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4.1 Introduction

In Chapter 2, the exterior product operation was introduced onto the elements of a linear space
/1\, enabling the construction of a series of new linear spaces /n} possessing new types of
elements. In this chapter, the elements of /1\ will be interpreted, some as vectors, some as points.
This will be done by singling out one particular element of /1\ and conferring upon it the

interpretation of origin point. All the other elements of the linear space then divide into two
categories. Those that involve the origin point will be called (weighted) points, and those that do
not will be called vectors. As this distinction is developed in succeeding sections it will be seen
to be both illuminating and consistent with accepted notions. Vectors and points will be called
geometric interpretations of the elements of /1\

Some of the more important consequences however, of the distinction between vectors and
points arise from the distinctions thereby generated in the higher grade spaces A. It will be
m

shown that a simple element of A takes on two interpretations. The first, that of a multivector

m
(or m-vector) is when the m-element can be expressed in terms of vectors alone. The second,
that of a bound multivector is when the m-element requires both points and vectors to express it.
These simple interpreted elements will be found useful for defining geometric entities such as
lines and planes and their higher dimensional analogues known as multiplanes (or m-planes).
Unions and intersections of multiplanes may then be calculated straightforwardly by using the
bound multivectors which define them. A multivector may be visualized as a 'free' entity with
no location. A bound multivector may be visualized as 'bound' through a location in space.

It is not only simple interpreted elements which will be found useful in applications however. In
Chapter 8: Exploring Screw Algebra and Chapter 9: Exploring Mechanics, a basis for a theory
of mechanics is developed whose principal quantities (for example, systems of forces,
momentum of a system of particles, velocity of a rigid body etc.) may be represented by a
general interpreted 2-element, that is, by the sum of a bound vector and a bivector.

In the literature of the nineteenth century, wherever vectors and points were considered
together, vectors were introduced as point differences. When it is required to designate physical
quantities it is not satisfactory that all vectors should arise as the differences of points. In later
literature, this problem appeared to be overcome by designating points by their position vectors
alone, making vectors the fundamental entities [Gibbs 1886]. This approach is not satisfactory
either, since by excluding points much of the power of the calculus for dealing with free and
located entities together is excluded. In this book we do not require that vectors be defined in
terms of points, but rather, postulate a difference of interpretation between the origin element
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and those elements not involving the origin. This approach permits the existence of points and
vectors together without the vectors necessarily arising as point differences.

In this chapter, as in the preceding chapters, /1\ and the spaces A do not yet have a metric. That
m

is, there is no way of calculating a measure or magnitude associated with an element. The
interpretation discussed therefore may also be supposed non-metric. In the next chapter a metric
will be introduced onto the uninterpreted spaces and the consequences of this for the interpreted
elements developed.

In summary then, it is the aim of this chapter to set out the distinct non-metric geometric
interpretations of m-elements brought about by the interpretation of one specific element of /1\

as an origin point.

4.2 Geometrically Interpreted 1-elements

Vectors

The most common current geometric interpretation for an element of a linear space is that of a
vector. We suppose in this chapter that the linear space does not have a metric (that is, we
cannot calculate magnitudes). Such a vector has the geometric properties of direction and sense
(but no location), and will be graphically depicted by a directed and sensed line segment thus:

Graphic showing an arrow.

This depiction is unsatisfactory in that the line segment has a definite location and length whilst
the vector it is depicting is supposed to possess neither of these properties. Nevertheless we are
not aware of any more faithful alternative.

A linear space, all of whose elements are interpreted as vectors, will be called a vector space.
The geometric interpretation of the addition operation of a vector space is the parallelogram rule.

Since an element of /1\ may be written aax where a is a scalar, then the interpretation of arx as

a vector suggests that it may be viewed as the product of two quantities.

1. A direction factor x.
2. An intensity factor a.

The term 'intensity' was coined by Alfed North Whitehead [ ]. The sign of a may be associated
with the sense of the vector. Of course this division of vector into direction and intensity factors
is arbitrarily definable, but is conceptually useful in non-metric spaces. In a non-metric space,
two vectors may be compared if and only if they have the same direction. Then it is their scalar
intensities that are compared. Intensity should not be confused with the metric quantity of length
or magnitude.
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Points

In order to describe position in space it is necessary to have a reference point. This point is
usually called the origin.

Rather than the standard technique of implicitly assuming the origin and working only with
vectors to describe position, we find it important for later applications to augment the vector
space with the origin as a new element to create a new linear space with one more element in its
basis. For reasons which will appear later, such a linear space will be called a bound vector
space.

The only difference between the origin element and the vector elements of the linear space is
their interpretation. The origin element is interpreted as a point. We will denote it in
GrassmannAlgebra by O, which we can access from the palette or type as [escldsOlest] (double-
struck capital O). The bound vector space in addition to its vectors and its origin now possesses
a new set of elements requiring interpretation: those formed from the sum of the origin and a
vector.

P==20+x

It is these elements that will be used to describe position and that we will call points. The vector
x is called the position vector of the point P.

It follows immediately from this definition of a point that the difference of two points is a vector:
Pl —Pz == (O+x1) - (O+X2) = X; - X3

Remember that the bound vector space does not yet have a metric. That is, the distance between
two points (the measure of the vector equal to the point difference) is not meaningful.

The sum of a point and a vector is another point.
P+y=0+xX+y=0+ (x+Yy)

and so a vector may be viewed as a carrier of points. That is, the addition of a vector to a point
carries or transforms it to another point.

A scalar multiple of a point (of the form a p or aap) will be called a weighted point. Weighted
points are summed just like a set of point masses is deemed equivalent to their total mass
situated at their centre of mass. For example:

Zmi P; ::Zmi (O +x3) == (Zmi) (O+ %my xi)

Zm;

This equation may be interpreted as saying that the sum of a number of mass-weighted points
> m; p; is equivalent to the centre of gravity O + M— weighted by the total mass > m; .

As will be seen in Section 4.4 below, a weighted point may also be viewed as a bound scalar.

Historical Note
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Sir William Rowan Hamilton in his Lectures on Quaternions [Hamilton 1853] was the first to
introduce the notion of vector as 'carrier' of points.

... I regard the symbol B-A as denoting "the step from B to A": namely, that step by
making which, from the given point A, we should reach or arrive at the sought point B; and
so determine, generate, mark or construct that point. This step, (which we always suppose
to be a straight line) may also in my opinion be properly called a vector; or more fully, it
may be called "the vector of the point B from the point A": because it may be considered as
having for its office, function, work, task or business, to transport or carry (in Latin
vehere) a moveable point, from the given or initial position A, to the sought or final
position B.

% A shorthand for declaring standard bases

Any geometry that we do with points will require us to declare the origin © as one of the
elements of the basis. We have already seen that a shorthand way of declaring a basis

{e1, ez, ---, e, } is by entering V. Declaring the augmented basis

{0, e1, ez, ---, ey} can be accomplished by entering P,, . These are double-struck capital
letters subscripted with the integer n denoting the desired 'vectorial' dimension of the space. For
example, entering V3 or P3:

V3

{e1, ez, e3}
P3

{Or €1, €2y e3}

We may often precede a calculation with one of these followed by a semi-colon. This
accomplishes the declaration of the basis but for brevity suppresses the confirming output. For
example:

P,; BasisA[]

{1,0,e;,e,,0nre;,0nrey,e1r€e, 0ne;rey}

% Example: Calculation of the centre of mass

Suppose a space P53 with basis {O, e;, ez, e3} and a set of masses M; situated at points
P; . It is required to find their centre of mass. First declare the basis, then enter the mass points.

P3

{OI €1, €2, e3}
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M; =2P;; P,=0+e; +3e;-4e3;
M, =4Py; P, =0+2e; -3 -2e3;
M3 =7P3; P3=0-5e; +3e;-6ej;
My =5P,; P, =0+4e; +2e; -9e3;

We simply add the mass-weighted points.

4
M= )M

i=1

5(®+4e1+2e279e3)+7 (@*561+3€2*6€3>+
2 (®+e1+3e274e3)+4 (@+2€1*€2*2€3)

Simplifying this gives a weighted point with weight 18, the scalar attached to the origin.
M= Simplify[M]
180-5e; +33 e, -103 e;3

Taking the weight out as a factor, that is, expressing the result in the form mass X point

M = WeightedPointForm[M]

1

18 (o
" 18

(—5e1+33e2—103e3))

Thus the total mass is 18 situated at the point O + Tlg‘ (-5e; +33e; -103 e3).

4.3 Geometrically Interpreted 2-Elements

Simple geometrically interpreted 2-elements

It has been seen in Chapter 2 that the linear space /2\ may be generated from /1\ by the exterior
product operation. In the preceding section the elements of /1\ have been given two geometric

interpretations: that of a vector and that of a point. These interpretations in turn generate various
other interpretations for the elements of /2\

In /2\ there are at first sight three possibilities for simple elements:

1. xay (vector by vector).
2. Pax (point by vector).
3. P; A P, (point by point).

However, P; a P, may be expressed as P; o (P, - P;) which is a point by a vector and thus
reduces to the second case.

There are thus two simple interpreted elements in /2\:

1. xay (the simple bivector).
2. Pax (the bound vector).
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H A note on terminology

The term bound as in the bound vector Pax indicates that the vector x is conceived of as bound
through the point P, rather than fo the point P, since the latter conception would give the
incorrect impression that the vector was located at the point P. By adhering to the terminology
bound through, we get a slightly more correct impression of the 'freedom' that the vector enjoys.

The term 'bound vector' is often used in engineering to specify the type of quantity a force is.

The bivector

Earlier in this chapter, a vector x was depicted graphically by a directed and sensed line
segment supposed to be located nowhere in particular.

Graphic showing an arrow with symbol x attached.

In like manner a simple bivector may be depicted graphically by an oriented plane segment also
supposed located nowhere in particular.

Graphic showing a parallelogram constructed from two vectors x and y with common tails.
The symbol xay is attached to the parallelogram.

Orientation is a relative concept. The plane segment depicting the bivector yax is of opposite
orientation to that depicting xay.

Graphic showing a parallelogram yax .

The oriented plane segment or parallelogram depiction of the simple bivector is misleading in
two main respects. It incorrectly suggests a specific location in the plane and shape of the
parallelogram. Indeed, since xay == xa (x+y), another valid depiction of this simple bivector
would be a parallelogram with sides constructed from vectors x and x+y.

Graphic showing parallelograms xay and xa (x+y) superimposed.

In the following chapter a metric will be introduced onto /1\ from which a metric is induced onto
/2\. This will permit the definition of the measure of a vector (its length) and the measure of the

simple bivector (its area).

The measure of a simple bivector is geometrically interpreted as the area of the parallelogram
formed by any two vectors in terms of which the simple bivector can be expressed. For
example, the area of the parallelograms in the previous two figures are the same. From this point
of view the parallelogram depiction is correctly suggestive, although the parallelogram is not of
fixed shape. However, a bivector is as independent of the vector factors used to express it as any
area is of its shape. Strictly speaking therefore, a bivector may be interpreted as a portion of an
(unlocated) plane of any shape. In a metric space, this portion will have an area.
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Earlier in the chapter it was remarked that a vector may be viewed as a 'carrier' of points.
Analogously, a simple bivector may be viewed as a carrier of bound vectors. This view will be
more fully explored in the next section.

A sum of simple bivectors is called a bivector. In two and three dimensions all bivectors are
simple. This will have important consequences for our exploration of screw algebra in Chapter 7
and its application to mechanics in Chapter 8.

The bound vector

In mechanics the concept of force is paramount. In Chapter 9: Exploring Mechanics we will
show that a force may be represented by a bound vector, and that a system of forces may be
represented by a sum of bound vectors.

It has already been shown that a bound vector may be expressed either as the product of a point
with a vector or as the product of two points.

Ple:=P1A(P2_P1) ::PlAP2 Pz ==P1+x

The bound vector in the form P; a x defines a line through the point P; in the direction of x.
Similarly, in the form P; a P it defines the line through P; and P, .

Graphic showing

1. A line through a point parallel to a vector.
2. A line through two points.

Both lines are parallel.

It is an important property of the Grassmann algebra that any point on this line may be used to
represent the bound vector. Since if P and P* are any two points in the line, P-P* is a vector of
the same direction as x so that:

(P—P*)Ax==0 = PaAax=P*aAx

A bound vector may thus be depicted by a line, a point on it, and a vector parallel to it. For
compactness, we will usually depict the vector of the bound vector as lying in the line.

Graphic showing a line through a point with an arrow in the line (not attached to the point).

This graphical depiction is misleading in that it suggests that the vector x has a specific
location, and that the point P is of specific importance over other points in the line. Nevertheless
we are not aware of any more faithful alternative.

It has been mentioned in the previous section that a simple bivector may be viewed as a 'carrier'
of bound vectors. To see this, take any bound vector Pax and a bivector whose space contains
x. The bivector may be expressed in terms of x and some other vector, y say, yielding yax.
Thus:

PAax+yaxz= (P+y) Ax=P“aAx

Graphic showing a simple bivector added to a bound vector to give another bivector.
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The geometric interpretation of the addition of such a simple bivector to a bound vector is then
similar to that for the addition of a vector to a point, that is, a shift in position.

% Sums of bound vectors

A sum of bound vectors £ P; a x; (except in the case = x; == 0) may always be reduced to the
sum of a bound vector and a bivector, since, by choosing an arbitrary point P, & P; A x; may
always be written in the form:

ZP;iAx; =PA(Zx;) +3 (Py -P) ax; 4.1

If = x; == 0 then the sum is a bivector. This transformation is of fundamental importance in our
exploration of mechanics in Chapter 8.

E Example: Reducing a sum of bound vectors

In this example we verify that a sum of any number of bound vectors can always be reduced to
the sum of a bound vector and a bivector. Note however that it is only in two or three vector
dimensions that the bivector is necessarily simple. We begin by declaring the bound vector
space of three vector dimensions, P53 .

P35
{Or €1, €2,y e3}
Next, we define, enter, then sum four bound vectors.
B1=P1ax;; P =0+e; +3e;-4e;3; X =e; —-e3y
/32=P2AX2; P2=¢D+2e1-e2—2e3; Xy =€e; —ez +e3;

/33=P3AX3; P3=¢D-5e1+3e2—6e3; x3=2e1+3e2;
/34=P4AX4; P4=¢D+4e1+2e2—9e3; x4=5e3;

B=ZI31

i=1
(®+4e1+2e279e3)A(5e3)+(075e1+3e276e3)A(2e1+3e2)+

(®+e1+3e274e3) A (e17e3) + (@+2€1*€2*2€3) A (elfez +e3)

By expanding these products, simplifying and collecting terms, we obtain the sum of a bound
vector (through the origin) O A (4 e; + 2 e; + 5 e3) and a bivector

-25e; re; +39e; re3 +22 e, Ae3. Wecan use GrassmannSimplify to do the
computations for us.

G[B]
Or(de;+2e3+5e3) —25e;re3 +39%9e1re3+22e) re3

We could just as well have expressed this 2-element as bound through (for example) the point
O + e;. To do this, we simply add e; A (4 e; + 2 e; + 5 e3) to the bound vector and
subtract it from the bivector to get:
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(O+e1)r(4e;1 +2e3+5e3) -27e1re3 +34e; re3+22e3 €3

4.4 Geometrically Interpreted m-elements

Types of geometrically interpreted m-elements

In A the situation is analogous to that in /2\ A simple product of m points and vectors may
m

always be reduced to the product of a point and a simple (m—1)-vector by subtracting one of the
points from all of the others. For example, take the exterior product of three points and two
vectors. By subtracting the first point, say, from the other two, we can cast the product into the
form of a bound simple 4-vector.

PAPy AP AXAYy=PA (P -P)A (P -P) AXAYy

There are thus only two simple interpreted elements in A:
m
I. X3 A X3 A---Xy (the simple m-vector).
2. PAXy A---Xy (the bound simple (m—1)-vector).
A sum of simple m-vectors is called an m-vector and the non-simple interpreted elements of A
m

are sums of m-vectors.

If a is a (not necessarily simple) m-vector, then P a a is called a bound m-vector.
m m

A sum of bound m-vectors may always be reduced to the sum of a bound m-vector and an
(m+1)-vector.

These interpreted elements and their relationships will be discussed further in the following
sections.

The m-vector

The simple m-vector, or multivector, is the multidimensional equivalent of the vector. As with a
vector, it does not have the property of location. The m-dimensional vector space of a simple m-
vector may be used to define the multidimensional direction of the m-vector.

A simple m-vector may be depicted by an oriented m-space segment. A 3-vector may be
depicted by a parallelepiped.

Graphic showing a parallelepiped formed from three vectors.

The orientation is given by the order of the factors in the simple m-vector. An interchange of
any two factors produces an m-vector of opposite orientation. By the anti-symmetry of the
exterior product, there are just two distinct orientations.

In Chapter 6: The Interior Product, it will be shown that the measure of a 3-vector may be
geometrically interpreted as the volume of this parallelepiped. However, the depiction of the
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simple 3-vector in the manner above suffers from similar defects to those already described for
the bivector: namely, it incorrectly suggests a specific location and shape of the parallelepiped.

A simple m-vector may also be viewed as a carrier of bound simple (m—1)-vectors in a manner
analogous to that already described for the bivector.

A sum of simple m-vectors (that is, an m-vector) is not necessarily reducible to a simple m-

vector, except in A, A, A, A.
0 1 n-1 n

The bound m-vector

The exterior product of a point and an m-vector is called a bound m-vector. Note that it belongs

to A . A sum of bound m-vectors is not necessarily a bound m-vector. However, it may in
m+1

general be reduced to the sum of a bound m-vector and an (m+ 1)-vector as follows:

ZPiAO:ni ==Z(P+Bi)Aofni ==PAZO:ni+ZI31Aami 4.2

The first term P a Z a; is a bound m-vector providing Z a; # 0 and the second term is an
m m

(m+1)-vector.

When m = 0, a bound 0-vector or bound scalar paa (= ap) is seen to be equivalent to a
weighted point.

When m = n, any bound n-vector is but a scalar multiple of © A €; A €3 a --- a e, for any basis.

The graphical depiction of bound simple m-vectors presents even greater difficulties than those
already discussed for bound vectors. As in the case of the bound vector, the point used to
express the bound simple m-vector is not unique.

In Section 4.6 we will see how bound simple m-vectors may be used to define multiplanes.

Bound simple m-vectors expressed by points

A bound simple m-vector may always be expressed as a product of m+1 points.
Let P; = Pg + X;, then:

PoAX1 AX2 A AXp
==Pg A (Py -Pg) A (P2 —=Pg) A-- A (Py - Pg)
== POAP1 APzA---APm

Conversely, as we have already seen, a product of m+1 points may always be expressed as the
product of a point and a simple m-vector by subtracting one of the points from all of the others.

The m-vector of a bound simple m-vector Py A Py A Py a -+« A Py may thus be expressed in
terms of these points as:

(P1 -=Pg) A (P2 —Pg) A-+- A (Py - Pop)
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A particularly symmetrical formula results from the expansion of this product reducing it to a
form no longer showing preference for Pg .

(P1 -Pg) A (Py =Pg) Ao r (Py - Pg) ==

Z (_l)i POAPIA“'ADiA...APm
i=0

Here O; denotes deletion of the factor P; from the product.

4.5 Decomposition into Components

The shadow

In Chapter 3 we developed a formula which expressed a p-element as a sum of components, the
element being decomposed with respect to a pair of elements a« and B which together span the

m n-m
whole space. The first and last terms of this decomposition were given as:
(@x)v 8 av(xnp)
m p n-m m P n-m
X —— e e ——,—,——
P av f av 3
m n-m m n-m

Grassmann called the last term the shadow of x on a excluding B .
p m n-m

It can be seen that the first term can be rearranged as the shadow of x on B excluding a.
p m

n-m
A

m p n-m n-m P m

av f va

m n-m n-m m

If p =1, the decomposition formula reduces to the sum of just two components, x, and xgz,
where x, lies in a and x5 liesin B .

We now explore this decomposition with a number of geometric examples, beginning with the
simplest case of decomposing a point on a line into a sum of two weighted points in the line.
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Decomposition in a 2-space

E Decomposition of a vector in a vector 2-space

Suppose we have a vector 2-space defined by the bivector a a . We wish to decompose a
vector x in the space to give one component in a and the other in 8. Applying the
decomposition formula gives:

av (xap) (xvﬁ)
a

xa == ==
avf avf
Bv A v
Xp = (x a) ::(x a)B
Bva Bva

Graphic of two vectors o and 3 in a plane with a third vector X between them, showing its
decomposition in the directions of @ and .

The coefficients of a and 8 are scalars showing that x, is congruent to a and xg is congruent to
B. If each of the three vectors is expressed in basis form, we can determine these scalars more
specifically. For example:

X==X3€; +Xp€3; a==a; e; +ajz ey, /3==b1e1+b2e2

xvp (x1e1 +x3e3) v (by e +by e;)

avp (aye; +azez) v (by e +bye;)

(x1 bz -x2b;) egve; (%1 by -x; by)

(a1 by -—az by) er1ve; (a1 by —az b;)

Finally then we can express the original vector x as the required sum of two components, one in
a and one in f3.

(x1 by -x3 b1) o (x1 a2 -x3 a;)
(a1 by —az b;) (by az -by a;3)

E Decomposition of a point in a line

These same calculations apply to decomposing a point P into two component weighted points
congruent to two given points Q and R in a line. Let:

P==-0O+pe;; Q0==0O0+qe;; R==0+re;;

Graphic of two points Q and R in a line with a third point P between them. Q and R are
shown with weights attached.

The decomposition may be obtained by following the process mutatis mutandis. Alternatively
we may substitute directly into the formula above by making the correspondence: e; -» O,
e, -» e;, whence:
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X1 1, xp»>p,a;-»>1,a,-»>q,b;»1, b >r

The resulting formula gives the point P as the sum of two weighted points, scalar multiples of
the points Q and R.

(r- p) . (a-p)
(r-q) (ga-r)

E Decomposition of a vector in a line

We can also decompose a vector x into two component weighted points congruent to two given
points Q and R in a line. Let:

X=—ae;; 0==0+qe;; R==0+re;;

The decomposition formula then shows that the vector x may be expressed as the difference of
two points, each with the same weight representing the ratio of the vector x to the parallel
vector Q-R.

e ()

Graphic of two points Q and R in a line with a vector x between them. Q and R are shown
with weights attached.

Decomposition in a 3-space

E Decomposition of a vector in a vector 3-space

Suppose we have a vector 3-space represented by the trivector a A 8 A y. We wish to
decompose a vector x in this 3-space to give one component in a » 3 and the other in y.
Applying the decomposition formula gives:

(aaB) v (xay)
(aaB) vy

xaAB ==

YV (xaaap)

X ==
Y ¥v (aaB)

Graphic of two vectors o and 3 in a planar direction with a third vector y in a third
direction. A vector x is shown with two components, one in the planar direction and the
other in the direction of 7.

Because xaaaf is a 3-element it can be seen immediately that the component x,, can be
written as a scalar multiple of y where the scalar is expressed either as a ratio of regressive
products (scalars) or exterior products (n-elements).

(XV(GAB)) (aABAx)
x), == —_— Y:: —_— Y
YV (aaB) arBay
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The component x4,z Will be a linear combination of a and 8. To show this we can expand the
expression above for x,,5 using the Common Factor Axiom.

_(aaB)vi(xay)  (aaxay)vB  (Baxay)va
asB == == -

(aaB) vy (aaB) vy (aaB) vy

Rearranging these two terms into a similar form as that derived for x, gives:

XABAY AAXAY
e (22022) o (2523)
arfB Ay arfB Ay

Of course we could have obtained this decomposition directly by using the results of the
decomposition formula [3.51] for decomposing a 1-element into a linear combination of the
factors of an n-element.

XABAY AAXAY arfaAx
o (5T (252) o (22225
asrfBary arfB Ay arfBay

E Decomposition of a point in a plane

Suppose we have a plane represented by the bound bivector © A @ A R. We wish to decompose a
point P in this plane to give one component in the line represented by © A Q and the other as a
scalar multiple of R. Applying the decomposition formula derived in the previous section gives:

PAQAR OAPAR OAQAP
P - (__] 0+ (__] 0+ (__] R
OAQAR OAQAR OAQAR

From this we can read off immediately the components Pp,.g and Pgr we seek. Pg.q is the
weighted point:

PAQAR OAPAR
e (2222 o (22222
AQAR PAQAR

whilst the weighted point located at R is:

OAQAP
PR == (—-—) R
OAQAR

Graphic of a line and points P and R external to it. A line joins R and P and intersects L.

Decomposition in a 4-space

E Decomposition of a vector in a vector 4-space

Suppose we have a vector 4-space represented by the trivector a A B Ay A 6. We wish to
decompose a vector x in this 4-space. Applying the decomposition formula [3.51] gives:

X ==
XABAyaAd AAXAYAD aABAxAd aABAyax
rvreor] A Fvresr) L v rerrl Al Pl

arBaryad arBAayad

arBaAyad aABAyad
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For simplicity we write x as:
x==aa+bB+cy+déd
where the coefficients a, b, ¢, and d are defined by the first equation above.

We can rearrange these components in whatever combinations we require. For example if we
wanted the decomposition of x into three components, one parallel to a, one parallel to 3, and
one parallel to ya & we would simply write:

X=Xg +Xg +Xyas == (@) + (bB) + (cy+d9)

Of course, as we have seen in many of the examples above, decomposition of a point or vector
in a 4-space whose elements are interpreted as points or vectors follows the same process: only
the interpretation of the symbols differs.

Decomposition of a point or vector in an n-space

Decomposition of a point or vector in a space of n dimensions is generally most directly
accomplished by using the decomposition formula [3.51] derived in Chapter 3: The Regressive
Product. For example the decomposition of a point can be written:

n alAazA"'APA"'Aan
:=Z aj 4.5
i—]_ al Aaz A...Aai A oee Aan

As we have already seen for the 4-space example above, the components are simply arranged in
whatever combinations are required to achieve the decomposition.

4.6 Geometrically Interpreted Spaces

Vector and point spaces

The space of a simple non-zero m-element a has been defined in Section 2.3 as the set of 1-

elements x whose exterior product with a is zero: {x PaAX == 0} .
If x is interpreted as a vector v, then the vector space of a is defined as {v PAAV = 0} .
If x is interpreted as a point P, then the point space of a is defined as {P Paa P == 0} .

The vector space of a simple m-vector is an m-dimensional vector space. Conversely, the m-
dimensional vector space may be said to be defined by the m-vector.

The point space of a bound simple m-vector is called an m-plane (sometimes multiplane). Thus
the point space of a bound vector is a 1-plane (or line) and the point space of a bound simple
bivector is a 2-plane (or, simply, a plane). The m-plane will be said to be defined by the bound
simple m-vector.
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The geometric interpretation for the notion of set inclusion is taken as 'to lie in'. Thus for
example, a point may be said to lie in an m-plane.

The point and vector spaces for a bound simple m-element are tabulated below.

m Pa a Point space Vector space

0 bound scalar point

1 bound vector line 1 —dimensional vector space

2 bound simple bivector plane 2 —dimensional vector space

m | bound simple m—vector | m—plane m —dimensional vector space
n—11] bound (n — 1) —vector | hyperplane | (n — 1) —dimensional vector space

n bound n—vector n—plane n —dimensional vector space

Two congruent bound simple m-vectors P a a anda P a a define the same m-plane. Thus, for

example, the point O+x and the weighted point 20+2x define the same point.

E Bound simple m-vectors as m-planes

We have defined an m-plane as a set of points defined by a bound simple m-vector. It will often
turn out however to be more convenient and conceptually fruitful to work with m-planes as if
they were the bound simple m-vectors which define them. This is in fact the approach taken by
Grassmann and the early workers in the Grassmannian tradition (for example, [Whitehead ],
[Hyde ]and [Forder ]). This will be satisfactory provided that the equality relationship we
define for m-planes is that of congruence rather than the more specific equals.

Thus we may, when speaking in a geometric context, refer to a bound simple m-vector as an m-
plane and vice versa. Hence in saying II is an m-plane, we are also saying that all a I (where a
is a scalar factor, not zero) is the same m-plane.

Coordinate spaces

The coordinate spaces of a Grassmann algebra are the spaces defined by the basis elements.

The coordinate m-spaces are the spaces defined by the basis elements of A. For example, if /1\
m

has basis {O, e1, ez, e3},thatis, we are working in the bound vector 3-space P3, then the
Grassmann algebra it generates has basis:

P3; BasisA[]

{1, 0, e1,e,e3,0re,0nrey, Dnez, €1 r€, € r€3, € ~€3,
Oreprney, Ore; nez3, Onreyrez, egreznesy, Onre; rey Ae3}

Each one of these basis elements defines a coordinate space. Most familiar are the coordinate m-
planes. The coordinate 1-planes © A e;, 0 A €5, O A e3 define the coordinate axes, while the
coordinate 2-planes O A e; A e;,D A e; A e3, 0 A ey A e3 define the coordinate planes.
Additionally however there are the coordinate vectors e; , €5, €3 and the coordinate bivectors
€1 Ae3,e] Ae3,e3 Ae3.

Perhaps less familiar is the fact that there are no coordinate m-planes in a vector space, but
rather simply coordinate m-vectors.
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Geometric dependence

In Chapter 2 the notion of dependence was discussed for elements of a linear space. Non-zero 1-
elements are said to be dependent if and only if their exterior product is zero.

If the elements concerned have been endowed with a geometric interpretation, the notion of
dependence takes on an additional geometric interpretation, as the following table shows.

X1 A Xy == X3, X, are parallel (co—directional)
P, APy == 0 P, , P, are coincident

X1, X5, X3 are co—2—directional (or parallel)
P, , P,, P3 are collinear (or coincident)

X1 AXy AX3 ==
Pl APZ AP3 ==

Xy, *++, Xn are co—k—directional, k < m
Py, -+, Py are co—k—planar, k <m—1

xl A---Axm ==

O O oo

Pl A---APm ==

Geometric duality

The concept of duality introduced in Chapter 3 is most striking when interpreted geometrically.
Suppose:

P defines a point

L defines a line

b defines a plane
v defines a 3-plane

In what follows we tabulate the dual relationships of these entities to each other.

E Duality in a plane

In a plane there are just three types of geometric entity: points, lines and planes. In the table
below we can see that in the plane, points and lines are 'dual’ entities, and planes and scalars are
'dual' entities, because their definitions convert under the application of the Duality Principle.

LEPlApz PEL1VL2
7t =Py APy AP3 15L1VL2VL3
nt=LAP 1=PvL

E Duality in a 3-plane

In the 3-plane there are just four types of geometric entity: points, lines, planes and 3-planes. In
the table below we can see that in the 3-plane, lines are self-dual, points and planes are now
dual, and scalars are now dual to 3-planes.
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LEPlApz

L= vm

7('EP1AP2 AP3

P =7y v, v

VEPlApz AP3AP4

l=mvmyvaz v

w=LAP P=Lvr
VELlALz lEleLz
V=naAP l1=Pvnm

E Duality in an n-plane

From these cases the types of relationships in higher dimensions may be composed
straightforwardly. For example, if P defines a point and H defines a hyperplane ((n—1)-plane),
then we have the dual formulations:

|HEP1AP2A-“APn_1 P=H; vHy v..-vH, ;

4.7 m-planes

In the previous section m-planes have been defined as point spaces of bound simple m-vectors.
In this section m-planes will be considered from three other aspects: the first in terms of a
simple exterior product of points, the second as an m-vector and the third as an exterior quotient.

m-planes defined by points

Grassmann and those who wrote in the style of the Ausdehnungslehre considered the point more
fundamental than the vector for exploring geometry. This approach indeed has its merits. An m-
plane is quite straightforwardly defined and expressed as the (space of the) exterior product of
m+1 points.

II == Pg AP; APy A e APy

m-planes defined by m-vectors

Consider a bound simple m-vector Pg A X3 A X3 A -+ A Xy . Its m-plane is the set of points P
such that:

PAPgAX] AXy Acee AXy ==

This equation is equivalent to the statement: there exist scalars a, ag, aj , not all zero, such
that:

aP+agPp+Za; x;==0

And since this is only possible if a == —ag (since for the sum to be zero, it must be a sum of
vectors) then:

a(P-Pg) +Za;x;3 =0
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or equivalently:
(P-Pg) AX; AXg A aXy =0

We are thus lead to the following alternative definition of an m-plane: an m-plane defined by the
bound simple m-vector Pg A X3 A X A -+ A Xy 1S the set of points:

{P: (P—Po)Axlez Acee AXpy == 0}

This is of course equivalent to the usual definition of an m-plane. That is, since the vectors
(P-Pgy),x1, X3, -, Xy are dependent, then for scalar parameters t; :

(P—Po) =t; X1+ 2 X + o+t Xy 4.6

m-planes as exterior quotients

The alternative definition of an m-plane developed above shows that an m-plane may be defined
as the set of points P such that:

PAX) AXp Ao AXp == PgAX) AXy A AXpy

'Solving' for P and noting from Section 2.11 that the quotient of an (m+1)-element by an m-
element contained in it is a 1-element with m arbitrary scalar parameters, we can write:

PoAX) AX2 AcceAXp
== == Pop+t; X1+ t3 X3 +-- +ty X
xlez’\""\xm

PoAX1 AX2AeeAXp
= 4.7
xlezA""\xm

The operator o

We can define an operator d which takes a simple (m+1)-element of the form
Po A P; A Py A ... A Py and converts it to an m-element of the form
(P1-Pg) A (P2 ~Pg) A-een (Py-Pog).

The interesting property of this operation is that when it is applied twice, the result is zero.
Operationally, 82 == 0. For example:

0 (P) ==

8 (PpAaP;) =P; -Py
(P -Pg) ==1-1 =

6(P0 AP]_ APz) == Pl APz +P2 APO+P0 AP1
6(P1AP2+P2 APO+POAP1) == Pz—P1+Po—P2 +P1—Po ==

Remember that P; A P, + Py A Pg + Pg A Py is simple since it may be expressed as
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(P1 -Pg) A (P2 —Pg) == (P -P1) A (Pg -P1) == (Pp -P3) A (P1 -P3)

This property of nilpotence is shared by the boundary operator of algebraic topology and the
exterior derivative. Furthermore, if a product with a given 1-element is considered an operation,
then the exterior, regressive and interior products are all likewise nilpotent.

4.8 Line Coordinates

We have already seen that lines are defined by bound vectors independent of the dimension of
the space. We now look at the types of coordinate descriptions we can use to define lines in
bound spaces (multiplanes) of various dimensions.

For simplicity of exposition we refer to a bound vector as 'a line', rather than as 'defining a line'.

% Lines in a plane

To explore lines in a plane, we first declare the basis of the plane: P, .
P3
{(D r €1, €2 }

A line in a plane can be written in several forms. The most intuitive form perhaps is as a product
of two points O+x and O+y where x and y are position vectors.

L= (0+x)A(0+y)

Graphic of a line through two points specified by position vectors.

We can automatically generate a basis form for each of the position vectors x and y by using
the GrassmannAlgebra CreateVector function.

{X = CreateVector[x], Y = CreateVector[y]}
{e1x; +e2 X, €1 Y1 +€2 Y2}

L= (0+X)A(0+Y)
L=(0+e1xX3+e3X2)A(0+e1y1 +€2Y2)

Or, we can express the line as the product of any point in it and a vector parallel to it. For
example:

L=z (0+X)A(Y-X)=(0O+Y)A(¥Y-X)//Simplify

L= (0+e1x1+e2X2) (€1 (-X1+Y1) +€ (X2 +Y¥Y2)) =
(O+ey1y1+e2y2) A (e1 (-X1 +y1) +€2 (-X2 +¥2))

Graphic of a line through a point parallel to the difference between two position vectors.
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Alternatively, we can express L without specific reference to points in it. For example:
L=0OA(ae;+bey) +ce;re;,

The first term © o (a e; + b ey) is a vector bound through the origin, and hence defines a line
through the origin. The second term c e; a e, is a bivector whose addition represents a shift in
the line parallel to itself, away from the origin.

Graphic showing a line through the origin plus a shift due to the addition of a bivector. Don't
draw the basis vectors at right angles.

We know that this can indeed represent a line since we can factorize it into any of the forms:

* A line of gradient -g through the point with coordinate -;— on the O A e; axis.

c
L= (O+-k—,e1)/\(ae1 +bey)

Graphic of a line through a point on the axis with given gradient.

* A line of gradient -g through the point with coordinate - -‘ai on the O A e, axis.

c
L= (O——ez)/\(ael +bejy)
a

Graphic of a line through a point on the axis with given gradient.

* Or, a line through both points.

L= —

ab(
(o}

0-—e)rfor L e)
- — ey | A0+ —e
a2 b1

Of course the scalar factor a—c]?- is inessential so we can just as well say:

c c
L= (O——ez)A(O+—e1)
a b

Graphic of a line through a point on each axis.

¢ Information required to express a line in a plane

The expression of the line above in terms of a pair of points requires the four coordinates of the
points. Expressed without specific reference to points, we seem to need three parameters.
However, the last expression shows, as expected, that it is really only two parameters that are
necessary (viz y=m x + c).
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% Lines in a 3-plane

Lines in a 3-plane PP3 have the same form when expressed in coordinate-free notation as they
do in a plane P, . Remember that a 3-plane is a bound vector 3-space whose basis may be
chosen as 3 independent vectors and a point, or equivalently as 4 independent points. For
example, we can still express a line in a 3-plane in any of the following equivalent forms.

L= (0+x)A(0+y)
L= (0+x)A(y-x)
L= (0+y)a(Y-Xx)
L=0A(Y-X)+XAy

Here, x and y are independent vectors in the 3-plane.

The coordinate form however will appear somewhat different to that in the 2-plane case. To
explore this, we redeclare the basis as P53 .

P3

{O, e1, ez, €3}

{X = CreateVector[x], Y = CreateVector|[y]}

{e1 X +e; X, +e3X3, €1 Y1 +€2¥Y2+€3Y3}

L= (0+X)A(0+Y)

L= (0+e;1 X3 +€e3Xp+e3X3)r(0+e1y1+e€3¥Y2 +€3Y3)
Multiplying out this expression gives:

L= g[(O+e1x1+e2Xx2+e3%X3) A (0+e1y1+e2Y2+e€3Y¥3)]

L=0nr(ey (-X1 +Y1) +t€2 (=X +¥Y2) +€3 (X3 +¥3)) +
(-X2 Y1 +X1Y2) €1 r€3 +
(-X3 Y1 +X1¥3) €1r€3+ (X3 Y2 +X2Y¥3) € r€e3

The scalar coefficients in this expression are sometimes called the Pliicker coordinates of the
line.

Alternatively, we can express L in terms of basis elements, but without specific reference to
points or vectors in it. For example:

L=OA(ae;+bey+cesz) +dejre; +eezrez+fe;nes

The first term O o (a e; + b e, + c e3) is a vector bound through the origin, and hence
defines a line through the origin. The secondtermde; re; +ee; ae3; + fe; aej isa
bivector whose addition represents a shift in the line parallel to itself, away from the origin. In
order to effect this shift, however, it is necessary that the bivector contain the vector

(ae; + bey +ce3). Hence there will be some constraint on the coefficients d, e, and £. To
determine this we only need to determine the condition that the exterior product of the vector
and the bivector is zero.
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Gl(ae; +bey+cez)a(dejre; +eeznre; + feg rne;) ==0]

(cd+ae-bf)e re;rez3 ==0

Alternatively, this constraint amongst the coefficients could have been obtained by noting that
in order to be a line, L must be simple, hence the exterior product with itself must be zero.

L=OA(ae;+bey+ces) +dejrez; +eezresz+fe;anes;
G[L AL = 0]
2 (cd+ae-bf)Ore;reyne; ==0

Thus the constraint that the coefficients must obey in order for a general bound vector of the
form L to be a line in a 3-plane is that:

cd+ae-bf =
This constraint is sometimes referred to as the Pliicker identity.

Given this constraint, and supposing neither a, b or ¢ is zero, we can factorize the line into any
of the following forms:

f e

= |0+ —e1+ —ey|Ar(ae; +bey; +ce3)
c c
d f

L= |0-—e;-—e3|a(ae;+bey +ce3)
a a

o d e ( b )

== + —€e; - —e3| A (ae; + e + Cej3
b b

Each of these forms represents a line in the direction of a e; + b e; + ¢ e3 and intersecting a
coordinate plane. For example, the first form intersects the O a e; A e, coordinate plane in the
point © + -‘f? e; + -:— e, with coordinates (-‘f? ,-:— ,0).

The most compact form, in terms of the number of scalar parameters used, is when L is
expressed as the product of two points, each of which lies in a coordinate plane.

ac d f f e
L=——(O——ez-—e3)/\(®+—e1+—e2);
a a c c

We can verify that this formulation gives us the original form of the line by expanding the
product and substituting the constraint relation previously obtained.

G[L] /. (cd+ae- fb)
Or (ae;+bey+ces) +dejrney;+fejnes+eey nes

Similar expressions may be obtained for L in terms of points lying in the other coordinate
planes. To summarize, there are three possibilities in a 3-plane, corresponding to the number of
different pairs of coordinate 2-planes in the 3-plane.
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L= (0O+x;€e;+x3€3)A(0O+yye; +y3 €3)
L= (0O+x1e1+x2€3) A (0+2;e;1 +23e3) 4.8

L= (O+Yzez +y3e3)A(O+zle1+z3e3)

Graphic of a line through 3 points, one in each coordinate plane.

E Information required to express a line in a 3-plane

As with a line in a 2-plane, we find that a line in a 3-plane is expressed with the minimum
number of parameters by expressing it as the product of two points, each in one of the
coordinate planes. In this form, there are just 4 independent scalar parameters (coordinates)
required to express the line.

B Checking the invariance of the description of the line

We can use GrassmannAlgebra to explore the invariance of how a line is expressed. Again,
suppose we are in a 3-plane.

P
{Or €1, €2,y e3}

Define a line L as the exterior product of two points, one in the O a e; A e, coordinate plane
and one in the © A e; A e3 coordinate plane.

L=(0O+x3e;+x2€e3)A(0+yze; +y3es);
Declare the coordinates as scalars.
DeclareExtraScalars[{xi1, X2, Y2, ¥3}];

Verify that the intersection of the line with the first coordinate plane does indeed give a point
congruent to the first point.

P; =G[Lv (DAre; rnez)] // ToCongruenceForm

(O +e1 X3 +€ X2) V3
k

Next determine the (weighted) point in the line in the third coordinate plane (the coordinate
plane which did not figure in the original definition of the line).

P, = G[Lv (DAre; ne3)] // ToCongruenceForm

O (X2 -Y2) —€1 X1 V2 +€3 X3 V3
k

We can now confirm that the exterior product of these two points is still congruent to the
original specification of the line by expanding the quotient of the two expressions and showing
that it reduces to a scalar.
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ScalarQ [Simplify [FactorScalars [ExpandProducts [ Q[;;_[;]Pz]_ ] ] ] ]

True

Lines in a 4-plane

Lines in a 4-plane PP, have the same form when expressed in coordinate-free notation as they
do in any multiplane.

To obtain the Plucker coordinates of a line in a 4-plane, express the line as the exterior product
of two points and multiply it out. The resulting coefficients of the basis elements are the Plucker
coordinates of the line.

Additionally, from the results above, we can expect that a line in a 4-plane may be expressed
with the least number of scalar parameters as the exterior product of two points, each point lying
in one of the coordinate 3-planes. For example, the expression for the line as the product of the
points in the coordinate 3-planes O re; aey; ae3 and O re; A e3 Aey s

L=(0O+x3e3+X3€e3+X%x3€3) A (0+yze;+¥Y3e€3+V4€y)

Lines in an m-plane

The formulae below summarize some of the expressions for defining a line, valid in a
multiplane of any dimension.

Coordinate-free expressions may take any of a number of forms. For example:

L= (0+x)A(0+Yy)
L= (0+x)A(y-x)
L= (0+y)a(Y-Xx)
L=0A(Y-X)+XAyY

A line can be expressed in terms of the 2m coordinates of any two points on it.

L=(0O+x1;€e1+X3€y+++Xpep)A(O+y;€1 +Y2€5+:++Vn€n) 4.10

When multiplied out, the expression for the line takes a form explicitly displaying the Plucker
coordinates of the line.

L=0A((y1-%x1)e1+ (Y2-%2) € +--+ (¥Ym - Xn) €n)
+(X1yY2-X2Yy1) €e14r€2 + (X1 Y3 -X3Y1) €1 r€3 + 4.11
(X1 Va-Xgy1) e1r€g + -+ (Xp_1 ¥m — Xn Ym-1) ©m-1 A €p
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Alternatively, a line in an m-plane © A €1 A €3 A --- A €, can be expressed in terms of its
intersections with two of its coordinate (m—1)-planes, © A €1 A --- A0; A --- A €, and
O Aeyp A-- Alj A -+ ey say. The notation O; means that the ith element or term is missing.

L
(O+x3 ey +--+0;+-+Xpey) A (O+yr1 €+ +0j + - +¥n €n)

This formulation indicates that a line in m-space has at most 2(m—1) independent parameters
required to describe it.

It also implies that in the special case when the line lies in one of the coordinate (m—1)-spaces, it
can be even more economically expressed as the product of two points, each lying in one of the
coordinate (m—2)-spaces contained in the (m—1)-space. And so on.

4.9 Plane Coordinates

We have already seen that planes are defined by simple bound bivectors independent of the
dimension of the space. We now look at the types of coordinate descriptions we can use to
define planes in bound spaces (multiplanes) of various dimensions.

% Planes in a 3-plane

A plane II in a 3-plane can be written in several forms. The most intuitive form perhaps is as a
product of three non-collinear points O+x, O+y and O+z, where x, y and z are vectors.

II=(0+x)A(0D+y) A (0 +2)

Graphic of a plane with the preceding definition.

Or, we can express it as the product of any two different points in it and a vector parallel to it
(but not in the direction of the line joining the two points). For example:

II=(0+x)A(0+y) A (2-X)

Graphic of a plane with the preceding definition.

Or, we can express it as the product of any point in it and any two independent vectors parallel
to it. For example:

I=(0+%x)A(y-X)a(z2-X)

Graphic of a plane with the preceding definition.

Or, we can express it as the product of any line in it and any point in it not in the line. For
example:
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I=La (0O +X)

Graphic of a plane with the preceding definition.

Or, we can express it as the product of any line in it and any vector parallel to it (but not parallel

to the line). For example:

DI=LaA(2-Xx)

Graphic of a plane with the preceding definition.

Given a basis, we can always express the plane in terms of the coordinates of the points or
vectors in the expressions above. However the form which requires the least number of
coordinates is that which expresses the plane as the exterior product of its three points of
intersection with the coordinate axes.

II=(0O+ae;) A (D+bez) A (D +ce3)

Graphic of a plane with the preceding definition.

If the plane is parallel to one of the coordinate axes, say O A e3 , it may be expressed as:
II=(0O+ae;) A (D+bey) re3

Whereas, if it is parallel to two of the coordinate axes, say O A e and O A e3, it may be
expressed as:

II=(0O+ae;) reyaes

If we wish to express a plane as the exterior product of its intersection points with the
coordinate axes, we first determine its points of intersection with the axes and then take the
exterior product of the resulting points. This leads to the following identity:

M= (Iv(0nrey)) (v (Oaez))a (Iv(Oare;))

E Example: To express a plane in terms of its intersections with the coordinate
axes

Suppose we have a plane in a 3-plane defined by three points.
P3;I=(0D+e;+2e3+5e3)A (0D-e1+9e3)A(0D-T7e;+6e3 +4e3)
(O+e;+2e,+5e3) A (0O-e1+9e3) A (0O-Te; +6e; +4e3)

To express this plane in terms of its intersections with the coordinate axes we calculate the
intersection points with the axes.

G[Ov (Drey)]

(DAel NEpy A3 Vv (13@+329€1)
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G[Ov (Orez)]

(DAel NEpy A3 Vv (38@+329€2)

G[Ov (Ores)]

(DAel NEpy A3 Vv (48@+329€3)

We then take the product of these points (ignoring the weights) to form the plane.

329 e; 329 e, 329 e3
II= (O+—-—)A(O+—-—)A(O+——)
13 38 48

To verify that this is indeed the same plane, we can check to see if these points are in the
original plane. For example:

ﬂl_)]

g[ma (o +
13

0

Planes in a 4-plane

From the results above, we can expect that a plane in a 4-plane is most economically expressed
as the product of three points, each point lying in one of the coordinate 2-planes. For example:

M= (0O+x;€; +X3€3) A (O+yz€e3 +y3€3) A (0+23€3+24€,)

If a plane is expressed in any other form, we can express it in the form above by first
determining its points of intersection with the coordinate planes and then taking the exterior
product of the resulting points. This leads to the following identity:

= (Iv(Dregarez)) a(llv (Darezarez)) a(Ilv (ODrezarey))

Planes in an m-plane

A plane in an m-plane is most economically expressed as the product of three points, each point
lying in one of the coordinate (m—2)-planes.

II = (O+x1 €1 + - +Xj €5 +--+Xj, €5, +-0 + Xy em)

A (O + Yl el + oo + Y13 ei3 + oo + Y14 ei4 + oo + Ym em)
223 713 ol Ml
A (O +21€1 +--+2j, €5, +-+32Zj, €5, + -+ 2Zp em)
=5 15, —6 76
Here the notation x; e; means that the term is missing from the sum.
foit et

This formulation indicates that a plane in an m-plane has at most 3(m—2) independent scalar
parameters required to describe it.
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4.10 Calculation of Intersections

% The intersection of two lines in a plane

Suppose we wish to find the point P of intersection of two lines Lj and Ly in a plane. We have
seen in the previous section how we could express a line in a plane as the exterior product of
two points, and that these points could be taken as the points of intersection of the line with the
coordinate axes.

First declare the basis of the plane, and then define the lines.
Py
{(D r €1, €2 }

L
L;

(OD+ae;) A (OD+bey);
(OD+ce1) A (0OD+dey);

Next, take the regressive product of the two lines and simplify it.

G[L; vL;]

Oreireyv ((bc-ad)0O+ac (b-d)e;+b (-a+c)dey)
This shows that the intersection point P is given by:

ac (b-d) bd (c-a)
P=0+ e; + e
bc-ad bc-ad

~e

To verify that this point lies in both lines, we can take its exterior product with each of the lines
and show the result to be zero.

G[{L1 AP, Ly aP}]

{0, 0}

In the special case in which the lines are parallel, that is b ¢ - a d = 0, their intersection is no
longer a point, but a vector defining their common direction.

% The intersection of a line and a plane in a 3-plane

Suppose we wish to find the point P of intersection of a line L and a plane II in a 3-plane. We
express the line as the exterior product of two points in two coordinate planes, and the plane as
the exterior product of the points of intersection of the plane with the coordinate axes.

First declare the basis of the 3-plane, and then define the line and plane.
P3

{OI €1, €2, e3}
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L= (0O+ae; +be;) A (O+cez; +de3);
I=(0+ee;)rA(O+fezx)Aa(0D+ge3);

Next, take the regressive product of the line and the plane and simplify it.

G[L vII]

Oreireyrneszv ((def- (be-ce+af)g)O+ae (df+ (c-£f)g) e+
f (be(d-g)+c(-a+e)g)e,-d(be+ (a-e) f) ges)

This shows that the intersection point P is given by:

ae (df+ (c-£) g)
P=0+ e +
def-(be-ce+af)g

f (be(d-g) +c (-a+e)g) d(be+ (a-¢e) f) g
e

def-(be-ce+af)g 2 def-(be-ce+af)g

To verify that this point lies in both the line and the plane, we can take its exterior product with
each of the lines and show the result to be zero.

GI{LAP, IAP}]
{0, 0}

In the special case in which the line is parallel to the plane, their intersection is no longer a
point, but a vector defining their common direction. When the line lies in the plane, the result
from the calculation will be zero.

% The intersection of two planes in a 3-plane

Suppose we wish to find the line L of intersection of two planes II; and II; in a 3-plane.
First declare the basis of the 3-plane, and then define the planes.

P3

{O, e1, ez, €3}

Il = (0O+ae;) A (D+bey) A (0O+ce3);
I, = (O+ee;) A (O+fey) A (O+ge3);

Next, take the regressive product of the two lines and simplify it.

G[O; vII ]

Orejpreynresv
(Or (ae (cf-bg)e; +bf (-ce+ag)e,+c (be-af)ge;) +abe
f(-c+g)e;re;+ace (b-f)ge;res+bec (-a+e) fge; nes)

This shows that the line of intersection L is given by:

200145



Geometriclnterpretations.nb 32

L=0OAr(ae(cf-bg)e;+bf (ag-ce)e,+cg(be-af)e;)
+tabef (g-c)e;re;
+taceg (b-f) e; re3
+bcfg(e-a)e;nre;z;

To verify that this line lies in both planes, we can take its exterior product with each of the
planes and show the result to be zero.

G[{Il; AL, T3 aL}]
{0, 0}

In the special case in which the planes are parallel, their intersection is no longer a line, but a
bivector defining their common 2-direction.

% Example: The osculating plane to a curve

¢ The problem

Show that the osculating planes at any three points to the curve defined by:

P==0+ue; +u? e, +ul e3

intersect at a point coplanar with these three points.

¢ The solution

”

The osculating plane II to the curve at the point P is given by I == P A P o P, where u is a scalar

parametrizing the curve, and P and P are the first and second derivatives of P with respect to u.

”

II=PAPAP;

P=0+ue; +u? (=P +ud es;

s

P=e1+2ue2+3u2e3;

”
P=2e;+6ues;

We can declare the space to be a 3-plane and the parameter u (and subscripts of it) to be a
scalar, and then use GrassmannSimplify to derive the expression for the osculating plane
as a function of u.

P3; DeclareExtraScalars[{u, u }]; g[I]
20re1r€3 +6UDANE] Ae3+6u2tDAe2 A €3 +2ud e rep nes

Now select any three points on the curve P; , P, and P3.
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P1=¢D+u1e1+u12e2+u13e3;
P2=O+u2e1+u22e2+u23e3;
P3=O+u3e1+u32e2+u33e3;

The osculating planes at these three points are:

II; =tDAe1Ae2+3u1®Ae1Ae3+3u12®Ae2 A €3 +u13 €] A€ Ae3;
II, =¢DAe1Ae2+3u2®Ae1Ae3+3u22¢DAe2 A 3 +U23 €] A€z Ae3;
II3 =tDAe1Ae2+3u3®Ae1Ae3+3u32tDAe2 A €3 +'U.33 €] A€z Ae3;

The point of intersection of these three planes may be obtained by calculating their regressive
product.

G[I; vII; vI3]

OrejrneynezvOnre;reynezv (90 (up —uy) (up —uz) (upz —uz) +
3e; (up —uyz) (up -—uz) (-up —uz -uz) (uz -uz) -
9e3u; (u;p —uz) uz (u; -—uz) (uz -usz) uz +
3ey (up —uyz) (up -—uz) (uz —uz) (-upuz-u; (uy +usz)))

This expression is congruent to the point of intersection which we write more simply as:

0=

1
O+-3— (u1 + Uy +'U.3) e1+-; (u1 Uz + Uz us + us u1) ey + (u1 uz U3) e3;

Finally, to show that this point of intersection Q is coplanar with the points P; , P, , and P3, we
compute their exterior product.

G[P1 AP3 AP3 A Q]
0

This proves the original assertion.
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