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Abstract

Geometric Algebra (GA) is a fascinating mathematical language for unifying many tools engineers and
scientists use on daily basis. GA can also be used for algebraic manipulation of Euclidean and non-Euclidean
geometries in a consistent manner. Many sources can be found to explain GA and its properties, but few relate
GA to computing for practical software engineering. This article provides a summary, without proofs, of the
fundamental algebraic concepts and operations of GA (sections 1 to 6). After this, the article contains an
explanation of how to transform high-level mathematical GA products and algebraic operations into equivalent
lower-level computations on multivector coordinates (sections 7 and 8). The aim is to provide a computational
basis for implementing compilers that can automatically perform such conversion for the purpose of efficient
software implementations of GA-based models and algorithms.

1 The Outer Product: Constructing Blades

Creating a geometric algebra requires a base real vector space with an associated symmetric bilinear form that
defines a metric on the space. Additional mathematical structure comes from the outer product operation that
extends vectors into blades. Blades algebraically correspond to subspaces in the base vector space. In what follows
the additional structure that distinguishes GA from classical linear algebra is summarized; mostly based on [1] and
[2]. For more information about vector spaces and classical linear algebra the reader can refer to [3] and [4].

1.1 Subspaces of Real Vector Spaces

A subspace W of a vector space V' (denoted by W < V) is a subset of the vector space that is closed under vector
addition and vector multiplication with scalars; thus any subspace must contain the zero vector. The set intersection
of two subspaces is always a subspace. The set union of two subspaces is not guaranteed to be a subspace. A similar
operation to set union that guarantees a subspace result is called the sum of subspaces defined as:

WH+U={zuz=wtu; weWueV}, W,VV

Having a set of mutually disjoint subspaces Wy, Wy, --- ,Wj, <V (le. W; N W; = {0} Vi,j =1,2,---k, i # j)
the subspace sum of W; is called the direct sum of the disjoint subspaces and is denoted by W1 & Wo @ - - - & Wy.
The dimension of the direct sum of disjoint subspaces is equal to the numerical sum of their respective dimensions.
Another important concept is the orthogonal complement of a metric subspace W < V defined by W+ = {z :€ V :
y L xVy € W}. The orthogonal complement of a subspace W < V has the following properties:
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1.2 Direct Representation of Subspaces

Having a n-dimensional real vector space R™ with an ordered set of basis vectors (eq,ea, - ,e,), the focus is on
all subspaces of R" of all dimensions k where 0 < k < n. The geometric meaning of any such subspace is a
k-dimensional flat (the origin, a line, a plane, etc.) in R that contains the origin. The outer product of an ordered
set of k Linearly Independent (LID) vectors (ai,as,--- ,ak) is used to define algebraic objects, called k-blades in
GA, that can be used to represent such subspaces algebraically with four main characteristics for each subspace:

1. The dimensionality of a subspace k.

2. The attitude of the subspace: this is equivalent to the traditional span in classical linear algebra of the set of
vectors {ay,az, -+ ,ax}.

3. The orientation of the subspace: which is a sign (+1 or -1) associated with the subspace to define the relative
orientation or handedness of the basis set.

4. The weight of the subspace: which is a real number associated with the attitude (and it also includes the sign
i.e. the orientation\handedness of the subspace).

The simplest subspace is the 0-dimensional subspace spanned by no vectors (i.e. it only contains the zero vector)
with a corresponding 0-blade that is simply a scalar A € R; this subspace will be denoted by B = R. Any vector
x € R" is a 1-blade by definition and it corresponds to a 1-dimensional subspace spanned by that vector alone; the
space of 1-blades will be denoted by by B} = R". The set of k-blades for any value of k € {0,1,--- ,n} is denoted
by B} and the set of all blades is denoted by B™ = (J;_, B!".

The outer product is an associative bilinear product used to construct higher-grade blades from lower-grade
ones A : B! x B} — B!\, ,r,s,7+s¢€{0,1,--- ,n}. The basic properties of the outer product of scalars (0-blades)
and vectors (1-blades) and general k-blades are as follows:

anB = af M)
aNrz=zANa = oz (2)
TNy = —-yAzx (3)
XANY+2Z) = XANY+XANZ (4)
AN(BAC) = (AANB)AC (5)
AN (aB) = a(AAB) (6)

a,8 € By

x,y,2 € BT

XY, Z,(Y+Z) € Bp;

A, B,C € B"

The anti-symmetry property (3) of the outer product with respect to vectors leads to the important relation:

zAx=—-xcAx=0 (1)

In addition, (3) is a special case of a more general property:

XAY =(-1)"YAX, X€B"Y cB"

—
Having a k-dimensional subspace A spanned by a set of LID Vect0r<s_§a1, as,- - ,ay), the k-blade A = a3 Aag A
-+ Aay can be used to d(e_t>ermine ifa Ve<£‘>cor x belongs to the subspace A based on z being a linear combination of
the spanning vectors of A ; hence z € (é) < A A=0. In this case (t_}he k-blade A <_1>s called a direct representation
of the subspace A (denoted by A o« A). It is obvious that A x A = AA x A VA € BJl. The same concept
can b(:geneglzed to arbitrary subspaces by stating that a subspace B = span{by,bs, - ,b.} is contained in A
(ie. B < A) if each spanning vector in ? satisfies b; AA = 0,7 =1,---,r. This is not at all (zguivalent to

by ANbg A--- ANb. AN A = 0 because this last relation holds if any spanning vector b; is contained in A. As soon



as, say, a 2-blade A = Aa A b is constructed from two LID vectors a,b and a scalar A , all algebraic information
regarding the exact values of the two vectors and scalar in the constructed 2-blade are lost. This is apparent from
the fact that the two vectors can always be expressed as a linear combination of two arbitrary LID vectors z,y in
the same 2-dimensional subspace as a,b and this means that the exact same 2-blade can be constructed using an
infinite number of outer products of two vectors:

a = a1T+ agy
b = biz+by
A = MdaANbd

= Marz + a2y) A (bix + bay)
= qrAy,v=Aaibs —asby)

This directly means that a 2-blade has no specific shape but rather can be understood as a unit of area freely
floating around like the case of free vectors in traditional vector algebra. For any k-blade a; A as A -+ A ay the
number k representing the dimensionality of the represented subspace is called the grade (or step) of the k-blade.
The grade operator is thus defined as grade(a; A ag A -+ A ag) = k. The grade of the outer product of two blades
A, B is the sum of their respective grades: grade(A A B) = grade(A) + grade(B). A blade of grade n is called a
pseudo-scalar of the GA because it contains all vectors and blades of the GA. The unit pseudo-scalar is the n-blade
I=e¢; Nex A--- Ae,. Another useful operator in this context is the odd operator defined as:

1 grade(A)isodd
2 grade(A)iseven

odd(A) = {
VA e B"

The concept of a k-blade enables the comparison of subspaces of the same attitude (subspaces of the same span).
If any two k-blades of the same grade A, B can be written such that A = AB, A € R then the real number A = A/B
holds the relative weight and orientation of the two blades. To compare two blades of different attitude a metric is
needed to enable the operation of rotating one blade to the other as described in section 2.

1.3 The Algebra of k-vectors and the Graded Algebra of Multivectors

k-blades are formed by the outer product of k LID 1-blades (vectors). The resulting structure is a linear combination
of new elements called basis k-blades (E;, Es, - , E,.)where r = ( Z > A basis k-blade E; can be obtained by
an outer product of % different basis vectors e;, Aej, A---Aej, j1 < jo < -+ < ji. Algebraically, not every
linear combination of the basis k-blades results in a k-blade. Hence the vector space spanned by the basis k-blades
contains all k-blades in addition to other non blade elements called k-vectors. The algebraic vector space spanned
by the basis k-blades is called the k-vector space /\Z k-blades are only just a part of the k-vector space B} C /\Z
and hence every k-blade is a k-vector but not every k-vector is a k-blade. The only values of k& where all k-vectors
are k-blades are k =0,1,n—1,n (i.e. B} = /\Z for these values of k). That means that in general not every linear
combination of basis k-blades has a geometric meaning of a weighted oriented subspace of R™ but it is algebraically
useful to define addition between arbitrary k-blades of the same grade to form k-vectors. The outer product of any
vector by itself is the zero scalar. The zero scalar is taken to be equivalent to all the zeros of all k-vector spaces
where 0 < k& < n that is because the scalar zero can be geometrically interpreted as the empty subspace of any
dimensionality. The k-vector space is simply a span of the basis k-blades hence any linear operation on k-blades
can be easily extended to k-vectors including the bilinear outer product.

Allowing linear combinations of basis k-blades of the same grade produces the space of k-vectors. Now if linear
combinations of basis blades of different grades are allowed, the graded space of multivectors is obtained, which is
a vector space (a linear space) having 2™ basis blades with grades ranging from 0 to n. This space is called the
Grassmann space of multivectors and denoted by A". It is convenient to define the grade extraction operator acting
on multivectors (), : A" — A, that extracts the k-vector part of a multivector. Since the outer product is bilinear
it can be generalized to arbitrary multivectors A, B € \" as :



= (4) A (B)s = (

In addition, the zero scalar is equivalent to the zero multivector and all zero k-vectors in both addition operation
and outer product:

A+0=A, AN0=0, Ac \

Any general multivector thus contains a mixture of different grade elements. If the multivector only contains
k-vectors of even grade it is called an even multivector. If it only contains k-vectors of odd grades it is called an
odd multivector. The odd operator on blades can be generalized to multivectors as:

1 Aisodd
odd(A) = 2 Aiseven
undefined otherwise

e

1.4 The Reversion and Grade Involution
Two useful operations can be defined on blades. The first is the reversion defined on a k-blade A = a; Aas A---Aayg
as:

A= ap Nag_1 N+ Nay = (—1)k(k*1)/2A, A€ Bp

This sign change exhibits a + + — — + + —— pattern with periodicity 4. The reversion can be generalized to
k-vectors as:

A = (—nkD2a ae N\
k

n

N AV _ Z(_l)r(r—l)/Q <A>r7 Ac /”\

r=0

.For any two multivectors A, B the reversion has the following properties that result in it being called an “anti-
involution” because its result when applied twice is the same multivector (an involution) and when applied to the
outer product it reverses the order of the arguments:

(A7)~ A
(ANB)Y = BYAAY

The second operation is the grade involution defined by:

n
A = (-4 Ae N
k

A= Sy, Ae A

r=0

This sign change exhibits a + — + — + — +— pattern with periodicity 2. The grade involution has the following
properties for any two multivectors A, B:



(AN = 4
(ANB)» = AMABM

Using the two operations a third one called the Clifford conjugate can be defined, which is also an anti-involution
as:

|
|

(4)"
— (_l)k(kJrl)/QA7 AE/\
k

n

A = Z(_l)r(r+1)/2 <A>T’ Ae /TL\

r=0

This sign change exhibits a + — — ++ — —+ pattern with periodicity 4. The Clifford conjugate has the following
properties for any two multivectors A, B:

j:

(AANB) =

Sl

ANA
2 DMetric Products of Sub-spaces: Comparing Blades

2.1 Symmetric bilinear Forms and Quadratic Forms: The Inner Product

A metric space is just a vector space with a way to compute the norm of an arbitrary vector. This essentially
associates each vector in the space with some scalar. If two vectors are associated with the same scalar they are
of equal norm. In this context the norm is any general number; even zero and negative numbers are allowed for
non-zero vectors. This is one big generalization different from metrics in classical linear algebra that are usually
positive definite. The objective here is to enable comparing vectors and subspaces of different attitude in space
using numbers.

In GA the definition of a metric is based on the concept of a symmetric bilinear form and the associated concept
of a quadratic form. A symmetric bilinear form B on the real vector space R" is a mapping B : R* x R* — R
that is linear in both arguments (i.e. bilinear) and symmetric B(u,v) = B(v,u) Yu,v € R®. The bilinear form
essentially associates any pair of vectors (regardless of their order) with a real scalar. If the vector space has the
basis (e1, ez, -+ ,ey,) then the so called bilinear form matrix Ag = [a;;],a;; = B(e;, e;) can be constructed. This
matrix is naturally a real symmetric matrix that can be used to compute the bilinear form of any two vectors given
their representation on the basis as follows:

u = U161+"'+unen7
= wviep+ -+ upey
(w1 - uy A (w1 - v, )T

= B(u,v)

Using bilinear forms the concept of orthogonality of vectors can be defined as follows: two vectors u, v are called
orthogonal if and only if B(u,v) = 0. The inner product of two vectors is simply the bilinear form of the vectors
(u-v = B(u,v)) and the metric is the inner product of a vector with itself thus justifying the use of the name “inner
product matrix” for the bilinear form matrix.

A related concept is the quadratic form that is related to a symmetric bilinear form by: Q(u) = %B(u, u), B(u,v) =
Q(u +v) — Qu) — Q(v) Vu,v € R*. The quadratic form satisfies the relation Q(Au) = A\2Q(u) Yu € R*, X € R.
This means that the metric (the squared length of a vector in the special case of Euclidean vector spaces) is simply
twice the value of the quadratic form. The value of the quadratic form can be computed from the associated bilinear

form matrix as follows:



U = uie] +---+ uUpey

= Q(u) .

5( ui o oty YA (e up )

The inner product matrix is a real symmetric matrix. Any real symmetric matrix A can be diagonalized by an
orthogonal matrix to obtain a diagonal matrix D = PT AP where P is an orthogonal matrix (i.e. P~1 = PT). The
orthogonal matrix P used in the diagonalization process is actually a “change of basis” matrix that also happens to
be orthogonal. The columns of P are actually the eigen vectors of A. The diagonalization can always be performed
such that the numbers on the diagonal (called the eigen values) are either -1, 0, or +1. The number of eigen values
that are -1, 0, and 1 are characteristics for a given inner product matrix and define what is called the signature
of the bilinear\quadratic form. A bilinear\quadratic form is said to have the signature (p,q,r) if there exists a
diagonalization of the inner product matrix having p eigen values with positive value, ¢ eigen values with negative
value and r eigen values with zero values. If the inner product matrix is singular (i.e. has no inverse) the bilinear
form is called degenerate. If all the eigen values are positive the inner product matrix is positive definite and
the space is a Euclidean space (there exists a basis with all basis vectors norms equal to +1). A mixed-signature
metric space has non-zero vectors with norm equal to zero. Such vectors are called null vectors and only exist in
mixed-signature spaces (spaces having a bilinear form with both +1 and -1 signatures).

2.2 The Scalar Product of Blades: Comparing Same-Grade Blades

In a Euclidean space useful geometric operations on vectors can be defined using the inner product. For example
the squared length of a vector ||z||> = z -  and the angle between two vectors cos(0) = u - v,/ (||ul| |v]|). Similar
geometric operations can be defined for higher grade blades using the scalar product of two k-blades of the same
grade k. For example the scalar product of 2-blades can be used to define their areas, volumes for 3-blades, etc.
The scalar product is defined follows:

x: By x By — B
Qo 6 = aﬁv
where o, € By

B(z1,y1) B(z1,92) -+ B(xy,uk)
B(zs, B(z5, <o B(xa,
X+Y = (=1k-be () Blrzse) (72230
B(zk,y1) B(zk,y2) -+ B(ow,u)
1Yk T1 Yk—1 - T1-Y1
T2 Yk T2 Yk—1 -+ T2°Y1
Tk Y Tk Yk—1 - Tk Y1
where X = x1Axo N AT,
Y = yiANya A Ayp
X*xY = 0 otherwise

From the symmetry of the definition the following properties of the scalar product can be deduced:

AxB = BxA
= AxB

Using the scalar product the squared norm of a k-blade A as: ||A|®> = Ax A can be defined. The angle 6 between
two k-blades A, B of the same grade k can be defined as:

A*E
<os(0) = TATTE]



Reinterpreting a zero cosine within this larger context, it either means that two blades are geometrically per-
pendicular in the usual sense (i.e. it takes a right turn to align them); or that they are algebraically orthogonal in
the sense of being independent, (i.e., not having enough in common thus there is no single rotation with any angle
that can make them identical).

2.3 The Contraction Product of Blades: Comparing General Blades

The scalar product has a non-zero value only for blades of the same grade (i,e. it relates subspaces of the same
dimension). To compare subspaces of different dimension another method is required that should be universally
applicable to all blades and linear in the same time. The left contraction of blades (denoted by A|B and pronounced
as A contracted on B) is one such method where | : B x B? — B ,r,s,s —r € {0,1,---,n}. Having

— = = —
A x A<_7>B o« B, A€ B"B € B" the geometric meaning of A|B is a (s-r)-blade C o« B N (‘A)~,. If the subspace
N (‘A)*has a dimension other than s — r the result of A|B is considered zero to make the left contraction a
linear product. The explicit definition of the left contraction is as follows:

alf = ap
alA = ad
A|B = 0, grade(A) > grade(B)
alb = B(a,b)=a-b
a|(BANC) = (a|B)AC + (—1)9m BB A (a]|C)
(ANB)C = A|(B|C)
a,f € By,
A, B,C € B"

The left contraction is bilinear and distributive over addition (but not associative) thus can be directly extended
to k-vectors and thus to multivectors as:

AlB = ) > (4).](B).

=0 s=0
= (A) ](B)s = (AlB)s—y,s>7

—~ 3

The non-associativity of the left contraction product is apparent from comparing the grade of (A|B)|C and
A|(B]C) that are generally not equal. In addition the relation

(AAB)|C = A|(BJC) (8)

is valid for any three blades A, B, C whereas the following relation of the three blades is only valid in a certain
condition:

(A]B)|C = AN (B|C), A<C (9)

Equations (8) and (9) are called the duality formulas.
One useful property of the contraction is given by:

k
x)(ay Nag A---Nag) = Zal/\ag/\-~-/\(xjai)/\-~-/\ak
=z|(aAb) = (z-a)b—(z-b)a

Geometrically when A, B are blades, A|B is another blade contained in B and perpendicular to A with a norm
proportional to the norms of A, B, and the projection of A on B. In addition the following relation between a vector
and a blade is important:

z|A=0sz Ly Vy: yANA=0



(i,e. x|A =0 if and only if x is perpendicular to all vectors contained in A). In addition, the left contraction of
same grade blades is identical to the scalar product of the blades:

A|B=AxB, VA, B € B},

A reversed version of the left contraction can be defined that is called the right contraction product (denoted
by B|A and pronounced as B contracted by A) where |: B? x B — B, ,r,s,r —s € {0,1,--- ,n}. The right
contraction is related to the left contraction by:

B|A = (A]|B)~ = (=1)*®*VA|B, a = odd(A),b = odd(b)

The duality formulas (8) and (9) can be written for the right contraction as:

Cl(BAA) = (C|B)|A, YA, B,C € B"
Cl(B|A) = (C|B)AAVA,B,CeB",A<C
2.4 Orthogonality and Duality of Blades

Any blade A € B} with non-zero norm ||A]|* # 0 (i.e. a non-null blade) can have an inverse blade A~ with respect
to the left contraction product (i.e. A]JA~! = 1) defined as:

L A :(_1)k(k—1)/2
A% Ax A

A, k = grade(A)

This inverse is not unique with respect to the left contraction but is always present for blades like A. A special
. . . 1 a . . .
case is the inverse of a non-null vector given by a=" = W Hence for any blade with unit norm like the pseudo-
a
scalar of a Euclidean space the inverse of the blade is its reverse I=* = I~ |I|| = 1. For a general space with
signature (p, ¢,0) the inverse of the pseudo-scalar is given by I-! = (—1)9I~. Using the inverse of a blade a very
important operation on blades can be defined that is called the dual of a blade A € B’ with respect to a larger

blade X € B, s > r that is a mapping * : B x Bl* — B! that acts as follows:

AN =A|X7 VA< X

When the larger blade is the space pseudo-scalar I the dual is simply written as A* = A|I~!. The geometric

meaning of the dual A* is simply a blade orthogonal to the original blade A such that they together complete the

space; i.e. if A is the direct representation of the subspace A then A* is the direct representation of ( A )=:

Aa?@A*(x(?)l

Taking the dual for a blades two times results in the same blade with a weight change:

(A*X)*X — (AJXfl)JXfl
= AANXTHXTY
-1 s(s—1)/2
= oanE
X
(_1)5(571)/2
1x11*
VAeB", X € B", A< X

X|x 1

Another related operation in a blade A < X called the undualization of the blade A with respect to the blade
X can be defined as follows:

AKX = A|X, VA< X

Applying the undualization after the dualization (and similarly applying the dualization after the undualization)
results in the original blade with no weight change: (A*¥)®% = A|X~1)|X = AA(X 1] X) = A. Using the duality



formulas a duality relation can be found between the contraction products and the outer product for any two blades
A, B:

(AANB)** = A|B*X
(A|B** = AAB¥
VA, B <X

The above relations enable the use of another representation of subspaces called the dual re;)resentation of a
subspace. Having a blade that is a direct representation of a subspace A « A then (x_>e A &S cANA=0.
Now if the dual of A is defined the same relation between the vector x and the subspace A as can be expressed:

— <
z € A < x|A* =0. The blade A* is thus called the dual representation of A . This gives more flexibility in the
choice of a representation blades for a given subspace. Using the dual of a blade a generalized linear projection
operation of a general blade X onto a general blade with larger grade B can be defined as:

PulX] = (X]B)*P
- (x]B))B"
(X|B~)B

The familiar geometric projection operation is algebraically non-linear because if projecting, say, a line on a
plane the result is often another line, but may also be a point when they are perpendicular. Note that the exact
weight of B is irrelevant in this definition (rolled out by the inverse of B) and only its attitude is used. Taking the
undualization of both sides leads to X | B = Pp[X]]| B which leads to defining the contraction geometrically in terms
of the projection and the dualization as: the contraction A|B is a sub-blade of B of grade grade(B) — grade(A)
dual with respect to B to the projection of A on B. The contraction is used as the base for defining the projection
rather than the other way around because the contraction is linear in both arguments whereas the projection is
only linear in the projected blade. Using the outer product and the dual the 3D cross product of vectors a x b
can be generalized to any dimension by noting its geometric meaning and translating it to GA. The cross product
of two vectors is simply the orthogonal complement of the homogeneous plane spanned by the two vectors. Thus
axb=(aAb)*=(aAb)|I7 Va,b e R3. This definition is independent of the dimension of the vector space and
can be used with any two vectors of any GA with non-null pseudo scalar 1.

As an application on the concepts in this section, a typical need is to express a vector z € R™ as a linear

combination of general (i.e. not necessarily orthogonal) basis vectors (b1, bo,- - ,b,). First an association of each
basis vector b; with a reciprocal vector is done, defined as ¢; = (—1)""1(by Abg A+~ Ab;_1 Abii i A---Aby)|I7Y i =
1,2,---,n, I = by Abg A--- Ab,. The basis (by,bs, - ,b,) and {c1,¢a,--- ,c,) are easy to be shown mutually

orthogonal b; - ¢; = (5{ , Vi, 7 =1,2,---n. The geometric meaning of a reciprocal basis vector ¢; is the orthogonal
complement of the span of all basis vectors except the basis vector b;. Now to determine the coefficients z; such
that @ = x1by + x2ba + - - - 2, by, the relation x; = z-¢; (ie. x = Z?Zl(z -¢;)b;) is simply used. If the vector space is
Euclidean with orthonormal basis then all basis vectors have a norm of ||b;]] = 1 hence the reciprocal basis vector
¢; is the same as the basis vector b;. Generally, two reciprocal basis vectors are not co-linear b; A ¢; # 0 however
the following relation holds: > ; b; A ¢; = 0.

3 Linear Transformations of Sub-spaces: Changing Blades

3.1 Linear Transforms of Vector Spaces

In linear algebra a linear operator on a real vector space f : R"™ — R is a general mapping that acts on vectors to
produce other vectors such that: flaz] = of[z], flz + y] = f[z] + f[y], Va € R, z,y € R™. Classically the concept
of a linear operators is associated with matrices through the following construction: assuming the vector space has
the general basis E = (ej,eq, - ,e,) any vector x € R™ can be expressed as a linear combination of the vectors
in E as x = x1e; + -+ + xpe,. The representation of the vector x with respect to the basis E is defined as the
1-column matrix [z], = Repglz] = ( 21 22 --- z, ). Having a linear operator defined f : R™ — R" such
that the effect of f on the basis vectors of E is known and expressed as linear combination of another general basis
B = (b1,ba,--- ,b,) (i.e. Repplf[e;]] is known for all e;), the matrix of f acting on E with respect to B is defined
as:



[flg, 5 = Repg,slf] = [ fi fo -+ Jfau], fi = Repglflei]]

Hence the transformation of any vector can be found through the following simple matrix multiplication relation:

Repplf[z]] = Repplziflei] + xoflea] + -+ + znfles]]
= z1Repglfle1]] + zoRepglfles]] + - - - + zn Repi|flen]]
= Repg,s|f|Repg|z]
= [fz]le = [flgplrlg

When the two basis are the same (E = B) the relation becomes [f]p = Repglfl=[ f1 fo - fo ], fi=
Repglfle]], [f[z]]g = [f]g [v]g Vo € R". The unique matrix [f|g p is called the matrix representation of £ with
respect to basis £ and B. Many properties of the linear transform can then be found by matrix algebra. For
example the linear transform is invertible if and only if the matrix is non-singular. The determinant of the linear
operator is proportional to the determinant of the matrix. Another example is the adjoint linear transform f related
to a linear operator f defined on a real inner product space R™ with bilinear form B is the transform that satisfies
B(f[z],y) = B(x,f[y]) Vo € R". The matrix representation of f is the transpose of the matrix representation of
f: [f] g = (] )T In addition, two matrices are called similar if they represent the same linear operator. An
invertible linear operator f that satisfies B(f[z],f[y]) = B(z,y) Vz,y € R" is called an orthogonal operator. An
orthogonal operator f preserves the inner product between vectors (hence it preserves lengths and angles) and its
adjoint is equal to its inverse: f=1 = f. The concept of linear operator on vector spaces can be generalized to linear
transforms where the domain and co-domain spaces are different; perhaps even having different dimensions resulting
in non-square transformation matrices. GA provides a coordinate free alternative for studying and extending linear
operators and transformations without the use of matrices.

3.2 Applying Linear Transforms to Blades: Outermorphisms

The concept of a linear operator can be extended to act on whole subspaces by applying f to the basis vectors of
the subspace and reconstructing the transformed subspace afterwards. An alternative approach is possible using
the algebraic constructions of GA through extending the linear operator to act on arbitrary blades, by constructing
what is called an outermorphism, as follows:

f:B* — B"

fla] = «, YVae By
f[A+B] = f[A|+f[B], VA,Be€ By
fIXANY] = fX]Af]Y], VX,Y € B"

An extension of a map of “vectors to vectors” in this manner to the whole of the Grassmann algebra is called
extension as a (linear) outermorphism, since the third property shows that a morphism (i.e., a mapping) is obtained
that commutes with the outer product. Outermorphisms have nice algebraic properties that are essential to their
geometrical usage:

e Blades Remain Blades: Geometrically, oriented subspaces are transformed to oriented subspaces of the same
grade: grade(A) = grade(f[A]), VA € B™. This means that the dimensionality of subspaces do not change
under a linear transformation.

e Preservation of Factorization. If two blades A, B have a blade C' in common then the blades f[A], f[B] have
f[C] in common. Hence the meet of subspaces is preserved under the linear transform.

The determinant of a linear operator f is a fundamental scalar property of f defined implicitly as: f[I] = det(f)I. It
signifies the change in weight between the pseudo-scalar of the space I and its transformed version under f which
is the original definition of determinants in linear algebra. using this definition it is easy to show properties of
determinants of linear transforms such as det(g o f) = det(g)det(f). This is all done without using matrices and
coordinates as usually applied in linear algebra. Another important concept in linear algebra is the adjoint of a
linear operator f denoted by f . For any linear operator f : R” — R”™ defined on a real vector space R™ having
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arbitrary (not necessarily orthogonal) basis (b1, bs,- - ,b,) the adjoint operator is defined using the reciprocal basis
(c1,¢2, -+ ,cp)as:

f:R* —» R"
flz] = ) (a-fbi)ei, Vo e R”
=1

Now the outermorphism of the adjoint can be constructed using the outer product. The adjoint outermorphism
satisfies the following relations for all blades:

f[A]* B = Axf[B]VA,B¢c B"
F = f
o=

Applying an outermorphisms to the scalar product is simple since it always produces a scalar:

f[AxB]=AxB
For the left contraction product the relation is:

=1
flA|B] =1 " [A]|f[B]
And in the case that f is an orthogonal operator the relation becomes simpler (i.e. f is also an innermorphism
in addition to being an outermorphism):

f[A] B] = f[A]]f[B]

When transforming a blade X that directly represents a subspace <)_() using a linear operator f the dual X*that
dualy represents is also transformed under a related operator that shall be called the dual operator of f and
denote it by £* that is generally not equal to f. The relation between the two operators must be designed such that
the represented subspace remains the same along with its weight: f*[X*] = (f[X])*VX € B™. This restriction is
to ensure the consistency of the represented subspace and directly results in the following relation between the two
linear operators:

£1X*] = det(F)F [ X]

This relation is simplified for orthogonal transforms as:
[ X*] = det(H)f[X7]
+f[X"]
Since f*[X*] is not generally equal to £f{X*], it implies that blades that are intended as dual representations
of subspaces do not transform in the same way as blades that are intended as direct representations. In a proper

representation of geometry, therefore a blade usage interpretation is needed before a linear operator is applied. The
last relation enables us to find an expression for the inverse of a linear operator; if it exists:

f1A] = (£[A])

flA]T
det(f)

Although this expression uses duality it is not a metric expression because the two dualities cancel each other
hence any metric can be assumed for computing the outermorphism (preferably the Euclidean metric).
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3.3 Matrix Representation of Outermorphisms

Having a linear transform on a real vector space f : R™ — R™ with general basis B = (b1, ba, - - , b,) and reciprocal
basis C = (c1, ¢, -+ ,¢p), any vector z € R™ has a matrix representation [x] 5 = Repglz] = ( 1 2 - 4 )T
where the components x; can be found using the reciprocal basis as z; = x - ¢;. In addition, the linear operator
has a matrix representation [f|, = Repp[f] = [ fi f2 -+ fn | where the components f; = Reppl[f[b;]] =
( fi; fo5 o fuy )T are column vectors having the following structure:
fig = flbj]-c
= (b1 Abg A Abiy AFb] Ay Ave- Aby) | T71
I = biAbaA---Aby,
Vi,j=1,2,---,n
The same construction can be generalized to k-vectors by using the k-vector basis blades B} = <b’f, bk b’f> ,T =
< Z > In this case the reciprocal basis k-vectors are defined as C}* = <c’f,c’§, e ,c7’f> ST = Z where ci-“ =
(cj, ACjy A+ Acj, )~ when b¥ = bj, Abj, A+ -Abj, . The matrix of the outermorphism for the k-vectors is constructed as
T
5 — Repaplf) = [ £ f§ - % ] where the components £} — Repgp F04) = ( £ & - /1% )

are column vectors having the values fikj =f [bf] % cF. All these (n + 1) matrices can be combined as blocks in a
single 2™ x 2™ matrix that acts on the representation of any multivector with respect to the 2™ basis blades of the

full GA A"

4 Intersection and Union of Sub-spaces: The Meet and Join of Blades

=
Given two subspaces A, B of the overall vector space R™, the largest subspace common to both of them is
called the meet of those subspaces, and as a set is the intersection A N B of those subspaces. The joig) of
the two given subspaces is the smallest super-space common to both of them, and as a set is the sum A + B =
{xl +a0:11€ A,20€ B } of those subspaces. A + B is not usually a “direct sum” A & B, as the decomposition

1 + x2 of a nonzero element of the join is uniquely determined only when A N B = 0. The system of subspaces,
with its subset partial ordering and meet and join operations, is an example of the type of algebraic system called
a “lattice”. Blades needs to be defined that directly represent the meet M = AN B and join J = AU B of two

—
subspaces A, given their direct representation blades A, B.
The meet M = AN B of two blades A, B can be defined as any blade that satisfies:

VeeR":[tAM=0<xANA=0,2AB=0]

While the join J = AU B can be defined as any blade that satisfies

VeeR": [xANJ=0]< [Fryae iz =21 + 22,21 NA= 0,29 A B =0]

The two conditions defining the meet and join are restrictions on the attitudes of the blades M, J but not on their
weight. Thus if a blade M satisfies the meet condition then any blade AM, A € R will also satisfy the same condition
leading to an infinite number of representing blades with common attitude; and the same can be said for the join.
Geometrically it is advantageous to define the meet of two blades with respect to their join or to define the join
with respect to their meet. This geometric constraint, which is not more than a reasonable convention, leads to any
of the following three equivalent algebraic constraints:

J = (A M Y)AMAMB)
AN (MY B)
= (AlM~YAB
M = (BJJ YA
B*JJA
BI(J7'4)
M|JV = (BJJYHYAAlT Y e M =B AA
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These algebraic constraints relate any change in the weight of the meet to the weight of the join (and vice versa)
such that if any of them is multiplied by a scalar A , the other must be multiplied by 1/\.

The two given conditions for the meet and join are obviously metric-independent, but notice that the above
constraints use metric GA products. The key is that the actual metric is irrelevant and a FEuclidean metric can be
assumed for computations without affecting the final results. In these constraints the blades A, B are assumed to
be factored such that A = A A M and B= M A B leading to J = AANM A B, A = AlM™ B= M~'|B.

If an invertible outermorphism f is applied to the meet M and join J of two blades A, B determining their
relations to the meet M and join J of the transformed blades A = f[A], B = f[B] might be required. using the
definition of meet and join, it is possible to proving that if setting M = f[M], J = f[J] then M and J are “a meet
and a join” for A, B for any meet and join (i.e. regardless of the above geometric constraint convention). Now
introducing the geometric constraint on M,.J, it is possible to prove that M = f[M],.J = f[J] satisfy the same
geometric constraint automatically. The following are 3 options for selecting the weight of the 4 blades J, M, .J, M:

1. Scaling the meet M by A the join J is scaled by 1 /A (according to the geometric constraint) thus J will be
scaled by 1/\ (because f[J/\] = f[J]/A) and M is scaled by A.

2. The norm of the join is required to be of a specific value (say a) so f[.J] is re-scaled such that the join and
meet of the transformed blades are now defined as J = TECT f[J], M = “f[a—]}“f[]\/[]

3. If J is an eigen blade of f (i.e. J and f[J] have the same attitude) then f[J] = AJ hence defining J = J =
£lJ]/ A, M = M[M].

5 The Fundamental Product of Geometric Algebra: The Geometric
Product

5.1 Defining the Geometric Product

Having a fixed and known vector a € R™, a vector z is to be found given its inner product with a is knows: a-z = «
The problem here is that an infinite number of vectors satisfy the given relation thus there can be non-unique
inverse for a with respect to the inner product. A similar situation is with the outer product when having the
relation a A x = B where a, B are known. Thus there is no inverse with respect to the outer product either. But
if both relations are true there can be only one vector x that satisfies both equations. This is the main motivation
behind defining a invertible product between vectors called the geometric product as: ax = a-x 4+ a A z that
results in a multivector rather than a scalar or bi-vector alone. The geometric product is bilinear, associative,
and distributive over addition but not commutative nor anti-commutative. To generalize the geometric product to
higher-grade blades, an orthogonal basis is defined for R™: (eq, e, -+ ,e,) with a symmetric bilinear form B and
on such basis. This leads to e;e; = e;-e;+e;ANe; =B(e;,e;) Viand e;e; =e;-ej+e; Nej = —ej Ae; = —eje; Vi # j.
Using these two relations a table can be constructed to compute all values of e;e; for all 4,7 = 1,2,--- ,n (that
will always give a weighted basis blades) and using the linearity, distributivity, and associativity of the geometric
product any geometric product of multivectors can be computed easily. With the geometric product any non-null
vector a € R™ has the unique inverse: a~! = ”1”2a (i.e. a vector in the same direction of a but properly scaled to
a

make a-a”! =1).

The geometric product is related to the inner and outer products of blades through the following relations (that
can be extended by linearity to products of vectors with general multivectors):

aNB = %(aB-l—éa)
BAha = %(Ba—kaﬁ)
al|B = %( B — Ba)
Bla = %(Ba—aé)

Ya € By,B € B"
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Another alternative to computing the outer product and the metric products is to compute the geometric product
then extract the appropriate grades from the result using the following relations:

ANB AB VAe B!, Be B},r+s<n

< >r+s
AlB = (AB), ,VYAeB! BeB!,0<s—r<n
AlB = (AB), ,VYAeB! BeB!,0<r—s<n
AxB = (AB), VA€ B},Bc B}

These relations can be generalized to k-vectors and multivectors using linearity and are the basis of implementing
all bilinear products using the geometric product alone. In addition, using the geometric product produces an
alternative definition for the projection of blade X onto a general blade with larger grade B as: Pg[X] = (X |B)B~!.

5.2 Representing Orthogonal Transformations: Computing with Versors

Using the geometric product, a definition for a powerful GA-based representation for orthogonal transformations can
be made. This representation, alternative to real matrices, is called a versor. Geometrically, any orthogonal trans-
formation in R™ is equivalent to a collection of simple reflections on (n-1)-dimensional hyper-planes. Algebraically,
a reflection on a hyper-plane dually represented by a non-null vector a € R™ is defined as:

L,[X] = (—1)*aXa ' VX € B",z = 0dd(X)

In this expression the actual weight (norm) of a is irrelevant since it is canceled by the inverse in a=!. If the
vector a is used as a direct representation for a line (a 1D subspace) then the operation performed here is a reflection
in a line rather than a reflection in a hyper-plane as:

L.[X]=aXa 'VX € B"

Geometrically, a reflection in a line is not a simple reflection because it is actually a composition of (n-1)
reflections on (n-1)-dimensional hyper-planes in R™. For example a reflection in the line passing through the x-axis
in R3 is actually two reflections: one in the xy-plane followed by one in the xz-plane thus it is actually rotation
around the x-axis by 180 degrees. A rotation in R™ is geometrically an even number of hyper-plane reflections in
R™. An odd number of such reflection is called an anti-rotation. Thus a set of consecutive simple reflections for the

blade X on k hyper-planes dually represented by vectors v, vs,- - , v, can be written as:
VIX] = (=" vov1 Xvvg - v
= (-)Mvxv!

n
V=uvwy-vp € J\, X € B", &= 0dd(X),k = odd(V)
= V[z] = (-1)fVav?
= VaV vz eR"

The multivector V = vyvy---v, € A" is called a versor and is essentially an even or odd multivector created
by the geometric product of the non-null vectors. The bilinear product Vi [X] = (—=1)*V XV ~lis called a versor
product and is actually an outermorphism created from an orthogonal transform on vectors. This versor product can
be applied to any even or odd multivector X € A" (thus to any other versor) using the same formula. This means
that not only subspaces can be transformed by versors but also versors (i.e. orthogonal transformations themselves)

can be transformed by versors. In addition, the composition of two orthogonal transformations Ly, o Ly, represented
by versors V7, V5 is the geometric product of the two versors as can be clearly seen in the case of vectors x € R™:

LV2 OLVI [.’17] = LV2 [LV1 [(,C]]
= VZ(levfl)V{l
= (BW)z(vy ')
= VeV L V=WmNh
Vo € R
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This simply means that orthogonal transformations can be concatenated or composed using the geometric prod-
uct of their representing versors as V5 V7, and orthogonal transformations can also be nested using the sandwiching
versor product of one representing versor to the other as (—1)““’2\/2‘/1‘/271. Thus orthogonal transformations are
themselves objects to be transformed by other transformations.

Any even versor represents a rotation which is an orthogonal transformation that has a determinant of 1 (i.e.
it preserves handedness of the pseudo-scalar I). Any odd versor represents an anti-rotation (or a reflection) which
is an orthogonal transformation that has a determinant of —1 (i.e. it changes handedness of the pseudo-scalar I).
This result is independent of the used metric. If an orthogonal transform L is represented by a versor V then the
inverse transform L~1lis represented by V ~!. In addition, the versor product Vi [X] = (—1)**V XV ~!(being both
an outermorphism and an innermorphism) preserves all bilinear products of geometric algebra: the outer, metric,
and geometric products:

Vy[ad] aA
Vy[A+ B] = Vy[Al+Vy[B]
Vyv[AAB] = Vy[AAVy[B]
Vy[AxB] = Vy[A]l*xVy[B]=AxB
Vv[A|B] = Vy[A]|Vv[B]
Vv[A|B] = Vy[A]|Vv[B]
Vy[AB] Vy[A]Vy[B]

VA,Be/n\,oze/n\
0

This is a very important result since it really means that any algebraic construction based on the above op-
erations can be transformed directly under an orthogonal transform in a structure-preserving manner. Meaning
that transforming the components and then creating the structure is equivalent to creating the structure and then
applying the orthogonal transform to the whole geometric structure (may it be an oriented subspace or an orthog-
onal transform by itself). A direct consequence of this structure preserving property is that the transform of the
meet\join of two blades is the meet\join of the transformed blades:

Vv[ANB] = Vy[A]NnVy|[B]
Vv [A U B} = Vy [A]UVV[B]
VA,B € B"

5.3 Reflecting and Projecting on Sub-spaces: Blades as Operators

<
Having a non-null blade that is a direct representa‘gn of a subspace A o< A ,||A]* # 0 and its dual that is a dual
representation for the same subspace A* = B o< (‘A )teither blades can be used as a reflection operator for any
—
vector x € R™ to geometrically perform a reflection of x by the subspace A using one of the following operations:

Lplr] = (—1)*TtAzA™!
= (-1)’BzB7!

This reflection can be generalized to an outermorphism to act on any k-blade that directly represents another
subspace X as:

Lo[X] = (-1)"tHAxaA™!
= (-)*"BXB™!

where a = odd(A),b = odd(B),x = odd(X). If the blade to be transformed is itself a dual representation for a
subspace X* =Y o (X )‘the relations become:
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L*(X[y] — (_1)(n*1)(y+1)(a+1)AyA*1
= (—1)wttpyp-!

Where y = 0dd(Y). The result L%[Y] in this case is itself a dual representation for the reflected blade. Using
these relations the reflection of any direct or dual blade into another direct or dual blade can be computed to obtain
a direct or dual blade with correct orientation, weight, and attitude. If only the attitude is required the simple
relation Lep[X] = AX A~lis sufficient. In the same sense of this type of “sandwiching product” a direct blade

A x A can be used to construct a linear projection operator using the contraction:

Po[X] = (-1)*@HDA[(X]A™)

Since any non-null k-blade A is simply an outer product of LID vectors a; Aas A --- A ag, any orthogonalization
technique could be used to find a set of LID orthogonal vectors that create the same blade A = by AbaA- - -Aby, b;-b; =
0Vi # j. The outer product of any set of LID orthogonal vectors is equal to the geometric product of such set of
vectors A = a3 Aag A--- ANax = by ANbg A--- A b = bybs - - b, thus any non-null k-blade can be expressed as a
geometric product of k£ LID orthogonal vectors; i.e. any non-null blade is actually a versor. This adds to blades more
representative power: a blade can (directly or dually) represent a subspace, a projection operator, a dualization
operator, or an orthogonal transform (namely, a reflection in a subspace represented by the same blade).

6 Rotating Sub-spaces: Computing with Rotors

6.1 A Rotor as the Ratio of Two Unit Vectors: Subsuming Complex Numbers

Any rotation can be geometrically represented by an even number of simple reflections. A rotor R is an even versor
normalized such that RR = 1 < R~ = R this leads to defining a rotation transformation as:

Rp[X] = RXRVX € \
The simplest of rotors is the ratio of two unit vectors:

R = ab Y abeR"|a*>=1,|p* =1
a-b+aAnb
= cos(¢/2) — I sin(¢/2)

Where ¢/2 is the angle from a to b and T is the unit pseudo-scalar of the a A b plane. The rotor R in this case
can be used to rotate any multivector by an angle ¢ where 0 < ¢ < 2w. The quantity I¢ is called the bi-vector
angle and it contains all information relevant to the rotation. An interesting fact relates complex numbers to rotors
in a plane: complex numbers z + iy are isomorphic to ratios of 2D vectors to a fixed vector in the 2D plane (usually
the unit vector for the real axis). If a vector a = ey + ey is defined on the Euclidean orthonormal basis (eq, ea)
then the quantity ¢ = ae;* = a+ B(ea Aer) = a + [(eze;) represents a complex number o + i3 that geometrically
corresponds to a with the usual complex number multiplication taken as the geometric product. Thus ¢ can be
interpreted geometrically as the unit bi-vector ese; and indeed i = (ege;)? = —1. The sum and product of two
“complex numbers” A = a1 + as(eser), B = 1+ Pa2(eze1) are equivalent to the usual complex number addition and
multiplication:

A+ B = aj+as(ezer) + Bi + Ba(ezer)
= (a1 +B1) + (a2 + B2)(eze1)
AB = [0 + az(ezer)][B1 + Ba(ezer)]

= (aufr — a2f2) + (a1f2 + a2 f1)(e2e1)

This gives a real geometric interpretation for complex numbers and can be used to extend and explain all
complex number based constructions using GA.
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6.2 Rotors in 3D: Subsuming Unit Quaternions

In R? there is an algebraic method for representing rotations of vectors called quaternions. A quaternion @ =
o+ q = qo+ qii + q2j + g3k is a scalar ¢ plus a “vector” ¢ = q1i + ¢2j + g3k defined on a basis (i, j, k) having
the defining multiplication rules: i? = j2 = k% = ijk = —1. A unit quaternion satisfies ¢3 + ¢ + ¢3 + ¢5 = 1. The
“vector” part of a unit quaternion is traditionally interpreted geometrically as a kind of rotation axis expressed in a
3D “imaginary” basis (i, j, k) with elements that square to —1. As with complex numbers there is an isomorphism
between rotors in /\‘5 with Euclidean orthonormal basis (e, €2, e3) and unit quaternions defined as:

i = I@l = €2€3

j = I@g —= €3€1

k = I€3 = €1€2
,I =ejezes

Thus the basis 4, j, k are not basis vectors but basis bi-vectors for rotations and the component ¢ is actually a
bi-vector representing the rotation plane of the quaternion ) that can now be expressed as:

Q = q+l1q
= qo+ I(qie1 + g2e2 + g3e3)
= Qo+ q1e2e3 + ga2ese; + gseiea

In this case the quaternion multiplication of two quaternions ) = qo + Iq and P = pg + Ip used to compose
rotations is:

QP = [qopo — (ap)o] + I [poq + qop + (¢ A p)I "]

Quaternions are thus just special cases of GA rotors in R3.

6.3 The Exponential Representation of Rotors

In a vector space with a Euclidean metric any geometric product of an even number of unit vectors is a rotor. In
other metrics this is not the case unless the rotor R satisfies RR = 1. Even in this case there exists a distinction
between rotors that are "continuously connected to the identity" and those that are not. This property implies
that some rotors can be performed gradually in small amounts (such as rotations), but that in the more general
metrics there are also rotors that are like reflections and generate a discontinuous motion. Only the former are
candidates for the proper orthogonal transformations that is hoped to be represented by proper rotors. There is an
alternative method for constructing proper rotors other than multiplying unit vectors. That method is based on an
exponential of a bi-vector angle I'¢ that directly computes the rotor from the bi-vector angle (without the need for
the more basic reflection vectors). Using the traditional power series the exponential of a bi-vector angle I'¢ can be
defined where I? = —1 as:

e’ = 1+%(I¢>+%(I¢>>2+~-+%(I¢)"+~-~

1 1 1 1.4 1
= 12!¢2+4!¢4...}+]L!¢3!¢3+5!¢5...

cos(¢) + I'sin(¢)

= Ry cos(¢/2) — Isin(¢/2) = e~ 19/2

This exponential representation is isomorphic to the traditional exponential representation of unit complex
numbers in 2D.

The same Taylor series expansion can be applied to any 2-blade A in a general metric space to create a “pure”
rotor R4 (called pure because it is a product of two vectors i.e. a scalar plus a bi-vector with no other even grades
of more than 2). The result of the series can be summarized according to the value of A? as follows:
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sin(a)

exp(A) = cos(a)+ A
= cos(a) + Usin(a), A%? = —a*,a €R
exp(A) = 1+A, A2=0
inh
erp(A) = cosh(a)+ Aw

= cosh(a) + Usinh(a), A2 =a?,a € R

In GA the geometric product of rotors is a rotor but the geometric product of exponentials of 2-blades are not
guaranteed to be an exponential of a bi-vector because generally ee? # eAtB A B € BY. This means that not
every rotor can be represented as an exponential of a bi-vector. It is proven however that only in spaces with
Euclidean signatures(n, 0, 0), (0,7, 0) and Minkowski signatures (n, 1,0), (1,7n,0) any exponential of a bi-vector is a
rotor and any rotor can be expressed as an exponential of a bi-vector. Moreover only in these spaces a bi-vector B
can be written as the sum of commuting (i.e. orthogonal) 2-blades B = By + By + --- + By, B;B; = B;B;. This
allows the decomposition of the rotor that is the exponential of the bi-vector B into the geometric product of pure
rotors:

RB = 63/2
e(B1+Bz+'“+Bk)/2

eB1/2,B2/2 . Bi/2

= Rp,Rp, - Rp,

Thus any rotor can be decomposed to pure rotors in these spaces.

6.4 Logarithms of Rotors

Using a bi-vector B a rotor R can be created by the exponentiation R = e/2. The reverse process of finding the

bi-vector B given tho rotor R (that is by definition a kind of logarithm log R) is also possible put not generally easy.
If such logarithm could be found, it can be used to create interpolations of rotations that finds smaller rotations
with step N as: RN = exp(log(R)/N). The result R'/V is a rotor that performs the rotation from X to RXR as
N smaller rotations. If the bi-vector B is a 2-blade, its exponential expansion involves standard trigonometric or
hyperbolic functions, and its principal logarithm can be found using the inverse functions atan or atanh. However,
the general rotor is the exponent of a bi-vector, not a 2-blade. Since a bi-vector does not usually square to a scalar,
there are now no simple expansions of the exponential, and many mixed terms result. Often it’s desirable to get
back to the basic trigonometric or hyperbolic functions (to get geometrically significant parameters like bi-vector
angles, translation vectors, and scalings). In this case a factorization of the total expression is needed. That would
effectively split the bi-vector into mutually commuting 2-blades with sensible geometric meaning, and would make
the logarithm extractible in closed form. Unfortunately this factorization is hard to do in general.

7 Frames of Basis Vectors

The second part of this article explains how to express all the GA operations in the first part using simple manip-
ulations of real coordinates of multivectors. This explanation is an extension of the treatments in [1, 5, 6]. This
topic is fundamental for any practical software implementation for GA computations.

7.1 Components of a GA Frame

A GA frame F (F},Az) is the container that is used to define all basic computations of a geometric algebra \"
in terms of the more basic scalar coordinates often used to write a program on a computer. A frame has can be
completely defined using two components:

1. An ordered set of n basis vectors that determine the dimensionality of the frame’s base vector space: F7 =

(fo, fr, s fo1)-
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2. A symmetric real bilinear form B : F7 x F7 — R, B(f, f;) = B(f;, fi) = fi - f; to determine the inner
product of basis vectors usually given by the bilinear form matrix Ax = [f; - f;]; also called the Inner Product
Matrix (IPM) of the frame.

From the above two components three other components can be automatically constructed (as will be explained
shortly) to serve important purposes for GA computations within the frame:

1. The ordered set of 2™ basis blades of all grades F"* = (Fy, Fy, -+ , Fon_1). This set is automatically determined
by the set of basis vectors F7 as will be explained latter. This component is completely independent of the
metric represented by A r.

2. The geometric product of basis blades Gz : F" x F" — A" that defines the geometric product of basis

blades as a multivector expressed on the same basis blades Gz (F;, Fj) = F;F; = 22161 myFy, mi € R. This
operation is automatically determined by the set of basis vectors and the bilinear form as will be explained
later.

3. If the bilinear form is not orthogonal (i.e. Az is not diagonal), an orthogonal base frame & (ET, A¢) of the
same dimension is needed and an orthogonal change-of-basis matrix C~' = CT that can be used to express
the basis vectors of F as linear combinations of the basis vectors of £. This component is required for the
computation of the geometric product of basis blades G .

Using these five components any multivector X can be represented by a list of real coefficients [z;] where X =
Zi;gl 2k Fy, 1 € R and the geometric product of two multivectors X,Y can be easily computed as:

on_19n_1

XY = Z Z $rysG.7:(FT7E9)

r=0 s=0

According to the form of the IPM Az a frame F can be of any of the following types listed from more special
to more general:

’ Frame Type \ IPM Form \ Inner Product of Basis Vectors ‘
Euclidean Identity matrix fi-fi=1Ffi-f;=0Vi#j
Orthonormal | Diagonal with +1 entries | f;- fi = %1, fi- f; =0Vi#j
Orthogonal Diagonal fi-fi=di, fi- [;=0Vi#7j

Non-orthogonal | Symmetric non-diagonal fi-fi=1F fi="by

7.2 Representing Basis Blades using Basis Vectors

In order to define the basis blades F" = (Fy, Fy, -, Fon_1) for a frame of any type, a canonical representation
is defined based on the basis vectors F = (fo, f1,--, fao—1). First the “subset selection” operator [ (S,1) is
introduced that applies an associative binary operator @ with the identity element I to a subset of an ordered set
of elements S = (sg, s1,- -+, Sx—1) selected according to the integer index ¢ as follows:
I@ 5 Z ==
s ,i=2"me{0,1,--- k-1
[Tsa=1"" { }

i=20 4202 4 ... 2
@ Siy D Siy @D sy, . . )
1 <tg < - < 1p

This operator basically expresses the integer i as a binary number and selects an ordered subset S; from S such
that the binary representation of the index iy, of any element s;, in S; has only one bit set to 1 at a position ij that
is present in the binary number corresponding to ¢ . Using this operator, the basis blades are defined using basis
vectors as:

Fk = H(F?ak)

1 , k=0
fm ,]{3:2m,m6{0,1,"',7’l—1}
k:2i1+2i2+...+2i7"
in NJig N N i ) ) .
! f2 f 1 <lg < v+ < 1p
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After defining the basis blades, any multivector M = Zia ! m; F; can be represented using a column vector of

real coefficients [M]pr = ( mg M1 -+ Mon_q )T. This is called the additive representation of a multivector.
The subset selection operator [], (F7, k) creates a bijective correspondence between basis blades and n-bit binary
numbers as in the following example on a 5D vector space with basis vectors F° 1= (fo, f1, fo, f3, fa):
(20 [27 [27[2 |27

o1} 1]0]|1
Jo | s | fo | f1] fo
I3 | f2 fo

Thus the index k € {0,1,---,2"—1} of the basis blade F}, expressed as an n-bit binary number completely defines
the structure of the basis blade F}, . This n-bit binary pattern will be called the ID of the basis blade IDp,. Thus
any multivector can be stored in computer memory as an array (or perhaps for efficiency reasons as a dictionary
or hash table) of 2™ scalars representing the coefficients of the basis blades with respect to the given frame. A pair
of (ID, scalar) is called a term and represents a weighted basis blade thus the multivector is represented as a sum
of terms with different IDs ranging from 0 to 2 — 1. In addition some useful metric-independent properties of a
basis blade F} can be computed directly from the ID IDp, like the grade g equal to the number of 1’s in the bit

(13)10 = (01101)3 <= < fo A fa A f3 = I3

pattern IDp, . Consequently the signs associated with the reversal Fy &k, grade involution I k, and Clifford conjugate
F, can be computed, which are all completely grade-dependent signs. Another important property is the order of
the basis blade among its k-vector basis blades of the same grade g (called its k-vector index) index(F}). Thus a
universal lookup table like the following one could be constructed to store all these metric independent information
for any frame of dimension n. Using this table, the useful “inverse index” operator could be defined that retrieves
a basis blade ID from its grade g and index i:

IDy (i) = IDF, < grade(Fy) = g, andindex(Fy) =i

The inverse index operator is useful when defining outermorphisms as will be described later. In addition, the
subset selection operator could be used with the inverse index operator to describe the ordered set of basis k-vectors
of the same grade g € {0,1,--- ,n} as:

FZ - <Fk07Fk17"'7Fkr—1>a
ki = ID!(i)Vie{0,1, -,r},rz(Z)

’ r \ F, \ IDp, \ grade(F;.) \ index(F,.) ‘ ’ r \ F, \ IDp, \ grade(F}) \ index(F,.) ‘
0 1 0000 0 0 0 1 0000 0 0
1 fo 0001 1 0 1 fo 0001 1 0
2 f1 0010 1 1 2 f1 0010 1 1
31 fofi | 0011 2 0 4 o 0100 1 2
4 fa 0100 1 2 8 f3 1000 1 3
5 1 fof2 | 0101 2 1 3 fofs | 0011 2 0
6 Jifo 0110 2 2 5 Jof2 0101 2 1
7 fofife 0111 3 0 <~ 6 fife 0110 2 2
8 s 1000 1 3 9| fofs | 1001 2 3
9 fofs | 1001 2 3 10 fifs | 1010 2 1
10| fifs | 1010 2 4 12 fofs | 1100 2 5
| fofifs | 1011 3 1 71 fofifs | 0111 3 0
12 fofs | 1100 2 5 11| fofifs | 1011 3 1
13 fofofs | 1101 3 2 13 fofofs | 1101 3 2
14| fifafs | 1110 3 3 14| fifafs | 1110 3 3
15 | fofifafs | 1111 4 0 15 | fofifafs | 1111 4 0
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7.3 Representing Euclidean Frames

A Euclidean frame F (F7, Ar) has an diagonal IPM A r equal to the identity matrix with basis vectors satisfying:

fi-fi =1
e =1
fiofi = 0
< fifi = find
= —fiNfi
= —fifiVi#j

For such frame it is straight forward to compute the geometric product of any two basis blades Gz (F;., Fs) as it is
always a signed basis blade in the form Gz (F,, Fy) = F,.F; = +F} and what remains is only to find the value of k
and the sign associated with the resulting basis blade Fj. The following is an example for the multiplication process
performed algebraically, then its equivalent using the ID representation for the geometric product of basis blades
FisFig = (foNfaAf3)(fo A fi A fa) = (fofafs)(fofifa) defined on a Euclidean frame of dimension 5. Algebraically
the result is initially set to be Fy, = F13 = fof2f3, then each basis vector in Fig is taken to perform the geometric
product with Fj using the associativity and anti-symmetry properties as follows:

Fr <« Fifo
= (f0f2f3)f0
= (fof2)(f3fo)
= —(fof2)(fof3)
= —(fo)(f2fo)(f3)
= (fo)(fof2)(f3)
= (fofo)(faf3)
= (D(fafs)
= Jfafs

F, + Iufi

= (fof3)ha
(f2)(f3f1)
—(f2)(f1f3)
= —(faf1)(f3)
(f1f2)(f3)
= fifaofs

Fr < Fifs
= (fifofs)fa

= fifafsfa
= F3

Using the corresponding IDs:

IDp, XORIDp, = (01101)y XOR (10011),
(11110),
= IDp,
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This is not a coincidence because if the same basis vector f; is present or absent in both basis blades it will
always be absent in the final basis blade due to the property f? = 1 thus the ID of the final basis blade can be
found directly by the bit-wise XOR operation of the IDs of the multiplied basis blades. The associated sign can be
computed using the algorithm implied by the following table where ID; - IDp,,,IDy < IDp, . The final basis
blade will have the ID of IDp, < ID; and the sign as indicated in the last row.:

’ ‘ 7 ‘ j ‘ 1D ‘ 1Dy ‘ Condition Action ‘ Sign ‘
110 - 1001l1L 01101 | Is bit ¢ in ID3= 17 Yes Enter decreasing loop forj =4toi+ 1 +1
2 1014 1001l1L (¢)1101 Is bit j in ID;= 17 No Do nothing to sign, decrease j +1
31013 1001l1L 0{101 Is bit j in ID1= 17 Yes Change sign, decrease j -1
4 102 1001% 01{01 Is bit j in ID1= 17 Yes Change sign, decrease j +1
5 1011 1001% 01161 Is bit j in ID;= 17 No Do nothing to sign, exit loop on j +1
6 0] - 1001% OllOllL Is bit 4 in ID1= 17 Yes Set bit ¢ in I D7 + 0, increase @ +1
711 - 100%1 01100 | Is bit ¢ in IDs= 17 Yes Enter decreasing loop forj=4toi+1 +1
8 |1]4 100%1 (i)llOO Is bit j in ID;= 17 No Do nothing to sign, decrease j +1
9 |11|3 100%1 0{100 Is bit j in I1D1= 17 Yes Change sign, decrease j -1
1012 100%1 OliOO Is bit j in ID1= 17 Yes Change sign, exit loop on j +1
11|17 - 1001{1 01180 Is bit 4 in ID;= 17 No Set bit ¢ in 1Dy < 1, increase i +1
12 1 2| - 10%11 01110 | Is bit ¢ in IDy= 17 No Do nothing, increase i +1
133 - 1%011 01110 | Is bit ¢ in IDs= 17 No Do nothing, increase i +1
1414 - l1L0011 01110 | Is bit 7 in IDs= 1?7 Yes | Do not enter decreasing loop since 4 <i+4+1 | +1
1514 - l1L0011 31110 Is bit ¢ in ID;= 17 No Set bit 4 in ID; < 1, exit loop on @ +1
16 | - | - - 11110 - Return Sign and 1D, +1

The implied algorithm goes as follows: assuming F. = f., fr, -+ fr, and Fs = fs, fs, -+ fs, the geometric product
F,.F, = +F}, is required, which is itself a signed basis blade. The following algorithm is performed:

1.
2.

N ook @

Initialize a sign variable Sign < +1 and ID variables IDy <- IDp_ ,IDy < IDp_.

For increasing i = 0ton — 1 do steps 3-6

If bit 4 in IDy= 1 do steps 4-6

For decreasing j =n — 1toi+ 1 do step 5

If bit j in ID1= 1 Then Set Sign < —Sign

If bit 4 in ID1= 1 Then Set it to 0 Else Set it to 1

Return result in Sign and IDp, < ID;

Using this algorithm, a Euclidean geometric product table can be finally constructed with 2" — 1 rows and 2" — 1

columns where each cell at location (7,7) (i.e.

row ¢ and column j) contains the sign Signg(F;, F;) and ID

IDp, = IDp, XORIDF, of the basis blade resulting from the geometric product F; F;. Although this table is specific
to Euclidean metric of dimension n it is fundamental in the computations of all bilinear product computations for
any type of frame of the same dimension. An important property for Signg(F;, F;) when applied to the same basis
blade Fj, = fx, A fr, A=+ A fr, (i.e when i = j = k) can be deduced from the following:
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F} = F.F,

See A fea Ao A fiey) (o A oo Ao A fi,)

DI (Fi A frg Ao A ) (e A gy Ao A Sy
DO (F, oo ) (g Frgor o i)
) (
)

(—
= (—

(—1 g9(g—1)/2

(-1 g(g—1)/2

= Signg(Fy, Fr) = , g = grade (Fy)

7.4 Representing Orthogonal Frames
An orthogonal frame F (F7, Ax) has a diagonal IPM A z with basis vectors satisfying:

fiofi = d;
e ff = d
fifi = 0
s fifi = fiNf;
= —fiNfi
= —fifiVi#j

Actually Euclidean frames and orthonormal frames are special cases of orthogonal frames. The only difference
between a Euclidean frame and an orthogonal frame is that the square of a basis vector can be any real number
d; (including negative numbers and zero!). The same algorithm applied for a Euclidean frame can thus be used to
deduce a geometric product for such frame with a single change to step 5 to become: “If bit 7 in I D;= 1 Then Set it to
0 and Set Sign + d;*Sign Else Set it to 1”. There is another alternative, however, in this case by using the geometric
product for a Euclidean frame £ (EY, Ag) with the same dimension having basis blades E™ = (Ey, Eq, -+ , Fan_q). If
E.E; = Signg(r, s)Ey, then F,.Fy = Signg(r, ) \pFy, where A\, =[] ((do,d1, -+ ,dn—1),IDp,) is the multiplication
of all d; having a corresponding 1-bit in the bit pattern IDp, = IDg,. The scalar value Ay is called the signature
of the basis blade F} and is defined as the squared norm of Fj, as can be seen from:

F.F, = F?
= SignE(k,k))\kFg
= (=1)99=Y/2)\, g = grade (E},) = grade (F},)

=\ = (_1)57(9—1)/21?]?
= FFy
| Felf?
This leads to a save in memory be simply storing n scalar values A, = ||Fg|*,k € {0,1,---,2" — 1} for the

orthogonal frame, then the geometric product lookup table is used for the corresponding Euclidean frame £ to
compute F,.Fy as:

FTFS = A7‘,sF‘k;
IDr, = IDp XORIDp.,
Ars = Signe(r,s)||Fil?

Initially, say, 14 tables for Euclidean frames of dimension 2 to 16 could thus be created and use them to compute
the geometric product of any orthogonal frame with any basis vectors signatures for the same dimensions.

7.5 Representing Derived Frames

Having a general frame £ (ET, A¢) with basis vectors ET = (ej,ea, - ,e,), inner product matrix Ag, and basis
blades E™ = (Ey, E1,--- ,Ean_1) an invertible change-of-basis matrix C = [¢;;] can be applied to any vector x
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represented on the basis ET by the column vector [z] By = ( T Xy - T )T to obtain its representation
[x]F? =(m v2 - Yn )T on a new basis for the same space FT = (fi, fo, -+, fn) (that shall be called

the derived basis). Let E = (1 e1 ez -+ ¢, )T and F=(f1 fo - fu )Tbe column vectors containing
symbols for the basis vectors of ET and F7 such that F = CE & f; = 23'1:1 cijej Vi € {1,2,--- ,n}. Then:

r = [x]:;?E
= [x]IT,?F
= [a]p; CE
= [2lg = (2l C
= [2]gy = CT [2] pn
= [tlp, = Py P=(CT)"

Only in the case that C is orthogonal (i.e. C~! = CT) then P = C. The elements of the inner product matrix
Ar =[fi - f;] can be easily calculated as follows:

o () ()
r=1 s=1
= Z Z Circjs(er . 65)
s=1r=1
= Zn: <Zn: cir(er - €s)> Csj
s=1 \r=1
= Ar = CACT

Using F'! and A r what is called a derived frame F (F7, A z) can be constructed relative to the given base frame
E (E7, Ag) by means of the change-of-basis matrix C. In the case when A r is diagonal, the geometric product of
two multivectors represented in the derived frame can be computed using the method in the last subsection.

When A r is not diagonal but the base frame £ is orthogonal and the transformation matrix is also orthogonal
Cl=CT<P= (CT)f1 = C, the geometric product on the derived basis F" can be computed by extending

CT and C as orthogonal outermorphisms éTand C to be applied to multivectors for transforming back and forth
between the base frame and the derived frame. Thus the geometric product of two multivectors X,Y can be
computed as:

T 1

xy=c[c'x]c'y)|. ¢ =T
When Apr is not diagonal and one or both of the orthogonality conditions on the base frame £ and change-of-
basis matrix C do not hold, another method for computing the geometric product is needed, which is explained in

the following subsection.

7.6 Representing Non-Orthogonal Frames

For a non-orthogonal frame F (F7, Ax) the geometric product of any two basis blades is not guaranteed to be a
term (i.e. a weighted basis blade) but is generally a multivector (i.e. the sum of terms of different basis blades).
Each cell in the geometric product table will then be a full multivector that may contain up to 2" terms. This
is a lot to store in memory for a single frame (23" terms many of which might be zeros). Another alternative is
to use a diagonalization technique on the IPM A r to express the non-orthogonal frame as a derived frame for a
base orthogonal frame & (E7, Ag) with basis vectors ET = (e, ea, -+ ,e,). This is done by finding the IPM A¢ of
the base orthogonal frame and the change-of-basis matrix C = [¢;;] that expresses the basis vectors of the derived
non-orthogonal frame f; as a linear combinations of the orthogonal basis vectors f; = Z;;l cijejVie{1,2,--- ,n}
as stated in the previous sub-section.

24



Noting that the IPM A r is a symmetric square matrix, it is easy to find the real eigen values \; and LID eigen

vectors V; of A x that satisfy AxV; = \;V;, i € {0,1,--- ,n}. Now if an orthonormalization technique is used on the
vectors V; (for example the Gram-Schmidt or Householder techniques) to obtain the orthonormal eigen vectors C;
and create the orthogonal square matrix C = [ ci, Cy - C, ] as a concatenation of the column vectors C;,

then the expression Ag = CTA zC is actually a diagonal matrix containing the eigen values on its diagonal thus
it can be considered the IPM of a base orthogonal frame to this derived frame as described in the previous section.
Now it is simple to extend C” and C as orthogonal outermorphisms éTand C to be applied to multivectors for
transforming back and forth between the base orthogonal frame £ and the non-orthogonal derived frame F. Thus
the geometric product of two multivectors X,Y can be computed as:

Xy =C [éT x]c’ [Y]} ,c' =c'

. o s . =T
_ This means that for a non-orthogonal frame it is necessary to construct and store the outermorphisms C' and
C to use them for performing the geometric product and other bilinear products as will be explained later..

7.7 Representing Reciprocal Frames

Having a general base frame &£ (E7, Ag)with basis vectors ET = (e1,ea, -+ ,ey), inner product matrix Ag, and
basis blades E" = (Ey, E1,- -+, Ean_1), it is possible to create a special type of derived frame called the reciprocal
frame F (F7, Ax) having basis vectors F} = (f1, fa, -, fn) using the relation:

fi = ()7 (e AeaA--ANei1 Nejgr A Nep) | T71 (10)
I = e Nea AN+ ANep,
It = 7(_1)71(”:1)/21
I«1
= fire, = 1Vie{l,2,--- ,n},
fice; = 0V, je{l,2,--- ,n}i#j

If the base frame £ is orthogonal the derived reciprocal frame F is also orthogonal and the above relation reduces
to the simple form:

1
fi = eiViE{O,l,-~~,n—1}

€; " €;
SAr = A;'

For a non-orthogonal base frame £ the reciprocal frame F is also non-orthogonal, thus equation (10) can be
used to compute each f; as a linear combination of E7. Then the change of basis matrix C can be easily derived,
and the process is continued as usual with the non-orthogonal derived frame F by finding another orthogonal base
frame and orthogonal outermorphism as described in the previous subsection.

7.8 Performing bilinear Products

This subsection describes how to implement the following bilinear products of geometric algebra on multivectors
X,Y within a frame of any type:

e The outer product X AY
e The scalar product X xY

e The left contraction product X |Y

The right contraction product X|Y

The fat-dot product X e Y

e The Hestenes dot product X ey Y
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e The commutator product X @ Y
e The anti-commutator product X © Y

Starting with orthogonal frames, any bilinear product x of two multivectors X,¥Y € A" performed on their
representations [X|pn = [@i],.1,[Y]pn = [Ui], «; 0 an orthogonal frame F (F7, Ar) with basis blades F" =
(Fy, Fy,- -+, Fon_1) can be implemented as:

2" —12"—1
X*Y =3 > zy.(F+F)
r=0 s=0
Now the goal is to find the value of F.x F for all ;s € {0,1,---,2™ —1}. Due to the properties of the geometric
product on orthogonal frames and the definitions of the bilinear products, the bilinear product of any two basis
blades F;. x F is either a zero or a single term A} ( F} but never more than a single term. Actually when the value of
F.xF, = )\:yst # 0 the term is equal to the geometric product of the two basis blades )\;,st =Gx (F,, Fs) = F,F.
The task is now to answer the following for each F) x Fj:

1. Based on the general definition of the bilinear product alone (i.e. with no regard for the actual metric), when
is F}. x Fs guaranteed to equal zero?

2. If F,. x F; is not guaranteed to equal zero (by the general definition of the bilinear product alone), what is the
value of the geometric product G (F,., Fs) = F,.Fs?

The second question is already answered in the previous sections for orthogonal frames. What remains is the answer
to the first question.

Starting with the outer product that is metric independent, a Euclidean metric with the same dimension can
be assumed with no loss of generality. Noting that in a Euclidean frame the outer product of two basis blades
with no basis vectors in common is completely equivalent to the geometric product of the two basis blades. Thus
the outer product of two basis blades is itself a signed basis blade with a grade equal to the sum of their grades
F. NFy = M) Fy, A\, = £1, grade(F},) = grade(F,) + grade(F). In addition the outer product of two basis blades
with any common basis vector is always zero: IDp ANDIDp, # 0 = F,. AN Fs = 0. Other than that the process
of performing the outer product in any metric (orthogonal or not) is identical to the process of performing the
geometric product on a Euclidean frame of the same dimension. Thus the outer product of basis blades F,. A F
can be formulated using the geometric product of the two corresponding basis blades of the Euclidean frame with
same dimension & (E7,1I,,) as follows:

e~ |0 IDp, ANDIDp, #0
Ge (B, Es) otherwise

Next comes the scalar product that has the property F,. x Fy = (F,.Fy), = (Ar,sFr)y = Ar,s (Fi) Where IDp, =

IDp. XORIDp, and A, s = Signg(r,s) |Fi||>. Since the only basis blade with grade zero is Fy (i.e. F, % Fy =
Ars © IDp XORIDp, = IDp, = 0), the scalar product of two basis blades can be computed using the following
relation:

IDrp X ID
FosF, = 0 F, ‘OR r, 70
F.F, otherwise

For the left contraction Fy.|Fy = (F.Fs),_, = (M sFr)y_, = Ars (Fi)y_q » @ = grade(F), b = grade(F). Using
an argument similar to the scalar product if there is a basis blade in F,. that is not present in Fy the number of ones
in the pattern IDp, = IDp XOR IDpg, will be more than grade(Fs) — grade(F,) leading to a zero left contraction.
Thus the left contraction product of two basis blades can be computed using the following relation:

0 IDp ANDNOT IDp, #0
FTJFS = " . °
F.F, otherwise

The same for the right contraction F,.|Fs = (F.Fy),_, = (MArsFr),_) = Ars (Fr)
grade(F) that can be computed using the relation:

a = grade(F,), b =

a—b>
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FF, = 0 IDp, ANDNOT IDp,. #0
e F.F, otherwise

The fat-dot product of two basis blades has the property F,. e Fy = F,.|Fs + F,.| Fs — F,. * Fs which leads to one
of three cases:

l.a=b=>F.eF,=F.xF,+F.xF,— F.xF, = F, x I
2. a<b=F,eF,=F,|F,
3.a>b=F,.eF,=F,|F;

This leads to the computation relation:

0 a=0b,(IDp. XORIDp,)#0

0 a<b,(IDp, ANDNOTIDp,) #0
0 a>b,(IDp, ANDNOTIDp.)#0
F.F, otherwise

The Hestenes inner product F. ey F is equal to the fat-dot product unless one of the multivectors is a scalar
in which case the result is zero. This leads to the computation relation:

0 ab>0,a=0b, IDp, XORIDFp,)#0

0 ab>0,a<b, IDp, ANDNOT IDp,)#0
0 ab>0,a>b, (IDp, ANDNOTIDp) #0
0 ab=20

F,.F, otherwise

FT.HFS =

The commutator product of basis blades satisfies F, ® Fy, = %(FTFS — FyF,) = %()‘ns — As.r) Fi thus the
computation relation can be deduced using the sign of the geometric product of the two corresponding basis blades
of the Euclidean frame with same dimension as follows::

0 Signg (B, Es) = Signg(Es, E,.)

Fr & Fs - .
F.F, otherwise

The anti-commutator product of basis blades similarly satisfies F, ® Fy = % (F.Fs + FsF,.) = % (Ars + s ) Fie
thus:

0 Signg (E,, Es) = —Signg(Es, E,.)

F.0F, = .
F.F, otherwise

For a non-orthogonal frame F a bilinear product of two basis blades is not guaranteed to produce a weighted

basis blade (except for the outer product) thus all the above computational relations become invalid. The alternative
. - . . =T =1
computation method comes from the fact that for any bilinear product x if an orthogonal outermorphism T" =T

is used, the transform of the product of two multivectors X,Y equals the product of the transformed multivectors:

T[X+Y] = T[X]«T[Y], T =T

& XY = T [T[X]+T[Y]]

o . . — =T .
Thus it is possible to use the outer morphism T = C  between the non-orthogonal frame F and its base
orthogonal frame £ to perform the bilinear product just as with the geometric product before:

X*Y:C[GT X]«C" [Y]]
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8 Linear Transforms of Multivectors

8.1 Components of a Linear Transform on Multivectors

The fact that a geometric algebra is itself a linear space on 2™ basis blades enables the use of matrices as general
linear transformations on multivectors where the input multivector is expressed as a column vector containing the
2" coefficients of the basis blades of the selected domain frame. A linear transform T : A" — A" on multivectors
can thus be defined using the following three components:

1. The n-dimensional GA frame of the domain of the transform & (ET, Ag).
2. The m-dimensional GA frame of the co-domain of the transform F (F7", Ar).

3. The 2™ x2" real transformation matrix M that can be used to apply the transform using matrix multiplicationY =
T[X] < [Y]pm =Mt [X]5n.

All linear operations in geometric algebra can be expressed as general linear transformations on multivector. The
real problem with this representation is the large storage space required for the of M. Fortunately many such
operations result in a very sparse Mr thus may be implemented using sparse arrays of various forms. In addition
many important linear transforms are actually outermorphisms (i.e. they preserve the grade of transformed blades).
The linear transform matrix of an outermorphism can be represented as a set of smaller block matrices as will be
described in the following section. The use of a matrix to represent the linear transform is an easy method to
implement many computations on linear transformations:

e The identity transform can be represented by the identity matrix I.

The adjoint transform T7 can be represented by matrix transpose (M)

The inverse transform T~! can be represented by matrix inverse (Mr)~!.

e The addition of two transforms T; + T9 can be represented by addition of matrices My, + M, .

The scaling of a linear transform aT can be represented by matrix multiplication with scalar M.

The composition of two transforms T; o Ty can be represented by matrix multiplication My, M, .

e and so forth...

8.2 Representing Outermorphisms

An outer morphism f : A" — A" is an extension of a linear transformation of vectors (represented by a matrix
M = [ mg M1 0 Mp_1 }an containing the column vectors mj,ms, - ,m,) to transform whole blades
and is naturally linear and grade preserving:

f: /n\ — 7\
fla] = a, Vae /”\
fl[A+B] = f[A+f[B], VA,B¢€ /n\
fXAY] = fX]Af[Y], VX,Y € B"

This means that when applying an outermorphism to a multivector A the transformation can be decomposed
as follows:

flA] = f[A

I
=
=
o
~ ~



Each f; : A" — A" is a linear transform on the subspace of k-vectors of grade i having an associated trans-

formation matrix M; = [ mé mli mi.i ] , T = < 7; ) that can be directly constructed from Myg. Let
E" = (Ey,Ey,--- , E3n_1) be the basis blades of the domain of f, F = ( i fo - fa )T be the column vector
containing the basis vector symbols of the co-domain, and let v; = m!'F < [v;] Frmo= My and define the ordered set
of vectors V' = (vg, vy, -+ ,v,—1). Then the columns of the matrices M; can be defined as follows:

mg = [1]1><1

mjl = m;

m: = [V, mm-))]

A Fm

The last relation deserves some explanation. First noting that the matrix My is used to transform the scalar
part of a multivector. Because of the definition of the outermorphism: f [(A),] = (A), this matrix must be a 1 x 1
matrix containing a single scalar equal to 1. Next the matrix M; is used to transform vectors which is the same
use of the matrix M. Continuing with higher grades, column j of the k-vector transformation matrix M;, ¢ > 1
can be obtained by the following steps:

1. Find the ID k = ID?(j) of the basis blade E}, whose grade is ¢ and index is j: ID?(j) = IDg,, grade(Ey) =
1, index(Ey) = j.

2. Use the ID you found to apply the outer product to a subset of vectors in V: Xy = vi, Avg, A--- Avg, where
r= < TZL >,k2’“1+2’“2+-~+2kr,k1 <hky <<k

3. Find the representation of X}, with respect to the grade i basis k-vectors F;": [X]pm.

If the outer product is applied (as described shortly) using the representation matrices m; directly, finding the
k-vectors v; or their representation with respect to the k-vector basis F7' is not needed. In addition, m;., 7 >
1 can be computed using the outer product of the two blades represented by mi~! and m! where ID?(j) =
ID? ((r)ORID! ((s), ID™ ,(r) AND ID?(s) =0 (i.e. the bit pattern associated with the basis blade represented
by mg- is decomposed to two lower-grade bit patterns with no common basis vectors). Thus the columns can
be constructed gradually starting from the columns of the original transformation matrix M. In addition the

f 1]

determinant of the base linear operator on vectors det (f) = |Mg| is defined as det (f) = - where I = fo A f1 A

-+ A fn—1 is the pseudo-scalar of the co-domain frame F (F}, Ax) for outermorphisms on spaces with the same
domain and co-domain. This is simply the value of the single element in the 1 x 1 matrix m].

Using this method of constructing outermorphisms, many operations g = P {f} on outermorphisms that produce
outermorphisms can be done using one of two methods:

1. The operation is performed on the base matrix Mg (i.e. the base linear transform on vectors) to obtain a new
matrix Sg = P {M¢} that represents a linear transform of vectors g then extend g as an outermorphism g.

2. The operation is performed on every k-vector transformation matrix M; to obtain a new set of matrices
S; = P{M,} that construct the new outermorphism.

The following operations can be implemented using any of the two methods:
e The adjoint of an outermorphism.
e The inverse on an outermorphism.
e The composition of two outermorphisms.
The following operations can only be implemented by the first method:
e The scaling of an outermorphism (equivalent to multiplication of the vector transform matrix by a scalar).

e The addition of two outermorphisms.
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The reason for the last two exceptions that if an outermorphism is treated as an ordinary linear transform on
multivectors the traditional addition of two matrices S = [s;;], T = [t;;] representing the linear transform matrices
of the two outermorphisms will never itself be an outermorphism because s1; + t1;7 = 1 4+ 1 = 2 thus leading
to a linear transform on multivectors that changes the scale of scalars which is definitely not an outermorphism.
The same argument holds when multiplying an outermorphism by a real scalar «, , in which case the k-vector
matrix M; must be multiplied by a’ to obtain the correct result; rather than multiplication by «. This means
that there is a structural distinction between performing operations on a general linear transform of multivectors
and performing the same operations on outermorphisms to obtain other outermorphisms due to the extra algebraic
structure provided by the concept of an outermorphism as an extension for linear transformations on vectors so
care must be taken when applying such operations about what is actually meant.

Finally, all GA operations defined using bilinear GA products and outermorphisms can be automatically con-
verted to simpler, but much involved, computations on frames; including linear projections, meet and join of blades,
versor products, and reflections and rotations of blades.
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