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Abstract. The motivation of this paper was the development of computer geometry course for students of
mathematical specialties. The term “computer geometry” hereafter refers to the mathematical foundations of
machine graphics. It is important to emphasize separately that this course should be designed for second-year
students and, therefore, they can only be required to have prior knowledge of a standard course in algebra
and mathematical analysis. This imposes certain restrictions on the material presented. When studying the
thematic literature, it was found out that the de facto standard in modern computer graphics is the use of
projective space and homogeneous coordinates. However, the authors faced a methodological problem—the
almost complete lack of suitable educational literature in both Russian and English. This paper was written to
present the information collected by the authors on this issue.
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1. Introduction

Here are the main reasons that motivated us to write this paper.

1.1. Synthetic and analytical approaches to geometry

Historically, there have been two approaches to the presentation of geometry in mathematics, synthetic
and analytical. In the synthetic presentation of geometry, sets of geometric elements of various kinds
are initially introduced, such as points, lines and planes. Then the relationship between them is
defined, formulated in the form of axioms that correspond to visual geometric representations. This
approach is used in a simplified form when presenting Euclidean geometry in a school geometry
course, therefore it is intuitively understandable to most students.
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An alternative approach emerged later, with the development of algebra. Despite the fact that the
name analytical geometry has been assigned to it, it would be more correct to call it linear-algebraic,
“since linear algebra forms the basis and provides its own methods, not analysis” [1, p. 12]. The
linear-algebraic approach is much more general, much more powerful, and therefore much simpler
in describing complex structures than the synthetic approach. He received a particularly strong
impetus for his development within the framework of the ideas formulated by Felix Klein in his
Erlangen program [2].

It is quite natural for computer graphics algorithms to use a linear-algebraic approach, since
it allows you to write down and use algebraic formulas to calculate the necessary quantities.
Consequently, projective geometry in the framework of this subject should be presented in this
style. Note that we are talking about the projective space model RP3.

1.2. Lack of educational literature

The literature on projective geometry in Russian is extensive, not to mention English and other
foreign languages. Most textbooks, where the presentation is conducted at a level accessible to
undergraduates of physics and mathematics faculties, are essentially based on a synthetic approach [3-
7]. This technique is justified, since the task of these authors is to provide an understanding of the
essence of projective geometry, and the analytical approach “requires more ink and less thought” [8,
p- 89]. However, when presenting the basics of projective geometry in a computer geometry course,
this approach is questionable because it is too far from the final software implementation.

There are also a large number of monographs where projective geometry is presented in a linear-
algebraic style, for example [9-11] and a list of sources in [1]. However, the style of presentation in
them is rather abstract and most of them are textbooks for undergraduates, graduate students and
researchers working in the framework of theoretical mathematics.

Looking at textbooks on computer graphics, machine vision and robotics, then a different
problem arises. In many textbooks, projective geometry begins and ends with an exposition of the
concept of homogeneous coordinates, which are introduced exclusively in the context of projective
transformations. For example, let’s list the sources with the pages: [12, pp. 101, 115][13, p. 18][14,
Pp- 192, 220][15, p. 146] [16, p. 85] [17, p. 20] [18, p. 176] [19, p. 211] [20, p. 438] [21, p. 56]. In all these
books, homogeneous coordinates are introduced ad hoc and used to represent affine transformations
as alinear transformation (3 X 3 matrices on the plane and 4 x4 matrices in space). The representation
of a straight line and a plane using homogeneous coordinates is not considered, and projective
geometry is not applied to standard problems of analytical geometry.

The list of textbooks in Russian concerning the mathematical foundations of computer graphics
is extremely limited [12-14, 17, 19, 20, 22, 23]. None of these manuals consistently use projective
geometry as a tool for solving computer geometry problems. Some information, mainly about
homogeneous coordinates, is available in books [12-14, 17, 19, 24], however, they do not consistently
describe how to represent straight lines and planes in a homogeneous form, and homogeneous
coordinates are also used only to represent affine transformations as linear.

As an exception, the textbook should be noted [25], which adopted a non-standard approach to the
presentation of analytic geometry using Grassmann algebra using non-standard notation. We will
also mention several sources on the theory of screws [26-28], in which, in particular, the moment
of a sliding vector is introduced, which is directly related to the representation of straight lines in
Plucker coordinates (in a homogeneous form).
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The situation with books in English is only slightly better. You can specify the book [29], where the
presentation is not limited to the introduction of homogeneous coordinates only for points, on the
contrary, homogeneous coordinates for straight lines and planes are considered, as well as solutions
to some standard problems [29, pp. 25, 65]. As a disadvantage, we note that all formulas are written
mainly in component rather than vector form, and we also note the focus on the field of computer
vision rather than computer graphics. These are different areas, despite their proximity.

Of particular note is the extremely capacious but extremely informative book [30] by Eric Lengyel,
which stands out in several ways.

- The presentation is conducted at a good mathematical level, but with an emphasis on practical
application. For almost every formula, an example of its implementation is given in the form of
programs in C-like pseudocode.

- Due attention is paid to the application of the principles of projective geometry in computer
graphics problems. In the third chapter, the author provides an extremely useful table 3.1 with
a summary of basic formulas using homogeneous coordinates for points, lines and planes.

- The fourth chapter is devoted to Grassmann algebra, which is the basis of geometric algebra.
The author gives a description of projective spaces in terms of n-vectors.

This concludes the list of textbooks found by the authors, where analytical projective geometry is
somehow touched upon.

1.3. Paper structure

In this article and its continuation, we attempt to eliminate this drawback and provide a detailed
description of analytic projective geometry, or rather the model of the projective space RP3. At the
same time, we focus on practical applications in the field of computer graphics and implement all
proven formulas programmatically in the language Asymptote [31-33]. The article contains a large
number of drawings and all of them are created programmatically using Asymptote. Writing points,
lines, and planes in a projective form allows you to associate each of these geometric entities with
a certain algebraic entity.

In the first article, we describe the theory in detail, based on the notation from the book [30].
To prove the formulas, we use both projective space and three-dimensional Euclidean space with
a Cartesian coordinate system. For the sake of completeness, we repeat some things from classical
analytic geometry, but they are also interpreted within the framework of projective space. We write
down all the proven formulas in the table, which is an expanded and supplemented version of the
above-mentioned Table 3.1. This table allows you to solve any problem about the relative position of
points, lines and planes.

In the second article, the proven formulas will be translated into the Asymptote programming
language. This language is designed to create two-dimensional and three-dimensional vector
illustrations, has a C-like syntax, and allows you to set custom data structures by attaching member
functions (methods) to them and overloading existing functions for these structures. This made it
possible to create structures for a projective point, a straight line, and a plane and to implement
standard tasks for studying their relative positions. The results are immediately visualized.

2. Projective space and homogeneous coordinates

In art, the concept of perspective (Latin perspicere - to look through) has emerged since ancient times
as a technique for depicting spatial objects in accordance with the distortion of proportions and
shapes of depicted bodies during their visual perception. Visual means for conveying perspective
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RP!

Figure 1. Real projective line RP!. The points on the projective line correspond to the lines of the space R? passing through
the origin O. An irregular (ideal) point corresponds to a parallel line [,

were initially passed on as practical skills in the fine arts from experienced craftsmen to apprentices.
The mathematical foundations of perspective were laid by the French geometer and architect Girard
Desargues (1591-1661), under the name projective geometry. Later, one of the main theorems of which
bears his name (Desargues’ theorem) was named after him. Further contributions to the development
of projective geometry were made by Jean-Victor Poncelet, M. Chasles, K. G. H. von Staudt,
A. F. Mobius, J. Pliicker, F. H. Klein. For more information about the history of the development of
projective geometry, see the popular book [34].

A projective space or, more precisely, a model of the projective space RP" of dimension n over the
field of real numbers R is a set of straight lines in an ordinary Euclidean affine space R"*! passing
through the origin point O. Three-dimensional computer graphics uses the projective space model
RP3. This model is based on the four-dimensional Euclidean space R*, which greatly limits visibility
due to the natural complexity of illustrating four-dimensional spaces. Therefore, for greater clarity,
we will give examples of the spaces RP! and RP? for which illustrations can be given on a plane and
in three-dimensional space, respectively.

2.1. Thereal projective line

A model of a projective line, that is, a space of dimension 1, can be constructed if we define a certain
line RP! on the plane R? that does not pass through the origin. Each point P of this straight line will
correspond to a straight line in the plane that passes through the origin and intersects RP! at the point
P, as shown in the figure 1. Such points are called endpoints or proper points. The only straight line I,
passing through O and parallel to RP! will correspond to a point of a special kind called improper or
ideal point.

Coordinates can be entered on the projective line. The most convenient way to do this is to draw
a projective line RP! parallel to the Ox axis, through the point (0, w) as shown in the figure 2. Since
each projective point is defined by a straight line passing through the origin, the components of the
non-normalized guide vector of this line can be taken as the projective coordinates, for example,
P = (x,w). When multiplying the components of the guide vector by the same number 1 # 0, it will
still set the same straight line, so you can write P = (x, w) = (1x, Aw). Therefore, the coordinates are
a pair of numbers considered up to the proportionality of x/w. To emphasize this fact, the coordinates
are written using a colon as a separator — the division symbol (x : w). You can choose a fixed number
as w. Traditionally, w = 1 is taken and such coordinates are called homogeneous or homogeneous.
Points with coordinates like (x : 1) correspond to proper points, and points of the form (x : 0) are
non-proper (in the one-dimensional case, there is one such point corresponding to the line Ox).
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Figure 2. A homogeneous coordinate system for a one-dimensional projective space. The coordinates of the point are
determined by the guide vector v = (x, w)T = (1x,1)T of the straight line I. In homogeneous coordinates, they are
written asv = (x : w)

2.2. Thereal projective plane

The projective plane can be defined axiomatically [5, 35]. Thus, a set is called a projective plane,
the elements of which are called points. It identifies subsets called straight lines and requires the
following properties to be fulfilled.

1. For any two different points, there is a single line containing them.
2. Any two different lines have a single point in common.
3. There are four points, none of which lie on the same straight line.

These axioms define the projective plane in an non-constructive way, since they say nothing about
how to construct a specific set of objects that satisfy these axioms — model of an abstract object.

Consider real projective plane RP? and introduce homogeneous coordinates on the projective plane.
Such a space can be represented as a plane in a three-dimensional Euclidean affine space with
a Cartesian coordinate system. The plane RP? passes through a point (0,0, 1), parallel to the Ox and
Oy axes. As before, each endpoint of the plane corresponds to a straight line passing through the
origin O and intersecting the plane at this point, as shown in the figure 3. The coordinates of all
points on the plane have the form (x, y, 1) and correspond to the homogeneous coordinates (x : y : 1)
of the point P.

Unlike a projective line, there are an infinite number of ideal points on the projective plane. Each
such point corresponds to a straight line lying in the Oxy plane. These include, for example, the Ox
and Oy axes themselves. The guide vectors of such lines have components of the form (x, y,0) and
define the direction on the projective plane.

Due to this, two types of vectors are distinguished in the projective space RP? with component
notation.

- Radius vectors or point vectors — vectors anchored to the origin, having homogeneous

coordinates of the form (x : y : 1) and defining endpoints on the plane.

- Direction vectors — loose, free vectors having homogeneous coordinates of the form (x : y : 0)

and defining ideal points lying at infinity.

In addition to points, straight lines are also present on the projective plane. Each straight line
corresponds to a plane passing through the origin and intersecting RP? along a certain straight line,
as shown in the figure 4. The plane Oxy parallel to RP? corresponds to a perfect straight line on
which all ideal points lie. A model of an ideal straight line can be a circle lying infinitely far away in
the plane RP2.
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Figure 3. The model of the projective plane RP2. Each point in the plane corresponds to a line of R3 space passing through
the origin. The z coordinate is traditionally denoted by the symbol w

RP2

Figure 4. The model of the projective plane RP2. Each straight plane corresponds to a plane of space R? passing through the
origin. In this case, the plane is shown as a triangle

2.3. A model of three-dimensional projective space RP>

Finally, let’s consider the model of the projective space RP?. Unfortunately, this model cannot be
fully visualized, since it uses the four-dimensional space R*, where a Cartesian coordinate system
with the axes Ox, Oy, Oz and Ow is introduced. Some intuitive understanding can be gained if we
draw analogies with the projective plane, instead of which a hyperplane of dimension 3 is drawn
through the point w = 1, which we will identify with RP3.

- Endpoints in RP? correspond to lines intersecting RP3, and ideal points correspond to lines
parallel to R.
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- Finite lines correspond to planes intersecting RP3, and ideal lines correspond to planes parallel
to RP3.

- The finite planes correspond to hyperplanes of dimension 3 intersecting RP* along planes (of
dimension 2). The ideal plane corresponds to the hyperplane Oxyz parallel to RP3.

Some idea of a hyperplane of dimension 3 can be obtained if we imagine that an ordinary plane
(of dimension 2) is intersected by some other plane that cuts off a straight line on the plane, that
is, a geometric object one dimension smaller than itself. Similarly, a hyperplane of dimension 3
intersects another hyperplane of dimension 3 and cuts off the usual planes of dimension 2 on it,
which in some way are located in “volume” RP3.

Although a full-fledged visual representation is impossible in this case, it is still possible to work
with RP? using algebra, in particular using homogeneous coordinates. Each point in this space
can be matched in the same way as for RP! and RP? with homogeneous coordinates of the form
(x :y : z : 1) in the case of endpoints and the form (x : y : z : 0) for ideal points. Unlike the
projective plane, RP? contains planes and infinitely many ideal straight lines, all of which lie on an
infinitely distant ideal plane, which can be conventionally modeled as a sphere with infinite radius.

To distinguish the vectors of the projective space RP? from the vectors of the Euclidean affine space
R3, we will use bold font with the addition of an arrow icon at the top, for example:

X X
S|yl P - |yl _ e
p= =(plD=x:y:z:1), q= =(@qlw=Kx:y:z:w).
zZ z
1 w

A pointin RP? is considered normalized if w = 1. Geometrically, this means that it lies in a hyperplane
drawn through the fourth axis Ow.

The introduction of homogeneous coordinates into the projective space model makes it possible
to represent not only points, but also straight lines and planes in linear algebraic form. In other
words — construct projective analytic geometry. The linear-algebraic representation of lines and planes
with the introduced homogeneous coordinates will be called homogeneous representation of lines and
planes. For the case of a straight line, the terms Plucker representation of a straight line or Plucker
coordinates of a straight line are also used. Both of these terms in this article will be synonymous
with the homogeneous representation of a straight line. For the case of a plane, the term Plucker
coordinates is not usually used.

3. Alineon plane

Before proceeding to the representation of a line in a projective form, let us list the main ways of
algebraic representation of a line on an ordinary Euclidean plane. These methods are studied in
standard analytical geometry courses, so we will focus only on the main points that are important for
the topic of the article. For additional information, we refer the reader, for example, to [36, Chapter
5, §1] and [37].

Consider a line [ on a plane. Let’s use the letter P to denote an arbitrary point on a line with the
radius vector p = (x, y)7. Let us know some fixed point B, with a radius vector py = (x¢, )7, and the
guiding vector v is also specified. You can write parametric equation in a line I:

r(t) = x = py+ VUt = Yo+ val |
y Yo + Uyt
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Figure 5. Illustration of the linear interpolation process. By setting the segment P; P,, you can move between points P; and
P, by changing the parameter from 0 to 1. With parameter values outside the segment [0, 1], the point will slide
along a line (P, P,) going beyond the segment

Where r(t) is the radius vector of a line point, ¢ is a parameter running through all real numbers. The
guiding vector v can be geometrically interpreted as a tangent vector to a line that lies on I, since the
tangent to the [ line coincides with the line itself.

The guide vector can be calculated if any two points of a line are known, for example R and B,
then v = p; — p,. The order of the radius vectors in the difference affects the direction of movement
of the point. Usually, a guiding vector is chosen so that as ¢ increases, the point moves from left to
right, and as it decreases from right to left.

Substitute v = p; — p, into the parametric equation and rearrange the terms:

r(t) = po + (p1 — Po)t = po(1 — 1) + pyt.

In this form, the equation of a line defines the segment between the points By and B, if0 <t < 1, as
shown in the figure 5. The term lerp is well-established in computer geometry from the phrase linear
interpolation (linear interpolation). This is the simplest version of interpolation, but it is very widely
used in animation, curve drawing, etc.

The guide vector v can have an arbitrary length, since it is enough to specify any two points of a line
B, and B to calculate it, however, it is convenient to use a single guide vector |v| = 1 for calculations,
which can always be obtained by reparametrization:

t t

r(s)=po+vVi— =po+Us, §s=—.
A/ U2+ 03

]l
The parameter s is called natural parameter and is interpreted as the length of a line measured from
some fixed point, in this case from R, since for s = 0 we get r(0) = p,. Sometimes the letter [ is used
to denote a natural parameter.
Directly from the parametric equation, one can obtain the canonical equation of a line:

¢ = X — Xo
v X—X —
y—xy N 0o_Y—Xo
t 0 Ux Uy
Uy

If we put v = (x; — X9, 1 — ¥o)T, then we can write the equation of a line passing through two points

R and B:
X—X _ Y~

X1—Xo Yi—Yo
Now consider a normal drawn to a line at some point and having a guiding vector N = (4, B). By
definition, a normal is perpendicular to a line, hence N L v = p — py:

(N,p—py)=0<(N,p)—(N,py) =0 Ax + By — Axy — By, = 0.
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Figure 6. The geometric meaning of the normal equation of a line on a plane. The figure shows a line [, its guiding vector v,
the normal vector dn, where d is the directional distance from the origin to the line or, in other words, the length of
the perpendicular 00,

Denoting C = —Ax, — By,, we write general equation of a line on a plane:
Ax+By+C=0.

It can also be rewritten in a different form by dividing all terms by —C and writing:

A B _ x Yy _ x _y_ _ _
rekdmrald 1-0@—_C/A —_C/B—1=>a b—l, a=-C/A, b=-C/B.

This form of the equation is called the equation in segments.
In the equation Ax + By + C = 0, we divide all terms by the norm of the guide vector of the normal

|IN|| = V A2 + B2 and write:
A B C ( A B
X+ y+ =0, n= ,
VA2 + B2 WA +BY A2+ B2 VA2 + B2 \/A2 + B2

) = (nx’ ny)'

We have introduced the notation n for the unit direction vector of the normal (ort of the normal) to
the line. In addition, since

c _"Axo—By, A B

x —
VA2 +B2 A2+ B2 Ve B | AR

Yo = —(n, po) = d.

as a result, the general equation of the line is written as
nex +n,y+d=0.

In this form, the equation of a line is called normalized equation. The coefficient d has the geometric
meaning of the distance from the line to the origin. In general, the distance from a point to a line
is defined as the length of the perpendicular lowered from the point to the line. The direction
of the perpendicular coincides with the direction of the normal vector, since the normal is also
perpendicular to the line.

The components of the unit normal vector can be written using trigonometric functions. Since
|n|? = n2 + n5, = 1, there will always be a 6 such that n, = cos 6, n,, = sin 6, where 6 = s(e,, n) — the
value of the angle between the ort e, of the Ox axis and the vector n. For an unnormalized vector N,
you can also write N = ||NJ|(cos 6, sin 8) or else A = ||N|| cos 6, B = |N]| sin 6.
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It should be emphasized here that the vector n is a free vector that defines the direction of the
normal. When visualizing n, it can be moved both along the normal and the normal itself can be
moved along a line. The specific image method depends on what exactly we want to illustrate. For
example, in the figure 6, the vector dn is shifted away from the origin, since it indicates the point of
the plane closest to the origin.

It is interesting to note that the equation Ax + By + D = 0 is already a projective equation of a line
on the plane RP?, since within the framework of this model, lines on the projective plane are three-
dimensional planes passing through the origin, which are given by the equation Ax + By + Dw = 0.
If we put w = 1, we get just the general equation of the line. For a line on the projective plane, the
term Plucker coordinates is not used, but their analog is the numbers A, B, C or in normalized form
Ny, Ry, d.

4. Alineinspace

4.1. The parametric equation

Here we briefly recall how the parametric equation of a line is written in Euclidean space, and
immediately proceed to write the Plucker coordinates of a line, that is, the linear algebraic
representation of a line in a projective space. For information about the canonical equation of
aline, we refer the reader to [36, Ch. 5, §4].

Let there also be some point R, lying on the line [ and the guiding vector of the line v, then the
parametric equation will be written as

X0 + Uxt,
l(t) =pot+vt=13)o + Uyt,
Zy + Uzt.

Where I(¢) is the radius vector of an arbitrary point P belonging to a line. By writing the guiding
vector through the radius of the vectors of the two points of the line, we obtain canonical equation:

—Xo _ Y—=Yo _ 2— 29

—X0o N—Yo Z1—2

X
P—DPo = (pr— Pt > p
1

Just as for the plane case, a formula can be derived from the parametric equation for linear
interpolation of a segment lying between points with radius vectors p, and p;:

I(t) = po(1 — 1) + pit.

The question arises, is it possible to write down the equivalent of the normal equation of a line
on a plane for the three-dimensional case? Even from visual geometric considerations, it becomes
clear that it is not possible to do this, since the distance from the origin and the guiding vector of the
normal do not uniquely define a line in space, unlike in the flat case.

4.2. The moment and coordinates of the Plucker line in space

Consider a line [, the points of which are set parametrically using the radius vector I(t) = p + vt,
where p is the radius vector of some point P belonging to the line [, and v is the guiding vector of the
line. Let’s introduce the vector m, which we define as

m=pxv
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and let’s call the moment of the line I.
It can be shown that the moment m does not depend on the choice of a point on a line. To do this,
find the vector product I(t) X v:

It)xv=(p+vt) Xv=pXv+UVXVt=pXU.

Therefore, the moment m characterizes a line and does not depend on the choice of a point on it, but
depends on the guiding vector v. In this case, the vector v is sliding, that is, its origin is not tied to
a single point and can move along the line / in any direction, including in the opposite direction. To
emphasize the importance of the vector v, the following terminology is used: the point P is called the
application point of the vector v, and the line itself [ is called the line vector v. We also note that the
moment m is the main object in the theory of screws [26, 28].

The line is completely characterized by its guiding vector v and the moment m. These two vectors
allow you to define a line without reference to a specific point in space, as is done in the two-
dimensional case using the normal equation of a line. The six parameters {vy, vy, v, | my, my, m,}
are called Plucker coordinates of a line in honor of Julius Plucker (1801-1868) [38, Ch. 3, §3] [29, 30].
The Plucker coordinates of a line are a linear algebraic representation of a line within a system of
homogeneous coordinates, and just like homogeneous coordinates, they are defined up to a common
factor. As a result, we get the opportunity to define any line in a homogeneous form.

{v|m}={v, Uy, Uz | my, ny, myt={v|pxuv} (€]

The notation for writing Plucker coordinates in the form of curly brackets is used in the book [30],
and we will follow them in this tutorial as well.

The moment of a line can also be calculated using two points B, B € | with radius vectors p; and
p»- To do this, note that p, — p; is the guiding vector of a line, hence

m=p; X(p,—P1)=P1 XP2—P1 X P1=DP1 X P, =

m=p; Xp, @

This entry corresponds to the formula (B) of the table 1.

Emphasis should be placed on the fact that the moment m and the guiding vector v are mutually
orthogonal, which follows directly from our definition of the moment as the vector product of p X v.
Ratio

(v,m) = vymy, +vymy, +v,m; =0,

It is called Plucker equations or Plucker condition. It imposes a restriction on the parameters
Uy, Uy, Uz, My, My, M, S0 that not every six numbers can set aline, but only those for which the specified
equality holds. The condition itself is a second-order algebraic expression, which means that four
parameters are sufficient to define a line.

If the coordinates of the two points through which the line [ passes are given in a homogeneous
form, that is, B as (p; | wy) and B as (p, | w,), then normalize the coordinates of the point and
calculate the guide vector, which is written as v = p,/w, — p;/wy, W W,V = W, p, — W, p;. The moment
of the line is calculated as follows:

14 P w,
w—lxwlwﬂ’:jX(wlpz—w2P1)=P1XP2—w—2P1XP1=P1><P2=m~
1 1 1

Therefore, in a homogeneous form, the line can be written as

{wip; —w,p1 | P1 X P2} (3)
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Figure 7. The distance from the origin O to the line |

which corresponds to formula (D) from table 1.
This formula allows you to calculate the Plucker coordinates of a line passing through non-matching
points (u; | 0) and (u, | 0):
{0 ] u; xu,l.

Such aline is called improper line or ideal line. In the visual arts, the horizon line corresponds to such
line. The guiding vector of an improper line, therefore, is equal to the zero vector 0, and the moment
can be nonzero.

4.3. Distance from a point to a line

Consider the problem of finding the distance from the origin point O to the line I, for which we must
find the radius vector OO |, where the point O, is the base of the perpendicular omitted from O onto
the line [ as shown in the figure 7. The vector OO, is found as the perpendicular part of the radius of
the vector p relative to the guiding vector v of the line. Note also that the choice of the point of the
line P is arbitrary. Using the formula @ X b X ¢ = b(a, ¢) — ¢(a, b) for a triple vector product, write an
expression for 00,

(p.v) _ plvl* - (p.v)v _vxpxv
- 2 V= 2 = 5.
ol ol Il

00, =p,,=Pp—Pjp="P

Substitute p X v = m and write:

_UXPpXV _ vXm

1= 2 - 2
vl [l

You can write the coordinates of the point O, in a homogeneous form. Since the radius vector is
known, the homogeneous coordinates will look like:

X
C T|Q=wxmuuwx ()
ol
which proves the formula (G) from the table 1.
Considering that v L m by virtue of the definition of the vector product, we calculate the length of
the vector 0O
. s
Joxmy _ [Pllmising jm|
ol 2 el
Note that if a straight line passes through the origin, then the distance dpp, = 0 and [m|/||lv]| = 0,
therefore m = 0. In Plucker coordinates, such a straight line is written as

{v]o} (6)

doo, =00, = ©)
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)

Figure 8. The distance from an arbitrary point Q to a straight line . Vectoru = p — q

Indeed, a straight line passing through O is completely determined by its guiding vector, since in
parametric form the radius vector of its points is written as I(t) = 0 + vt = vt.

Now let’s complicate the problem and calculate the distance from an arbitrary point Q ¢ I to
the straight line I. To do this, we find the length of the segment QQ,, where Q, is the foot of the
perpendicular dropped from the point Q onto the straight line [ as this is shown in the figure 8.

We also use the radius vectors p and q of the points P and Q, respectively, as well as the vector
u = p — q. The perpendicular vector QQ, is calculated as the perpendicular part of the vector u
relative to the guiding vector of the straight line v. You can enter the moment of a straight line relative
to the point Q as follows:

meg=(P—q@QXv=pXv—qXv=mp—qXUV,
where mg is the moment of a straight line relative to the origin. Note that
(mg,v) = (mp,v) — (@ xv,v) =0, TakKak mp Lvuv Lqxv,

therefore, the moment m, is orthogonal to the vector v.
Using the moment m,, we can calculate the vector QQ,

— — X
QQL=(p—q)lv=(p—q)—(p qz’v)v=vx(‘p 2q)><v=v n:Q-
[[oll [[ll [[oll

To find the length of the vector QQ,, we write it as follows

QQ=P--P—-Qp=u-u,

and find the square of the norm ||p — q||

2
2 2
1D - al® = (e = wyp, u — ) = (aaae) = (2t 2y,) = (2 ) + (s ) = 2l + | = 2000,2)
Since u, = w, then
ol ]
(w,up,) = G, ?(u, v) = (&, vz) ,
[[oll vl
2 (o)  (u,v) (u,v)? (u,v)’ )
|| ( v,—v|= 2 (v,v) = ——— v’ =
ol " ol [[oll [[oll ol
Let now substitute this formula into the expression for ||u||2 to get:
2012 2 2
2 2, (wv) (uwv) 2 @v)? _ Julvl” - (v _ Juxuv
lul® = lul”+ ——— —2——- = lu|" - = =

2 2 2
([l lo]® [[vll ([l ol
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Figure 9. The plane 7 and its guide vectors u and v. The normal vector n is perpendicular to the guide vectors

In the last step, we again used the Lagrange identity of the vector product. Sinceuxv =(p—q)xXv =
PXUV—qXUv=m—qXv=m+0 X q, then we got the formula for calculating the distance from an
arbitrary point Q to a straight line {v | m} (formula (P) in the table 1):

Im+voxql _ (p—q)xvl
d = = . 7
QQ. ol ol )

5. Plane equation

5.1. Parametric and general equations of the plane

Consider here the parametric equation of the plane. For information about other classical forms of the
plane equation, we refer the reader to [36, Ch. 5, §3]. The parametric equation is given as follows:

r(s,t) = p; + (P2 — pP1)s + (ps — PVL,

where p;, p, and p; are the radius vectors of three points, s and ¢ are some real numbers that are
parameters. Unlike a line, a plane requires two parameters, since it is a two-dimensional object.

The differences u = p, — p; and v = p; — p, can be interpreted as tangent vectors to the plane,
since

.
s = 3 2= Py 1= 5 =P3— Pr
However, the tangent plane coincides with the 7 plane itself, which is why these tangent vectors lie
completely in 77 and are the guide vectors of the plane.

Normal to a plane is a line perpendicular to any line lying completely on the plane and, therefore,
perpendicular to the plane itself. The guiding vector of the normal is denoted as N and is called the
normal vector of the plane. Its normalized version is more often used n = N/||N|— the unit normal
vector of the plane.

The plane 7 can be defined using the vector N and one fixed point belonging to the plane R, with
the radius vector py = (xg, Yo, 20)T. Let p = (x,y,2)T be the radius vector of an arbitrary point in the
plane, then p — p, also belongs to the plane, since the beginning and end of the vector lie in 7. It
follows from the perpendicularity of the normal vector to the plane that

(N,p—po)=0= (N, p)— (N, pg) =0.
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Table 1

Formulas in terms of homogeneous coordinates [30, Table 3.1]. The duality relation holds between formulas D and E, F and L,
G and M, H and N. To simplify the search for the formula output, the first column contains the number under which it appears

in the main text

Formula Description
A @) {fv|pxuv} A line passing through the point P in the direction
of v.
2) {P.—p1| P1 X P2} A line passing through two points B and B.
(6) {p|o0} A line passing through the origin and the point P.
(3) {wip, — wyp1 | P1 X P2} A line passing through two points p; = (p; | wy)
and p, = (p, | wy).
E (12) {n, X n, | din, —d,n,} Aline of intersection of two layers [n, |,] and [n, |,
]
F (13) (mxn+dv|—(nv)) The point of intersection of the plane [n |] and the
line {v | m}.
Fa | (21) [m; x m, | (vy, m;)] The point of intersection of two lines {v;, | m,}
u {v, | m,}
Fb | (11) (Z;::; : le r(f:n;l;':;;— The point of intersection of three planes [n, | d;],
[n; | dy] u[ns | ds]
G 4) (vxm| (v,v)) The point closest to the origin on the line {v | m}.
(14) (—=dn | (n,n)) The point closest to the origin on the plane [n | d].
I (16) [vxu|—(u,m)] A plane containing a line {v | m} and a direction u.
J 17) [vXp+m|—(p,m)) A plane containing aline {v | m} and a point (p | 1).
K (18) [m ] 0] A plane containing a line {v | m} and the origin.
L (15) [vX p+wm|—(p,m)] A plane containing a line {v | m} and a point (p |
w).
Lal| (19 [vxu|(u,v,p) The plane containing the point (p | 1) and the
directions v and u.
M [mxv|(m,m)] The plane with a line {v | m}, the furthest from O.
N [—wp | (p, )] The plane with the point (p | w) furthest from O.
0] (20) (G rlllléz : EZTI’ m,)| The distance between lines {v; | m;} and {v, | m,}.
P (7) W The distance between the line {v | m} and point
(@|D.
Q (5) [lm||/]jv]| The distance from the line {v | m} to the origin.
R 9) % Distance from the plane [n | d] to the point (p | 1).
S (8) |d|/||n| The distance from the plane [n|d] to the origin.
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Table 2
Normalization of a point, line, and plane
General form | Normalized form
Point (p | w) (p/w|1)
Line (v|m) [v/|[v]l | m/|v]]
Plane [n|d] [n/|n] | d/|n|]
Table 3

Duality of a point, a line, and a plane

Original Dual
Point (p | w) | Plane [p | w]
Line{v | m} | Line{m | v}
Plane [n | d] | Point(n|d)

Since the point R) is fixed, then (N, py) = const.
Let’s introduce the components of the normal vector N = (4, B, C) and denote

D= _(N’ pO)?

then, in the Cartesian coordinate system, the plane will be uniquely defined by a linear equation of
the following form:
Ax+By+Cz+D=0.

The resulting equation is called general equation of the plane. It is assumed that A,B,C do not
simultaneously vanish, that is, A2 + B2 + C2 # 0.

5.2. The projective representation of the plane

In the RP3 model of a three-dimensional projective space, planes are modeled using hyperplanes of
the R* space. When using homogeneous coordinates in the R* space, a Cartesian coordinate system
with Oxyzw axes is introduced, and a three-dimensional projective space is modeled as a hyperplane
passing through a point (0,0, 0, 1) that is, through a point on the Oz axis, parallel to the hyperplane
Oxyz. The hyperplanes Ax+ By + Cz+Dw = 0 passing through the coordinate center and intersecting
the plane w = 1 cut off the three-dimensional planes defined by the equation Ax+By+Cz+D = 0. In
fact, this is the general equation of the plane from classical analytical geometry, which we discussed
above. Let’s now consider its normalized version.

Instead of the vector N, you can use the unit normal vector n, the components of which are
calculated as follows:

N ( A B B

n=i— = , , = (ny,ny,n,), nk+nj+ni=1
INl - \VazyB+c2 Vaz+ B2+ C? \/Az_,_Bz_,_Cz)



90 Modeling and Simulation DCME&ACS. 2025, 33 (1), 74-102

The values n,, ny, n, are uniquely determined by the guiding cosines n, = cosa, n, = cos, n, =
cosy, where a, 3, y are the angles between the vector n and the axes Ox, Oy and Oz. You can also
normalize D by dividing it by the norm of the normal vector N

b
VA2 + B2+ C2

As a result, the general equation of the plane will be written as normal equation of the plane in the
following form:

d=

neX +nyy +n,z+d=cosax +cosfy+cosyz+d=(n,p)+d=0.

If instead of the radius vector p = (x,y,z)7T of a three-dimensional Euclidean space defining the
coordinates of a point P € 7, enter the radius vector p = (p | 1) = (x : y : z : 1) of a projective
space defining the projective coordinates of a point P, then the normal equation of the plane can be
rewritten as a scalar product of the vector p and the vector 7 = [n | d] = (ny : ny, : n, : d):

X

(l_”,ﬁ")=[nx n, n, d] Y =X +nyy +nz+d=0.
z

1

Writing down the coefficients of the normal equation of the plane in the form of [n | d], we follow
the notation adopted in [30].

The vector 7 = [n | d] for a plane is an analog of homogeneous coordinates for a point and allows
you to write formulas related to the plane in a homogeneous form. Indeed, multiplying the vector #
by a scalar does not change the equation of the plane and you can always return to the normalized
form by dividing all the components of the vector by ||n]|:

[ ot | 0

The value of |d|/||n|| is equal to the distance from the origin to the plane. We have introduced the
vector n as a unit, however, an error may accumulate in the process of computer calculations and n
will cease to be a unit. Therefore, the formula (8) is divided by ||n||, which provides renormalization,
eliminating the accumulated error.

5.3. The distance from the point to the plane

Let’s return to the general equation of the 7 plane and write it in a normalized form:
(n,p)+d=0, nyex+nyy+n,z+d=0, |n|=1

The geometric meaning of the value d is the projection of the radius vector of an arbitrary point B
lying on a plane onto the unit vector of the normal n, as shown in the figure 10. The distance from an
arbitrary point in space to the plane is defined as the length of the perpendicular lowered from this
point onto the plane. The direction of the perpendicular to the plane coincides with the direction of
the normal vector n, so d can also be interpreted as the distance from the origin to the plane.
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Figure 10. The geometric meaning of d is the directional distance from the origin to the plane. Radius vector 00, = —dn,
where n is the unit normal vector

We show that the value of d does not depend on the choice of a point on the plane. Any point in the
plane is defined using the parametric equation radius vector

p(t,s) = p; + us + vt,

where u = p, — p; and v = p; — p, are the guiding vectors of the plane perpendicular to the normal
vector n. Calculate the length of the projection of an arbitrary point (p, n):

(Bom) = (1 + s + vt 1) = (pr. 1) + (S W= (D1, ).

Since the choice of the point B is also arbitrary, the parameter d is uniquely determined for this
particular plane. So, the radius vector of the point O, — projections of the origin on the plane 7 can
be calculated as 00, = —dn (see also (14)).

Let Q be an arbitrary point in space, and q = (x,y,z)T be its radius vector. The value §(q) =
nyX + nyy + n,z + d is called deviation of a point from the plane and has the geometric meaning of the
oriented distance from the point Q to the plane. The orientation of the distance makes it possible to
determine by the sign on which side of the plane the point is located.

> 0, is the point is in front of the plane,
5(q) = (n,q) + d = { =0, is the point belongs to the plane,
< 0, is the point is behind the plane.

To clarify, the phrase “the point is in front of the plane” means that an observer at the point can see
the front of the plane, and the phrase “the point is behind the plane” means that the same observer
sees the inside of the plane. If the plane forms the face of some complex three-dimensional object,
then in this case the observer is inside this object.

If we consider the homogeneous coordinates of the point Q given by the vector ¢ = (q | 1) = (x :
y : z : 1), then the deviation of the point Q from the plane reduces to finding the dot product of the
vectors q and 7:

qx

5(&) =Nn,Xx+ nyy +n,z+ d= [nx ny n, d] qy = (7?’ ‘_i) (9)
qz

1

Note that in the table 1, this formula is given in a normalized form on the assumption that the normal
vector n will not necessarily be singular.
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3

% >

@ (b) (© (d)

Figure 11. Options for intersecting planes at an incorrect point. In variant (a), the lines 1,5 and l,3 are parallel and intersect at
an irregular point, hence the planes intersect at the same point. Similarly, in case (b), three parallel lines intersect
at an irregular point. In Figure (c), the planes intersect along their own straight line l;,3, which contains, among
other things, an irregular point at which the planes intersect. Finally, in (d), parallel planes intersect in an
irregular straight line

[The point of intersection of three planesj

(Finite point) (Point at infinity)
\
(Three planes interaction linej

Finite At infinity

Figure 12. Variants of the intersection of three planes in a projective space

The direction of the normal vector to the plane is extremely important in computer graphics, since
modeling the reflection of light from three-dimensional objects depends on it. The normal vector
allows you to specify the front side of the plane, that is, the side from which the normal vector is
directed (the vector is directed into the eye of the observer looking at the plane) and the back side of
the plane, opposite to the front. The front side can also be called face side if the plane forms the face
of an object.

5.4. Intersection of two and three planes

In ordinary three-dimensional Euclidean space, three planes can be in six different positions.

. Have a single common point, figure 13.

. Have a single common straight line, Figure 11 (c).

. Intersect in pairs, as shown in the figure, figure 11 (b).

. Two planes can be parallel and intersect with the third, as shown in the figure, figure 11 (a).
. All three planes can be mutually parallel, figure 11 (d).

. All planes can match.

AUk~ W N

If we consider the location of three planes in a projective space, then the number of options is
sharply reduced, since in a projective space any planes intersect, however, the intersection point can
be either its own or improper. The general scheme is shown in the diagram 12.
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Let’s define three planes in a homogeneous form: 7, = [ny | d;], 7, = [n, | d,] and 75 = [n5 | d5].
Itis necessary to find a point P = 7m; N7, N7t whose homogeneous coordinates(p | 1) =(x : y : z : 1)
satisfy each of the three equations of the planes 7, 7, and 75:

G p) = 11]|P|=0 & mup)+d;=0, i=1,23.
1

Let’s consider the matrix N, the rows of which make up the components of the normal vectors n;, n,
and n; and use it to write a system of linear equations for the components of the radius vector p:

n Mix N1y Nz Mx Ny Mg || X d; X
N=|n, Nox  Nyy Ny > | My M ||Y|T T |d2| PT |y
n; N3x N3y N3y N3x N3y N3zlLz ds

To solve this system, we will find the inverse matrix N~!, for which we will use the formula to find
the attached matrix NV using the cross product and the mixed product to find the determinant det N,
after which we write

NV [nzxn3 n; X ny nlxnz]

N7'= = s NY=|n,xn, nyxn, n xnl
detN (ny, ny, 13) R
Nix nly Nz
(ny,mp,n3) =detN =1p,  n,, ny,
M3x n3y N3z

where the vectors n, X n3, n; X n; and n; X n, form the columns of the matrix NV. Next, you can
write the solution of a system of linear equations in the following form:

x | | | —d
p= _ 1 d _ _dlnz X n3 — d2n3 Xn; — d3n1 X n,
Y (ny,np,ny) | ™2 XMy My XM My X | = (11, ny,n3)
| | | —ds

Finally, we write down the formula for the radius vector of the point P of the intersection of three
planes 7, : [n, | dy], 1, : [n, | dy] and 73 @ [n; | d3]:
_ding X ny +dyny X ng +dsn, Xy
B (ny, ny, 13) ’
In this form, the formula can be found, for example, in [22, p. 56] or in [30, p. 129]. In homogeneous

coordinates, the same formula can be written without the division operation by moving the
denominator to the place of the w coordinate:

(10)

ﬁ = (d1n3 X nz + d2n1 X n3 + d3n2 X nl | (nl, n2, n3)).

To solve the system of equations (n, * p) = 0, you can use the more familiar Kramer method.

NixX + N1y + Nz +dyp =0,
NpxX + Ny + 13,2 +d, =0, &

N3y X + n3yy + N3,z + d3 =0.

NixX + NyyY + Nz = —dy,
NaxX + Mgy + NpyZ = —dy,

N3xX + N3pY + N3,z = —ds.
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Nix N1y Nz —d; niy Nz Ny —di ny Nix Ny —d;
4= Mox Nay Nog Ay = —dy nyy Ny 4y = Npx  —dy Ny 4z = Nax gy —dy|-
N3x N3y N3z —ds N3y N3z N3 —d;3 Ny N3x N3y —ds

As a result of solving this system, we obtain a point in homogeneous coordinates in the form:

g Ax Ay Az
pP= <Z’ Zs Z ‘ 1)= (AX?Ay’Az |A)
We get that:

d1n3 X n2 + dznl X n3 + d3n2 X nl = Axex +Ayey +Azez.

Let’s write down once again the formula for calculating the homogeneous coordinates of the
intersection point of three planes 7; : [n, | d|], 7, : [n, | d;] and 753 : [n; | d;] in a homogeneous
form in two versions:

-

P = (dins X ny + dyny X n3 + dsny X 0y | (ny,ny,13)) = (44, 4,4, | A). (11)

The first option has an advantage, since it is written in a non-component form, and in the second

option, the components participate in calculating the determinants 4,, 4, and 4, of the system.
For a full-fledged analytical study of the relative position of the three planes, we should first consider

the problem of the location of the two planes, which we will do next. In the meantime, it follows

directly from (11) that if A = (n,, n,, n3) # 0, then the intersection point is its own (terminal), and if

(ny, ny, n3) = 0, then the point is incorrect and this case covers all the remaining 5 plane locations.
Two planes in a projective space relative to each other can be in the following positions.

- Have their own common straight line (intersect along the end line).

- Should have a common irregular straight line (be parallel and intersect in a perfect straight
line).

- Match.

When considering planes in a projective space, it is not necessary to consider the first two cases
separately.

Find the straight line | = m; N 7m,, which is obtained when two planes intersect 7, : [n, | d;], and
7, . [n, | d,]. The guiding vector of such a straight line must be perpendicular to both the normal
vector n; and the normal vector n,, therefore it can be calculated as v = n; X n,, which means shown
on the left side of the figure 13a.

To find the point of this straight line, take the third plane 7, with a normal vector equal to the
vector n; = v and passing through the origin, that is, d; = 0. Then, using the formula (10), we
immediately get:

_djvXn, +dyn Xv
B (ny,n3,0)

where the triple product is simplified to the square of the norm of the cross product ||n; X n,|?
2 2
(ny, ny,0) = (1,1, X V) = (1) X 1y, 0) = (V,0) = V| = [y X By "
Let’s finally write it down:

_ dlvxn2+d2n1>(v
- 2
[[ll

, Wwhere v = n; X n,.
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n

n,

~

(@) (b)

Figure 13. In Figure (a), the line of intersection of two planes with the guide vector v = n; X n,. The triple of vectors
(ny, ny,v) is right, since the rotation from n, to n, from the end of v occurs counterclockwise. In Figure (b), three
planes intersect along straight lines I}, = 71 cos 715, lj3 = 7y cos 73, I3 = 71, cos 3. The third plane passes
through the origin and its normal vector is perpendicular to n; and n, and coincides with the guiding vector v of
the line Iy, of the intersection of 77 and 7r,.

To write the line [ in Plucker coordinates, calculate the moment m
div X ny, Xv+dyn XXV
2
o]

Using the “bac minus cab” property of the cross product, we transform the numerator to a simpler
form:

m=pxv=

2 2
U X 1y, XU = mflvf|” —v(v, n) = n,|vl°,
n, X v X v =0v(v,n) - n () =—nv|,
2 2 2
= divX By XU+ dyn; XU XU =dn|v|" —dn|v]|” = (din, — d,n)|v|”.

We used the fact that v L n; and v L n, since v = n; X n, which means (v, n;) = (v, n,). The formula
for the moment is simplified.
_ (diny — d2n1)||v||2 _
lol®
As a result, the line of intersection of the planes 7, : [n; |,] and 7, : [n, |,] in Plucker coordinates
is written as

din, — d,n,.

{v|m}={n Xn,|dn,—dn;} (12)

5.5. Intersection of a straight line and a plane

Consider the problem of the intersection of the plane 7 : [n | d] and the straight line [, given in
parametric form by the radius vector I(t) = p + vt. Let’s immediately exclude the case when the
straight line is parallel to the plane, that is, (n,v) = 0, n L v and there is no intersection point.
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In the case of non-parallel lines and planes, they will necessarily intersect at some point Q with
homogeneous coordinates (q | 1), where q is the radius vector of a point in Euclidean space. Since
the point belongs to a straight line, then q = p + vt for a certain value of the parameter t. The task is
to find the value of this parameter. To do this, we substitute the radius vector of the point Q into the
normal equation of the plane, or, in other words, we find the dot product of homogeneous vectors:

_(n,p)+d

[n]d] m =(@+d=0=mp)+inv)+d=0=1=-=7 " —.

Substituting this value of ¢ into the parametric equation of the straight line, we write:

_ _(n,p)+d
q= —(n,v) v.

Let’s transform this formula so as to express the moment m of a straight line:
(n,v)q = p(n,v) — (n, p)v —dv = —(v(n, p) — p(n,v) + dv) = —n X v X p — dv.

Here we used the “bac minus cab” property of the cross product again. Now consider thatm = p X v
and write:

—nxvxp—dv=nxm—dv#(n,v)q:nxm—dv:—(mxn+dv)$q=—w
The homogeneous coordinates of the point Q can be written as
(m X n + dv)
—W ‘ 1)=(-(m X n+dv) | (n,v)) =((mxn+dv) | —(nv)) (13)

If the lines are parallel, then (n, v) = 0 and the intersection point becomes ideal (m X n + dv | 0) i.e.
the lines intersect in an infinitely distant point and the resulting coordinates indicate the direction
where this point is located.

5.6. The point of the plane closest to the origin

If the plane is specified as [n |]. The point of the plane closest to the origin lies on a straight line
passing through the origin perpendicular to the plane. Such a straight line is defined by the guiding
vector v = n and a certain moment m = p X v, where p is the radius vector of an arbitrary point on
a straight line. Since the straight line passes through the origin, you can choose p = 0 and calculate
the moment m = 0 X v = 0. Therefore, the line can be written as {v | 0}. Using the formula (13) we
write

(mx n+dv | ~(n,v) = (dn| ~(n,n) = (dn | ~|n|’) = (=dn | |n|).

As a result, we obtain a formula for calculating the homogeneous coordinates of the point in the
plane closest to the origin.
2
(—dn | ||n|%). 14)
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5.7. Aplane passing through a straight line and a point

Let the plane 7 contain a straight line ! defined by the Plucker coordinates in the form {v | m}, as well
as a point P with homogeneous coordinates (p | w). The radius vector of this point in R will have
the form p/w. As the second point of the plane, we can take any point lying on a straight line, the
equation of which we know. This point is the point of the straight line closest to the origin, which is
calculated using the formula (4) (v X m | (v, v)). Let’s denote this point as Q and calculate the vector
PQ=u:

p _P _vXm

u==-—q= >
w R L

Now we can find the normal vector of the plane 7 asn = v X u, sincev L 7and u L 7.

2
U X vXvXm L X mjv L X
n=vXxu= P_ — = L ”|2| = Pim,
w [[vl w vl w

where we used the “bac minus cab” property of the cross product. As a result, we come to the
expression for n:
wn =v X p+wm.

The distance from the origin to the plane is found as the length of the projection of the point p/w

onto the vector n:
0
_ 1 _ 1 vxXp) 1 1 v _ 1
B w(p,n)— w(p,m+ w >_ w(p,m)+ wgp/wﬂy_ w(p,m)

_(pm)
w

1
2o

and the directional distance from the plane to the straight line can be calculated as d =
Now we can write the plane in homogeneous coordinates as

[n|d] = [—”X Pim| ——(”’m)],
w w
multiplying by w, we finally write down the formula L from the table 1

[vX p+wm|—(p,m)]. (15)
If instead of a point on the plane, the direction is known, thatis, a point in homogeneous coordinates

(u | 0), then replacing the point (p | w) with (u | 0), we’ll write it down immediately
[vxu|—(u,m)). (16)
If the coordinates of a point are given as (p | 1), thatis, w = 1, then we also directly obtain

a homogeneous representation of the plane from the formula (15)

[vxp+m|—(p.m)]. (17)
If the plane passes through the origin, then also substituting (0 | 1) using the formula (15), we get
[m | 0]. (18)

Let’s prove another formula that is not in the original table, but which can be useful when defining
the plane 7 through vector guides. Let us know one point P of the plane p = (p | 1) and two guide
vectors 0 = (v | 0) and # = (u | 0). Then, using the formula (1), we obtain the Plucker coordinates of
a straight line lying in the plane {v | p X v} C 7, and from (16) the final expression for the plane 7 in
homogeneous form:

[oxXu|—(u,pxv)]=[vxu|(uuv,p) (19)

where (u, v, p) is the triple product of three vectors.
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5.8. The position of straight lines in space

In a projective space, two straight lines [, and I, can be in three positions relative to each other.
- Lines can intersect, that is, they do not lie in the same plane.
- Lines can lie in the same plane (coplanar lines). In this case:
- lines intersect at their own point;
- lines intersect at an irregular point (parallel).

The distance between the lines is calculated as the length of the mutual perpendicular. If the lines
intersect, the length of the perpendicular will be zero.

When using Plucker coordinates, the distance between two intersecting lines can be obtained as
the distance between two parallel planes. Consider the lines {v, | m;} and {v, | m,} and construct two
planes 7, and 7,, where the plane 7; contains the straight line {v, | m;} and the direction given by
the vector v,. In turn, the plane 7, contains the line {v, | m,} and the vector v;. The normal vectors
of the planes match and are calculated as v; X v, = 1, = n,.

We use the formula (16), where for 7; we put v = v, u = v,, and for 7,, on the contrary: v = v,,
u = vy, as aresult:

m i [ X0y | —(v,my)], 7m0 vy X vy | —(0y, my)].

To find the distance from the origin to the planes, let’s go to the normalized view by dividing by the

norm of the normal vector |[v; X v,]|:

. [ U X, ‘ (v, my) . [ U Xy ( (vy,my) ] _ [ U; XUy | (v, my)
1 - - 2 - - = .
vy X v, oy X v,]l ] vy X vy vy X vy [lor X vy 1oy X vy

The distances from the planes 7; and 7, to the origin will be respectively:

_ (vy,my) _ (v, my)
dl = —s—"> 2= T < .
[or X vy log X v
The distance between the planes is calculated as the difference between d, and d;:

(v, my) + (v, my)
o) X v,

d=|d,—d| = (20)
By the condition of constructing planes, this is the distance between the lines [; and [,. Value
M = (v, m,) + (v,, m;) is called mutual moment of two straight lines [; and I,.
- If M > 0, then turn from [ to I, — right.
- If M < 0, then turn from [; to [, — left.
- If M = 0, then the lines lie in the same plane or, in other words, are coplanar.

The condition of line coplanarity M = 0 can be given a simple geometric interpretation. We have
found the formula for the distance between straight lines as the distance between two parallel planes.
If it turns to zero, then the planes coincide, and the mutual moment is zero.:

M = (vy, m,) + (v, my) = 0.

Meeting this condition allows us to assert that the lines lie in the same plane, but does not allow us
to determine the point of their intersection (proper or improper).

To find the intersection point of the lines, we use the projective formula (11) and consider three
planes: the first plane 7, passes through /; and the origin, the second plane 7,— through I, and the
origin, and finally the third plane 7; contains the straight line [; and the direction v,. From the
formula (16) we get the Plucker coordinates for 73, and from (18) for 7; and 7,:

71 =[my 0], 7,=[my|0], 7;=][v;X0;|—(vs,m)]
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Now we substitute the components of the planes in (11), which will give the following expression:
[—(vy, m)my X my | (V) X Uy, my X My)].
Simplify (v; X v,, m; X m,) using the Lagrange property of the vector product:
(U1 X Uy, My X My) = (U1, My)(Vy, My) — (U, My)(V, My) = —(V, My)(V,, My),

since the moment and the guiding vector of the straight line are orthogonal, then (v;, m;) = (v,, m,) =
0. Next, we use the equality of the mutual moment of the curves to zero: (v, m,) + (v,,m;) = 0,
whence (v, m;) = —(v,, m,). Finally we get:

(01 X Uy, my X M) = (U, my)? = (vy, my).
Using the uniformity of coordinates, we divide all coordinates by (v,, m,):
[—(vy, m)my X my | (v, my)?] = [-my X My | (3, my)] = [My X My | (v, my)].

We have obtained that the intersection point of two straight lines {v; | m;} and {v, | m,} in
homogeneous coordinates is calculated as

[my X my | (V;,my)] = [my X my | (1, my)] (21)

6. Conclusion

We have outlined the basics of the RP3 model of projective space in an analytical form. As noted
above, there are two aspects of this work that may be of value.

- Filling the gap in educational literature and specialized monographs. Analytical projective
geometry is actively used for applied purposes in robotics and computer graphics, and a detailed
description of its basic aspects is extremely useful in methodological and pedagogical plans.

- Summary of the basic formulas in the form of a table, which is an extended table from [30].
Based on this table, you can implement everything you need to work with projective points,
straight lines, and planes in the form of software structures.

The latter aspect is covered in detail in the article [39].
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AHanuTUyeckas NPpoeKTUBHas reomeTpus gns
KOMNbIOTEPHOU rpacdnkum

M. H. TeBopksiH!, A. B. Koponbkosal, [l. C. Kyna6os®2, /1. A. CeBacTbsiHOBY 2

L Poccuickmii yHnsepcuTeT apy6bl HapoaoB, ya. Muknyxo-Maknas, a. 6, Mocksa, 117198, Poccuiickas
depepaymsa

2 06beMHEHHbIN MHCTUTYT SAEPHbIX UCCNefoBaHuii, yn. Xonuo-Kiopu, a. 6, y6Ha, 141980, Poccuiickas
depepaymsa

AHHoTaums. MOTHBOM K HaIlMCaHUIO AaHHON paboThl IIOCIy)KUIa paspaboTka aBTOpaMU Kypca 110 KOMIIBIOTep-
HOU reOMeTpPHUU [JIS CTYAEHTOB GU3MKO-MaTeMaTUIeCKUX ClleljuanpHocTeil. I10 TEepMUHOM «KOMIIbIOTEpHAs
reoMeTpUsI» 37leCh U /lajiee IOHMMAIOTCA MaTeMaTHYeCcKre OCHOBEI MAITMHHOMN rpaduKu. BaxkHO OT/IeTBHO
[IO/[Y€PKHYTb, YTO paspabaTeiBaeMblil KypC AO/DKEH ObITh pACCYMTAH Ha CTYZEHTOB BTOPOTO roja o0yueHus u,
CJIef0BaTeIbHO, OT HUX MOXHO TPe6OBaTh JINIIB IpeBapUTeIbHOE 3HaHMEe CTAHAAPTHOTO Kypca aare6psl 1 Ma-
TeMaTH4YeCKOTO aHaIM3a. DTO HaK/Ia/[BIBAET ONIpe/leIEHHbIe OTPAaHUYEHN Ha U3JaraeMbli MaTepra. IIpu
M3y4eHUN TeMaTU4eCKOH TUTepaTypsl ObLIO BBIICHEHO, YTO CTAHAAPTOM /e (HaKTo B COBpeMeHHO KOMIIbIOTEP-
HOI rpadrKe CTaJIo MCIIO0Nb30BaHNE IPOEKTUBHOTO IPOCTPAHCTBA U OHOPOAHBIX KOOPAUHAT. OHAKO aBTOPHI
CTOJIKHYJIUCB C IIPOOJIEMOIT METO0JIOTUIECKOTO XapaKTepa — IPAKTUIEeCKH IOJHBIM OTCYTCTBHAEM IIOAXO0AS-
Iell yaeGHOM TUTEpaTOPhl KaK Ha PYCCKOM, TaK U Ha aHITTMHCKOM s3bIKaX. JIJIs1 Ipe/iCTaBIeHUs COGpaHHOM
aBTOpaMy MH(MOPMAIIIH 10 JAHHOMY BOIIPOCY U OBLIa HaNKcaHa JaHHas paboTa.

KniouyeBble cnoBa: IpOeKTUBHAs reOMeTpHs, cucTeMa Asymptote, koopAuHaTHI [LIl0KKepa, COOCTBEHHBIE
Y1 HeCOOCTBEeHHBIE TOYKH, IIPSMbIE U TNIOCKOCTH



