFE is
perpendicular to BC' (Fig. 3.28b).
If the pyramid is cut by a plane (Fig. 3.29a) parallel to the base, then

SA, _SB, SO

AlA BB 0,0’ (3224
SABCDEF _ ( SO >2 o
S A\B.CiDIEF SO, )’

where SO is the altitude of the pyramid, i.e., the segment of the perpendicular through the
vertex to the base.

The altitude of a triangular pyramid passes through the orthocenter of the base if and
only if all pairs of opposite edges of the pyramid are perpendicular. The volume of a
triangular pyramid (Fig. 3.29b), where DA = a, DB =b, DC = ¢, BC = p, AC = q, and
AB =r, is given by the formula

0 2 ¢ a* 1

1 r2 0 p* v o1
2o |2 2 0 2 1], (3.2.2.5)

2812 2 2 0 1

1 1 1 1 O
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Figure 3.29. The pyramid cut by a plane and the original pyramid (a). A triangular pyramid (b).

where the right-hand side contains a determinant.

A pyramid is said to be regular if its base is a regular n-gon and the altitude passes
through the center of the base. The altitude (issuing from the apex) of a lateral face is called
the apothem of a regular pyramid. For a regular pyramid, the lateral surface area is

1
Shat = EPZ’ (3.2.2.6)

where P is the perimeter of the base and [ is the apothem.

2°. If a pyramid is cut by a plane parallel to the base, then it splits into two parts, a pyramid
similar to the original pyramid and the frustum (Fig. 3.30a). The volume of the frustum is

1 1 a a?
V= gh(Sl +Sz+\/ 5152) = ghSz |:1+ Z+ﬁ:|’ (3227)

where S and S are the areas of the bases, a and A are two respective sides of the bases,
and h is the altitude (the perpendicular distance between the bases).

(a) (b) (©)
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Figure 3.30. A frustum of a pyramid (a), an obelisk (b), and a wedge (c).

For a regular frustum, the lateral surface area is
1
Slat = E(Pl + P)l, (3.2.2.8)

where P, and P; are the perimeters of the bases and [ is the altitude of the lateral face.
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3°. A hexahedron whose bases are rectangles lying in parallel planes and whose lateral
faces form equal angles with the base, but do not meet at a single point, is called an obelisk
(Fig. 3.30b). If a, b and aj, b; are the sides of the bases and A is the altitude, then the
volume of the hexahedron is

= %[(Za +a)b+ (2a; + a)by]. (3.2.2.9)

4°. A pentahedron whose base is a rectangle and whose lateral faces are isosceles triangles
and isosceles trapezoids is called a wedge (Fig. 3.30c). The volume of the wedge is

_ %(m +apb. (3.2.2.10)

3.2.2-4. Regular polyhedra.

A polyhedron is said to be regular if all of its faces are equal regular polygons and all
polyhedral angles are equal to each other. There exist five regular polyhedra (Fig. 3.31),
whose properties are given in Table 3.4.

O

Tetrahedron Octahedron
T ZEN
Dodecahedron Icosahedron

Figure 3.31. Five regular polyhedra.

3.2.3. Solids Formed by Revolution of Lines

3.2.3-1. Cylinder. |

A cylindrical surface is a surface in space swept by a straight line (the generator) moving
parallel to a given direction along some curve (the directrix) (Fig. 3.32a).

1°. A solid bounded by a closed cylindrical surface and two planes is called a cylinder; the
planes are called the bases of the cylinder (Fig. 3.32b).

If P is the perimeter of the base, Py is the perimeter of the section perpendicular to the
generator, S is the area of this section, Sy is the area of the base, and [ is the length of
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TABLE 3.4
Regular polyhedra (a is the edge length)

No. Name Nzrlﬁibietrs Zfligzes 0?13:;325 (l:iuergl;:g Total surface area Volume
1 Tetrahedron 4 triangles 4 6 V3 a31\2/§
2 Cube 6 squares 8 12 64> o3
3 | Octahedron 8 triangles 6 12 2a3\/3 a’ ;/5
4 | Dodecahedron | 12 pentagons 20 30 34> \/m %3(1 5+7V5)
5 | Icosahedron 20 triangles 12 30 3¢*V3 % (3 +v/53)

(@)

\

Figure 3.32. A cylindrical surface (a). A cylinder ().

the generator, then the lateral surface area Sj,c and the volume V' of the cylinder are given
by the formulas

Slat =PH = Psecl’

(3.2.3.1)
V' = SpasH = Sgecl.
In a right cylinder, the bases are perpendicular to the generator. In particular, if the
bases are disks, then one speaks of a right circular cylinder. The volume, the lateral surface
area, and the total surface area of a right circular cylinder are given by the formulas

V =nR*H,
Spat = 27 RH, (3.2.3.2)
S =2nR(R+ H),

where I? is the radius of the base.
A right circular cylinder is also called a round cylinder, or simply a cylinder.

2°. The part of a cylinder cut by a plane nonparallel to the base is called a truncated cylinder
(Fig. 3.33a).
The volume, the lateral surface area, and the total surface area of a truncated cylinder
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(b) (©)
R
71| Hﬂﬂﬂh
H
Figure 3.33. A truncated cylinder (a), a “hoof” (b), and a cylindrical tube (c).
are given by the formulas
H +H,
V= WRZITZ,

S=7R

2
H1+H2+R+\/R2+ <¥> ]

where H; and H; are the maximal and minimal generators.

3°. A segment of a round cylinder (a “hoof”) is a portion of the cylinder cut by a plane that
is nonparallel to the base and intersects it. If R is the radius of the cylindrical segment, / is
the height of the “hoof,” and b is its width (for the other notation, see Fig. 3.330), then the
volume V" and the lateral surface area Sjy of the “hoof” can be determined by the formulas

h h 3 i3
V= —[a(3R2—a2)+3R2(b—R)a] = i sin v — @ —acosa |,
3b b 3
R (3.23.4)
S = =5~ [b= Ry +al
where o = %gp is measured in radians.

4°. A solid bounded by two closed cylindrical surfaces and two planes is called a cylindrical
tube; the planes are called the bases of the tube. The volume of a round cylindrical tube
(Fig. 3.33¢) is

V =nHR?>-r*)=1HSQR-71)=TH6Qr +6) = 2 Hp, (3.2.3.5)

where R and r are the outer and inner radii, § = R —r is the thickness, p = %(R + 1) is the
midradius, and H is the height of the pipe.

3.2.3-2. Conical surface. Cone. Frustum of cone.

A conical surface is the union of straight lines (generators) passing through a fixed point
(the apex) in space and any point of some space curve (the directrix) (Fig. 3.34a).

© 2007 by Taylor & Francis Group, LLC



68 ELEMENTARY GEOMETRY

(@) (b) () (d)

Figure 3.34. Conical surface (a). A cone (), a right circular cone (c¢), and a frustum of a cone (d).

1°. A solid bounded by a conical surface with closed directrix and a plane is called a cone;
the plane is the base of the cone (Fig. 3.34b). The volume of an arbitrary cone is given by
the formula
1
V= §HSba5, (3.2.3.6)
where H is the altitude of the cone and Sy, is the area of the base.

A right circular cone (Fig. 3.34c) has a disk as the base, and its vertex is projected onto
the center of the disk. If [ is the length of the generator and R is the radius of the base, then
the volume, the lateral surface area, and the total surface area of the right circular cone are
given by the formulas

V = %ﬂ-RZH’
Siat = TRl = TRV R? + H2, (3.2.3.7)
S =nRR+1).

2°. If a cone is cut by a plane parallel to the base, then we obtain a frustum of a cone
(Fig. 3.34d). The length [ of the generator, the volume V/, the lateral surface area Sy, and
the total surface area .S of the frustum of a right circular cone are given by the formulas

l=+vVh2+(R-1)?,

V= 7TTh(R2 +72+ Rr),
Shat = (R +7),

S =n[l(R+r)+R>+r?,

(3.2.3.8)

where r is the radius of the upper base and h is the altitude of the frustum of a cone.

3.2.3-3. Sphere. Spherical parts. Torus.

1°. The sphere of radius R centered at O is the set of points in space at the distance R
from the point O (Fig. 3.35a). A solid bounded by a sphere is called a ball. Any section
of the sphere by a plane is a circle. The section of the sphere by a plane passing through
its center is called a great circle of radius R. There exists exactly one great circle passing
through two arbitrary points on the sphere that are not antipodal (i.e., are not the opposite
endpoints of a diameter). The smaller arc of this great circle is the shortest distance on the
sphere between these points. Concerning the geometry of the sphere, see Section 3.3. The
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surface area S of the sphere and the volume V' of the ball bounded by the sphere are given
by the formulas

S =4rR = nD?=V361V2,

v 4rR3 D3 1 /S3 (3.2.3.9)
=73 "6 TV
where D = 2R is the diameter of the sphere.
(@) (b) ()
h h
Ll
261 2a

Figure 3.35. A sphere (a), a spherical cap (b), and a spherical sector (c).

2°. A portion of a ball cut from it by a plane is called a spherical cap (Fig. 3.35b). The
width a, the area S), of the curved surface, the total surface area .S, and the volume V of a
spherical cap can be found from the formulas

a® = hQR-h),
Sia = 2mRh = m(a® + h?),
S = Sia + ma* = 7(2Rh + a®) = w(h* + 2a?), (3.2.3.10)

2
V= %h@a? +h%) = %(3341),

where R and h are the radius and the height of the spherical cap.

3°. A portion of a ball bounded by the curved surface of a spherical cap and the conical
surface whose base is the base of the cap and whose vertex is the center of the ball is called
a spherical sector (Fig. 3.35¢). The total surface area S and the volume V' of a spherical
sector are given by the formulas

S =nRQ2h + a),
3.2.3.11
V= %ﬂth, ( )

where «a is the width, h is the height, and R is the radius of the sector.

4°. A portion of a ball contained between two parallel plane secants is called a spherical
segment (Fig. 3.36a). The curved surface of a spherical segment is called a spherical zone,
and the plane circular surfaces are the bases of a spherical segment. The radius R of the
ball, the radii a and b of the bases, and the height & of a spherical segment satisfy the relation

2 12 2\2
y 9 a“—-b"—h
= . 3.2.3.12
R =a +< o > ( )
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The curved surface area Sy, the total surface area S, and the volume V of a spherical
segment are given by the formulas

Slat = 27I‘Rh,
S = Sy + m(a® +b%) = T(2Rh + a® + b?), (3.23.13)

h
V= %(3&2 +30% + h2).

(a) (b)
2b 2b
= e
' 2a ' ' 2a

Figure 3.36. A spherical segment (@) and a spherical segment without the truncated cone inscribed in it (b).
A torus (¢).

If V1 is the volume of the truncated cone inscribed in a spherical segment (Fig. 3.36b)
and [ is the length of its generator, then

whl?

V-V = 5

(3.2.3.14)
4°. A torus is a surface generated by revolving a circle about an axis coplanar with the
circle but not intersecting it. If the directrix is a circle (Fig. 3.36¢), the radius R of the
directrix is not less than the radius 7 of the generating circle (R = r), and the center of the
generator moves along the directrix, then the surface area and the volume of the torus are
given by the formulas
S =4m*Rr = n*Dd,
12 Dd2 (3.2.3.15)

4 b
where D = 2R and d = 2r are the diameters of the generator and the directrix.

V =2n’Rr? =

3.3. Spherical Trigonometry
3.3.1. Spherical Geometry

3.3.1-1. Great circle.

A great circle is a section of a sphere by a plane passing through the center.

Properties of great circles:

1. The radius of a great circle is equal to the radius of the sphere.
2. There is only one great circle through two arbitrary points that are not the opposite
endpoints of a diameter.

The smaller arc of the great circle through two given points is called a geodesic, and the
length of this arc is the shortest distance on the sphere between the two points. The great
circles on the sphere play a role similar to the role of straight lines on the plane.

© 2007 by Taylor & Francis Group, LLC



3.3. SPHERICAL TRIGONOMETRY 71

Any two points on the sphere determine a pencil of planes. The intersection of each
plane in the pencil with the sphere is a circle. If two points are not the opposite endpoints
of a diameter, then the plane passing through the center of the sphere determines the largest
circle in the pencil, which is a great circle. The other circles are called small circles; the
intersection with the sphere of the plane perpendicular to the plane containing the great
circle is the smallest circle.

3.3.1-2. Measurement of arcs and angles on sphere. Spherical biangles.

The distances on the sphere are measured along great circle arcs. The great circle arc length
between points A and B is given by the relation

AB = Ra, (3.3.1.1)

where R is the radius of the sphere and « is the corresponding central angle (in radians).
If only the unit sphere (the radius R = 1) is considered, then each great circle arc can
be characterized by the corresponding central angle (in radians). The angle between two
intersecting great circle arcs is measured by the linear angle between the tangents to the
great circles at the point of intersection or, which is the same, by the dihedral angle between
the planes of the great circles.

Two intersecting great circles on the sphere form four spherical biangles. The area of a
spherical biangle with the angle « is given by the formula

S =2R2a. (3.3.1.2)

3.3.2. Spherical Triangles

3.3.2-1. Basic notions and properties.

A figure formed by three great circle arcs pairwise connecting three arbitrary points on
the sphere is called a spherical triangle (Fig. 3.37a). The vertices of a spherical triangle
are the points of intersection of three rays issuing from the center of the sphere with the
sphere. The angles less than 7 between the rays are called the sides a, b, and c of a spherical
triangle. Such spherical triangles are called Euler triangles. To each side of a triangle there
corresponds a great circle arc on the sphere. The angles «, 3, and  opposite the sides a,
b, and c of a spherical triangle are the angles between the great circle arcs corresponding
to the sides of the triangle, or, equivalently, the angles between the planes determined by
these rays.

(b)

Figure 3.37. A spherical triangle.
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By analogy with the circumcircle of a plane triangle, there is a “circumscribed cone of
revolution” that contains the three straight lines determining the triangle; the axis of this
cone is the intersection of the planes perpendicular to the sides at their midpoints. There
also exists an “inscribed cone of revolution” that is tangent to the three planes corresponding
to the spherical triangle; the axis of this cone is the intersection of the angle bisector planes.
The “circumradius” R and the “inradius” r are defined as the angles equal to half the angles
at the vertices of the first and the second cone, respectively.

If R is the radius of the sphere, then the area S of the spherical triangle is given by the
formula

S = R, (3.3.2.1)
where ¢ is the spherical excess defined as
e=a+fB+y-7 (3.3.2.2)

and measured in radians.

A spherical triangle is uniquely determined (up to a symmetry transformation) by:

Three sides.

Three angles.

Two sides and their included angle.
Two angles and their included side.

el

Let v, 3, and y be the angles and a, b, and c the sides opposite these angles in a spherical
triangle (Fig. 3.37b). Table 3.5 presents the basic properties and relations characterizing
spherical triangles (with the notation 2p = a + b+ c and 2P = o+ 3 + v — ). From the
relations given in Table 3.5, one can derive all missing relations by cyclically permuting the
sides a, b, and ¢ and the angles «, 3, and ~.

LEGENDRE’S THEOREM. The area of a spherical triangle with small sides (i.e., with sides
that are small compared with the radius of the sphere) is approximately equal to the area of
a plane triangle with the same sides; the difference between each angle of the plane triangle
and the corresponding angle of the spherical triangle is approximately equal to one-third of
the spherical excess.

The law of sines, the law of cosines, and the half-angle theorem in spherical trigonometry
for small sides become the corresponding theorems of the linear (plane) trigonometry.

Table 3.6 allows one to find the sides and angles of an arbitrary spherical triangle if
three appropriately chosen sides and/or angles are given.

3.3.2-2. Rectangular spherical triangle. ‘

A spherical triangle is said to be rectangular if at least one of its angles, for example, 7, is
equal to %71‘ (Fig. 3.38a); the opposite side c is called the hypotenuse.

(a) (b)

Figure 3.38. A rectangular spherical triangle (a). The Neper rules ().
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TABLE 3.5

Basic properties and relations characterizing spherical triangles

No. | The name of property Properties and relations
The sum of lengths of two sides is greater than the length of the third side.
| Trianele inequalit The absolute value of the difference between the lengths of two sides is
& d Y less than the length of the third side,
a+b>c, la-bl<c
The sum of two angles of a triangle is greater than
Sum of two angles . .
2 . the third angle increased by T,
of a triangle
a+fB<m+7y
The greatest side and The greatest side is opposite the greatest angle,
3 the greatest angle a<b if a<f
a=b if a=p
4 Sum of angles The sum of the angles lies between 7 and 3,
of a triangle T<a+f+v<3m
5 Sum of sides The sum of sides lies between 0 and 27
of a triangle O<a+b+c<2m
) sina sinb sinc
6 The law of sines - = =—
sina  sinf@  sinvy
7 The law (.)f cosines cos ¢ = cos acos b+ sinasinbcos y
of sides
8 The law of cosines cos -y = —cos acos 3 + sin asin § cos
of angles 087y =—cosaco @ os¢
h—a)sin(o—b - v
sin) = \/w cos ) =,/ Sinpsin@—c)
9 Half-angle formulas 2 sina sinb . . 2 sina sinb
tan Yy _ /sin(p—a)sin(p— b)
2 sin p sin(p — ¢)
.. C —sin Psin(P - ) c sin(P — a) sin(P - 3)
Sy = sinasin@ €83 = sin asin 3 ’
10 Half-side theorem - -
tan c _ —sin P sin(P —7)
2 "V sin(P - o) sin(P - 8)
- b
tangcos azﬁ =tan a; cos oerrﬂ,
c . a-— a-b . a+p
tanzsm 5 = tan 5 sin——,
! Nepers analogs cot L cos 4= b_ tan &5 b cos & b
2 2 2 2 b ’
- - +
cot%sin a2 = tan azﬂ sin a2
.y . a+b . ¢ a-0 .y . a+b c
i D’ Alembert (Gauss) sin o sin —— =sin - cos ——,  sin - sin —— =cos 5 cos —-—,
formulas cos x sin a-b = sinE sin a_ﬁ, cos x cos a-b = Cos < sin a+f
2 2 2 2 2 2 2 2
sina cos 3 = cos bsin ¢ —cos asin b cos ¢,
13 Product formulas sina cos b = cos 3sin ¢ — cos a sin (3 cos 7y
= = in(P — in(P - [3) sin(P —
14 | The “circumradius” R cot R = \/ sin(P — ) sm(. B sin(P - 7) = cot = sin(a — P)
sin P 2
15 The “inradius” r tanr = \/sm(p— ) sin(p - ) sin(p - 7) = tan % sin(p — )

sinp
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TABLE 3.5 (continued)
Basic properties and relations characterizing spherical triangles

No. | The name of property Properties and relations
Willier’s formula for e D p—a p—b p—c
16| the spherical excess € tan = =tan 7 = \/tan 5 tan T tan T tan T
pa pb
17 L’Huiller equation tan < J_ f) = M
2 4 tan & tan 75°
TABLE 3.6.
Solution of spherical triangles
No. Three parts Formulas for the remaining parts
specified
1 | Threesides | The angles «, 3, and y are determined by the half-angle formulas and the cyclic
a,b,c permutation.
Remark. 0<a+b+c<2m The sum and difference of two sides are greater than the third.
2 | Three angles | The sides a, b, and c are determined by the half-side theorems and the cyclic
a, B,y permutation.
Remark. m<a+8+v<37. The sum of two angles is less than 7 plus the third angle.
3 | Two sides a, b | First method.
and the o+ [ and a — (3 are determined from Neper’s analogs, then e and (3 can be found;
included side a is determined from the law of cosines, sin ¢ = sin~y sma.
angle vy sin o
Second method.
The law of cosines of sides is applied, cos ¢ = cos acos b + sina sin b cos 7,
cosb—sinasinc cosa—sinbsinc
003,8 = coso=———.
sina sin ¢ sinbsin ¢
Remark 1. If v > 3 (v < ), then ¢ must be chosen so that ¢ > b (¢ < b).
Remark 2. The quantities ¢, o, and (3 are determined uniquely.
4 A side ¢ First method.
and the two a + b and a — b are determined from Neper’s analogs, then ¢ and b can be found;
angles «, 3 angle ~y is determined from the law of sines, sin~y = sinc e
adjacent to it sina
Second method.
The law of cosines of angles is applied, cos v = —cos accos 3 + sin asin 3 cos ¢,
cosq = &% a.+ cos. [ cosy cosh = cos ﬂ.+ cos.a cosy
sin 3 siny sin asiny
Remark 1. If ¢ > b (c < b), then ¥ must be chosen so that v > 5 (v < ().
Remark 2. The quantities v, a, and b are determined uniquely.
inb
5 | Two sides a, b | 3 is determined by the law of sines, sin 3 = sin a :1;1 .
ina
and the angle o} The elements ¢ and 7 can be found from Neper’s analogs.
opposite one | Remark 1.The problem has a solution for sin b sin v < sin a.
of them Remark 2. Different cases are possible:
1. If sina = sin b, then the solution is determined uniquely.
2. If sin bsin « < sin a, then there are two solutions 3; and 32, 81 + 52 = 7.
3. If sin bsin o = sin a, then the solution is unique: 3 = 5.
6 | Two angles | b is determined by the law of sines, sinb = sina s?n b .
sina
& fand th? The elements c and ~y can be found from Neper’s analogs.
side a opposite| Remark 1. The problem has a solution for sin a sin 3 < sin a.
one of them | Remark 2. Different cases are possible:
1. If sin « 2 sin (3, then the solution is determined uniquely.
2. If sin 3 sin & < sin a, then there are two solutions b; and by, by + by = 7.
3. If sin 8 sin & = sin a, then the solution is unique: b = %71‘.
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The following basic relations hold for spherical triangles:

sina = cos(% ) =sinasinc = cot(ﬂ —b) cot 3 =tanbcot 3,

sinb:cos(% b) mBsmc—cot(——a) cot o = tan a cot «v,

cos ¢ =sin(5 —a) sin(5 —b) = cosacos b = cot acot 3, (3.3.2.3)
cos (x = sin(% a) sin =cosasinf = cot(— —b) cotc =tanbcotc,

cos 3 =sin(5 —b) sina = cos bsin o = cot(5 —a) cot ¢ = tan a cot c,

which can be obtained from the Neper rules: if the five parts of a spherical triangle (the right
angle being omitted) are written in the form of a circle in the order in which they appear in

the triangle and the legs a and b are replaced by their complements to %77 (Fig. 3.38b), then
the cosine of each part is equal to the product of sines of the two parts not adjacent to it, as
well as to the product of the cotangents of the two parts adjacent to it.

References for Chapter 3

Alexander, D. C. and Koeberlein, G. M., Elementary Geometry for College Students, 3rd Edition, Houghton
Mifflin Company, Boston, 2002.

Alexandrov, A. D., Verner, A. L., and Ryzhik, B. L., Solid Geometry [in Russian], Alpha, Moscow, 1998.

Chauvenet, W., A Treatise on Elementary Geometry, Adamant Media Corporation, Boston, 2001.

Fogiel, M. (Editor), High School Geometry Tutor, 2nd Edition, Research & Education Association, Englewood
Cliffs, New Jersey, 2003.

Gustafson, R. D. and Frisk, P. D., Elementary Geometry, 3rd Edition, Wiley, New York, 1991.

Hadamard, J., Lecons de géométrie élémentaire, Vols 1 and 2, Rep. Edition, H.-C. Hege and K. Polthier
(Editors), Editions J. Gabay, Paris, 1999.

Hartshorne, R., Geometry: Euclid and Beyond, Springer, New York, 2005.

Jacobs, H. R., Geometry, 2nd Edition, W. H. Freeman & Company, New York, 1987.

Jacobs, H. R., Geometry: Seeing, Doing, Understanding, 3rd Edition, W. H. Freeman & Company, New York,
2003.

Jurgensen, R. and Brown, R. G., Geometry, McDougal Littell/Houghton Mifflin, Boston, 2000.

Kay, D., College Geometry: A Discovery Approach, 2nd Edition, Addison Wesley, Boston, 2000.

Kiselev, A. P., Plain and Solid Geometry [in Russian], Fizmatlit Publishers, Moscow, 2004.

Leff, L. S., Geometry the Easy Way, 3rd Edition, Barron’s Educational Series, Hauppauge, New York, 1997.

Moise, E., Elementary Geometry from an Advanced Standpoint, 3rd Edition, Addison Wesley, Boston, 1990.

Musser, G. L., Burger, W. E., and Peterson, B. E., Mathematics for Elementary Teachers: A Contemporary
Approach, 6th Edition, Wiley, New York, 2002.

Musser, G. L., Burger, W. F., and Peterson, B. E., Essentials of Mathematics for Elementary Teachers: A
Contemporary Approach, 6th Edition, Wiley, New York, 2003.

Musser, G. L. and Trimpe, L. E., College Geometry: A Problem Solving Approach with Applications, Prentice
Hall, Englewood Cliffs, New Jersey, 1994.

Pogorelov, A. V., Elementary Geometry [in Russian], Nauka Publishers, Moscow, 1977.

Pogorelov, A., Geometry, Mir Publishers, Moscow, 1987.

Prasolov, V. V., Problems in Plane Geometry [in Russian], MTsNMO, Moscow, 2001.

Prasolov, V. V. and Tikhomirov, V. M., Geometry, Translations of Mathematical Monographs, Vol. 200,
American Mathematical Society, Providence, Rhode Island, 2001.

Roe, J., Elementary Geometry, Oxford University Press, Oxford, 1993.

Schultze, A. and Sevenoak, F. L., Plane and Solid Geometry, Adamant Media Corporation, Boston, 2004.

Tussy, A. S., Basic Geometry for College Students: An Overview of the Fundamental Concepts of Geometry,
2nd Edition, Brooks Cole, Stamford, 2002.

Vygodskii, M. Ya., Mathematical Handbook: Elementary Mathematics, Rev. Edition, Mir Publishers, Moscow,
1972.

© 2007 by Taylor & Francis Group, LLC



