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Abstract. This paper introduces the numbers in the n dimensional space.
Namely, if in the first dimension we have the real numbers and in the second the com-
plex numbers, in the next dimensions we have the complete numbers introduced here.
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1. Introduction

Definition 1.1. We can define real number r(a) as the position of the straight line
R that can be reached starting from that unitary through operations of translation
of positions.

We can observe, with regard to this, Figure 1.

translation a

[
»

0 1 a
/ : l \ !\ >R
origin unitary position  position that characterizes

the generic real number r(a)
Figure 1: Cartesian representation of the real numbers

The straight line R that appears in the figure is defined line of the real numbers.

Theorem 1.2. Real numbers can be expressed in the following way:
r(a) =a

Proof. The proof is immediate and is a consequence of the bijection between
translation operation of value (a) and the positions (a) on the line of the real
numbers. ]

For more information on real numbers see [1], Chapter 1.
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Definition 1.3. We can define complex number ¢(¢,60) as the position of the
plane RI that can be reached starting from that unitary through operations of
translation of positions and plane rotation of straight lines.

We can observe, with regard to this, Figure 2.

plane rotation
\ of angle 6

0 1 ;1 t

translation of module t

Figure 2: Cartesian representation of the complex numbers

We note that the position c(t,0) is reached from that unitary of the line R

before translating it of modulus t, and after making line R turn of the angle 6 in
the plane RI.

The straight line I that appears in the figure is defined line of the imaginary

numbers and together with the line R of the real numbers identify the plan RI of
the complex numbers.

Theorem 1.4. Complex numbers can be expressed in the following way:
c(t,0) =1t -[cos(0)+i-sin(6)]

Proof. Making reference to trigonometric relations shown in Figure 3

t'cos(0)
Figure 3: Trigonometric representation of complex numbers

we obtain just the result expected.
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Definition 1.5. The symbol t that indicates the distance of a complex number
c(t,0) from the origin is defined modulus.

Theorem 1.6. The modulus t has the following property:
t =+va?+ b?

Proof. By using Pythagoras’ theorem on the triangle identified in Figure 3 on
the preceding page we can obtain the relation:

t? =a® + b?
from which results the previous one. u

Definition 1.7. The symbol 6 that expresses the rotation that has to undergo
the line R to align itself with the straight line that joins c(¢,6) to the origin is
defined plane phase.

Theorem 1.8. The plane phase 6 has the following property:

b
0 = arctan (—>
a
Proof. Making reference again to the same triangle of Figure 3 on the facing
page we obtain the relation:

b = tan (0)

a
from which results the previous one. n

Theorem 1.9. Complex numbers can be expressed in the following way:
c(t,0) =t-[cos (6 +k-360)+i-sin(0+k-360)] fork=0,+1,+£2+3...

Proof. The proof is immediate and is a consequence of the periodicity of the
functions sin() and cos(). .

Theorem 1.10. Complex numbers can be expressed in the following way:
c(t,0) =cla,b) =a+1i-b

Proof. The proof is immediate and is a consequence of the bijection between
translation and rotation operations of values (t,0) and the positions (a,b) of the
plane RI. u

For more information on complex numbers see [1], Chapter 3.

The transition from the first dimension of the real numbers to the second
dimension of the complex numbers has required an operation of rotation. By
further extending this procedure will be possible to introduce the n dimensional
numbers and define their operations.
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2. Numbers in three dimensional space

2.1. Introduction to the complete numbers

Definition 2.1. We can define complete number o(t,6,) as the position of the
space RIU that can be reached starting from that unitary through operations of
translation of positions, of plane rotation of straight lines and spatial rotation of

planes.

We can observe, with regard to this, Figure 4.

’

1
,'plalne rotation* “«
1
! oif angle y
U .
translgtion
off module t
1 )

______

Figure 4: Cartesian representation of the complete numbers

We note that the position o(¢, 0, ) is reached from that unitary of the line R
before translating it of modulus t, after making line R turn of the angle v in the
plane RI, and finally making the whole plane RU turn of the angle 6.

The straight line U that appears in the figure is defined line of the outgoing
numbers and together with the line R of the real numbers and the line I of the
imaginary numbers identify the space RIU of the complete numbers.

Theorem 2.2. Complete numbers can be expressed in the following way:
o(t,0,7) =t - {[cos (7) - cos (0)] + i - [cos () - sin (0)] + w - [sin ()]}

Proof. Making reference to trigonometric relations shown in Figure 5 we obtain
just the result expected. .

Definition 2.3. The symbol t that indicates the distance of a complete number
o(t,0,~) from the origin is defined modulus.

Theorem 2.4. The modulus t has the following property:

t=Va2+b+ 2
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U
?
//\ e oty
c = tsin
v > UK ()
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> [
alg tri a = tgy"cos(0) = t-cos(y) cos(0)
b = tr;'sin(B) = t-cos(y)sin(0)
b
v
R

Figure 5: Trigonometric representation of the complete numbers

Proof. By using Pythagoras’ theorem on the two triangles identified in Figure 5
we can obtain the following relations:

=ty +c
from which result the previous one. u

Definition 2.5. The symbol v that expresses the rotation that has to undergo
the line R to align itself with the projection on the plane RU of the straight line
that joins o(t,0,v) to the origin is defined plane phase.

Theorem 2.6. The plane phase v has the following property:

C
= arctan | ——
7 (\/ a? + bQ>

Proof. Making reference to the first triangle in Figure 5 we can write:

c
7y = arctan (—)
tRr
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while making reference to the second one, we can write:
from which results just the result expected. u

Definition 2.7. The symbol 6 that expresses the rotation that has to undergo
the line R to align itself with the projection on the plane RI of the straight line
that joins o(t, 6,) to the origin is defined spatial phase.

Theorem 2.8. The spatial phase 6 has the following property:

f = arctan <9>

a
Proof. Making reference to the second triangle in Figure 5 on the preceding page
we obtain the following relation:

b
o= tan ()

from which results the previous one. u
Theorem 2.9. Complete numbers can be expressed in the following way:

o(t,0,~) =t {[cos (y+ j - 360) - cos (0 + k - 360)]+
+ 4 - [cos (v + 7 - 360) - sin (0 + k - 360)] + w - [sin (7 + j - 360)]}

j=0,+1,42 £3...
for
kE=0,+£1,£2,4+3...

Proof. The proof is immediate and is a consequence of the periodicity of the
functions sin() and cos(). n

Definition 2.10. A complete numbers not belonging to the line U can be defined
in standard representation if provided with phases ¢ and v which satisfy the
conventions introduced hereunder.

For positions P(a,b,c) of the half-space RTIU not belonging to the planes RI,
RU, IU the phases of the standard representation will be those shown in Figure 6
on the next page.

The phases shown in the figure can be determined using the formulas:

c
= arctan | ———
! ( Va1 5| )

b
f = arctan <—)
a
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P(a>0,b,c)

N(@*+b)]

Figure 6: Phases that identify the positions of the half-space R*IU according to
the standard representation

(™)
) P(a<0,b,c)

N(@*+b)]

R |
Figure 7: Phases that identify the positions of the half-space R~IU according to

the standard representation

For positions P(a,b,c) of the half-space R~IU not belonging to the planes RI,
RU, TU the phases of the standard representation will be those shown in Figure 7.
The phases shown in the figure can be determined using the formulas:

c
= arctan | ————
! ( Va1 5| )

b
f = arctan (—)
a

We note that the plane phase « is not calculated by the formula:

c
= arctan | ————
! <—|\/7a2+b2]>

because it would correspond to the value v*.
For positions P(a,b,c) of the plane RI not belonging to the lines R and I the
phases of the standard representation will be those shown in Figure 8 on the next

page.
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P(a,b,0) I

Figure 8: Phases that identify the positions of the plane RI according to the
standard representation

The phases shown in the figure can be determined using the formulas:

c
= arctan | ——

b
6 = arctan <—>
a

For positions P(a,b,c) of the half-plane R*U not belonging to the lines R and
U the phases of the standard representation will be those shown in Figure 9.

I

Figure 9: Phases that identify the positions of the half-plane RTU according to
the standard representation

The phases shown in the figure can be determined using the formulas:
c
v = arctan (—)
|al
0=0°
For positions P(a,b,c) of the half-plane R~U not belonging to the lines R and

U the phases of the standard representation will be those shown in Figure 10 on
the next page.
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Figure 10: Phases that identify the positions of the half-plane RU according to
the standard representation

The phases shown in the figure can be determined using the formulas:

c
v = arctan | —
(Wi)

6 = 180°

We note that the plane phase 7 is not calculated by the formula:

c
v = arctan | ——
(—|a|>

because it would correspond to the value v*.
For positions P(a,b,c) of the half-plane ITU not belonging to the lines T and
U the phases of the standard representation will be those shown in Figure 11.

Figure 11: Phases that identify the positions of the half-plane ITU according to
the standard representation

The phases shown in the figure can be determined using the formulas:

v = arctan (£>
0]

0 =90°
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For positions P(a,b,c) of the half-plane I~U not belonging to the lines I and
U the phases of the standard representation will be those shown in Figure 12.

-

P(0,b<0,c)@ """ 4 U

R

Figure 12: Phases that identify the positions of the half-plane I~U according to
the standard representation

The phases shown in the figure can be determined using the formulas:

v = arctan <‘%>

6 = 270°

We note that the plane phase « is not calculated by the formula:

v = arctan £
il

because it would correspond to the value v*.
For positions P(a,b,c) of the half-line R* the phases of the standard repre-
sentation will be those shown in Figure 13.

U

A

00

I

Figure 13: Phases that identify the positions of the half-line R* according to the
standard representation

The phases shown in the figure can be determined using the formulas:

=0
0=0°
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For positions P(a,b,c) of the half-line R~ the phases of the standard repre-
sentation will be those shown in Figure 14.

t
\ (a<0,0,0)

0=180°

I

Figure 14: Phases that identify the positions of the half-line R~ according to the
standard representation

The phases shown in the figure can be determined using the formulas:
v =0°
6 = 180°

For positions P(a,b,c) of the half-line I the phases of the standard represen-
tation will be those shown in Figure 15.

ATU

Y% P(0, >0,0)
R’ 0=90° I

Figure 15: Phases that identify the positions of the half-line It according to the
standard representation

The phases shown in the figure can be determined using the formulas:
v =0
6 = 90°
For positions P(a,b,c) of the half-line I~ the phases of the standard represen-
tation will be those shown in Figure 16 on the next page.
The phases shown in the figure can be determined using the formulas:
=0
0 = 270°
Theorem 2.11. The standard representation of a complete number of coordinates

(a,b,c) not lying on the line U requires to give to the algebraic root v/a® + b? the
following positive solution:

Va2 + b2 = [Va? + b2 |
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AU
P(0, bdhn‘\"
0=270°
y=0°
R I

Figure 16: Phases that identify the positions of the half-line /= according to the
standard representation

Proof. In the case of the standard representations previously examined (that
cover every region of the space RIU with the exception of the line U) the phase 7
assumes the values provided by the formula:

c
= arctan | ——
7 ( va? + b2 )

when we give to the algebraic root v/a? + b? its positive solutions. And this
immediately proves the thesis. n

Definition 2.12. A complete numbers not belonging to the line U can be defined
in complementary representation if provided with phases obtained by the values
6 and v of the standard representation through those substitutions which allow
us to identify the same positions.

Theorem 2.13. If we call 8 and ~y the phases that allow to a complete number not
belonging to the line U and in standard representation to identify any position of
the space RIU, an alternative set of phases able to individuate the same position
has the following values: (0 4 180°) and (180° — 7).

Proof. Since the following relations are valid:

cos (180° — 7) - cos (# 4 180°) = cos (7) - cos ()
cos (180° — ) - sin (A + 180°) = cos (7y) - sin (#)
sin (180° — 7) = sin ()

we can write:
o(t,0,v) = o(t,0+180°,180°—~)
proving the thesis. u

Theorem 2.14. Complete numbers not belonging to the line U are in comple-
mentary representation if provided with phases obtained by replacing the values 0
and «y of the standard representation with the values (8 + 180°) and (180° — ).
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Proof. The definition of the complete numbers in complementary representation
and the theorem 2.13 directly prove the thesis. u

Making reference to what we saw for the standard representation, the con-
ventions adopted for the phases of the complementary representation will be those
introduced hereunder.

For positions P(a,b,c) of the half-space RTIU not belonging to the planes RI,
RU, IU the phases of the complementary representation will be those shown in
Figure 17.

Figure 17: Phases that identify the positions of the half-space RTIU according to
the complementary representation

The phases shown in the figure can be determined using the formulas:

&
= arctan | ——
! (—W2+b21)

—b
0 = arctan (—)
—a

We note that the plane phase v and the spatial phase 8 are not calculated by
the formulas:

c
= arctan | ————
! ( Va1 7| )

f = arctan (é)
a

because they would correspond to the values v* and 6*.

For positions P(a,b,c) of the half-space R~ IU not belonging to the planes RI,
RU, IU the phases of the complementary representation will be those shown in
Figure 18 on the next page.

The phases shown in the figure can be determined using the formulas:

c
= arctan | —————
! (—\\/a2+62]>

—b
f = arctan (—)
—a
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Figure 18: Phases that identify the positions of the half-space R~IU according to
the complementary representation

We note that the spatial phase 6 is not calculated by the formula:

0 = arctan (9)
a

because it would correspond to the value 6*.
For positions P(a,b,c) of the plane RI not belonging to the lines R and I the
phases of the complementary representation will be those shown in Figure 19.

Figure 19: Phases that identify the positions of the plane RI according to the
complementary representation

The phases shown in the figure can be determined using the formulas:

v = 180°

—b
f = arctan (—>
—a

We note that the spatial phase 6 is not calculated by the formula:

0 = arctan (9)
a

because it would correspond to the value 6*.
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For positions P(a,b,c) of the half-plane RTU not belonging to the lines R
and U the phases of the complementary representation will be those shown in
Figure 20.

I

Figure 20: Phases that identify the positions of the half-plane R*U according to
the complementary representation

The phases shown in the figure can be determined using the formulas:

c
v = arctan ( )
—lal

0 = 180°

We note that the plane phase « is not calculated by the formula:

c
v = arctan (—)
lal

because it would correspond to the value v*.

For positions P(a,b,c) of the half-plane R~U not belonging to the lines R
and U the phases of the complementary representation will be those shown in
Figure 21.

U__g P(a<0,0,c)

Figure 21: Phases that identify the positions of the half-plane R~U according to
the complementary representation
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The phases shown in the figure can be determined using the formulas:

c
v = arctan | ——
(—\a'>

0=0°

We note that the plane phase « is not calculated by the formula:

c
v = arctan | —
<|a|)

because it would correspond to the value v*.
For positions P(a,b,c) of the half-plane U not belonging to the lines T and U
the phases of the complementary representation will be those shown in Figure 22.

BP(0,b>0,c)

b]

Figure 22: Phases that identify the positions of the half-plane I"U according to
the complementary representation

The phases shown in the figure can be determined using the formulas:

arcta ( ¢ )
v = arctan | ——
—[b]

0 =270°

We note that the plane phase « is not calculated by the formula:

c
v = arctan | —
<\b|>

because it would correspond to the value v*.

For positions P(a,b,c) of the half-plane I~ U not belonging to the lines I and U
the phases of the complementary representation will be those shown in Figure 23
on the facing page.

The phases shown in the figure can be determined using the formulas:

7 = arctan £
i

6 =90°
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Figure 23: Phases that identify the positions of the half-plane I~U according to
the complementary representation

We note that the plane phase « is not calculated by the formula:

v = arctan <|%>

because it would correspond to the value v*.
For positions P(a,b,c) of the half-line Rt the phases of the complementary
representation will be those shown in Figure 24.

AU
y=180°
0=180°
P(a>0,0,0
R I

Figure 24: Phases that identify the positions of the half-line R™ according to the
complementary representation

The phases shown in the figure can be determined using the formulas:

~v = 180°
0 = 180°
For positions P(a,b,c) of the half-line R~ the phases of the complementary

representation will be those shown in Figure 25 on the following page.
The phases shown in the figure can be determined using the formulas:

v = 180°
0=0°



204 NICOLA D’ALFONSO

¥=1805~0=0°

R |
Figure 25: Phases that identify the positions of the half-line R~ according to the

complementary representation

For positions P(a,b,c) of the half-line I* the phases of the complementary
representation will be those shown in Figure 26.

AU
y=180°

0=270°
P(0,b>0,0)

R I

Figure 26: Phases that identify the positions of the half-line It according to the
complementary representation

The phases shown in the figure can be determined using the formulas:

~v = 180°
6 = 270°

For positions P(a,b,c) of the half-line /= the phases of the complementary
representation will be those shown in Figure 27.

+ =180°

0=9
P(0, b<0,0)

R I

Figure 27: Phases that identify the positions of the half-line I~ according to the
complementary representation
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The phases shown in the figure can be determined using the formulas:
v = 180°
0 =90°

Theorem 2.15. The complementary representation of a complete number of co-
ordinates (a,b,c) not lying on the line U requires to give to the algebraic root
Va? + b? the following negative solution:

VETR = —|[VE T F|

Proof. In the case of the complementary representations previously examined
(that cover every region of the space RIU with the exception of the line U) the
phase v assumes the values provided by the formula:

c
= arctan | ——
! (\/ a? + bQ>
when we give to the algebraic root v/a? + b? its negative solutions. And this

immediately proves the thesis. u

Theorem 2.16. Each position of the line U corresponds to a complete number
for each value assigned to the spatial phase 6.

Proof. By assigning at the expression of the complete numbers the values
v = £90° that characterize the outgoing numbers of the line U:

o(t,0,£90°) =t - {[cos (£90°) - cos ()] + i - [cos (£90°) - sin (A)] + w - [sin (£90°)] }
we obtain the same result regardless of the value of the spatial phase 6:
o(t,0,£90°) =t - u - [sin (£90°)] = £t - u
proving the thesis. u

Definition 2.17. A complete numbers belonging to the line U can be defined in
standard representation if provided with spatial phase 6 equal to zero.

Definition 2.18. A complete numbers belonging to the line U can be defined
in complementary representation if provided with spatial phase 6 different from
ZEro.

Since the non zero values of the spatial phase are unlimited, unlimited will also
be the complementary representation related to the complete numbers belonging
to the line U.

Theorem 2.19. Complex numbers cannot be expressed in the following way:
o(a,b,c)=a+i-b+u-c

namely:
o(t,0,v) # o(a,b,c) =a+i-b+u-c
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Proof. The proof comes from the absence of bijection between translation and
rotation operations of values (¢, 6,~) and the positions (a,b,c) of the space RIU, as
confirmed by the existence of the complementary representation (Theorem 2.14). m

Since it is impossible to associate the complete numbers to the individual
positions of the space, we can always express them in terms of their coordinates
(a,b,c), provided that we make explicit the phases involved as well.

In other words we should use the following notation:

0(a,, ) (1.0, = a) + - by +u - c(y)

where the values of t, 6, v, if not yet given, should be reported to those which
characterize the standard representation.

However it is even possible to introduce a more concise notation by indicating
what representation is associate to the coordinates (a,b,c) or, in the case of the
outgoing numbers, the value of the spatial phase #. In practice for the standard
representation we have:

o(a,b,c)sy = (a+i-b+u-c)eg
for the complementary representation:
o(a,b,c)icy=(a+i-b+u-c)c
and finally for the outgoing numbers:
o(a,b,c)@) = u- cy)
While any other notation of the following type:
o(a,b,c)=a+i-b+u-c

that is devoid of sufficient information to trace the values of the phases 6 and =,
will be able to represent the positions of the space RIU, but not the complete
numbers.

2.2. Addition

Definition 2.20. In the space RIU we can define addition between two positions
01 (CLl, bl, Cl) and 02((12, bg, CQ) as the pOSitiOIl 01+2(a1+27 bl+2, Cl+2) represented also
with the symbol 01 (a1, by, c1) + 02(az, be, c2) that satisfies the following condition:

0142(a149, 0112, C142) = 0112(a1 + a2, by + ba, ¢1 + ¢2)

This condition is equivalent to take the position of the space RIU provided
with the following coordinates:
A1+2 = a1 + a2
biye = b1 + by

Cl42 = C1 + C2
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We can observe, with regard to this, Figure 28.

U

A
) Cl+C2)

Pad - C]

Figure 28: Representation of the addition between two complete numbers

It should be emphasized that the addition is not defined in terms of trans-
lations and rotations, and this means that it must be considered an operation
that works on the positions and not on the complete numbers. If in one or two
dimensions this does not happen is due to the fact that in such contexts there is
a bijection between positions and numbers.

Since the addition works on the positions, the notation to use for the various
terms involved will be the following:

o(a,b,c)=a+i-b+u-c

To integrate the operation of addition, working on the positions, with the
others, working on the complete numbers, will be enough making reference to
the complete number that we can obtain assigning to the sum the phases of the
standard representation.

Theorem 2.21. For the operation of addition is defined neuter the position 0,
namely for:

02(&2, b27 62) == O

we have:

Ol(ala b17 Cl) + OQ(CLQ, b27 C2> = 01(@1, b17 Cl)
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Proof. ai,b1,c1,a2,b9,c0 being real numbers, we can write:

42 =a1 +az=a; +0=a
b1+2:b1+bzzbl+0:b1

C142 :Cl+CL2:Cl+0201
proving the thesis. .

Theorem 2.22. For the operation of addition is defined opposite the position
symmetric with respect to the origin, namely for:

02(CL2, ba, 02) = 02(—611, —br, —01)

we have:
01(a17 bl; Cl) + OQ(GQ, b27 CZ) =0
Proof. ai,by,cq,a2,b9,c0 being real numbers, we can write:
a1+2:a1+a2:a1—a120
bl+2:b1+b2:b1—61:0

Clqz=Cr+ay=c;—c; =0
proving the thesis. n

Theorem 2.23. For the operation of addition is valid the commutative property,
namely:
Ol(ala b17 Cl) + 02(a27 b27 02) = 02(a27 b?a 02) + 01(@1, b17 Cl)

Proof. ay,b1,cq,a2,b5,co being real numbers, we can write:
A1+2 = a1 + a2

biy2 = by + by

Cly2 = C1 + C2

Q241 = G2 + a1 = a1 + Qo
b2+1:b2+b1:b1+b2
CQ+1:CQ+01261+CQ

proving the thesis. u

Theorem 2.24. For the operation of addition are valid the associative and dis-
sociative properties, namely for:

02(@2, b27 02) = 03(@3, b37 03) + 04(@4, b47 C4)

we have:

o1(a, by, c1) + 02(az, ba, ca) = [01(ay, by, 1) + 0s(as, bs, c3)] + 04(as, ba, cq)

[01(ay, b1, ¢1) + 03(as, bs, c3)] + 04(a4, by, cs) = 01(ay, by, c1) + 02(az, ba, c2)
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Proof. ai,b1,c1,a9,b9,c0,a3,b3,c3,a4,b4,c4 being real numbers, we can write:

Q112 = a1 + a2 = a1 + (a3 + as4) = (a1 + az) + a1 = a(143)44
biya = b1+ by = by + (b3 + bs) = (b1 + b3) + by = b(143) 44

Ciqpa=C1+ o =c1+ (3 +cy) = (61 +¢3) + a4 = C143)44

a(143)+4 = (a1 +az) +ay = ay + (a3 + ag) = a1 + az = a149
ba+3)+4 = (b1 4+ b3) + by = by + (bg + bsg) = by + by = b1y9
Ca43)yta = (1 +c3) Fea=c1 + (c3+ca) =1 +ag = Cryo

proving the thesis. .

2.3. Subtraction

Definition 2.25. In the space RIU we can define subtraction between two po-
sitions o01(a1,b1,¢1) and o0y(ag, be, o) as the position 01_o(aj_2,b1_9,¢1_2) repre-
sented also with the symbol o1 (aq, by, ¢1) — 02(ag, by, ¢o) that satisfies the following
condition:

01-2(a1_9,b1_9,¢1_9) + 0a(az, ba, ca) = 01(ay, by, 1)

This condition defines the subtraction as the inverse operation of addition,
and it is equivalent to require:

a1—2 = a1 — Q2
bi_o =001 — by

Cl—2 =C — C2

It should be emphasized that the subtraction is not defined in terms of trans-
lations and rotations, and this means that it must be considered an operation
that works on the positions and not on the complete numbers. If in one or two
dimensions this does not happen is due to the fact that in such contexts there is
a bijection between positions and numbers.

Since the subtraction works on the positions, the notation to use for the
various terms involved will be the following:

o(a,bc) =a+i-b+u-c

To integrate the operation of subtraction, working on the positions, with the
others, working on the complete numbers, will be enough making reference to the
complete number that we can obtain assigning to the difference the phases of the
standard representation.

Theorem 2.26. For the operation of subtraction is defined neuter the position 0,
namely for:
03(ag, by, c2) =0

we have:
Ol(ahblucl) - 02<a27b2762) = Ol(CLl,bl,Cl)
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Proof. ai,b1,c1,a2,b9,c0 being real numbers, we can write:
al_gzal—agzal—():al

b1,2:b1—62:b1—02b1

Clo=C—ays=c1—0=0
proving the thesis. u

Theorem 2.27. For the operation of subtraction is defined identical, the same
position with respect to the origin, namely for:

02(a27 b27 02) = 02(a17 bla Cl)

we have:
o1(a1, by, c1) — 02(az, ba,ca) =0

Proof. ai,b1,cq,a2,b9,c0 being real numbers, we can write:
al_gzal—CLQ:al—al:O

b1,2:b1—62:bl—b120

cl_gzcl—agzcl—cle
proving the thesis. n

Theorem 2.28. For the operation of subtraction is valid the invariantive property,
namely:

o1(ay, b1, c1) — 02(ag, by, ca) =[o1(a1, b1, c1) + o3(as, bs, c3)]+
— [02(ag, be, c2) + 03(as, bs, c3)]

01(611,51,01) - 02(612,52,02) [01(&1,b1,01) - 03(a3,bg,cg)]+

—

02 (a2, 52702) - 03(a3,b3,03)]
Proof. ay,b1,c1,a9,b2,c9,a3,b3,c3 being real numbers, we can write:
a1 = ap — a2

bi_o =b; — by

Cl—2 = C — C2

a@+3)—(243) = (a1 +az) — (a2 +ag) = a1 +as —as —ag = a; — ay
ba+3)—(243) = (b1 +b3) — (by +b3) = by 4 b3 — by — by = by — by
C(14+3)—(2+3) = =(a+ce)—(ca+cy)=c1+e3—co—c3=c1— ¢
a(1-3)— 23)—(Gl—aa)—(GQ—Gz):Gl—a3—&2+a3=a1—a2
b1—3)—(2— 3)—(bl_b3)_(b2_b3):bl_b3_b2+b3:bl_b2
C(1-3)— =(c1—c3) —(ca—c3) =c1—cs—Cat+cg=c1— ¢

proving the thesm. .
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Theorem 2.29. [t is valid the equivalence between addition and subtraction,
namely:

o1(a1, by, c1) + 02(az, ba, ca) = 01(a1, by, c1) — [—02(ag, ba, c2)]

01 (ala b17 Cl) - 02(0,2, b27 02) - Ol(ala bl) Cl) + [—02((12, b2a 62)]
Proof. ay,b1,c1,a2,b2,co being real numbers, we can write:

142 = a1 + a3
bito = b1 + by

Cly2 = C1 + C2

al_(_g) = a; — (—(IQ) = a1+ ag
bl_(_g) == b1 - (—bz) - bl + b2
Cl—(-2) = C1 — (—c2) =c1+ ¢
ai1—2 = a1 — A2
bi_g = b1 — by

Cl—2 =C — C2

A14(—2) = a1 + (—a2) = a1 — ap
b1+(_2) - b1 + (—b2> - bl - bg
Cl+(-2) = + (-CQ) = C1 — C2

proving the thesis. n

2.4. Multiplication

Definition 2.30. In the space RIU we can define multiplication between two
complete numbers oy (t1,61,71) and 03(ts, 02,72) as the number 01.5(t1.2,61.2,71.2)
represented also with the symbol oy (t1,601,71) - 02(t2, 02, 72) that satisfies the fol-
lowing condition:

01.2(t1.2, 1.2, 71.2) = 01.2(t1 - t2, 01 + 02,71 + 72)

This condition defines the multiplication and it is equivalent to require:

t1o =1t - 1o
Y12 =71+ Y2

We can observe, with regard to this, Figure 29 on the following page.
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spatial rotation 6, with
espect to the unitary length

t, times
the length t;

Figure 29: Representation of the multiplication between two complete numbers

Theorem 2.31. With o1(t1,61,71) and o0s(ta,02,72) in standard representation,
and both not belonging to the line U, their multiplication may be expressed in the
following way:

01.2(6112, b2, C1-2)(t1.2,91.2,71.2) = 1.2ty 1) T i 51-2(91+92) + U C12(>yy +42)

where:

@1.2=(a1-a2—b1.bz).<1_ C1 - Co )
|Vt + 8 ||V + 8

b]_.gz(b]_‘a2+a]_‘62)‘ (1 C1°Cy )

VAR Ve + 8]
Clo = C1 ‘\/(l%"—b% +cCo - ‘\/CL%—}‘b%

Proof. The multiplication between two complete numbers, as we know, satisfies
the following formula:

012(t1.2,01.2, 712) = t1 - ta - {[cos (1 + 2) - cos (61 + O2)]+
+i - [cos (1 +72) - sin (61 + 02)] + w - [sin (y1 + 72)]}
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For the moduli and the phases involved will be valid the following relation as well:

t=Va2+0b2+c2

Y= arctan (ﬁ)
0 = arctan <9>

a

This means that we can write the coordinates sought in the following way:

a0 :\/a% + b2 + ¢t - \/a§ + b3 + ¢ - cos {arctan (L>+

Vai+ b3
()| om et () # vcen (2)
+ arctan | ——— ] |-cos |arctan | — | + arctan | —

b1 :\/a% + b2 + ¢t - \/ag + b3 + ¢ - cos {arctan (L>+

Vai+ b3
()] in ovton (2 acten (2)
+ arctan | ——= | |- sin |arctan | — | 4+ arctan | —
a3 + b3 a az

1.2 :\/a%—i—b%%—c%-\/a%—{—b%—i—c%-sin

jreten ()¢
arctan
ai + b?
C2
+ arctan (—)]
a3+ b3

To continue with the proof, we have to use the following trigonometric relations:

cos (x +y) = cos (z) - cos (y) — sin () - sin (y)
sin (x + y) = sin (z) - cos (y) + cos () - sin (y)

2 2
Ccos {arctan (;)} = &
Va2 + b2 Va2 + 02+ 2
2
sin [arctan <;>} —y
Va2 + b2 a2 + b2 + 2
cos |arctan é = a—2
a)|  Va2+p?
sin |arcta b =4/ i
Hjaretan a SV a2+ 2

To determine the value of the coordinate ai.o the steps to perform will be the
following;:
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1

et ()
a?+b3+c3 \ a3 + b3+ 3 a? + b3\ a3+ b3
\/a1+b2 \/a2+b2>

(i) (R
= (ot yJug — /ot bg)(l_@%gﬁmg)

To determine the value of the coordinate by.o the steps to perform will be the
following:

24 72 2, 12
_ /.2 12 2. 2,124 .2, aj + b1 ) a3 + b3
ha=yJat 4 + o + 0+ (\/a%+b%+c% \/a%+b%+c%+
_ 4 ¢ Y Y L S U B
a?+b2+ct \ a3+ b3+ c3 a? + b3 \l a3+ b3
\/ +b2 \/a2+b2>
_ 2452, 2002 /2., /c2). Vi Vs +/ai - /by _
ay 1 as 2 551 1) D) 5 5 2
Vai+b? - \/a3 + b3
:( p2. 1 Ja2 11 Ja2 /b2>— 2. /2. Vi - Va; +/ai - /by _
VTR v R -y e
:( b? - \/a3 + y/a? - b2>- 1-— Vei V6
v bV Va+b3 - \/a} + b3

To determine the value of the coordinate c;.o the steps to perform will be the
following;:

\/2+b2+2 \/2+b2+2 il Grh
C1.2 =1/ a cy - a Cy -+ .
b2 e ad++c \a+d+c
2 2
ay + by \f [ o2 192 \/7 [ 2| 12
+ . a? + b5 + a’ + by
\/a%+b§+c? \/a2+b2+c> 2 !

2 | 12 2 | 12

2 2 2 2 2 2 ai + by a; + b3
2=+ 0+ G\ Jad 13+ : +
a2 \/“1 1T yRTeTe (\/a%+b§+c2 \/a§+b§+c§
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These relations are valid in general, in the precise sense that they are also able
to include cases where the coefficients a,b,c are zero (provided that we work with
complete numbers not belonging in the line U). But their main peculiarity is that
to contain many roots of the form v/z2.

Since the radicand 2 is always positive we know that the operation of alge-
braic root considered here is permitted, and therefore it will be able to take as
result two opposite values: one positive and one negative. This means that from
mathematical point of view we obtain a relation able to satisfies the multiplication
rule for each possible combination of signs attributable to the roots involved.

For example if we adopt the convention of attributing to the roots always the
positive value, we obtain the following result:

Va? = |a|
Vo2 = |b|
Ve = ||
to which correspond relations able to satisfy the multiplication role as a function of
the modulus of the coordinates involved. This means that distinct complete num-
bers will be able to give the same result of the multiplication if their coordinates
will have the same modulus.
Wanting to find relations that satisfy the multiplication rule as a function of

the effective coordinates of the complete numbers involved, we must assign to the
roots the same sign of the coefficient located within them:

Va2 =a
Vb2 =b
Ve =c¢

The relations obtained will be the following:

C1 - Co
aro = (a;-as —by-by) - [ 1—
12 = (a1 - as 1 2)( \/a%—l—b%-\/a%—i—bg)

(2.1) €1 Co
biog=(b1-ax+a;-by)-[1—
e = (b NG R BNCE

01.2201'\/Q%‘Fb%‘l‘CQ'\/CL%‘l‘b%

Since the complete numbers involved are in standard representation, as de-
termined by the theorem 2.11 we must consider the following relations:

Vi + 03 =|y/at + 83|
Vi 03 = [\ Ja3 + 3]

that combined with those indicated by the formulas (2.1), proving the thesis. =
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As an example of the theorem just proved, suppose you have to multiply the
complete numbers in standard representation provided with coordinates:

a1:a2:b1:b2261:C2:1.

Their modulus may be calculated in the following way:

h=to=\Jad +t}+d = /a3 + B+ =VET 2T 12=V3

For their phases we should refer to the formulas related to the standard represen-
tation:

C1 Co
Y1 = Y2 arcan<} = bﬂ) arcan<| a%—i—b%‘)
= arctan <—|\}§|> ~ 35.26°

b b 1
0, = 6, = arctan (—1) = arctan (—2> = arctan <—) = 45°
ay (05} 1

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:

t1.2 :tl'tg :3
Y12 =71+ 2 =2 70.52°
01.2 = 91 + 02 - 900

and the following coordinates:

a1.9 = t1.0 - cos (71.2) - cos (A1.2) = 3 - cos (=~ 70.52°) - cos (90°) = 0
b1.o = t1.9 - cos (y1.2) - sin (01.0) = 3 - cos (=~ 70.52°) - sin (90°) = 1
C19 = t19 - 8in (y1.2) = 3 - sin (~ 70.52°) = 2 - V2

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

ara =(a1+az = by - by) - (1 - - ):
NEETHRNCEY

:(1—1)-(1—%):0

C1+C2
bi.o =(by - “by) - | 1— =
1-2 (1 az + a; 2) < ’\/a%—i—b%}-’\/a%—l—b%})

1
—1+1)-(1-2)=1
ey (1-3)
C1.2 :cl~‘\/a%—|—b§ +CQ' ‘ua%+bf

=1-V2+1-vV2=2-/2
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Theorem 2.32. With o0y(t1,01,71) and 0y(t2, 02,72) in complementary represen-
tation, and both not belonging to the line U, their multiplication may be expressed
in the following way:

01.2(CL1.2, b2, Cl~2>(t1-2,9142ﬁ1-2) = A1.2(t1t0) T U 61'2(914—92) T U CLo(y472)

where:

a1.2=(a1-a2—b1.b2).<1_ C1-C )
[Vl + 8 || Va3 + 13

b1~2:(b1~a2—|—a1.b2).<1_ C1-C2 >
[Vl + 8 |-| Va3 + 13

Cl.g = —C1* ’\/CL%‘l‘b%‘-CQ' ‘\/a%—l—bﬂ

Proof. Since the complete numbers involved are in complementary representa-
tion, as determined by the theorem 2.15 we must consider the following relations:

a2 + b2 = —|\/a} + v?
V [/ |
\/ a3+ b3 = —|\/a3 + b3

that combined with those indicated by the formulas (2.1), proving the thesis. =

As an example of the theorem just proved, suppose you have to multiply the
complete numbers in complementary representation provided with coordinates:
a1:a2:b1:b2201202:1.

Their modulus may be calculated in the following way:

h=to=\Ja +t}+d= /a3 + B+ =VET 21 12=V3

For their phases we should refer to the formulas related to the complementary
representation:

Cc1 Co
V1 = 79 = arc an(_| a%+b%}> arc an(_‘ a%+b§|>
= arctan (ﬁ) ~ 144.73°

—b —b -1
0, = 65 = arctan (—1> = arctan (—2> = arctan (—) = 225°
—ay —Qa2 —1

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:

t1.2 :tl t2:3
Y12 =71+ Ve X 289.46°
01.2 == Ql —f- 492 = 4500 - 900
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and the following coordinates:

a1.9 = t1.9 - €os (7Y1.2) - cos (01.2) = 3 - cos (== 289.46°) - cos (90°) = 0
bi.o = t1.9 - cos (71.2) - sin (61.2) = 3 - cos (=~ 289.46°) - sin (90°) = 1
Ci1.9 = t1.2 - sin (71.2) =3 -sin (2 289460) = -2 \/§

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

a1~z=<a1-a2—bl-62>'<1— >:
VaZ+ 5 || \/aE + 53

:(1-1)(1-%):0

C1 - C2
bio=1(by-as+ay-bs)-|1— =
12 = (b1 - ay 1-b) ( h/a%%—b%H\/a%%—b%’)

1
:(1+1)-(1—§>:1

01.2:—01-‘\/a§+b% —02~’\/a%+b% =—1-vV2-1-vV/2=-2.-V2

Theorem 2.33. With o1(t1,01,71) in standard representation and os(ts, 6a,72) in
complementary representation, and both not belonging to the line U, their multi-
plication may be expressed in the following way:

01.2(@1.2, b1-27 Cl-2)(t1.2,91.2,71.2) - a1‘2(t1‘t2) + Z : b142(91+92) + u - Cl~2(’)/1+"yz)

where:

a1.2:(a1-a2_b1.52)'<1+ = >
[Vt + 6 [-|V/a3 + 03

Cy1 - C
bl.gz(bl-a2+a1-b2)- <1 ! 2 )

+
V@R | |3+ 5
Cl.g = Co ‘\/a%—i—b%

—C1 - )\/a%—l—bg

Proof. Since the first factor is in standard representation, as determined by the
theorem 2.11 we must consider the following relation:

Vai+ 03 =|y/at + 83 |

while being the second factor in complementary representation, as determined by
the theorem 2.15 we must consider the following relation:

\ad+ b3 =—|\/ad+ b3 ]|
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that combined with those indicated by the formulas (2.1), proving the thesis. =
As an example of the theorem just proved, suppose you have to multiply
the complete number in standard representation provided with coordinates a; =
by = ¢; = 1 by that in complementary representation provided with the same
coordinates coordinates: ay = by = ¢y = 1.
Their modulus may be calculated in the following way:

h=to=\Ja +t}+ = /a3 + B+ =VET 21 12=V3

For their phases we should refer to the formulas related to the standard and
complementary representations:

1

(&1
v1 = arctan | ——— | = arctan | — | ~ 35.26°
1 <W%+b%!) (m)
Co 1
~y = arctan —— | =arctan | —— | ~ 144.73°
<—\\/a3+531> <—|\/§|)

b 1
f, = arctan (—1) = arctan (—) = 45°
ap 1
—b -1
0, = arctan (—2> = arctan (—) = 225°
—Q2 —1

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:

tho =111 =3
Y12 =7+ 72 = 180°
010 =01 + 0y = 270°
and the following coordinates:
a1.9 = t1.9 - cos (71.2) - cos (A1.0) = 3 - cos (180°) - cos (270°) = 0
big = t1.9 - cos (Y1.2) - sin (f1.2) = 3 - cos (180°) - sin (270°) = 3
C1.2 = t1.9 - sin (7y1.2) = 3 - sin (180°) = 0

At this point we can see how the formulas of the previous theorem make
actually reach the same result:
C -

aig = (a1~a2—b1~bg)~<1
-1 (1+)=0
= 5 =
b (b1 - az + a1 - by) <1+ = )
12 = 102 1°V2)"
[Vt +03 || v/ad + b3
1
— (1+1)-(1+§):3
Clg = 02~‘\/a%+b% —Cl"\/a%‘i‘b%

i C1 - Cy
|Vai + 0 |-|\/a3 + b3

—1-V2-1-v2=0
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Theorem 2.34. With o1(t1,01,71) in complementary representation and
09(t2, 02, 772) in standard representation, and both not belonging to the line U, their
multiplication may be expressed in the following way:

01.2(6L1.2, b1-27 01-2)(1:1‘2,91‘2,71‘2) = A1.2(t1t2) +- b1~2(91+92) tu- C1-2(71472)

where:

ar2 = ((Il'a2—b1.b2).(1+ €1 Co )
Va8 | Vag + 5 |

bz = (bl'a2+a1'bz)'<1+ =T )
VAR VAR
N

Proof. Since the first factor is in complementary representation, as determined
by the theorem 2.15 we must consider the following relation:

\ai+ b =—|\/a? + b3 |

while being the second factor in standard representation, as determined by the
theorem 2.11 we must consider the following relation:

Vi +3 =y a3+ 13|

that combined with those indicated by the formulas (2.1), proving the thesis. m

Cl2 =

a3 + b3

As an example of the theorem just proved, suppose you have to multiply
the complete number in complementary representation provided with coordinates
a; = by = ¢y = 1 by that in standard representation provided with the same
coordinates coordinates: ay = by = ¢y = 1.

Their modulus may be calculated in the following way:

h=to=\Ja +ti+d= /a3 + B+ =VET 2T 12=v3

For their phases we should refer to the formulas related to the complementary
and standard representations:

C1 1 o
Y= arctan | ———————— = arctan | —— ~ 144.73
<4vﬁ+hﬂ> (‘Wﬁo

1
= arctan |\/m‘> = arctan (W)

f, = arctan ( b > = arctan (_1) = 225°
a, _
(b—Q) = arctan (1) = 45°
a 1

~ 35.26°

>—‘



NUMBERS IN THE n DIMENSIONAL SPACE 221

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:

tl.gztl t2:3
Y12 =71 + Y2 = 180°
91.2 - 91 + 92 == 2700
and the following coordinates:
a1.9 = t1.9 - cos (Y1.2) - cos (A1.9) = 3 - cos (180°) - cos (270°) =0
bio = t1.9 - cos(Y1.2) - sin (f1.2) = 3 - cos (180°) - sin (270°) = 3
Cl.2 = t1.2 - sin (’)/1.2) = 3 -sin (1800) =0

4 C1 - Co
|\/a3+ 07 || /a3 + 03

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

a9 — (al'az—bl'bz)' (1 )
1
= (1-1)- <1+§)=O

C1+C2
bio = (by-ag+ay-by)- |1+
1.2 (1 2 1 2) ( h/a%—i—b%‘-h/a%—l—b%‘)
1
= (1+1)-<1—|—§)=3

Crg = C1"\/a%+b§ —@-‘Va%—l—b%‘:l-\/i—l-\@:()

Theorem 2.35. With only o1(t1,01,71) belonging to the line U and o0s(ta, 02, 2)
in standard representation, their multiplication may be expressed in the following
way:

01-2((11-2, b1.2, Cl-2)(t1.2,0142,7142) = A1.2(t1ty) T X b1~2(01+92) U+ CLI(yy+2)
where:
as - cos (6) — by - sin (61)

o= lare) T

as - sin (61) + b - cos (64)

bio = _(Cl : Cz) :
Va3 + b3 |
Clg = C1° ‘\/a% +b%

Proof. The multiplication between two complete numbers, as we know, satisfies
the following formula:

01.2(t1.2,61.2,71.2) = t1 - ta - {[cos (71 + 2) - cos (01 + O2)]+
+i - [cos (71 + 72) - sin (61 + 62)] + u - [sin (11 + 72)]}
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Since 04 (ty1, 61,71) belongs to the line U will be provided with the following
values of modulus and phases:

.

" = sign (er) - 90°
b
0, known = arctan (—1>
a1

unlike 05(ts, 02, 7v2) that will be provided with the following values:

to=1/a3+b3+c3
t @
Yo = arctan [ ————
a3 + b3

f, = arctan (Z—i)

This means that we can write the coordinates sought in the following way:

a12—\/> \/a3 + b3+ c3 - cos[&gn (e1) - 90° +arctan< )}
\/a2+b2

b
- COS [«91 + arctan ( 2 >]
b1 —\/> \/a3 + b3 + 3 - cos {mgn (c1) - 90° + arctan ( )}
Va3 +b2

- sin {01 + arctan (bz)}
1.9 _\/7 \/a3 + b3+ c3 - sin [&gn (c1) - 90° 4 arctan ( )]
\ a3 +62

To continue with the proof, we have to use the following trigonometric relations:
cos (z +y) = cos () - cos (y) — sin (z) - sin (y)
sin (x + y) = sin (x) - cos (y) + cos (z) - sin (y)

cos |arcta: ¢ = @+ b
\Vern)] Vaerere

c c?
\/a2+b2>] Va0 + P
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To determine the value of the coordinate ay.o the steps to perform will be the
following:

2
G5

a1.0 = — sign (¢ \/g a2+ +c2 | —
1.2 g (1) 1 2 2 2 a§+b§+c§

a2 b2 .
i\/ i e )=
. Va3 - cos (0;) — /b3 - sin (6
:—Slgn(cl)-\/é.\/é. 2 (1)2 \/2_2 (6h)

To determine the value of the coordinate by.5 the steps to perform will be the
following;:

2
c

bi.o = — sign (c \/; a2+ +c2 ) —2 .

1.2 g (1) 1 2 2 2 a%+b§+c§

[ 2 [ 12
% -sin (0y) + % - COoS (91) =

\/_ sin (01) + \/_ cos (0y)
= — 81gn Cl \/7 \/7 \/m

To determine the value of the coordinate c;.5 the steps to perform will be the
following;:

. ()\/3 2202 a3 + b3 : ()\/?\/m
C1.0 = sign (c1) - 1/c - 1\/a 5| ——=—"— = sign (cy) - r/c*-+/a
1-2 g 1 1 2 2 2 a§+b%+c% g 1 1 2 2

These relations are valid in general, in the precise sense that they are also able
to include cases where the coefficients as,by,co are zero (provided that og(asg, be, ¢o)
remains in the context of the complete numbers not belonging in the line U).

Wanting to find relations that satisfy the multiplication rule as a function of
the effective coordinates of the complete numbers involved, we must adopt for the
coefficients a,b,c the convention v/22 = z, with the exception of ¢; for which we
should adopt the convention v/22 = |z|. The reason is simple because if we adopt
for ¢; the usual convention, we will have:

sign (1) - /e = e

and therefore a result of the multiplication that depends on the modulus of the
coordinate ¢;. While adopting V22 = |z| we will have:

sign (1) -/t = a1

and therefore a result of the multiplication that depends on the effective value of
this coordinate.
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The relations obtained will be the following:

ay - cos (6y) — by - sin (6)

ay1.2 = _<Cl : 02) ' m

(2.2) bro = —(c1-ca) as - sin (61) + ba - cos (64)

a3+ b3
Clo = C1 \/ag—i—b%

Since the number 05(ag, by, ¢2) is in standard representation, as determined
by the Theorem 2.11 we must consider the following relation:

Vi + 03 =|y/a3+ 13

that combined with those indicated by formulas (2.2), proving the thesis. n

As an example of the theorem just proved, suppose you have to multiply the
outgoing numbers of coordinate: ¢; = 1 and phase #; = 30° by a complete number
in standard representation provided with coordinates: as = 1, by = —1, co = 1.

Their modulus may be calculated in the following way:

h=yad+B+d=fd=Vvi=1

ty=r/a3+ D3+ 3 =12+(-1)2+12=V3

For their phases in the case of the outgoing number we have:

7 = sign (¢1) - 90° = 90°
6, = 30°

while in the case of the complete number we should refer to the formulas related
to the standard representation:

Cy 1
Yo = arctan | ——— | = arctan | — | = 35.26°
(Na%+b%\> <W§|>

—1
0, = arctan (b—Z) = arctan (—) = —45°
(05} 1

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:

tla =1 -ty =3
Y12 =71 + Y2 =~ 125.26°
01.2 = 91 + 92 = —15°
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and the following coordinates:

(1.9 = 1o - €O8 (Y1.2) - cos (Ar.0) = V/3 - cos (=~ 125.26°) - cos (—15°) ~ —0.97
by = t1.g - cos (712) - sin (B1.2) = V/3 - cos (= 125.26°) - sin (—15°) ~ 0.26
Cl.o2 = t1.2 - sin (’}/1.2) = \/g - sin (ﬁ 125260) = \/5

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

az-cos(01) —by-sin(f1) _ cos(30°) +5sin (30°)

al.o = —(01 . 02) = ~ —0.97
NeExd V2|
ba = —(c1 - c2) - ag -sin (61) + by - cos (61) _ sin(30°) — cos (30°) ~ 0.6

Va8 V2|
clo2=c1 - \\/a§+b§ ‘: V2

Theorem 2.36. With only o1(t1,01,71) belonging to the line U and o0y(ts, 6a,72)
in complementary representation, their multiplication may be expressed in the fol-
lowing way:

01.2(@1.27 b1~27 Cl~2)(t1A2,91.2,’71.2) == a1~2(t1-t2) + Z * b1~2(91+62) + u - cl-2(’yl+’yg)

where:
as - cos (01) — by - sin (07)

Ve

as - sin (61) + by - cos (1)

|/ a3 + b3

a1.9 = (Cl : Cg)

bio = (01 : 02) :

— 2 2
Clg = —C1 ’ as + b2

Proof. Since the number o0g(as, by, c2) is in complementary representation, as
determined by Theorem 2.15, we must consider the following relation:

\/ a3+ b3 = —|\/a3 + b3 |

that combined with those indicated by the formulas (2.2), proving the thesis. =

As an example of the theorem just proved, suppose you have to multiply the
outgoing numbers of coordinate: ¢; = 1 and phase #; = 30° by a complete number
in complementary representation provided with coordinates: ay = 1, by = —1,
Cy = 1.
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Their modulus may be calculated in the following way:

b=yt =\ a=vi=1

ty=1/a3+3+3=\12+ (-1 +12=V3

For their phases in the case of the outgoing number we have:
7 = sign (¢1) - 90° = 90°
91 - 300

while in the case of the complete number we should refer to the formulas related
to the complementary representation:

Co 1
vo = arctan | ——————— | = arctan | ——= | ~ 144.74°
<—\va§+b3|> <—|\/§’>

— 1
0, = arctan (£> = arctan (—) = 135°
—Qa9 —1

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:

tl.gztl‘tgz\/g
Y12 =M1 + Yo & 234.74°
91.2 = 01 + 92 = 165°

and the following coordinates:

(1.9 = 1o - €OS (Y1.2) - cos (A1) = V/3 - cos (=~ 234.74°) - cos (165°) ~ 0.97
bio = t1.9 - cos (71.2) - sin (61.2) = V3 - cos (~ 234.74°) - sin (165°) ~ —0.26
Ci9g = t1.2 - sin ("}/1.2) = \/g - sin (2 234740) = —\/§

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

“ag - cos(0h) —by-sin(f1) _ cos(30°) +sin (30°)

1.9 = (Cl . CQ) ~ 0.97
VG5 V2|
b = (c1 - o) - as - sin (0y) + b - cos (601) _ sin (30°) — cos (30°) ~ _0.96

Va5 V2|

Clgo = —C1 - |\/a§—|—b% = —\/5

Theorem 2.37. With only 0y(ts, 09,7v2) belonging to the line U and o1(ty, 61,71)
in standard representation, their multiplication may be expressed in the following
way:

01.2(011‘27 b1-27 Cl-?)(tl.z,gl.z,’yl.z) = a1'2(t1~t2) + Z : b142(91+92) + u- Cl~2(’)/1+’72)
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where:
ajy - cos (fy) — by - sin (6)
ai2 = —(01 : 02) :
[V/ai + b7
-sin (6 by - 0
bro = —(c1 - c3) ay - sin (0y) + by - cos (03)

[Vai + bt
Clg = Cg - ’\/a%+b%

Proof. The multiplication between two complete numbers, as we know, satisfies
the following formula:

01.2(t1.2,61.2,71.2) = t1 - ta - {[cos (71 + 2) - cos (01 + O2)]+
+i - [cos (1 + 2) - sin (61 + 02)] + w - [sin (71 + 72)]}

Since 0y(tg, 62,72) belongs to the line U will be provided with the following
values of modulus and phases:

e/

72 = sign (¢z) - 90°
b

0> known # arctan (—2)

a2

unlike 01 (t1,61,71) that will be provided with the following values:

t1=/ai + 0} + ¢}
t a
v1 = arctan | ————
Vai+ b3

f; = arctan (b—1>

a

This means that we can write the coordinates sought in the following way:

ay.9 = c%+b%+c%-\/%-cos

b
- COS [arctan (—1) + 02}
a1

bio =r/c + b2 + 3 - \/é - cos [arctan (L) + sign (¢3) - 900] .
7, 72
Vi + 8
ot () <0
-sin [arctan | — | 4 0
ay

Cro =\/E + B+ \/CE - sin [arctan <L> + sign (c) - 900}
Vai+ b

+ sign (c2) - QOO] :

&1
[arctan (—)
Va? + b?
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To continue with the proof, we have to use the following trigonometric relations:

cos (x +y) = cos (x) - cos (y) — sin (x) - sin (y)
sin (z + y) = sin (2) - cos (y) + cos (z) - sin (y)

cos |arctan < = @+ b
m Va4 0242

b
coS {arctan (—
a
. [ <b
sin |arctan [ —
a

cos [z + sign (y) - 90°] = — sign (y) - sin(x)
sin [z + sign (y) - 90°] = sign (y) - cos(z)

To determine the value of the coordinate ay.o the steps to perform will be the
following;:

a0 = — sign (cg) - /3 + b2 + ¢4 - \/7 - +b2+c
1 1

a? b ,
m - COS (92) — m - Sl (92) =

2. — 2. g
— siem (o) ek g Yo v $T sin (62)
VvV %1 1

To determine the value of the coordinate b;.5 the steps to perform will be the
following;:

bio = — sign (cz) - \/ 2+ 02 + 2 - [ a+b2+c
1 1

b2
P - cos (6a) + b2 - sin ( 92

\/_ cos (62) + \/_ sin (6s)
= — sign (¢y) \/> \/7 NG

To determine the value of the coordinate c;.5 the steps to perform will be the
following;:

: 2. 124 2 2 ai + b¢ : 2 2 12
cra = sign (c2) -y/ai + b1+ cf-y/c3 m:&gn(@)- ¢y -/ ai + by




NUMBERS IN THE n DIMENSIONAL SPACE 229

These relations are valid in general, in the precise sense that they are also able
to include cases where the coefficients aq,b1,c; are zero (provided that oq(ay, b1, ¢1)
remains in the context of the complete numbers not belonging in the line U).

Wanting to find relations that satisfy the multiplication rule as a function of
the effective coordinates of the complete numbers involved, we must adopt for the
coefficients a,b,c the convention v/22 = z, with the exception of ¢, for which we
should adopt the convention v/22 = |z|. The reason is simple because if we adopt
for ¢y the usual convention, we will have:

sign (¢2) - \/CE = |ea|

and therefore a result of the multiplication that depends on the modulus of the
coordinate co. While adopting v 2?2 = |z| we will have:

sign (c2) /3 = e

and therefore a result of the multiplication that depends on the effective value of
this coordinate.
The relations obtained will be the following:

aq - COS (92) — b1 - sin (92)

me=lare) T
(2’3> bio = —(01 . Cz) . a - sin <92) + by - cos (02)

vai+b?
Cig = Co \/a%+b%

Since the number o0;(aq, by, ¢;) is in standard representation, as determined
by the theorem 2.11 we must consider the following relation:

Vi + 03 =/t + 13 |

that combined with those indicated by the formulas (2.3), proving the thesis. =

As an example of the theorem just proved, suppose you have to multiply the
complete number in standard representation provided with coordinates: a; = 1,
by = —1, ¢; = 1 by an outgoing numbers of coordinate: co = 1 and phase 6, = 30°.

Their modulus may be calculated in the following way:

=12+ + =12+ (-1)2+12=3
@+@+é:¢é:ﬁe1

For their phases in the case of the outgoing number we have:

2 = sign (¢2) - 90° = 90°
82 - 300
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while in the case of the complete number we should refer to the formulas related
to the standard representation:

C1 1
v = arctan | ———— | = arctan | — | ~ 35.26°
(h/a?“??!) <|\/§|>

b -1
f, = arctan (—1) = arctan (—) = —45°
aq 1

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:
tlo=1t1 1o =3
Y2 =71+ Y2 = 125.26°
91.2 = 91 + 92 = —15°

and the following coordinates:

(1.9 = t1.o - €08 (Y1.2) - cos (Ar.2) = V/3 - cos (=~ 125.26°) - cos (—15°) ~ —0.97
bro = t1.g - €O8 (Y1.2) - 8in (f1.0) = V/3 - cos (~ 125.26°) - sin (—15°) ~ 0.26
C12 = t1g - sin (y1.2) = V3 - sin (~125.26°) = V2

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

ai - cos (fa) — by -sin(f2) _ cos(30°) +sin (30°)

aj.9 = —(01 . 02) . = ~ —0.97
/a2 + b2 | V2]
bis = —(c1 - c2) - a1 - sin (62) + b1 - cos (f2) _ sin(30°) — cos (30°) ~ 0.96

N V2|

Cl.g =C2 ’\/G%‘Fb%’:\/g

Theorem 2.38. With only oy(ts,02,7v2) belonging to the line U and o1(ty,601,71)
in complementary representation, their multiplication may be expressed in the fol-
lowing way:

01.2(@1.27 b1~27 Cl~2)(t1A2,91.2,’71.2) - a1~2(t1-t2) + Z : b1~2(91+92) + u - 01-2(714—’)/2)

where
ay - cos (03) — by - sin (0s)

[Vai + 01|

ay - sin (6;) + by - cos (6s)

lVai+ b |

ay.g = (01 : 02) :

bio = (01 : 02) :

Clg = —Co - ‘\/a%+b%
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Proof. Since the number o;(a, b1, c;) is in complementary representation, as
determined by the theorem 2.15 we must consider the following relation:

\ai+ b =—|\/a? + b3 |

that combined with those indicated by the formulas (2.3), proving the thesis. =

As an example of the theorem just proved, suppose you have to multiply
a complete number in complementary representation provided with coordinates:
as =1, by = —1, ¢ = 1 by the outgoing numbers of coordinate: ¢; = 1 and phase
61 = 30°.

Their modulus may be calculated in the following way:

ti=r/ad+P 4+ =12+(-1)2+12=3
tQI\/ag—Fb%—FC%I\/C»%:\/T:l

For their phases in the case of the outgoing number we have:

Yo = sign (c2) - 90° = 90°
62 - 300

while in the case of the complete number we should refer to the formulas related
to the complementary representation:

C1 1
v = arctan | ——— | = arctan | ——— | ~ 144.74°
(-\\/a?“ﬁ!) <—’\/§’>

—b 1
0, = arctan (—1> = arctan (—) = 135°
—Qaq —1

By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:

tlo=1t1 - to =3
Y12 = Y1 + Yo = 234.74°
010 = 0, + 05 = 165°

and the following coordinates:

a1.9 = t1.9 - cos (7Y1.2) - cos (01.0) = V3 - cos (~234.74°) - cos (165°) ~ 0.97
brgy = t1o - cos (y1.2) - sin (01.0) = V3 - cos (~ 234.74°) - sin (165°) ~ —0.26
C1.9 = t1.2 - sin (’71.2) = \/g - sin (’Z 234740) = —\/§
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At this point we can see how the formulas of the previous theorem make
actually reach the same result:

ay - cos (B3) — by -sin(f2)  cos (30°) + sin (30°)
a1.9 = (Cl . 02) . = ~ 0.97
N W1
ay - sin (0y) + by - cos (f2)  sin (30°) — cos (30°)

b1.2 = (Cl . 02) . =
N VI
Cl.g = —Co * )\/OJ% +b% ‘: —\/§

Theorem 2.39. With o1(t1,01,71) and os(ta,02,72) both belonging to the line U,
their multiplication may be expressed in the following way:

~ —(0.26

Ol'?(a'1~27 b1'27 Cl~2)(t1.2,91.2,’yl.2) = a’l-2(t1-t2) + Z : b1-2(91+92) + u- Cl-2(’y1+’yg)
where
ajo = —(c1 - cg) - cos (61 + 62)
bl.g = —(Cl . 62) - sin (91 + 92)
Ci.o0 = 0

Proof. The multiplication between two complete numbers, as we know, satisfies
the following formula:

01.2(t1.2,01.2,71.2) = t1 - to - {[cos (71 + 72) - cos (01 + O2)]+
4+ - [cos (71 + ) - sin (01 + 0a)] 4+ u - [sin (71 + 72)]}

Since 01 (t1,61,71) and 0y(ts, 62,72) belong to the line U will be provided with
the following values of modulus and phases:

e

tQ = C%
71 = sign (c1) - 90°
2 = sign (¢z) - 90°

b
0, known # arctan (—1)

a1

0y known = arctan <@>

ag

This means that we can write the coordinates sought in the following way:

a1.o = /3 -/ k- cos[sign (c1) - 90° + sign (ca) - 90°] - cos (61 + 62)

bro = \/ci - /c5 - cos[sign (c1) - 90° + sign (cz) - 90°] - sin (6 + 62)

cra =/} -/} sin[sign (c1) - 90° + sign (cz) - 90°]
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Considering that when ¢; and ¢, have the same sign we obtained:
cos [sign (c1) - 90° + sign (c2) - 90°] = cos (£180°) = —1 = —sign (¢;) - sign (c2)
sin [ sign (c1) - 90° + sign (c2) - 90°] = sin (£180°) =0
and that when they have the opposite sign we obtained:
cos [ sign (¢1) - 90° + sign (c2) - 90°] = cos (£0°) =1 = — sign (1) - sign (c2)
sin [ sign (¢1) - 90° + sign (c2) - 90°] = sin (£0°) =0

we can write:
ajo = —sign (¢;) - sign (co) - \/;% 2 - cos (61 + 6)

bi1.o = —sign (¢1) - sign (cg) - /3 - \/;% -sin (64 + 02)
Ci.2 = 0

Wanting to find relations that satisfy the multiplication rule as a function of
the effective coordinates of the complete numbers involved, we must adopt for the
coefficients ¢p,co the convention va2 = |z|. In fact in this way we obtain:

sign (¢p) - \/c? =0
sign (c2) /3 = e

and therefore a result of the multiplication that depends on the effective value of
this coordinate. The relation that we obtain following these conventions proves
the thesis. -

As an example of the theorem just proved, suppose you have to multiply the
outgoing numbers of coordinate: ¢; = 1 and phase #; = 30° by the outgoing
number of coordinate: ¢; = 1 and phase 6y = 30°.

Their modulus may be calculated in the following way:

h=yJa st =Jad=vi=1
to= /B + B+ =3 =vI=1

For their phases we have:
7 = sign (¢1) - 90° = 90°
Yo = sign (c2) - 90° = 90°
6, = 30°
0y = 30°
By applying the multiplication rule we obtain as result the complete number
provided with the following values of modulus and phases:
o=t -ty =1
Y2 =7 + 72 = 180°
01.0 =01 + 0 = 60°
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and the following coordinates:

1
a1.9 = t1.2 - cos (71.2) - cos (A1.2) = 1 - cos (180°) - cos (60°) = .

V3

bio = t1.9 - cos(7Y1.2) - sin (f1.2) = 1 - cos (180°) - sin (60°) = —
C1.2 = t1.9 - sin(y1.2) = 1-sin (180°) =0

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

ary = —(c1 - ¢) - cos (6 + 03) = —cos (60°) = —%

3
b1.2 - _(Cl . 02) - sin (01 + 02) = —gin (600) _ _g

C1.o0 = 0

Theorem 2.40. For the operation of multiplication is defined null the complete
number 0, namely for:

0a(t2,02,72) =0

we have:
01(’51, 917’71) ) 02(t2, 92,’72) =0

Proof. t1,01,71,t2,05,7 being real numbers, we can write:

tio=1t-ta=1t-0=0
019 = 01 + 05 = 01 + indeterminate = indeterminate

Y12 = Y1 + Y2 = 71 + tndeterminate = indeterminate
proving the thesis. .

Theorem 2.41. For the operation of multiplication is defined neuter the complete
number 1sy, namely for:

02(az, by, c2)(5) = L)
we have:
01(a17 b17 Cl)(tl,elm) : OQ(GQ, b27 62)(5) = 01 (a17 blu Cl)(tl,el,’ﬂ)
Proof. ti,01,71,t2,05,7 being real numbers, we can write:

o=t to=1-1=1%
bo=0+0,=0,+0=10,
Me=7N+r=n+t0=m

proving the thesis. .
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Theorem 2.42. For the operation of multiplication is defined inverse the complete
number that identifies the inverse position with respect the origin, namely for:

we have:
01(t1,01,71) - 02(t2,02,72) = 1(g)

Proof. t1,01,71,t2,02,72 being real numbers, we can write:

1
i1
91.2:91+92:91—61:0
Me=n+tr=711—m1=0
proving the thesis. u

Theorem 2.43. For the operation of multiplication is valid the commutative pro-
perty, namely:

01(t1,01,71) - 02(t2, 02, 72) = 02(t2, 62, 72) - 01(t1,61,71)

Proof. t1,01,71,t2,02,72 being real numbers, we can write:

tig =11t
010 =01+ 0,
Y12 =71+ V2

toqg =ta-t1 =11 - 1o
Oy = 0y + 0, = 0, + 0
Y21 =2+ =71+ 72

proving the thesis. u

Theorem 2.44. For the operation of multiplication are valid the associative and
dissociative properties, namely for:

02(ta, 02,72) = 03(t3,03,73) + 04(ta, O0s,74)
we have:

[01(t1,01,71) - 03(t3,03,73)] - 04(ta, 04,71) = 01(t1,01,71) - 02(t2,02,72)
01(t1,01,m) - 02(ta, 02,72) = [01(t1, 61, 71) - 03(t3,05,73)] - 0a(ta, O, 74)
Proof. t1,01,71,t2,02,72,t3,03,73,t4,04,74 being real numbers, we can write:
tgya = (t1 - tg) - ta =1t1 - (t3 - ta)
9(1.3).4 == (91 + (93) + 94 - 6’1 + ((93 + 94)
Yasya = (71 +73) + 74 =7+ (13 + )



236 NICOLA D’ALFONSO

tro =ty -ty =ty - (t3- 14)
010 =01+ 0, =0, + (65 +6,)
2=+ =7+ 3+ 7%)
proving the thesis. u

Theorem 2.45. [t is not valid the distributive property of multiplication over
addition, namely for:

02(ta,02,72) = 03(t3,03,73) + 04(ta, 0s,74)
we have:

o1(t1,61,71) - 02(t2,02,72) # [01(t1, 01,71) - 03(t3,03,73)] + [01(t1,61,71) - 04(ta, b4,74)]

Proof. Referring to the situation described by theorem 2.31 and considering that
a1,b1,c1,a0,b9,c0, az,bs,c3,a4,b4,c4 are real numbers, we can write:

az = a-|V@d+B) |+ [+ |

Cua+aa) = [01 |V @3+ b3) |+es - }\/ (af +b7) H
+[c1 : ‘\/(aieri) ‘+c4~ ‘\/(a% + 07)

|

= o (V@8 [+ Vied +8) |+ (s + ) - [ V@ +30)|
= o [|[V@+ B |+[V@ T8 |[+e | V@B £ as
proving the thesis. u

Theorem 2.46. [t is not valid the distributive property of multiplication over
subtraction, namely for:

02(t2, 02, 72) = 03(ts, 03,73) — 04(ta, Os,74)

we have:

01(t1,01,7) - 02(t2, 02,72) # [o1(t1,01,71) - 03(t3,03,73)] — [o1(t1,01,71) - 04(ta, 04,74)]

Proof. Referring to the situation described by theorem 2.31 and considering that
a1,b1,c1,a9,b9,09, as,bs,c3,a4,bs,c4 are real numbers, we can write:

a2 = o V@) |+e2- |V af +87)

Cu3)-(14) = [Cl"\/m +C3"\/M}
e [ViET R e [V R |

= o [[V@+ B |-|V@+ 8 ||+ - a) - [V + 1)

= o [V | T e [T [

proving the thesis. u
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2.5. Divisiton

Definition 2.47. In the space RIU we can define division between two complete
numbers o0 (t1,61,71) and 0s(ta,02,72) as the number o%(a%,é’%,’y%) represented

1 o1(t1,01,71)

also with the symbo 02(t2,02,72)

that satisfies the following conditions:

Lo (t%ﬁ%ﬁ%) : 02(t2,92,72) = 01(t1,91,71)

1
2
2. 0y(tg,09,72) #0

The first condition defines the division as the inverse operation of multiplica-
tion, and it is equivalent to require that:

t
t;:—l
2 t2
01 =6, — 0,
2
YL =71 — 72

The second condition gets its own justification by the necessity of defining
the divisions in an univocal way. In fact when that condition is not valid, the
expression:

0y(ty,03,71) -0 =0

besides to require a zero dividend oy(t1, 01, 7v1) as well, would be satisfied by more
values of oé(t%ﬁ%ﬁ%).

Theorem 2.48. With o1(t1,61,7v1) and o0s(ta,02,72) in standard representation,
and both not belonging to the line U, their division may be expressed in the fol-
lowing way:

0 (a%’ b%’ C%)(t%ﬂ ) = @1ty i b%(91—92) Tu- Cl(r1—72)

Y To

Nl
S
(NI

where

1 .
a —~(a1'a2+b1~bg)-<1+ ot )

R NeE (AN S

1 €1+ C2
(b — cby) - [ 1+
a%—i—bg—kcg (1 g — Qq 2) ( |\/a%+b%‘-|\/a%+b%‘)

1 /2 /
Cc -5 55 5 " |C1° a+b2 —C" CL2+62H
a%—l—b%—l—cg [1 ‘ 2 2 2 1 !

Proof. The division between two complete numbers, as we know, satisfies the
following formula:

(=)

[N

N|=

oy (t5.03,73) = 2 - {fcos (11 = 72) - cos (8 — 6)
+i - [cos (1 — o) - sin (0 — 62)] + w - [sin (71 — Y2)]}



238 NICOLA D’ALFONSO

For the moduli and the phases involved will be valid the following relation as well:
t=+va?+b?+ 2

7 = arctan (\/&2;7—1—62)
b
0 = arctan (a)

This means that we can write the coordinates sought in the following way:

’ a% + b% + C% coS [arctan ( ‘1 ) arctan < e >]
1 == — J— e .
2 a3z + b3+ Va2 + b? a3 + b3

ot (2 ) = rctn (2
-cos |arctan | — | — arctan | —
ay ag

/a2 & b2 2
b1 :M - COS [arctan (L) — arctan <L>]
2 a3+ b5+ a3 + b3

i frctan (52 —arten (2]
-sln |arctan | — | — arctan | —
aq a9

’ a% + b% + C% - sin [arctan <L> — arctan (L)]

a

L=V Ta
2 a3+ bi+a3

To continue with the proof, we have to use the following trigonometric relations:

c

cos (x — y) = cos (:L‘) - CoS (y) + sin (:v) -sin (y)

sin (x — y) = sin (x) - cos (y) — cos (x) - sin (y)

cos {arctan (m)l 1/ 2y ;_2 l_)i 2
sin [arctan ( m)}

cos {arctan ( )] 1/ a2 e

sin [arctan <a)} = a2 o

To determine the value of the coordinate a 1 the steps to perform will be the
following;:

a2+b2+02
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a

_wﬁﬁﬁﬁz<¢ a3+ b2 _¢ a} + 3

ekt a \Vad+u+3 \ad++3

i
+\/a%+b§+c$'\/a2+b2+c2) (\/a1+62 \/a2+b2
\/a1+b2 \/a2+b2>

1
,(%E“%E+v@~¢@>

Vai+ b/ ad+ b}

a2+b2+02 <\/7\/7 \/7 bg)

2 . 2
2 12 2'(\/‘7%'\/;%"'\/;%’\/;%)‘ L+ \/a -
a3 + b3 + c3 Va4 b2 - /a3 + b3

To determine the value of the coordinate bl the steps to perform will be the
following;:

N

. :\/a%+b%+c%' ai +bf a3 + b3
N EN ai +bi +cf | a3+ b5+ c3

2
1
+\/a%+b?+c$ \/a2+b2+02> (\/a1+b2 \/a2—|—b2
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1

Vai+ b3\ a3 + b3

%+N+@ <VP,J_ Vr-¢_>

To determine the value of the coordinate ¢ 1 the steps to perform will be the
following;:

N

NCELEY: ai +bf +cf \ a3 +03+c

B a? +b? 3 B
ai+b+c \ a3 +b5+c3

:aﬁw2 [Vh,%gzﬁ Vr’wgzg}

These relations are valid in general, in the precise sense that they are also
able to include cases where the coefficients a,b,c are zero (provided that we work
with complete numbers not belonging in the line U). The only limitation in this
regard is the need to avoid the following situation:

_Mﬁ+@+ﬁ.<¢ e _V a2 + b2

a3 + b3+ c3 =0

which confirms the impossibility to divide a complete number o(t, 6, ) for zero
(characterized by the values as, by, ¢y that make the above mentioned condition
true).

Wanting to find relations that satisfy the division rule as a function of the
effective coordinates of the complete numbers involved, we must assign to the
roots the same sign of the coefficient located within them:
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Va2 =a
V2 =b
Vet =c

The relations obtained will be the following:

1 .
a —2-(a1-a2+bl-b2)~<1 G )

+
a2 + b2 + 3 \/a%—i—b%-\/a%%—b%

(2.4) S (by - as —ay - by) - (1 cq - Co )

+
a3 + b3 +c3 N E RN e

1 2
= ey Jaz 2 -‘/2+b2]
c a%+b§+c§ [cl ay + 05 + ¢ aj 1

Since the complete numbers involved are in standard representation, as de-
termined by the theorem 2.11 we must consider the following relations:

Vi + 03 =|y/at + 83 |
Vi 03 = [\ Ja3 + 3|

that combined with those indicated by the formulas (2.4), proving the thesis. =

=

S

=

N

As an example of the theorem just proved, suppose you have to divide the
complete numbers in standard representation provided with coordinates: a; =
gy =b;=by=c; =cy = 1.

Their modulus may be calculated in the following way:

th=th=r/a2+ B +2 =2+ +E2=VI2+12+12=/3
1 1 1 2 2 2

For their phases we should refer to the formulas related to the standard represen-
tation:

Cc1 Co
" Y2 arcan(\ a%+b%’) arcan<| a%+b%‘>
= arctan <|—\}§’) ~ 35260

b b 1
0, = 6y = arctan (—1) = arctan (—2) = arctan (—) = 45°
a1 Qs 1

By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:

t
th=-L=1
2 t2
Y= Y2 =
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and the following coordinates:

ar =t 'cos(y%) 'COS(@%) =1-cos(0°)-cos(0°) =1
by =ty -COS(’}%)-SiH(@%) =1-cos(0°)-sin(0°) =0
cr=t1 -sin(’y%) =1-sin(0°) =0

1
:—-(a1~a2—|—b1~b2)- (1

i C1 - Co
|Vt + 0 |-|v/a3 + b3

a

1
1 2 B) p)
2 a5+ b+ c;

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

1 1

—(14+1-(1+=)=1

34 (143)
1

= (baz—ay-by) - [ 1+ A =
B+ +ag T Va7V +iE])

1
(1=1-(1+2)=
-1 (143)=0
01:;-[01~‘\/a2+b2
z al+b3+c3 20
1
:5-[1-¢§—1-\/§]:0

Theorem 2.49. With oy(t1,01,71) and 0y(ts, 02,72) in complementary represen-
tation, and both not belonging to the line U, their division may be expressed in the

following way:

b

W

—Cy ’\/a%—i—b%

]:

where

a Z;-(al-a2+b1-bz)-<1+ L )
|V/a3 + 03 || /a3 + B3

C1 ' Cy
1 =——-— (b - — cbo) - [ 14+
Fmgagag e ah) ( |\/a%+b%‘-|\/a§+b§‘>

1
- , 2 22| . 9 | 12
c%_a§+b%+cg [02 ‘\/al—l-bl 1 ‘\/a2+b2]

Proof. Since the complete numbers involved are in complementary representa-
tion, as determined by the theorem 2.15 we must consider the following relations:

Vai+ b =—|\/ai + b3 |
\ a3+ b3 =—[\/a+ b3 |

that combined with those indicated by the formulas (2.4), proving the thesis. =
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As an example of the theorem just proved, suppose you have to divide the
complete numbers in complementary representation provided with coordinates:
a1:a2:b1:b2261202:1.

Their modulus may be calculated in the following way:

h=th=r/a2+ B +2 =2+ +E2=VI2+12+12=1/3
11+ 07 +cf 5+ 05+ ¢

For their phases we should refer to the formulas related to the complementary
representation:

C1 (&)
Y1 = 79 = arc an(_{ a%—l—bﬂ) arc an(_’ a%+b§|>
= arctan (ﬁ) ~ 144.73°

—b —b —1
0, = 65 = arctan (—1> = arctan (—2> = arctan (—) = 225°
—a —as —1

By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:

t
t;:—lzl
2 t2
YL=7— 72 =

and the following coordinates:

ay =t1-cos (’y%) - COoS (9%) =1-cos(0°)-cos(0°) =1
by =t - cos ('y%) - 8in (9%) =1-cos(0°)-sin(0°) =0
c1 =t -sin(yé) =1-sin(0°)=0

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

1 C1 - C2

alz—-(al-aﬁbl-bg)-(H )
?ay bt Va2 + 82 |-|\/ad + 12

1 1

== 1+1)-(14+=)=1

3 - (14 5)
b ! (b bo) - |1+ 1

= — -a _a . .
IRCEL R R NeECINGE]

1 1

—— . (1-1-(1+=)=0

L (+2)

_ 1 2 b2 2 b2
=grra [ Ve i]a[yd i

:%-[1-\/5—1-@:0
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Theorem 2.50. With o(t1,01,7v1) in standard representation and os(ta, 09, 72) in
complementary representation, and both not belonging to the line U, their division
may be expressed in the following way:

01(ag, b1, €1)(ey.0y1) = Gy + 1 Dro—ga) + U Cl(y—p0)

t

VI
)

where

=

1 C1 - Co
a :—'(al'a2+b1'b2)' 1-—
SRR ( \¢ﬁ+@H¢@+@>

(=

N|=

—;-(bwz —ay-by) - [1— .
d+B+dg NeECIINGE]

1 /2 /
Cl = —F5——5 &5 " |—C* CL+b2 —C" a2—|—b2]
(1%+b%+0% [ ! ‘ 2 2 2 ! !

Proof. Since the dividend is in standard representation, as determined by the
theorem 2.11 we must consider the following relation:

Vi + 03 =|y/at 413 |

while being the divisor in complementary representation, as determined by the
theorem 2.15 we must consider the following relation:

\/ a3+ b3 = —|\/a3 + b3 |

that combined with those indicated by the formulas (2.4), proving the thesis. =

N

As an example of the theorem just proved, suppose you have to divide the
complete number in standard representation provided with coordinates a; = b, =
c1 = 1 by that in complementary representation provided with the same coordi-
nates coordinates: as = by = o = 1.

Their modulus may be calculated in the following way:

h=to=\Ja +ti+ = /a3 + B+ =VET 2T 12=V3

For their phases we should refer to the formulas related to the standard and
complementary representations:

C1 1
= arct ————— | = arct —— | >~ 35.26°
Y1 arc an(l a%+b%‘> arc an<|\/§|>
1
= t _
_‘ —a2+b2|> arctan <_|\/§|>

b 1
0, = arctan ( 1) = arctan (I) = 45°
—1
( > = arctan (_—1> = 225°

= arctan ~ 144.73°

0, = arctan
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By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:
b
V=N —109.47°
9% =0, — 0, = —180°

t =1

N

and the following coordinates:

1
ap =ty - cos (7%) - oS (8%) =1-cos(~ —109.47°) - cos (—180°) = 3
by =t -cos(yy)-sin(f;) =1-cos(~ —109.47°) - sin (~180°) = 0
—2-4/2
c1= t% - sin (7%) =1-sin(~ —109.47°) = 3\/_

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

1 .
a :—'<a1'a2+b1'b2>'<1— G- e >:

SRCEER: VETR|[|VE TR

L (i-1)-1

1
(bl'ag—al'bg)' (1

:ag—i-b%—{—cg'

1 1
= (1-1)-(1-2])=0
7 (1=1) ( 2)
1 2
= . | — . bQ‘_ ,‘ 2 b2
d=grmra o Va8 |-aJd+y

1 —2-/2
:g-[—1-\/§—1-\/§]= 3

Theorem 2.51. With oy(t1,01,71) in complementary representation and os(ts, 63, 72)
wn standard representation, and both not belonging to the line U, their division may
be expressed in the following way:

Ct-

(&)
|\/a%+b%\-|\/a§+b§\)

b

(ST

}:

03(ag,byse1)ey0y0p) = ayiay 1Dy gy T U Cliyy )

where:

1 C1 - C2
4y =——5—— (a1 ay+ b -by)- |1
P g+t Va2 + 02 |-|\/a2 + 2

1 C1-Co
b1 — —— bi-ar—a-b) - 1=
CET SR ( wa%+b%|-wa%+b3|>

+02~‘\/a%+b% }

1
c :—~[cl" a3 + b3
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Proof. Since the dividend is in complementary representation, as determined by
the theorem 2.15 we must consider the following relation:

\ai+ b =—|\/ai + b3 |

while being the divisor in standard representation, as determined by the theorem
2.11 we must consider the following relation:

Vi + 03 = |\ Ja3 + 3]

that combined with those indicated by the formulas (2.4), proving the thesis. m

As an example of the theorem just proved, suppose you have to divide the
complete number in complementary representation provided with coordinates
a; = by = ¢4 = 1 by that in standard representation provided with the same
coordinates coordinates: a; = by = ¢y = 1.

Their modulus may be calculated in the following way:

h=to=\Ja +t}+ = /a3 + B+ =VET 21 12=V3

For their phases we should refer to the formulas related to the complementary
and standard representations:

C1 1 o
v1 = arctan | ————=- | = arctan | ——= | ~ 144.73
<—\\/a?+bﬂ> <—|\/§|)
¢ = £ L 35.26°
Yo = arctan | ——— | = arctan [ — | ~ 35.
NCETd V2

—b -1
f; = arctan (—1> = arctan (—) = 225°
—a —1
b 1
05 = arctan (—2) = arctan (—) = 45°
(05} 1

By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:

to
VL= T2 109.47°
9% =0, — 0y = 180°

t

N|=

and the following coordinates:

1
ay =t1 - cos (7%) - COS (6’%) =1-cos(~109.47°) - cos (180°) = 3
by =11 -cos(yy)-sin(f1) =1-cos(~109.47°) - sin (180°) = 0
2.2
c1 = t% - sin (’}/%) = 1-sin(~109.47°) = T\/_
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At this point we can see how the formulas of the previous theorem make
actually reach the same result:

1 C1-Co
al:—.(al.a2+b1.b2). 1_
2 a3 +bg+a ( {\/a%—kb%}-{\/a%—i—b%)
1 1 1
— (141 (1-2)=2
3 L+ ( 2) 3
b ! (bi-as—a1-by)- [ 1 G
= by o —ar b)) [ 1=
> a3+ b3+ b b |\/a%—|—b%‘-|\/a§+b%‘

:%41—n-(1—%>:o
b b W
5 [ V2+1-vV2] = \F

Theorem 2.52. With only 01(t1,91,'yl) belonging to the line U and os(to, 02,72)
in standard representation, their division may be expressed in the following way:

Oé(a%,b%,C%)(t%ﬂ%ﬁ%) :a%(%) +17- b1(91 —02) +u- CL (31 —2)
where:
1 as - cos (61) + by - sin (6;)
ay = s (a1 e2)- —
az + 05+ ¢ |\/a3 + b3 |
1 as - sin (61) — by - cos (601)

(=)

N|=

—_— C .C .
a+ b2+ 2 (c1 - c2) I\/a2 + b2 |
1 2
- . . b2
G- mrETg o Vet

Proof. The division between two complete numbers, as we know, satisfies the

following formula:

N

t
01(t1,01,71) = t_l ~{[cos (71 — 72) - cos (01 — 6)]
2

+i - [cos (1 — 7o) - sin (61 — 62)] + u - [sin (71 — 72)]}

Since 04 (ty1, 61,71) belongs to the line U will be provided with the following
values of modulus and phases:

tl - \/Z%
71 = sign (1) - 90°

b
0, known # arctan (—1)
a1
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unlike 0y(t2, 05, 72) that will be provided with the following values:

ty = y/ad + b} + 3
t @
Yo = arctan | ———
Va3 + b3

b
0, = arctan (—2>
s

This means that we can write the coordinates sought in the following way:

2

& . o C2
1 =———————="-0s | sign (c¢1) - 90° — arctan (—)]
T SRt [ (@) Va3 + 3

b
- COS {61 — arctan (—2)}
a2

2
€1

. C2
1 =————— . cos | sign (¢1) - 90° — arctan (—)] :
RN S [ (@) Va3 + b

b
- sin [61 — arctan (—2)}
a2

2

Cl . . [¢] 02
C1 =——————"-5in | sign (¢1) - 90° — arctan <—>}
RN/ B R l @) Va3 + 03

To continue with the proof, we have to use the following trigonometric relations:

b

cos (r — y) = cos (56') - cos (y) + sin (z) - sin (y)
sin (x — y) = sin (x) - cos (y) — cos (x) - sin (y)

a? + b?
m a2+62+c2

ﬁ+@+@

)] “Varr
} =\ a2—ib2
cos [sign (x) - 90° — y| = sign (z) - sin(y)
sin [ sign (z) - 90° — y] = sign (x) - cos(y)

To determine the value of the coordinate a the steps to perform will be the
following;:
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2 2
\/C_l ) ©

2+ 0+ a%+b2+c%

+ b2 -cos (61) + - sin ( 91
\/ 2 V

. sign (1) \/‘ \/‘ Va3 - cos (61) + \/_ sin (6;)
a2+62+02 a3 + b3

To determine the value of the coordinate b% the steps to perform will be the
following;:

P 2
b1 =sign (¢1) \/_ 2 .
\/2+b2+c2 a%+bQ+C§

b2 -sin (61) — \ / - cos ( 91
- sign (c1) \/‘ \/’ Va3 - sin (6;) — /b3 - cos (6;)
a2+b2+02 a3 + b?

To determine the value of the coordinate c1 the steps to perform will be the
following;:

a1 =sign (¢q) -

1
2

1
2

Ve a3 + b3
1/2_|_b2 ai + b3 + 3

I j [2 I
=————— - sign(c;) - \/c2 /a3 + b3
a3 + b3 + c3 gn (1) ! 202

These relations are valid in general, in the precise sense that they are also able
to include cases where the coefficients as,by,co are zero (provided that og(asz, be, ¢o)
remains in the context of the complete numbers not belonging in the line U).

The only limitation in this regard is the need to avoid the following situation:

c

1 =sign (¢)
2

a3 +b3+c5=0

which confirms the impossibility to divide a complete number o(t, 0,~) for zero
(characterized by the values ag, by, ¢y that make the above mentioned condition
true).

Wanting to find relations that satisfy the division rule as a function of the
effective coordinates of the complete numbers involved, we must adopt for the
coefficients a,b,c the convention v22 = x, with the exception of ¢; for which we
should adopt the convention v/22 = |z|. The reason is simple because if we adopt
for ¢; the usual convention, we will have:

sign (1) - /e = e
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and therefore a result of the division that depends on the modulus of the coordi-
nate cl. While adopting V22 = |z| we will have:

and therefore a result of the division that depends on the effective value of this
coordinate.
The relations obtained will be the following:

= (e ey 2B £ by sin ()
ch a3 + b3 + c3 1= m
(2.5) b% 1 ag - sin (61) — by - cos (6;)

e Cl.cz .
a% + b3+ c3 ( ) /a2 + b2

1 / 2
B b2
C a%+b§+c§ 1 a; + 05

Since the number 0y(ag, by, ¢o) is in standard representation, as determined
by the theorem 2.11 we must consider the following relation:

Vi + 03 =]y/a3+ 13

that combined with those indicated by the formulas (2.5), proving the thesis. =

N[

As an example of the theorem just proved, suppose you have to divide the
outgoing numbers of coordinate: ¢; = 1 and phase ; = 30° by a complete number
in standard representation provided with coordinates: as = 1, by = —1, ¢p = 1.

Their modulus may be calculated in the following way:

h=yJa@ b+ =\ a=vIi=1
ty=1/a3 + b3+ 3 =/12+ (=12 +12=V3

For their phases in the case of the outgoing number we have:

7 = sign (¢1) - 90° = 90°
91 == 300

while in the case of the complete number we should refer to the formulas related
to the standard representation:

1

(&)
v = arctan | ————=- | = arctan | — | ~ 35.26°
()x/@%b%!) <\\/§|>

b -1
0, = arctan (—2) = arctan (—> = —45°
a9 1
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By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:
t 1

t

752_%
Y1 =71 — Ve = 54.74°
9 :61—92:750

1
2

[N N}

and the following coordinates:

1 [¢] o
ap =ty - cos ('y%) - cos (9%) = 7 cos (~ 54.74°) - cos (75°) ~ 0.09
1
by =t1-cos(y1)-sin(f1) = 7 cos (~ 54.74°) - sin (75°) ~ 0.32
1 2
¢y =t1-sin (7%) = — -sin (~ 54.74°) = £

V3 3

At this point we can see how the formulas of the previous theorem make
actually reach the same result:
1 as - cos (1) + by - sin (6,)
0y =5 (ara): — =
73 NaERd
30°) — sin (30°
~cos (30°) — sin (30°) ~ 0.0
V2]
1 as - sin (01) — by - cos (61)
L= (are) — =
az + 05+ ¢ |\/a3 + b3 |
1 in (30° 30°
1 ~8in (30°) 4 cos ( )20.32
3 V2|

1 2
_—— .1 a+b2
> a3+ b3+ 3 |

Theorem 2.53. With only 01(t1,01,71) belonging to the line U and o0s(ta, 02, 72)
in complementary representation, their division may be expressed in the following

way:

1
——.1
3

1 V2
= -.1.- V2| =2X=2
3 V2| 3

0% <a§’b%’ Cé)(t%ﬂ%ﬁ%) = a%(%) + b%(91—92) tu- 65(71—72)
where:
1 as - cos (01) + by - sin (61)
a1 == (a-a) —
ay + 05+ ¢ |\/a3 + b3 |
b 1 as - sin (61) — by - cos (0;)

1=————5—— - (c1- )
2 a3 + b3 + c3 |\/a3 + b3 |

1
— 2 2
= —argeg o Vi
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Proof. Since the number o09(as, bo, c2) is in complementary representation, as
determined by the theorem 2.15 we must consider the following relation:

\/ a3+ b3 = —|\/a3 + b3 |
that combined with those indicated by the formulas (2.5), proving the thesis. =

As an example of the theorem just proved, suppose you have to divide the
outgoing numbers of coordinate: ¢; = 1 and phase #; = 30° by a complete number
in complementary representation provided with coordinates: ay = 1, by = —1,
Cy = 1.

Their modulus may be calculated in the following way:

h=yad+B+d= @ =Vi=1

ty=1/a+ b3+ =12+ (-1)2+12=1/3

For their phases in the case of the outgoing number we have:

71 = sign (¢1) - 90° = 90°
01 - 300

while in the case of the complete number we should refer to the formulas related
to the complementary representation:

Co 1
v = arctan | —— | = arctan | ——— | ~ 144.74°
(-\\/a3+b§|> ("\/5’>

—b 1
05 = arctan (—2> = arctan (—) = 135°
—Q9 —1

By applying the division rule we obtain as result the complete number pro-

vided with the following values of modulus and phases:
1

t

Tty A3
MN=Nn— —b54.74°
6% = 91 - 62 - —1050

D=

and the following coordinates:

1
ay =t - cos <7§) - COS (0%) = 7 cos (~ —b4.74°) - cos (—105°) ~ —0.09
1
b1 =t1-cos(v1)-sin(f1) = — - cos (=~ —54.74°) - sin (—105°) ~ —0.32
2 2 2 2 \/§
. L o V2
c1 =t1-sin (’y%) =5 sin (~ —54.74°) = Y
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At this point we can see how the formulas of the previous theorem make
actually reach the same result:

1 ag - cos (01) + by -sin (1)

a1 =— — . (cq - C .
g YT e

:_1'1_cos(30")—sin(30°) ~ _0.00

3 V2|
__; (C C) a2~sin(91)—bg~cos(91) .
B+ +d I3 + 52|
:_1_1‘3111(30 ) + cos (30°) ~ 0.3
3 V2|
V2
3

= A/ 52‘__ 12l = = X2
3 a2+62+02 ’ o+ V2|

Theorem 2.54. With only oy(ts, 02,v2) belonging to the line U and o1(ty,601,71)
in standard representation, their division may be expressed in the following way:

Cc

(al,b;,61)(t O191) = a%(g) +i'b%(91_92) —I—u-C%(%_W)

where:

c1 ay-cos(fy) + by -sin (6s)

_a
SRR

¢1 by -cos(fy) — ay -sin (6s)

. .
2 @ |Vﬁ+ﬁ|

_ / 2

Proof. The division between two complete numbers, as we know, satisfies the
following formula:

(t1 01,71) = % {[cos (71 — 72) - cos (01 — 6)]

o1
2

+1-[cos (71 — 2) - sin (01 — O2)] + w - [sin (71 — 72)]}

Since 0y(ts, 62,72) belongs to the line U will be provided with the following
values of modulus and phases:

tz == \/Z%
2 = sign (¢z) - 90°
b
0> known # arctan (—2)
a2
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unlike oy (t1, 61,71 ) that will be provided with the following values:

ty =/al + b} + 2
t a
v1 = arctan | ————
Vai+ b3

b
f; = arctan (—1>
a1

This means that we can write the coordinates sought in the following way:

/2 B) p)
= = —  ~ .cos |arctan [ ————= ] — sign (cy) - 90° |-
5 /—a% b% g (2)

1
2 3

| (b) |
- cos |arctan — 09
a1

; Ve + b+

&1
1 =—————— - Cos |arctan (—)
: 3 { Vai + bt

oo (G) 01
- sin |arctan — 09
3]

\/m
varnta, sin [arctan (L) — sign (e3) - 900]

To continue with the proof, we have to use the following trigonometric relations:

a
— sign (e2) - 900} :

2
2
02

c

cos (x — y) = cos (:L') - coS (y) + sin (z) - sin (y)

sin (z — y) = sin (x) - cos (y) — cos (x) - sin (y)
a® + b2

@2+t

coS arctan( }
c?
sin |arctan | ——— E
a2

m e

b
cos {arctan (a)] = 2B
sin |arctan <9)} = v
a a? + b2
cos [x — sign (y) - 90°] = sign (y) - sin(x)
sin [x — sign (y) - 90°] = — sign (y) - cos(x)

To determine the value of the coordinate a the steps to perform will be the
following;:
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212 2 2
. i+ b1 +cf c
a1 =sign (c
3 =sign (c2) e ai + b3+
a? b
cos (69) + sin 92}
im0 g
2 y/ai-cos () + /bF - sin ()

= sign (cp) -

o
[\eR\]
Q
— N
_|_
>
iy )

To determine the value of the coordinate b% the steps to perform will be the
following;:

i+ 07 +cf c
by — 1o e 1 .
3 - ol (c2) 2 ad+bv+c
b? a? )
: [ prarh cos (09) — o sin (92)}
_ sign () - VEAE /B2 cos (0y) — /a3 -sin (6y)

c? Va+ b2

To determine the value of the coordinate c1 the steps to perform will be the
following;:

2 2 2 2 2
) Ve + b+ ai + by , 1 5 5
c1 = —sign (¢y) - . = —sign (c2) - —= -y/aj + b
; g (2) 5 a%—{—b% C% g (2) \/C_% 1 1

&

These relations are valid in general, in the precise sense that they are also able
to include cases where the coefficients aq,b1,c; are zero (provided that oq(ay, by, 1)
remains in the context of the complete numbers not belonging in the line U).

The only limitation in this regard is the need to avoid the following situation:

2 _
c; =0

which confirms the impossibility to divide a complete number o(t, 6,) for zero
(characterized by the values ¢y that make the above mentioned condition true).

Wanting to find relations that satisfy the division rule as a function of the
effective coordinates of the complete numbers involved, we must adopt for the
coefficients a,b,c the convention V22 = z, with the exception of ¢y for which we
should adopt the convention v/22 = |z|. The reason is simple because if we adopt
for ¢y the usual convention, we will have:

sign (¢g) 1

Vi oo el
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and therefore a result of the division that depends on the modulus of the coordi-
nate co. While adopting Va2 = |z| we will have:
sign (c2) 1

3 C2

and therefore a result of the division that depends on the effective value of this
coordinate.
The relations obtained will be the following:

c1ay - cos(b2) + by - sin (6)

air = :
(2.6) Y by - cos (62)2— a12~ sin (6,)
2 G vai+ by
1 2
——— a2+

Since the number o0;(ay,b1,¢p) is in standard representation, as determined
by the theorem 2.11 we must consider the following relation:

Vi + 03 =|y/at + 83 |

that combined with those indicated by the formulas (2.6), proving the thesis. =

As an example of the theorem just proved, suppose you have to divide the
complete number in standard representation provided with coordinates: a; = 1,
by = —1, ¢; = 1 by an outgoing numbers of coordinate:co = 1 and phase 65 = 30°.

Their modulus may be calculated in the following way:

hh=yfal + 0+ =12+ (-1 +12= V3
o=\ + B+ d=/d=vi=1
For their phases in the case of the outgoing number we have:

72 = sign (¢2) - 90° = 90°
62 - 300

while in the case of the complete number we should refer to the formulas related
to the standard representation:

1

(&1
v1 = arctan | ————=- | = arctan | — | ~ 35.26°
()x/@?“’?!) (‘\@)

b -1
f, = arctan (—1) = arctan (—> = —45°
aq 1
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By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:

t
t =L =3
ta
V=N —54.74°
9% - 81 —92 - —750

D=

and the following coordinates:

ay =t - cos (’y%) - cos (9%) = /3 - cos (~ —54.74°) - cos (—75°) ~ 0.26
by =t1 - cos (7%) - sin (9%) — /3 - cos (~ —54.74°) - sin (=75°) ~ —0.97
c1 =ty -sin (7%) = /3 -sin (~ —54.74°) = —V/2

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

€1 ag-cos(fz) + by -sin(fy)  cos(30°) —sin(30°) 0.96

ai = -
TG [V ai + b7 | V2]
—— by - cos () —ay -sin ()  —cos(30°) —sin (30°) _0.97

oo [Vai + bt - V2|
1

—— |+ |- -v2
C2

Theorem 2.55. With only oy(ts,02,v2) belonging to the line U and o1(ty,601,71)
in complementary representation, their division may be expressed in the following

C1
2

way:

where:
c1 ay-cos(fy)+ by - sin (6s)

a1 :
RN

c1 by -cos(by) —ay -sin (6;)

. .
S |\Vai + 07|
1 /

Proof. Since the number 0(aq,b1,c1) is in complementary representation, as
determined by the theorem 2.15 we must consider the following relation:

that combined with those indicated by the formulas (2.6), proving the thesis. =
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As an example of the theorem just proved, suppose you have to divide a
complete number in complementary representation provided with coordinates:
as =1, by = —1, ¢ = 1 by the outgoing numbers of coordinate: ¢; = 1 and phase
6, = 30°.

Their modulus may be calculated in the following way:

=+ + 3 =12+ (-1)2+12=V3
o=+ B+ B = JE=VIi=1

For their phases in the case of the outgoing number we have:

72 = sign (¢2) - 90° = 90°
82 - 300

while in the case of the complete number we should refer to the formulas related
to the complementary representation:

C1 1
v1 = arctan | ——| = arctan | ——— | ~ 144.74°
(-\\/a?”ﬁ!) <—|\/§’>

— 1
f, = arctan (£> = arctan (—) = 135°
—Qaq —1

By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:

h_v3

tl pu— pu—

2 t2
TI= 2 54.74°
9% - 91 - 92 == 1050

and the following coordinates:

ay =ty - cos (7%) - cos (9%) — /3 - cos (~ 54.74°) - cos (105°) ~ —0.26
by =t1-cos(y1)-sin (9%) = /3 - cos (= 54.74°) - sin (105°) ~ 0.97
1 =t1-sin (fy%) = /3 -sin (~ 54.74°) = V2

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

" ¢1 ay - cos(6y) + by - sin (6,) cos (30°) — sin (30°) 0.96
1=—— = — ~ —(.
PG [V ai + b7 | V2]

b G bi-cos(f2) —ar-sin(f)  —cos(30°) —sin(30°) 0.97

1
SCECE] V2]

1
;z—-‘\/a%b% — V2
2 ¢

2
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Theorem 2.56. With o1(t1,01,71) and os(ts,02,7v2) both belonging to the line U,
their division may be expressed in the following way:
0

(a‘%’ b%76%)(t 01,y ) = a%(ﬂ) _I_ Z ’ b%(el—eg) tu- C%(’h—’yz)

1
2 57575 T
where:
(&1
a1 = — - cos (0; — b6s)
2 C2
1 .
b = — -sin (0, — 0s)
2 C2
c1 =0

Proof. The division between two complete numbers, as we know, satisfies the
following formula:

t
01(t1,01,71) = é “{lcos (71 —2) - cos (61 — b2)]+

1
2

+i - Jcos (y1 — y2) - sin (61 — 62)] + u - [sin (11 — 72)]}

Since 01 (t1,61,71) and 0y(ts, f2,72) belong to the line U will be provided with
the following values of modulus and phases:

.
.

71 = sign (¢1) - 90°
Y2 = sign (cz) - 90°

b
0, known # arctan (—1)
ai

0y known = arctan <@>

as

This means that we can write the coordinates sought in the following way:

%)
=N

Q
ol

- cos [sign (¢1) - 90° — sign (¢z) - 90°] - cos (01 — 6)

- cos [sign (c1) - 90° — sign (¢z) - 90°] - sin (6; — 65)

(=

N

TSI RTINSO BN

-sin [ sign (¢1) - 90° — sign (¢2) - 90°]

o
[NIES
I

Considering that when ¢; and ¢y have the same sign we obtained:

cos [ sign (¢1) - 90° — sign (cg) - 90°] = cos (£0°) = 1 = sign (¢1) - sign (c2)
sin [ sign (¢1) - 90° — sign (¢z) - 90°] = sin (£0°) =0



260 NICOLA D’ALFONSO

and that when they have the opposite sign we obtained:

cos [ sign (¢1) - 90° — sign (ca) - 90°] = cos (£180°) = —1 = sign (¢y) - sign (¢2)
sin [ sign (¢1) - 90° — sign (¢y) - 90°] = sin (£180°) =0

we can write:

2
. . (&
a1 = sign (¢;) - sign (¢g) - Y= - cos (0; — 65)
2
b1 = sign (¢;) - sign (¢p) - —C; -sin (6 — 6)
2 02
c1 = 0

Wanting to find relations that satisfy the division rule as a function of the
effective coordinates of the complete numbers involved, we must adopt for the
coefficients ¢;,co the convention vz2 = |z|. In fact in this way we obtain:

SlgIl Cl \/> =C

sign (cz) 1
cs C2
and therefore a result of the division that depends on the effective values of these

coordinates. The relation that we obtain following these conventions proves the
thesis. .

As an example of the theorem just proved, suppose you have to divide the
outgoing numbers of coordinate: ¢; = 1 and phase #; = 30° by the outgoing
number of coordinate: ¢; = 1 and phase 6y = 30°.

Their modulus may be calculated in the following way:

— Jad+B4d = fE=vi=1
o=/ + B+ 3= /3 =vi=1

For their phases we have:
7 = sign (¢1) - 90° = 90°
2 = sign (¢z) - 90° = 90°
6, = 30°
82 - 300
By applying the division rule we obtain as result the complete number pro-
vided with the following values of modulus and phases:

t
th=-L=1
2 t2
Y =71 72 =
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and the following coordinates:

ay =t1 - cos (’y%) - COoS (0%) =1-cos(0°)-cos(0°) =1
by =t - cos (7%) ~sin (01) =1 cos (0°) - sin (0°) =0
cr=t1 -sin(vé) =1-sin(0°)=0

At this point we can see how the formulas of the previous theorem make
actually reach the same result:

2
_va, ) =1- °) —
a%—\/c_g cos (01 —0) =1-cos(0°) =1
2
b = YL in (0, — 6) = 1-sin (0°) = 0
2 C%
c1 =0

1
2
Theorem 2.57. For the operation of division is defined indivisible the complete

number 0, namely for:

01(t1,601,7m) =0
we have:

01(?51,91,71) -0
02(t2,62>’72)

Proof. t1,01,71,t2,02,72 being real numbers, we can write:

t 0
EE 2 2
0 1= 0, — 0y = 0, — indeterminate = indeterminate
V=N TR =N indeterminate = indeterminate
proving the thesis. .

Theorem 2.58. For the operation of division is defined neuter the complete num-
ber 1(sy, namely for:
02(az, ba, c2)(s) = L)
we have:
01(t1,01,71)

= ti1,0
02(t2,92772) Ol( a 1’%)

Proof. t1,01,71,t2,05,7 being real numbers, we can write:

t, ot
th =L =21 ¢
2 1o 1
9%:91—92:91—0291
Ti=n—r=n-0=m

proving the thesis. .
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Theorem 2.59. For the operation of division is defined identical the same position
with respect to the origin, namely for:

02(@2, b27 62) = 02(a17 blu Cl)

we have:
01(t17 01, ’Yl)

=1
02(t27 0, 72) )

Proof. t1,01,71,t2,02,72 being real numbers, we can write:

t t
2 to 1
9%:91—02:91—9120

Vi=En—r=n-—n=0
proving the thesis. n
Theorem 2.60. It is valid the invariantive property, namely:

o1(t1,601,7m) _ [01(t1,61,71) - 03(t3,05,73)]
0a(t2,02,72)  [02(ta, b2,72) - 03(t3,05,73)]
(t1,0071)
( )

o1(t1,01,71)
03(t3,03,73)
02(t2,02,72)
03(t3,03,73)

o1(t1,01,m

02(t2, 02,72

Proof. t1,01,71,t2,02,72,t3,03,73 being real numbers, we can write:

t
t1 = 2
2 t2
9% - (91 - 62)
7= (11 —2)
t1-ts
t<1'3) = = —
(2:3) to - t3 to
02;2; - (61 + ‘93) - (02 + 93) - 91 - 92
nggg =(Mm+1)—(2+13) =717
t
_u b
t(%) T t_
%) t3 2
0y = (01 —03) — (62— 03) =01 — Oy
(2)
Y = (71 - 73) - (72 - 73) =7 — 2
2

proving the thesis. .
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Theorem 2.61. [t is not valid the distributive property of division over addition,
namely for:

01(t1,01,71) = 03(ts,05,73) + 04(ts, 04, 74)

we have:

o1(t1,601,7) [03(153,93,73)]+[04(t4,94774)]

02(752702772) 02(t2,92,72) 02(752,92,72)

Proof. Referring to the situation described by theorem 2.48 and considering that
ay,b1,c1,a9,b9,c9, as,bs,c3,a4,b4,c4 being real numbers, we can write:

c1 = : \/ (a3 +b3) |— ‘\/a—l—b2
2 a2—|—b2+02 [ ‘ 2 !

C<%>+<%>:a2+b2 [ ‘\/ (az +b2) |- )V (@ +3)|]
+a2+1)2—|—62.[ ’V (a3 +63) | - ’V (a + b2)
a2+612 {03—|-C4 ‘\/ (a3 + b3) ‘
—C2-H\/<a§+b§>\+\\/<ai+bi)ﬂ}

:m-{cl~‘1/(a%+b§)
o [|\@3+ ) [+ @ + ) [} e

proving the thesis. u

|

SIS

Theorem 2.62. [t is not valid the distributive property of division over subtrac-
tion, namely for:

01(t1,01,11) = 03(ts,03,v3) — 04(ts, 04, V4)

we have:

02(752792772) 02(752,92;72) 02(t2,92,72)

o1(t1,01,7m) £ [03(753,93;73)] B [04(754,94,74)]

Proof. Referring to the situation described by theorem 2.48 and considering that
a1,b1,c1,a9,b9,c9, as,bs,c3,a4,b4,c4 being real numbers, we can write:

c1 = : \/ (a3 +b3) |— ‘\/a—l—Z)Q
2 a2—|—b2—i—c2 [ ‘ 2 !
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o ]
‘\/ (a3 +b3)

- = (a3 + b3)

—_— . C
a2+b2—|—02 [3

- o b2)
a2+b2—i—c2 [04 ‘ (a3 +
_ /( b2)
a2+b2+02 { ¢ = 1) ‘ (a3 +
ey

(a3 +b3)

@+ ]} e

|

a2 + b2 {Cl

—Co H\/(ag,—l—bg)

proving the thesis.

Theorem 2.63. It is valid the equivalence between multiplication and division
namely:

01(t1, 04,
01(t1,01,7) - 02(t2, 02,72) = w

02(ta, 02, 72)
01(7517917’71) 1

= 01(t1, 04, —_—
02(752792,’72) 1< b 71) 02(t2792772)

Proof. t1,01,71,t2,05,7 being real numbers, we can write:

61.2 - 91 + 82
Y12 =71+ 72
t

01 =0, — (—0) = 01 + 0y

1

2
Yr=mn—(n2)=n+mn

2

t
t;:—l
2 t2
6, = (6, — 6,)
= (n—")
1 t1
b=t -—=—=
e M T g
‘91,%:014‘(—92)—91—92
Nr=nt+(=7)=n-"7

proving the thesis.
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2.6. N-th power

Definition 2.64. In the space RIU we can define n-th power of the complete
number o(t, 8,~y), with n (natural number) known as exponent and o(t, 6, ) known
as base, as the number oy, (¢, 01, 71n) also represented with the symbol o(t, 6, v)"
that satisfies the following conditions:

1. o(t,0,7)" = o(t,0,7) - ...-o(t,0,v) forn >0

2. o(t,0,y)" = thzzg =1 forn=0

1
3. o(t,0,y)" = m forn <0

o(t,0,7)
4. n>0 foro(t,0,7)=0

We note that the term o(¢,6,7) in the first and third conditions is intended to
appear |n| times.

The first condition defines the repeated multiplication of the base by itself a
positive number of times, the second a zero number of times, and finally the third
a negative number of times. All these conditions correspond to require:

try =t"
HTn:9-n
Vin =71

The fourth condition gets its own justification by the impossibility of defining
the n-th power module when to be multiplied by itself a zero number or a negative
number of times is just the 0, because in this case would be present the following
divisions for 0:

o(t,Q,v)”:gzlforn:(]

1
o(t,0,y)" = B for n < 0 with 0 that appears —n— times

0

Theorem 2.65. It is valid the product property of exponents, namely:
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Proof. By applying to (0")™ and o™™ the definition of n-th power previously
introduced, we really obtain the same result as we can observe by the following
relations, when (m,n) are both greater than zero:

(o)™ =(0-0..c0)-(0-0-..o0)-...-(0-0-...-0)

""" =(0-0-0-0"...-0)
It is easy to verify how all pairs of obtainable relations show a total of |n-m| terms
o(t,8,~) to the numerator or to the denominator. Since this result is not depend-
ing on the particular values assumed by o(t,6,v) we can consider the property
examined here as generally valid. u

Theorem 2.66. It is valid the sum property of exponents, namely:

Proof. By applying to (0" - 0™) and 0o"™™ the definition of n-th power previously
introduced, we really obtain the same result as we can observe by the following
relations, when (m,n) are both greater than zero:

o"-om=(0-0-0-0-...-0)-(0-0-...-0)

""" =(0-0-0-0-0-0-0-0"...-0)
It is easy to verify how all pairs of obtainable relations show a total of |m +
n| terms o(t,6,7) to the numerator or to the denominator. Since this result is
not depending on the particular values assumed by o(t, 6, ) we can consider the
property examined here as generally valid. u

Theorem 2.67. It is valid the difference property of exponents, namely:

Om
Proof. By applying to ((‘)’—Z) and 0"~ the definition of n-th power previously
introduced, we really obtain the same result as we can observe by the following

relations, when (m,n) are both greater than zero:

OTL
— =(0-0-0-0-..-0) itn>m
0
0" "™ =(0-0-0-0-0-0-0-0-...-0) ifn>m
o 1 .
- = ifn<m
om  (0:-0:0:0-...-0)

) 1 .
oM — ifn<m

(0-0-0-0-0-0-0-0-...0)

It is easy to verify how all pairs of obtainable relations show a total of |m — n|
terms o(t, 0,7) to the numerator or to the denominator. Since this result is not
depending on the particular values assumed by o(t, 6, v) we can consider the pro-
perty examined here as generally valid. n
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Theorem 2.68. It is valid the product property of bases, namely:
of -0y = (01 02)"

Proof. By applying to (o} - 05) and (0; - 02)" the definition of n-th power pre-
viously introduced, we really obtain the same result as we can observe by the
following relations, when n is greater than zero:

oy -0y =(01-01-01+...-01) - (02- 0909 ...+ 09)

(01 . Og)n = (01 . 02) . (01 . 02) L. (01 . 02)'
It is easy to verify how all pairs of obtainable relations show a total of |n| terms
01(t1,01,7) and |n| terms 0y(ts,02,72) to the numerator or to the denominator.

Since this result is not depending on the particular values assumed by o1 (ty, 61, 71)
and 0y(ta, 02, v2) we can consider the property examined here as generally valid. =

Theorem 2.69. It is valid the quotient property of bases, namely:
o _ (ﬂ)"
0% - \oy
Proof. By applying to Z_’; and (2—;)" the definition of n-th power previously

introduced, we really obtain the same result as we can observe by the following
relations, when n is greater than zero:

0_711_(01'01'01'...'01)

oy (090309 ... 09)
O1\" (01 01 01
(&) = GG G)
It is easy to verify how all pairs of obtainable relations show a total of |n| terms
01(t1,01,7) to the numerator and |n| terms o0y(ts,02,7v2) to the denominator or
vice versa. Since this result is not depending on the particular values assumed

by 01(t1,61,71) and 09(te, 02,v2) we can consider the property examined here as
generally valid. -

2.7. N-th root

Definition 2.70. In the space RIU we can define n-th root of the complete number
o(t,d,~), with n (natural number) known as degree and o(¢,6,~) known as radi-
cand, as the number o}, (t|,,, 0|, 7») also represented with the symbol {/o(t,6,7)
that satisfies the following conditions:

L. /o(t,0,7)-...- Y/o(t,0,7) =o(t,0,7y) forn >0

1
2. ———=0(t,0, forn <0
T

Yo(t,0,7)
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3. 0m=170, Ym=1
4. n#0 for any o(t,0,7)
5. n>0 foro(t,0,7) =0
6. Vt>0, t>0

We note that the term {/o(t,6,v) in the first and second conditions is intended
to appear |n| times.

The first condition defines the repeated multiplication of the root by itself
a positive number of times, while the second a negative number of times. Both
these conditions correspond to require:

tin = V1t

0+ k - 360°
0 = RN R Yy A +1,42, 43, 44, ...
n
k - 360°
Vin = PR o k= 1, 42,43 44,
n

The third condition gets its own justification by the necessity of defining the
n-th root in an univocal way. In fact, when that condition is not valid, there are
n? different complete numbers able to satisfy such definition: one for each distinct
pair of phases 0|,, 7|, given by the relations seen above.

Also the fourth condition gets its own justification by the necessity of defining
the n-th root in an univocal way. In fact when that condition is not valid, the
multiplication of the root by itself a number of times equal to 0 would require the
use of the following expression:

/o(t,0,) _

Vo(t,0,)

that would be satisfied by several values of {/o(t,0,7).

The fifth condition gets its own justification by the impossibility of defining
values of n-th root that multiplied by itself a negative number of times are able
to give as the result just 0 value. In fact the following expression:

W =0 for n <0, {/o(t,d,~) appears —n— times
vol(t, o,y

Yo(t,0,7)

requires the existence of a divisor of 1 that can assign to it a quotient equal to O:
a thing that we know impossible.

The sixth condition gets its own justification by the need to make acceptable
the n-th root in regard the modulus t of the complete number o(t, 6, ).
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Theorem 2.71. It is valid the product property of degrees, namely:

Vo= o

Proof. By applying the principle according to which two numbers are equal if
and only if they remain as such, also once we raise them to the same power, we can
raise the two member of the previous equality to the number (m - n), obtaining:

(/v5)"" =y

At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.

Considering the value "(/"_\/5 of the first member as a complete number, it is
possible to apply to it the theorem 2.65 concerning the product of exponents of
the n-th power, obtaining:

(o) =[() ]

Then applying to this member the definition of n-th root, we obtain:
(V) ] ==
By applying the same definition to the second member we obtain an equivalent
final result:
(™o)™ =0 .

Theorem 2.72. It is valid the product property of radicands, namely:

Proof. By applying the principle according to which two numbers are equal if

and only if they remain as such, also once we raise them to the same power, we
can raise the two member of the previous equality to the number n, obtaining:

(for- /o2 )" = (or 2 )"
At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.
Considering the values /o, and /o, of the first member as the complete
numbers, it is possible to apply to them the theorem 2.68 concerning the product
of bases of the n-th power, obtaining:

(o1 - /02)" = (o1 )" - (/02)"
Then applying to two factors of this member the definition of n-th root, we obtain:
(/o1 )"+ (Vo3 )" =01 - 0y

By applying the same definition to the second member we obtain an equivalent
final result:
(/o103 )" =010y .
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Theorem 2.73. It is valid the quotient property of radicands, namely:

n/ol . ﬁ
/09 \/ 09
Proof. By applying the principle according to which two numbers are equal if

and only if they remain as such, also once we raise them to the same power, we
can raise the two member of the previous equality to the number n, obtaining:

(=) -(5)
\/ 09 09
At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.
Considering the values {/o; and {/os of the first member as the complete

numbers, it is possible to apply to them the theorem 2.69 concerning the quotient
of bases of the n-th power, obtaining:

Then applying to two factors of this member the definition of n-th root, we obtain:

o))" _ o

(n02)n_02

By applying the same definition to the second member we obtain an equivalent

final result: N
/01 !
09 B 09

2.8. Power with rational exponent

Definition 2.74. In the space RIU we can define power with rational expo-
m

nent — (n,m both natural numbers) of the complete number o(¢,0,v), with
n

™ known as rational exponent and o(¢,6,v) known as base, as the number

n
Otmyn(Ermins Ormin, Yimin) also represented with the symbol o(t,6,7)

m
n

or

Vo(t,0,~v)™ that satisfies the following conditions:

L. [ O(t,ﬁ,v)m] =o(t,0,7y)"
2.m>0 foro(t,0,7)=0

3. n#0 for any o(t,0,7)™ and therefore for any o(t,6,~)
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4. n>0 for o(t,0,7)™ = 0 and therefore for o(t,6,v) = 0

—xrm

0-
5. eTmln — Tm’ Tmln = n

6. vtm >0, t">0
7.t>0, t>0

The first condition defines the power with rational exponent as a n-th root
of a m-th power.

The second condition is required for the correct definition of the m-th power.

The third, the fourth, the fifth and the sixth conditions are required for the
correct definition of n-th root.

The seventh condition is required to make possible the reversal of the order
between root and power, namely to write:

[" o(t,O,v)}m

and therefore: -
(Vi)

Theorem 2.75. It is valid the inversion property between root and power, namely:

0% = (o)
Proof. For the proof we will make reference to the following formulation of the
property just introduced:
o™ = (/o)

By applying the principle according to which two numbers are equal if and only
if they remain as such, also once we raise them to the same power, we can raise
the two member of the previous equality to the number n obtaining:

(Vo )" =[(/0)""

At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.

Considering the value /o of the second member as a complete number, it is
possible to apply to it the theorem 2.65 concerning the product of exponents of
the n-th power, obtaining:

[(Vo)"]" = (Vo)™ = (o) = [(+/0)"]"
Then applying to this member the definition of n-th root , we obtain:
(o)1 ="

By applying the same definition to the first member we obtain an equivalent final

result:
(\"/o_m )n =o™" "

n
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Theorem 2.76. [t is valid the equivalence property between exponent and degree,
namely:

m-p
= Oonp

33

0
Proof. For the proof we will make reference to the following formulation of the
property just introduced:

,”/Om — ”;P/Om-p

By applying the principle according to which two numbers are equal if and only
if they remain as such, also once we raise them to the same power, we can raise
the two member of the previous equality to the number (n - p) obtaining:

(W )(n'P) _ ( nW )(H'P)

At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.

By applying to the first member the theorem 2.75 concerning the inversion
between root and power of the power with rational exponent, we obtain:

(W )(n'P) _ [(% )m](n'P)

Considering the value /o of this member as a complete number, it is possible
to apply to it the theorem 2.65 concerning the product of exponents of the n-th
power, obtaining:

(/o)™ = (/o)™ == (/0 )""" = [(+/0)"|""

Then applying to this member the definition of n-th root , we obtain:

(o) = o
By applying the same definition to the second member we obtain an equivalent
final result: ()

(" )" = g .

Theorem 2.77. [t is walid the product property of rational exponents,
namely:

Proof. For the proof we will make reference to the following formulation of the
property just introduced:

At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.
Let us start expressing the first member in the following way:

(Wor)' = {/ (o

b
q
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Considering the value 0™ of this member as a complete number, it is possible to
apply to it the theorem 2.75 concerning the inversion between root and power of
the power with rational exponent, obtaining:

J5 -

Then applying to this member the theorem 2.71 concerning the product of degrees
of the n-th root and the theorem 2.65 concerning the product of exponents of the
n-th power, we obtain an expression coincident with the second member:

Theorem 2.78. It is valid the sum property of rational exponents, namely:

(0%) ' (05) =0 %+§) = 0<m»q31'+q<p.n>

Proof. For the proof we will make reference to the following formulation of the
property just introduced:

Yo - Yop = "V olmatpn)

At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.

By applying to the first member the theorem 2.76 concerning the equivalence
between exponent and degree of the power with rational exponent, we obtain:

Considering the values 0™ and o™ of this member as the complete numbers, it
is possible to apply to it the theorem 2.72 concerning the product of radicands of
the n-th root, obtaining:

"Yomaq . Wopn = "Yomq. gpn

Then applying to this member the theorem 2.66 concerning the sum of exponents
of the n-th power, we obtain an expression coincident with the second member:

"“omq . opn = "/ glmatpn) -
Theorem 2.79. [t is valid the difference property of rational exponents, namely:

(on) (m_z) _ O<m»q3;q<p-n)
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Proof. For the proof we will make reference to the following formulation of the
property just introduced:

vor = "V olmq—pn)

qop

At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.

By applying to the first member the theorem 2.76 concerning the equivalence
between exponent and degree of the power with rational exponent, we obtain:

Considering the values 0™? and o™ of this member as the complete numbers, it
is possible to apply to it the theorem 2.73 concerning the quotient of radicands of

the n-th root, obtaining:
moma  [oma
wforn  \ orm

Then applying to this member the theorem 2.67 concerning the difference of ex-
ponents of the n-th power, we obtain an expression coincident with the second
member:

om4 .
o = "V olmg—pn) -

opm

Theorem 2.80. [t is valid the product property of bases, namely:

33

) = (01 09)

Proof. For the proof we will make reference to the following formulation of the

property just introduced:
Yo - /o5 = {/(01-02)"

At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.

By applying to the second member the theorem 2.68 concerning the product
of bases of the n-th power, we obtain:

i/ (01 02)" = {/of"- o'

Considering the values of" and o5® of this member as the complete numbers, it is
possible to apply to it the theorem 2.72 concerning the product of radicands of
the n-th root, obtaining an expression coincident with the first member:
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Theorem 2.81. It is valid the quotient property of bases, namely:

T3

o (01)73

) 02

Proof. For the proof we will make reference to the following formulation of the
property just introduced:

N3

v/ oy' 02
At this point, we can verify the validity of the starting equality showing how the
two members thus obtained are actually equal.

By applying to the second member the theorem 2.69 concerning the quotient

of bases of the n-th power, we obtain:

m m
T S R U
02 oy’

Considering the values of* and 05" of this member as the complete numbers,
it is possible to apply to it the theorem 2.73 concerning the quotient of radicands
of the n-th root, obtaining an expression coincident with the first member:

m

Lot J/o
_m— |
%)

3. Numbers in the n dimensional space

=3

3
QS
N3

3.1. N dimensional complete numbers

To identify the n dimensional complete numbers, we will use the following nota-
tions:

1. o(a) or o(t) for the real numbers
2. o(a,b) or o(t,d) for the complex numbers
3. o(a,b,c) or o(t,0,v) for the complete number strictly speaking

4. o(a,b,c,d) or o(t,0,, ) for the four dimensional complete numbers

6. o(ai,as, ..,ay,) or o(t, 0,03, ..,0,) for the n dimensional complete numbers
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Definition 3.1. We can define n dimensional complete number o(t, 6, 05, ..., 0,,)
as the position that can be reached starting from that unitary of the straight
line V; first translating it of modulus t, then making the line R turn of the angle
0y in the plane ViV, next making the plane ViV, turn of the angle 3 in the
space V1V,,_1V,, after that making the space V1V, _1V,, turn of the angle 6, in
the hyperspace V1V, _oV,,_1V,, and so on up to the rotation of angle #,, of the n
dimensional space V1 V5...V,, sV, _1V,,.

In Figure 30 we can observe a complete number in the four dimensional space.

Figure 30: Cartesian representation of the four dimensional complete numbers

Theorem 3.2. N dimensional complete numbers can be expressed in the following
way:

0(t792;937 7971) =t {Ul : [COS

—
)
3
~
Q
@}
wn
—~
D
3

1 5
s - [cos (6) ) )
+ vz - [cos (0,,) - cos (B,,—1) - .. - cos (05) - cos (04) - si
(3.1) + vy - [cos (6,,) ) ) - si
+ ..+
+ Up—1 - [cos (0,) - sin (6,-1)]
T v, - [sin (6,)]}

with the symbols vi,vs,...,v, that identify the versors concerning the orthogonal
straight lines V1 ,Va,...,V,, that form the n dimensional space, the symbols 65, 05,...,0,
the rotations used to introduce such lines (the line V} is introduced by the trans-
lating t), and the following symbols ay,as,...,a, constitute the coordinates of the
complete number o(t, 05,05, ...,0,) in the n dimensional space:
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ay =t - [cos (0,) - cos (0p—1) - ... - cos (05) - cos (04) - cos (03) - cos (02)]
as =t - [cos (0,) - cos(0p_1) - ... cos (05) - cos (04) - cos (03) - sin (62)]
as =t - [cos (0,) - cos (0p—1) - ... - cos (05) - cos (04) - sin (03)]

ag =t -[cos (0y) - cos(Bp_1) ... cos (05) - sin (64)]

an =t - [sin (6,,)]

Proof. By observing in Figure 31 how the addition of a new rotation allows us to
express the coordinates of the complete numbers from one dimension to the next

we obtain the previous relation.

t=a
0 —P;(-Q ---- straight line R

straight line I

. P(t,0)
b
0=~*—&----- straight line R
P(t)

P(t) obtained by the origin with the translation t
which adds a new dimension
of value a, coincident with t

P(t) = tvy with vg=1

P(t,0) obtained by P(t) with the rotation 6
which adds a new dimension
of value b to the modulus of P(t)

P(t,0)=t[vzcos(@)tv sin(p)] with v=1 and v;=i

straight line U
' P(t,0,y) obtained by P(t,0) with the rotation y
: P(t,0,7) which adds a new dimension
t : c of value c to the modulus of P(t,0)
02" 6_---_. plane RI
P(t,0) P(t,0,y)=t [Vgy cos(@)+viysin(e)]

straight line J
R L(CLA A
0 ‘éﬁfiu space RIU
P(t,0,y)

and so on

with vg;= [vgcos(y)+vy sin(y)] and v=u

P(t,0,y,¢) obtained by P(t,0,y) with the rotation ¢
which adds a new dimension
of value d to the modulus of P(t,0,y)

P(t,0,7,0)=t [Vriu "cos(¢)+v,sin(¢)]
with gy = [V cos(y)+vy-sin(y)] and v;=j

Figure 31: Construction of the n dimensional complete numbers

Theorem 3.3. The modulus of the n dimensional complete numbers can be ex-
pressed in the following way:

t= \/a%—l—a§+a§+...a%

Proof. By applying Pythagoras’ theorem to the steps leading us to the next
dimensions, as shown by Figure 32 on the next page, we obtain the previous
relation. .



278 NICOLA D’ALFONSO

t=V(a?) =@’

o A0 ety
(@)

t i C t2=[\/(a2+b2)]+02

. 56 |4 =@
V(a2 +b*+c?)
....... and so on
Figure 32: Representation of the modulus of the n dimensional complete numbers

Theorem 3.4. The phases of the n dimensional complete numbers can be ex-
pressed in the following way:

G
0, = arctan > > > >
\/a1 +as;+a3+..a;,_4

Proof. By applying the trigonometric relations of the function arctan() to the
steps leading us to the next dimensions, as shown by Figure 33, we obtain the
previous relation.

0 t=\/(a2)

0 b =arctan[b/\(a?)]

y=arctan[c/ \ (a®+b?)]

- —
—~
mm
<=\ “Y |
S !

0
V(@*+b?)

0 ﬁt o |d (p=arctan[d/\/(a2+b2+cz)]
V(a*+b>+c?)

....... and so on
Figure 33: Representation of the phases of the n dimensional complete numbers

Definition 3.5. An n dimensional complete numbers with coordinates
(ay,az,as,...,a,) all non zero can be defined in standard representation if provided
with phases (09,0s,...,0,,) that satisfy the conventions introduced hereunder.

For the positions P(ay,as,as,...,a,) in the region V;*V,tV;F ...V F characte-
rized by the values ai,a9,as,...,a, all positives, the phases chosen will lie in the

first quadrant, namely:
0° < 62,93, 7971 < 90°
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We can observe, with regard to this, Figure 34.

first quadrant RTT T
1 in two-dimensional space

A /
el
0°<0<90°

first quadrant Rrut
in three-dimensional space

05<0<903

Figure 34: Standard representation of the phases 6,y concerning the first quad-
rants

Since the following relations are valid:

a
6, = arctan 2
aj

a
f; = arctan S —
Vai+a3

an
f,, = arctan > > > >
\/a1 +as;+a3+..a;,_4

to allow the phases 65,05,...,0, to have a value between 0° and 90° when the coef-
ficients as,as,...,a, are all positives, also the corresponding denominators should
be positives. This means that the standard representation requires that we assign
the positive solutions to the following roots:
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[ 42 /2
Vot +a=|\/at+ a3

\/a% + a% + a§ + ...a%_l = ’\/a% + a% + a% + ...a%_l

For the positions P(ay,as,as,...,a,) in the region V; V,;tVi5.. VT charac-
terized by the values as,as3,aq4,...,a, all positives and by the value a; negative, the
phases chosen will be the following:

90° < #, < 180°
0° < 03,(94, 7971 < 90°

Since the following relations are valid:

sin(lSOo — 92) = Sil’l(@g)
cos(180° — y) = — cos(fs)

to impose the coefficient a; as the only negative value in the formula (3.1), will
be enough to leave unchanged all phases 03,04,...,0,, at the value they have in the
first quadrant, and change the value of 05 = 6 (that is the value that this phase
assumes in the first quadrant) with 6, = (180° — 6;).

We can observe, with regard to this, Figure 35 on the facing page.
Since the following relations are valid:

a
6, = arctan 2
aj

a
f; = arctan S —
a2 + a’

an
0, = arctan > > > >
Vai+ a3 +ai+ ...ak_,

to allow the phases 03,04,...,0,, to have a value between 0° and 90° when the coeffi-
cients as,ay,...,a, are all positives, also the corresponding denominators should be
positives. While to allow the phase #5 to have a value between 90° and 180° when
the coefficient a; is negative and that ay is positive, we should consider the term
which appears into its denominator as negative. This means that the standard
representation requires that we assign the positive solutions to the following roots:
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. I
second quadrant R™ T 3
in two-dimensional space

\‘\\\\\\\\‘>90°<G<180° 0°<6<90°

second quadrant R TTU"
in three-dimensional space

\‘

0°<y<90°

0°<6<90°

R 90°<0<180°

Figure 35: Standard representation of the phases 6,7 concerning the second qua-
drants

9, 2 _ 9, 2
\/a1+a2—‘\/a1+a2

Vot +a+ad =]/t +a3+d3)

\/a% +a3+ai+..a2_ | = )\/a% +a3+a3+..a2_,

and the negative solutions to:

For the positions P(ay,as,as,...,a,) in the region V,"V, V;"...V ¥  charac-

terized by the values as,ay4,as,...,a, all positives and by the values aq,a, negative,
the phases chosen will be the following:

180° < #, < 270°
0° < 93,94, 79n < 90°

Since the following relations are valid:

sin(180° + 6) = — sin(6s)
cos(180° + 65) = — cos(62)
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to impose the coefficients a; and as as the only negative values in the formula
(3.1), will be enough to leave unchanged all phases 63,0y,...,0,, at the value they
have in the first quadrant, and change the value of 3 = 65 (that is the value that
this phase assumes in the first quadrant) with 6, = (180° + 6;).

We can observe, with regard to this, Figure 36.

I
A

180°<0<270° 0°<6<90°

third quadrant R" I \ » R
in two-dimensional space \A

~_

third quadrant R 1 U™
in three-dimensional space

180°<6<270°

R Hﬁ%oo

Figure 36: Standard representation of the phases 6,y concerning the third qua-
drants

I

Since the following relations are valid:

a
f, = arctan 2
Vai

a
03 = arctan S —
a2 + a’

an
0, = arctan = > > >
\/a1 +a5+a3+..a;_4

to allow the phases 03,04,...,0,, to have a value between 0° and 90° when the coeffi-
cients ag,ay,...,a, are all positives, also the corresponding denominators should be
positives. While to allow the phase 05 to have a value between 180° and 270° when
the coefficient a; and as are negative, we should consider the term which appears
into its denominator as negative. This means that the standard representation
requires that we assign the positive solutions to the following roots:
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Vot +a3 =|\Jat + a3

Vot +a+a=|\/a+d+a

\/a% +a3+a3+..a2_ | = ’\/a% +a3+a3+..a2_,

and the negative solutions to:

\/a%:—’\/a%

For the positions P(ay,as,as,...,a,) in the region V'V, ViF...VF characte-
rized by the values aq,as,aq,...,a, all positives and by the value as negative, the
phases chosen will be the following:

270° < 65 < 360°
0° < 03,94, ,Qn < 90°

Since the following relations are valid:

sin(360° — fy) = — sin(6s)
cos(360° — ) = cos(6s)

to impose the coefficient ay as the only negative value in the formula (3.1), will
be enough to leave unchanged all phases 65,04,...,0,, at the value they have in the
first quadrant, and change the value of 0y = 6 (that is the value that this phase
assumes in the first quadrant) with 6, = (360° — 65).

We can observe, with regard to this, Figure 37 on the following page.

Since the following relations are valid:

a
f, = arctan 2
af

a
A3 = arctan S
Va2 + a}

an
0, = arctan = > > >
\/al +a;+ a3+ ..a;_4

to allow the phases 63,0,,...,0, to have a value between 0° and 90° when the coef-
ficients as,aq,...,a, are all positives, also the corresponding denominators should
be positives. While to allow the phase 65 to have a value between 270° and 360°
when the coefficient as is negative and that a; is positive, we should consider the
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fourth quadrant R11”
in two-dimensional space

%

0°<0<90°
i
e

P70°<0<36(°

A

U fourth quadrant R" 1" U™
‘r in three-dimensional space

I 4
0°<06<90

Figure 37: Standard representation of the phases 6,y concerning the fourth qua-
drants

term which appears into its denominator as positive. This means that the stan-
dard representation requires that we assign the positive solutions to the following

roots:
\/a? = ‘\/a%‘
Vat+a = |yfal +a3

\/a% +ai+a3+..d2_, = )\/a% +a3+adi+..d2_,

For the positions P(ay, as,as, ..., a,) in the region V;V5V3...V,,, characterized
by the values ag,aq4,as,...,a, both positives and negative, the phases chosen will be
the following:

0° < #; <90° for any a; > 0 with ¢ = 3,4,5,...,n
270° < 0; < 360° for any a; < 0 with ¢ = 3,4,5,...,n

Since the following relations are valid:

sin(360° — 6;) = — sin(6;)
cos(360° — 0;) = cos(6;)

to impose the negative sign to some of the coefficients as,ay,...,a, in the formula
(3.1), will be enough to assign to the corresponding phases 03,0y,...,0,, the opposite
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value with respect to that they have in the first quadrant (and therefore to assign
them a value between 270° and 360°) and leave all the others unchanged.
We can observe, with regard to this, Figure 38.

Figure 38: Variation of the sign of the phases due to the variation of sign of their
corresponding coefficient

Since the following relations are valid:

a
05 = arctan - —
Va2 + a3
a
0, = arctan 4
Vai+a3+ad

an
6,, = arctan = > > >
\/a1 +a;+ a3+ ...a;_4

to allow the phases 63.,0,,...,0,, to have a value between 0° and 90° when the corre-
sponding coefficients as,ay,...,a, are positives, and a value between 270° and 360°
when the corresponding coefficients are negative, the corresponding denominators
should be all positives. This means that the standard representation requires that
we assign the positive solutions to the following roots:

2 2 __ 2 2
\/a1+a2—‘\/a1+a2’
2 2 2 __ 2 2 2

\/a% +a3+a3+..a2 | =

\/a% +a3+a3+..a2_,
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Since the management of sign of the coefficients as,ay,...,a,, does not interfere
with the angle 65, we can combine it with the management of signs of a; and as
according to the manner described above.

Theorem 3.6. The standard representation of a n dimensional complete number

of coordinates (ay,az,as,...,a,) all non zero requires to give the following solutions
to the following algebraic roots:

\/a? =a,
2 2 _ 2 2
\/al—l—a2— ‘\/‘11‘*‘%

Vot +a+ai=|\/a+ i+ a3

\/a% +a3+ai+..a2 | = )\/a% +a3+a3+..a2_,

Proof. In the case of the representations previously examined the phases assume
the values provided by the formulas:

a
6, = arctan 2
aj

a
f; = arctan S —
a2 + a3

an
0, = arctan = > > >
Vai+adi+ai+..adk_,

when we give to the algebraic roots involved just the values considered here. And
this immediately proves the thesis. u

For example in the four dimensional space the complete number with the
expression:

o(t,0,7,p) =][cos (p) - cos (7) - cos (0)] + i - [cos (¢) - cos () - sin (0)]
+u - [cos () - sin (7)] 4 7 - [sin (¢)]
associated to the position:
o(a,b,c,d) = o(—1,1,—1,1)
could be expressed in standard representation through the following phases:

b 1
0 = arctan (—) = arctan <—> = 135°
a 1

c _
— | = arctan <—> ~ —35.26°
Va2 + 12 y> V2

d 1
p = arctan ( ) = arctan (—) = 30°
Va2 + b2+ 2| 3

v = arctan (
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and the following modulus:

t=vVa2+ 2 +2+d2=+4=2

To verify that the standard representation o(6,~, ¢) thus obtained identifies just
the position o(—1,0, 1,0) it is sufficient to perform the following calculations:

a=1t-cos(p)-cos(y)-cos(f)=2-cos(30°) - cos(~ —35.26°) - cos (135°) = —1

b=1-cos(p)

c=t-cos(p)-sin(y) =2-cos(30°) -sin (~ —35.26°) = —1
()

d=1t-sin

Definition 3.7. An n dimensional complete numbers with coordinates

(a1,a9,a3,...,a,) all non zero can be defined in complementary representation if
provided with phases obtained by the values: 65,05,...,0,, of the standard represen-
tation through those substitutions which allow us to identify the same positions.

Theorem 3.8. If we call 05,05,...,0,, the phases that allow to an n dimensional
complete number provided with coordinates (ay,as,as,...,a,) all non zero and in
standard representation to identify any position of the space ViVoVi5...V,,, the al-
ternative sets of phases able to individuate the same position can be obtained by
the following values: 6, (360° — 0), (180° — ), (6 + 180°).

Proof. The ability to express through the formula (3.1) the same positions of the
standard representation, assigning to the phases the following values: 6, (360°—8),
(180° —6), (A4 180°) comes from the fact that in this way we maintain the moduli
unchanged and introduce signs which can neutralize each other, as shown by the
following relations:

Using this process it is possible to combine, for example, the standard represen-
tation concerning the fourth dimension:

o(t,0,7v,¢) =][cos (¢) - cos (7) - cos (0)] + i - [cos (¢) - cos () - sin (0)]
+ u - [cos () - sin (7)] + - [sin ()]

to the following complementary representations:
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o(t, 0,y 4 180°,180° — ¢) =[cos (180° — ) - cos (y + 180°) - cos (6)]
+ 4 - [cos (180° — ¢) - cos (v + 180°) - sin (0)]
+ u - [cos (180° — ¢) - sin (y + 180°)]
+ - [sin (180° — ¢)]

o(t, 0 + 180°,360° — v, 180° — ) =[cos (180° — ¢) - cos (360° — ) - cos (6 + 180°)]
+ 4 - [cos (180° — ¢) - cos (360° — ) - sin (A + 180°)]
+ u - [cos (180° — ¢) - sin (360° — 7)]
+ 7 - [sin (180° — )]

o(t, 0 + 180°,180° — v, ¢) = [cos (¢) - cos (180° — ) - cos (6 + 180°)]
+ 4 - [cos (p) - cos (180° — =) - sin (6 + 180°)]
+u - [cos (@) - sin (180° — )]
+7 - [sin (©)]

For example if you want to identify a complementary representation of the
following four dimensional complete number:

o(a,b,c,d) =o(—1,1,-1,1)
whose standard representation is provided with the following phases:
0" = 135°
~v* ~ —35.26°
(p* — 300
and the following modulus:
t=2
it is sufficient to perform the following calculations:
0 =0"=135°
v =7"4180° ~ (~ —35.26°) 4+ 180° ~ 144.74°
v = 180° — " = 180° — 30° = 150°
To verify that the complementary representation o(,, ) thus obtained identifies

just the position o(—1,1,—1,1) it is sufficient to perform the following calcula-
tions:

a=1t-cos(p)-cos(y)-cos(f) =2-cos(150°) - cos (~ 144.74°) - cos (135°) = —1

b=t-cos(p)-cos(y)- sin(f) =2-cos(150°) - cos (=~ 144.74°) - sin (135°) = 1
c=1t-cos(yp)-sin ( ) =2-cos (150 ) - sin (=~ 144.74°) = —
d=t-sin(p) =2-sin(150°) =
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Definition 3.9. The n dimensional complete numbers with coordinates
(a1,a9,a3,...,a,) some of which are zero can be defined in standard representa-
tion if their phases besides to be consistent with those of the other standard
representations (according to the definition 3.5) assume the zero value in case of
indetermination.

The relations that give the values of the phases for the standard representation
are the following:

a
f, = arctan (—2>

a

f; = arctan (

as
I\/a%+a%|>

f; = arctan (

Q4
/a3 + a3 + a? ])

f,, = arctan — n - -
lW/ai+a+a3+..a2 |

Due to coefficients with zero value, we can have the following notable cases:

0 0° for a; >0
6, = arctan (—> =
a1 180° for a; < O

a; 90° for a; >0
f; = arctan (—) =
0 270° for a; < 0

0
0; = arctan < ) =0°
v £ 0]
0; = arcta <O> 0°
P = I n —_ =
0

For example in the four dimensional space the complete number with expression:
o(t, 0,7, p) =lcos (¢) - cos () - cos (0)] + i - [cos () - cos (7) - sin ()]
+u - [cos () - sin (7)] 4 - [sin ()]
associated to the position:
o(a,b,c,d) = o(—1,0,1,0)

could be expressed in standard representation through the following phases:

0 = arctan <9> = arctan <£> = 180°
a 1

~v = arctan ( = 45°

ﬁ) = arctan (%)
d 0 O
wmﬂ = arctan (ﬁ> =0

p = arctan (
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and the following modulus:
t=Va2+ 02+ +d=2

To verify that the standard representation o(6,~, ¢) thus obtained identifies just
the position o(—1,0, 1,0) it is sufficient to perform the following calculations:

a=t-cos(p)-cos(y) - cos(f) =V2-cos (0°) - cos (45°) - cos (180°) = —1
b=t-cos(p)-cos(y)-sin () =2 cos (0°) - cos (45°) - sin (180°) = 0
c=t-cos(p)-sin(y) = v2-cos(0°) -sin (45°) = 1
d=t-sin(p)=+v2-sin(0°) =0

Definition 3.10. The n dimensional complete numbers with coordinates
(a1,az,as,...,a,) some of which are zero can be defined in complementary repre-
sentation if their phases besides to be consistent with those of the standard rep-
resentations (according to the definition 3.5) show cases of indetermination in
correspondence of which they do not assume the zero value.

For example in the four dimensional space the complete number with expres-
sion:

o(t, 6,7, ) =[cos () - cos (3) - cos (6)] +i - [cos (i) - cos (7) - sin (8)]+
+u - [cos () - sin (7)] 4 j - [sin (p)]
associated to the position:

o(a,b,c,d) = 0(0,0,1,0)

could be expressed in complementary representation through the following phases:
b 0 . .
0 = arctan (—) = arctan <6> =30°#0
a

v = arctan (

c 1
——————— ) = arctan (—) = 90°
|V a? + b? ]) 0

= arctan (

) = (0) =0
= arctan | — ) =

Va2 + 0% + 2| 1

and the following modulus:

t=Va2+++d?=1

To verify that the complementary representation o(, v, ) thus obtained identifies
just the position 0(0,0,1,0) it is sufficient to perform the following calculations:

a=1-cos(p)-cos(y)-cos(f)=1-cos(0° -cos(90°) - cos(30°) =0

b=1t-cos(p)-cos(y)-sin(f) =1-cos(0°)-cos(90°) -sin(0°) =0
c=t-cos(p)-sin ( )—1 cos (0°) - sin (90°) = 1
d=1-sin(p) = in(0°)=0

Since the non zero values associated to the indeterminate phases are unlimited,
unlimited will also be the complementary representation defined here.
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Theorem 3.11. N dimensional complete numbers (with n > 2) provided with
coordinates (ay,as,as,...,a,) cannot be expressed in the following way:

o(ay,ag,...,a,) =v1- a1 + vy ag+ ... + U, - ay
namely:
o(t, by, ....,0,) # o(ay,az,...,a,) = vy - a1 + vy ag + ... + v, - ay

Proof. The proof comes from the absence of bijection between translation and
rotation operations of values (t, 6, ...,6,,) and the positions (a1, as, ..., a,) of the
n dimensional space, since always exists (for every dimension higher than the
second) the complementary representation with the following phases:

O(t, 0, ..., Q(n,g), H(n,l) + 180°, 180° — Qn)

In fact, if (¢,0s,...,0,) are the values that make true the formula (3.1) of the
n dimensional complete numbers, this same expression will also be satisfied by
values:

(t,0s, ..., Q(n_g), 9(n_1) +180°,180° — 6,,)

as shown by the following trigonometric relations:

cos (180° — 6, - cos (0(n—1) + 180°) = cos (6,,) - cos (O—1))
cos (180° — 6,,) - sin (0,—1) + 180°) = cos (6,,) - sin (0(n—1))
sin (180° — 6,,) = sin (6,)

Since it is impossible to associate the complete numbers to the individual
positions of the n dimensional space, we can always express them in terms of their
coordinates (as, as, ..., a,), provided that we make explicit the phases involved
as well.

In other words we should use the following notation:

0(a1, G2, .oy An)(1,05,...00) = V1 Q1() + V2 - A2(g,) + V3 - A3(6) F .. + Un * G0,,)

where the values of t,0s,....0,, if not yet given, should be reported to those which
characterize the standard representation.
While any other notation of the following type:

o(ay,as,...;a,) =v1-a; +vy-ag+ ... + v, - ay

that is devoid of sufficient information to trace the values of the phases 0,,....0,
will be able to represent the positions of the n dimensional space, but not the
complete numbers.
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3.2. N dimensional operations

Definition 3.12. In the space ViV3V3...V,, we can define addition between
two positions o(aii, as, ..., an1)  and  o(aqz, age, ..., an2) as  the position
0(@1(142), A2(1+2); ---, An(1+2)) Tepresented also with the symbol o(ay1, as1, ..., Gn1) +
o(aiz, ass, ..., ayo) that satisfies the following condition:

014+2(@1(142), A2(142)5 > An(14+2)) = O142(@11 + G12, A11 + Q12 ..., Ap1 + Gn2)

This condition is equivalent to take the position of the space ViV,V5...V,
provided with the following coordinates:

a1(1+2) = a11 + Q12

A(1+2) = Q21 + A22

(p(142) = Q1 + Ap2

For example in the fourth dimension we have:

0142(A149, D112, C142,d142) = 0142(a1 + az, by + ba, ¢1 + co, dy + da)

with:
Q142 = a1 + Q2
b1+2 = b1 + bg
Cl42 = C1 + C2
d1+2 = dl + dQ

It should be emphasized that the addition must be considered an operation
that works on the positions and not on the complete numbers, at least for every
dimension higher than the second, for which there is no bijection between the
positions and the complete numbers.

To integrate the operation of addition, working on the positions, with the
others, working on the complete numbers, will be enough making reference to
the complete number that we can obtain assigning to the sum the phases of the
standard representation.

Theorem 3.13. The properties embodied by Theorems 2.21, 2.22, 2.23, 2.24 for
the third dimension remain valid for the next dimensions as well.

Proof. In practise, the proofs of these theorems can be merely extended to a
number of dimensions at will, since each coordinate is treated independently of
the others, and has the same properties. n

Definition 3.14. In the space V;V5V5...V,, we can define subtraction between two

positions o(ay1, 21, ..., Gy1) and o(ai2, ass, ..., an2) as the position o(ai(1-2), az1—2); .-

an(1-2)) represented also with the symbol o(ai1, ao1, ..., an1) —0(a12, @22, ..., Gy2) that
satisfies the following condition:

01—2(611(1—2), A2(1-2)y -+ an(l—z)) + O(a12, A22, -y an2) = 0(a11, A21y ey CLn1)
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This condition defines the subtraction as the inverse operation of addition,
and it is equivalent to require:

A1(1-2) = 11 — a2

A2(1-2) = A21 — 422

Ap(1—2) = Gpl — An2
For example in the fourth dimension we have:

01—2(a1—27 bi_2,cC1-2, d1—2) = 01_2(a1 —ag,b1 — by, c1 — co,dy — dz)

with:
a1—2 = a1 — Q2
bi_g = by — by
Cl—2 =C — C2
di_o =dy —dy

It should be emphasized that the subtraction must be considered an operation
that works on the positions and not on the complete numbers, at least for every
dimension higher than the second, for which there is no bijection between the
positions and the complete numbers.

To integrate the operation of subtraction, working on the positions, with the
others, working on the complete numbers, will be enough making reference to the
complete number that we can obtain assigning to the difference the phases of the
standard representation.

Theorem 3.15. The properties embodied by Theorems 2.26, 2.27, 2.28, 2.29 for
the third dimension remain valid for the next dimensions as well.

Proof. In practice, the proofs of these theorems can be merely extended to a
number of dimensions at will, since each coordinate is treated independently of
the others, and has the same properties. n

Definition 3.16. In the space V;V5...V,, we can define multiplication between two
complete numbers 01(t1,0a1,...,60,1) and o09(te, 099, ...,0,2) as the number
01.2(t1.2, 02(1.2), -, On(1.2)) represented also with the symbol o;(t1,0a1,...,0n1)
- 09(t, b2, ..., Ono) that satisfies the following condition:

01.2(t1.2, 02(1.2), -, On(1.2)) = 01.2(t1 - to, 021 + baa, ..., Op1 + Or2)
This condition defines the multiplication and it is equivalent to require:

t1o =11 - to
Oa(1.2) = 021 + O

On(1.2) = On1 + Ono
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For example in the fourth dimension we have:

012(t1.2,01.2, V1.2, P1.2) = 01.2(t1 - t2, 01 + 02,71 + 72, 1 + ©2)

with:
tig =11t
61.2 = 01 + 92
Y12 =71+ 72
P12 = Y1+ P2

Theorem 3.17. The properties embodied by Theorems 2.40, 2.41, 2.42, 2.43, 2.44,
2.45, 2.46 for the third dimension remain valid for the next dimensions as well.

Proof. In practice, the proofs of these theorems can be merely extended to a
number of dimensions at will, since each phases is treated independently of the
others, and has the same properties.

Special reference also needs to be made to the distributive properties over
addition and subtraction for which we must consider that the dimensions higher
than the third, of fact extend them. This means that if these properties had been
valid for the dimensions higher than the third, they had been such even in the
third, as a sub-case, but we know that this does not happen. u

Definition 3.18. In the space V1V5...V,, we can define division between two com-
plete numbers 01(t1,091,...,0,1) and o0y(tg, 0o, ...,0,2) as the number

01(t1, 6021, ..., 0n1)
0a(t2, 022, ..., On2)

oé(t%, 02(%), vy Hn(%)) represented also with the symbol that sa-

tisfies the following conditions:

1. o (tl7 92(1), ceey Gn(%)) . Og(tg, 022, cevy 6n2> == Ol(tl, 021, ceey Gnl)

=
[V

2. 02(t2,8227 ...,HRQ) 7é 0

The first condition defines the division as the inverse operation of multiplica-
tion, and it is equivalent to require that:

t
t1 = i
2 t2
82(%) = 921 - 922
en(%) = enl - 9112

For example in the fourth dimension we have:

01-2(?5%,9%,7%, 80%) = 01-2(t1 ‘19,01 — 02,71 — 72,01 — 902)
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with:
t
t1 = 1
2 t2
6; :91—02
2
TL=7 T2
PL=91— P2

The second condition gets its own justification by the necessity of defining the
divisions in an univocal way. In fact when that condition is not valid, the expres-
sion:

05(7%,92(%),...,9 ))-OZO

1

besides to require a zero dividend o1(ty, 6a1, ..., 0,1) as well, would be satisfied by
more values of 0%(25%, 01y - Hn(%)).

Theorem 3.19. The properties embodied by Theorems 2.57,2.58,2.59, 2.60, 2.61,
2.62, 2.63 for the third dimension remain valid for the next dimensions as well.

Proof. In practice, the proofs of these theorems can be merely extended to a
number of dimensions at will, since each phases is treated independently of the
others, and has the same properties.

Special reference also needs to be made to the distributive properties over
addition and subtraction for which we must consider that the dimensions higher
than the third, of fact extend them. This means that if these properties had been
valid for the dimensions higher than the third, they had been such even in the
third, as a sub-case, but we know that this does not happen. u

Definition 3.20. In the space V1 V5...V,, we can define n-th power of the complete
number o(t, 0, ..., 0;) with n (natural number) known as exponent and o(t, 65, ..., 6;)
known as base, as the number oy, (t1n, O2(in), .-, 0i(1n)) also represented with the
symbol o(t, 65, ..., 6;)" that satisfies the following conditions:

L. o(t,0q,...,0,)" = o(t,02,....,0;) - ... - 0(t, 05, ...,0;) forn >0

2. o(t, 0, ..., 0;)" = Sblelil 1 for =0

o(t,02,...,0;)
1
3. 0(15,92, ,9,)" = m forn <0
o\t, U2, ..., 04
O(t, 92, ey 02)

4. n>0 foro(t,b,,...,0;) =0

We note that the term o(t, 0, ..., ;) in the first and third conditions is intended
to appear |n| times.
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The first condition defines the repeated multiplication of the base by itself a
positive number of times, the second a zero number of times, and finally the third
a negative number of times. All these conditions correspond to require:

b = "
Oz(1n) = 02 -1
Oiiny = 0i -

For example in the fourth dimension we have:

OTn(ta 07 e Sp)n = OTn(tTna ‘9Tn7 Yin, @Tn)

with:
tn =t"
szé’-n
Yin =71
Prn =@ N

The fourth condition gets its own justification by the impossibility of defining
the n-th power module when to be multiplied by itself a zero number or a negative
number of times is just the 0, because in this case would be present the following
divisions for 0:

0
o(t,0s,....0,)" = 0= lforn=0

1
o(t,0s,....,0,)" = o for n < 0 with 0 that appears —n— times

0

Theorem 3.21. The properties embodied by Theorems 2.65, 2.66, 2.67, 2.68, 2.69
for the third dimension remain valid for the next dimensions as well.

Proof. In practice, the proofs of these theorems can be repeated unchanged for
dimensions higher than the third, since they do not depend on the number of
dimensions considered but on the structure of the n-th power. n

Definition 3.22. In the space V;V5...V,, we can define n-th root of the complete
number o(t, 6y, ..., 0;) with n (natural number) known as degree and o(t, 0s, ..., 6;)
known as radicand, as the number 0, ()5, @a(jn); ---, 0i(1n)) also represented with

the symbol {/o(t,0s, ...,60;) that satisfies the following conditions:
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L. {/o(t,0a,....0;) - ...- {Jo(t,0q,....,0;) = 0o(t,0s,...,0;) forn >0

1
2. =o(t,0s,...,0;) forn <O
\ O(t, 62, ceey 01)
\ 0<t7927 761)
3. Oaumy =2, Osum =B, s Oigm =

4. n#0 for any o(t,0s, ..., 0;)
5. n>0 for o(t,0s,...,0;) =0

6. Vt>0 t>0

We note that the term {/o(t, s, ..., 0;) in the first and second conditions is intended
to appear |n| times.

The first condition defines the repeated multiplication of the root by itself
a positive number of times, while the second a negative number of times. Both
these conditions correspond to require:

tin = Vt

O 1) = Oo k3607 g = +1,42, 43, +4, ...
(In) -
0; + k - 360°
Oiin) = Git B0 k= +1, 42, +3, 44, ...
n

The third condition gets its own justification by the necessity of defining the
n-th root in an univocal way. In fact, when that condition is not valid, there
are n~1 different complete numbers able to satisfy this definition: one for each

distinct set of phases 0y(|n),03(|n),---» Oi(1n) given by the relations seen above.
For example in the fourth dimension we have:

v O(ta 07 e 90) = Oln<tin7 elna Yin, (pin)

with:

tin = V1t

0
O = —
l n
=7
In n
o= £
In n
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Also the fourth condition gets its own justification by the necessity of defining
the n-th root in an univocal way. In fact when that condition is not valid, the
multiplication of the root by itself a number of times equal to 0 would require the
use of the following expression:

\ O(t, 92, ceey Qz>

\ O(t, 92, ey 91)
that would be satisfied by several values of (ﬂo(t, O, ..., 0;)].
The fifth condition gets its own justification by the impossibility of defining

values of n-th root that multiplied by itself a negative number of times are able
to give as the result just 0 value. In fact the following expression:

1
\ O(t, 027 ceey 91)

=0 for n <0, {/o(t, 0, ...,0;) appears —n— times

v/ O(t7 92, ey 91)

requires the existence of a divisor of 1 that can assign to it a quotient equal to 0:
a thing that we know impossible.

The sixth condition gets its own justification by the need to make acceptable
the n-th root in regard the modulus t of the complete number o(t, 6s, ..., 6;).

Theorem 3.23. The properties embodied by Theorems 2.71, 2.72, 2.73 for the
third dimension remain valid for the next dimensions as well.

Proof. In practice, the proofs of these theorems can be repeated unchanged for
dimensions higher than the third, since they do not depend on the number of
dimensions considered but on the structure of the n-th root. .

Definition 3.24. In the space V;V5...V,, we can define power with rational expo-
m m
nent — (n,m both natural numbers) of the complete number o(t, 0, ..., 0;) with —
n n

known as the rational exponent and o(t, 0, ..., 0;) known as base, as the number
Otmin(trmin, O2(tmin)s - Oi(imin)) also represented with the symbol o(t, 6,, .., 6;) ™ or

{/o(t, B, ...,0;)™ that satisfies the following conditions:

1. |:V0(t,82, 701>m ! = O(t,@g, ...,Qi)m
2. m>0 foro(t,b,..,0,)=0
3. n#0 for any o(t, s, ...,0;)™ and therefore for any o(t,6s, ..., ;)

4. n>0 for o(t,bs,....,6;)" = 0 and therefore for o(t,0s,...,0;) =0
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02 -m 93 -m
5. Oz(tmin) = — O3(tmin) = - Oi(tmin) =

6. vt >0, tm>0

7.t>0, t>0

Qi-m

n

The first condition defines the power with rational exponent as a n-th root
of a m-th power.

The second condition is required for the correct definition of the m-th power.

The third, the fourth, the fifth and the sixth conditions are required for the
correct definition of n-th root.

For example in the fourth dimension we have:

\, O(ta 9) e Sp)m = OTmln(tTmlrm QTmlna Yimln, @Tmln)
with:

tig =tn
m

0, =—-0
l n
_m

Yin n Y
m

Pln=—""¢
n

The seventh condition is required to make possible the reversal of the order
between root and power, namely to write:

[ \ O(t, 02, ceey (91) }m
and therefore:

(V)"

Theorem 3.25. The properties embodied by Theorems 2.75, 2.76, 2.77, 2.78, 2.79,
2.80, 2.81 for the third dimension remain valid for the next dimensions as well.

Proof. In practice, the proofs of these theorems can be repeated unchanged for
dimensions higher than the third, since they do not depend on the number of
dimensions considered but on the structure of the power with rational exponent. =
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