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1 Rotations strictly in a plane.

For a plane rotation, a rotation does not have to be expressed in terms of left
and right half angle rotations, as is the case with complex numbers. Starting
with this “natural” one sided rotation we will see why the half angle double
sided Rotor formula works.

1.1 Identifying a plane with a bivector. Justification.

Given a bivector B, we can say this defines the orientation of a plane (through
the origin) since for any vector in the plane we have B A x = 0, or any vector
strictly normal to the plane B - x = 0.

Note that this naturally compares to the equation of a line (through the
origin) expressed in terms of a direction vector b, where b A x = 0 if x lies on
the line, and b - x = 0 if x is normal to the line.

Given this it’s not unreasonable to identify the plane with its bivector. This
will be done below, and it should be clear that loose language such as “the
plane B”, should really be interpretted as “the plane with direction bivector
B”, where the direction bivector has the wedge and dot product properties
noted above.

1.2 Components of a vector in and out of a plane.

To calculate the components of a vector in and out of a plane, we can form the
product

1 1 1
x—xBB —x-BB +X/\BB
This is an orthogonal decomposition of the vector x where the first part is
the projective term onto the plane B, and the second is the rejective term, the
component not in the plane. Let’s verify this.
Write x = x| + x,, where x|, and x| are the components of x parallel and
perpenidular to the plane. Also write B = bj A by, where b; are non-colinear
vectors in the plane B.



If x = x|, a vector entirely in the plane B, then one can write

X = albl + ﬂzbz

and the wedge product term is zero

x A B = (a1b1 +ayby) Aby A by
= ﬂ](bl /\bl) A by *az(bz /\bz) Abq
=0

Thus the component parallel to the plane is composed strictly of the dot
product term

1
x| = x-BE @)

Or for a general vector not neccessarily in the plane the component of that
vector in the plane, it’s projection onto the plane is,

1 1 N .
E—W(B-X)B—(B-X)B

Projg(x) =x-B
Now, for a vector that lies completely perpendicular to the plane x = x,
the dot product term with the plane is zero. To verify this observe

x, -B=x1 (b1 Ab2)
= (x1 - by)by — (x1 - ba)bg

Each of these dot products are zero since x has no components that lie in
the plane (those components if they existed could be expressed as linear com-
binations of b;).

Thus only the component perpendicular to the plane is composed strictly
of the wedge product term

1
=xAB—= 2
XL =xABg )

And again for a general vector we can write it's component that lies out of
the plane as, the rejection of the plane from the vector as,

. 1 1 o
Rejg (x) ZXABE = _WX/\BB: —x A BB



2 Rotation around normal to arbitrarily oriented
plane through origin

Having established the preliminaries, we can now express a rotation around
the normal to a plane (with the plane and that normal through the origin).

Figure 1: Rotation of Vector

Such a rotation is illustrated in figure 1 preserves all components of the vec-
tor that are perpendicular to the plane, and operates only on the components
parallel to the plane.

Expressed in terms of exponentials and the projective and rejective decom-
positions above, this is

_ 1 1) 8o
Rg(x) —xABE—i- (x BB>e

1 5 1
:xABE—i-e*Be (x~BB>

Where we have made explicit note that a plane rotation does not commute
with a vector in a plane (it’s reverse is required).

To demonstrate this write i = epeq, a unit bivector in some plane with
unit vectors e; also in the plane. If a vector lies in that plane we can write the
rotation



xe"” = (aye1 +azey) (cosf +isinf)
= cosf (aje1 +azey) + (aje; +azey) (exeq sinf)
= cos B (aye1 + apep) +sinf (—arex + azeq)
= cosf (are1 + apep) — exer sinf (a1e1 + azer)

e ¥x

Similarily for a vector that lies outside of the plane we can write

xel? = ( Z aje]-)(cos() + epe; Sil’lG)

j#1.2
= (cosf + ezer sinf)( ) | aje;)
12
=efx

The multivector for a rotation in a plane perpentidular to a vector com-
mutes with that vector. The properties of the exponential allow us to factor a
rotation

R(8) = R(a®)R((1 — )0)

where « <=1, and in particular we can set « = 1/2, and write

1 1 5
R = B=— .B= | B?
p(x) = x A BT (x B>e
= <xAB]13> e BO/2B0/2 | (x-Bé) oB6/2 (BO/2
_ o B2 (x/\ Bl) oB0/2 | o—B0/2 (x . B1> oB0/2
B B
. 1

— e B2 (x \B 4 x-B) EeB@/z

N 1 ~
_ B2 (XBB) oB0/2

This takes us full circle from dot and wedge products back to x, and allows
us to express the rotated vector as:

Ry(x) = e B0/2y BO/2 3)

Only when the vector lies in the plane (x = x|, or x A B = 0) can be written
using the familiar left or right “full angle” rotation exponential that we are
used to from complex arithmetric:



3 Rotor equation in terms of normal to plane.

The rotor equation above is valid for any number of dimensions. For R3 we
can alternatively parameterize the plane in terms of a unit normal n:

B = kin

Here i is the R3 pseudoscalar ejezes.
Thus we can write

B=in
and expressing 3 in terms of the unit normal becomes trivial

Rg(x) _ efin9/2xein6/2 (4)

Expressing this in terms of components and the unit normal is a bit harder

— 1 LY o
Rg(x) —xABB + <x BB>e

_ 1 L ino
= x A (in) o + (x (in) in) e
Now,
. 1. .
x A (in) = i(xzn + inx)
= %(xn + nx)
= (x-n)i
And
111
in  inni
= —in



So the rejective term becomes

1
X B x A (in)

Now, for the dot product with the plane term, we have

x-B=x-(in)
—l(xin—inx)
-2

= (x An)i

Putting it all together we have

Rg(x) = (x-n)n + (x An)ne™® (5)

In terms of explicit sine and cosine terms this is (observe that (in)? = —1),
Rp(x) = (x-n)n+ (x An)n(cosb + insin@)

Ry(x) = (x-n)n+ (x An)ncosb + (x An)isin6 (6)

This triplet of mutually orthogonal direction vectors, n, (x An)n, and (x A

Vector rotation in terms of dot and cross products only.

First the rejective term

n)i are illustrated in figure 2. The component of the vector in the direction
of the normal Proj, (x) = x - nn is unaltered by the rotation. The rotation is
applied to the remaining component of x, Rej, (x) = (x A n)n, and we rotate in
the direction (x A n)i

Expression of this rotation formula 6 in terms of “vector” relations is also pos-
sible, by removing the wedge products and the pseudoscalar references.



Figure 2: Direction vectors associated with rotation

(x An)n = ((x xn)i)n
= ((xxn)i)-n
- %(((X xn)i)n —n((x x n)i))
%((Xxn)n n(x x n))
=i((x xn) An)
2

=i“((x xn) x n)
=nx (xxn)

The next term expressed in terms of the cross product is

(x An)i = (x x n)i?

=nxXx

And putting it all together we have

Rg(x) = (x-n)n+ (nx x) X ncosf +n X xsin 6

@)



Compare equation 7 to 6 and 5, and then back to 3.

4 Giving a meaning to the sign of the bivector.

For a rotation between two vectors in the plane containing those vectors, we
can write the rotation in terms of the exponential as either a left or right rotation
operator:

0 _ o—if 5

b=ael
b=ea=ae 2
Here both i and j = —i are unit bivectors with the property i = j?> =
—1. Thus in order to write a rotation in exponential form a meaning must
be assigned to the sign of the unit bivector that describes the plane and the
orientation of the rotation.
Consider for example the case of a rotation by 77/2. For this is the exponen-
tial is:
e/2 = cos(7/2) +isin(m/2) =i

Thus for perpendicular unit vectors u and v, if we wish i to act as a 77/2
rotation left acting operator on u towards v it’s value must be:

i=uAv
ui=uuAv=uuv=yv
For that same rotation if the bivector is employed as a right acting operator,
the reverse is required:
j=VvAu
ju=vAu=vuu=v

In general, for any two vectors, one can find an angle 6 in the range 0 <
6 < 1t between those vectors. If one lets that angle define the orientation of the
rotation between the vectors, and implicitly define a sort of “imaginary axis”
for that plane, that imaginary axis will have direction

1
fa/\b:bAal.
a a

This is illustrated in figure 3.
Thus the bivector

- aAb
~ |anb|

When acting as an operator to the left (ai) with a vector in the plane can be
interpreted as acting as a rotation by 77/2 towards b.
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N v

Figure 3: Orientation of unit imaginary

Similarily the bivector

Ct g bAa
YN

also applied to a vector in the plane produces the same rotation when acting
as an operator to the right. Thus, in general we can write a rotation by theta in
the plane containing non-colinear vectors a and b in the direction of minimal
angle from a towards b in one of the three forms:

aAb 9 bra 9
Rpap(a) = aeh s’ =P’
Or,
bAa aAb
R@:a—>b<x) = e\b/\a|9/2 xe‘a/\b‘e/z

This last (writing x instead of a since it also applies to vectors that lie outside
of the a A b plane), is our rotor formula 3, reexpressed in a way that removes
the sign ambiguity of the bivector i in that equation.

5 Rotation between two unit vectors.

As illustrated in figure 4, when the angle between two vectors is less than 7t the
fact that the sum of two arbitrarily oriented unit vectors bisects those vectors
provides a convienient way to compute the half angle rotation exponential.



Figure 4: Sum of unit vectors bisects angle between.

Thus we can write

a+b . .
| :[b| — aei0/2 _ Gi6/2
a

Where i = j' are unit bivectors of appropriate sign. Multiplication through
by a gives

oif/2 _ 1t+ab
la+b|
Or,
ejg/z _ 1 +ba
la+b|

Thus we can write the total rotation from ato b as

b — e 10/2 5 0i8/2 _ j6/2 5 o—j6/2 _ (1 +ba) A (1 —i—ab)
la+b| la+b|

For the case where the rotation is through an angle 6 where m < 0 < 2,
again employing a left acting exponential operator we have

10



atb . @i
la+b|

=b ei7r e7i9/2

— —b e—i9/2

Or,
e_i9/2:_ba+1
|a+b]
Thus
s . 1+ ba 1+ ab
_ i6/2 , ,i6/2 _ [ _ _
b=e e = (- F ) a (-5 ®

Note that the two negatives cancel, giving the same result as in the 8 < 7
case. Thus equation 8 is valid for all vectors a # —b (this can be verified by
direct multiplication.)

These half angle exponentials are called rotors, writing the rotor as

_1+ab
~ |la+b|

and the rotation in terms of rotors is:

b = R'aR

The angle associated with this rotor R is the minimal angle between the two
vectors (0 < 6 < ), and is directed from a to b. Inverting the rotor will not
change the net effect of the rotation, but has the geometric meaning that the
rotation from a to b rotates in the opposite direction through the larger angle
(1t < 8 < 27) between the vectors.

6 Eigenvalues, vectors and coordinate vector and
matrix of the rotation linear transformation.

Given the plane containing two orthogonal vectors u and v, we can form a unit
bivector for the plane

B =uv

A normal to this plane is n = vul.
The rotation operator for a rotation around n in that plane (directed from u
towards v) is

RG (X) — evu9/2 x euv6/2

11



To form the matrix of this linear transformation assume an orthonormal
basis o = {e;}.
In terms of these basis vectors we can write

RG(ej) _ efvu9/2 e euv(9/2 _ Z (efqu/Z ej euv9/2) ceje;
i
Thus the coordinate vector for this basis is

(efvu9/2 ej euVG/Z) ceq
[RG (e])] o = .
(e—vuo/z e euv9/2) ey

We can use this to form the matrix for the linear operator that takes coordi-
nate vectors from the basis o to ¢

[Ro()], = [Ro];[x],
Where
[Re]y = [[Ro(en)], - [Ro(en)] ] = [ (e /2 eje2) ] )
If one uses the plane and its normal to form an alternate orthornomal basis
a={u,v,n}.
The transformation matrix for coordinate vectors in this basis is

(e u (ve®™?).u 0 cosf —sinf 0
& v vo — i
[R(?]a_ (ue“ )-v (Ve“ )-v 0 | = |sinf cosf O
0 0 n-n 0 0 1
This matrix has eigenvalues el?, e~ 1, with (coordinate) eigenvectors
T L R Y A

— | —i|,—= |i|, |0
V2 lo| V2]o| |1

Its interesting to observe that without introducing coordinate vectors an
eigensolution is possible directly from the linear transformation itself.

The rotation linear operator has right and left eigenvalues e"*?, e""¥ (re-
spectively), where the eigenvectors for these are any vectors in the plane. There’s
also a scalar eigenvalue 1 (both left and right eigenvalue), for the eigenvector
n:

12



Observe that the eigenvalues here are not all scalars, which is likely related
to the fact that the coordinate matrix was not diagonalizable with real vectors.
the matrix of the linear transformation. Given this, one can write:

euVG 0 0

[Ro(u) Rp(v) Re(n)]=[u v n]| 0 " 0
0 0 1

evud 0 0
— 0 evud [u v n]

0 0 1

But neither of these can be used to diagonalize the matrix of the transfor-
maion. To do that we require dot products that span the matrix product to
form the coordinate vector columns.

Observe that interestingly enough the left and right eigenvalues of the op-
erator in the plane are of complex exponential form (e*™!?) just as the eigen-
values for coordinate vectors restricted to the plane are complex exponentials

(eiie).
7 matrix for rotation linear tx.
Let’s expand the terms in 9 to calculate explicitly the rotation matrix for an

arbitrary rotation. Also, as before, write n = vul, and parameterize the Rotor
as follows:

R =e™M%2 — c0s0/2 +nlsinf/2 = a+ 1B

Thus the ij terms in the matrix are:

e;- (e—n19/2 e enl9/2)

(ei(a — 1B)ej(a + 1B))

= (ei(eju — IBej)(a + IB))

(e (e]rx ~ Ia(Be; — e;B) + Pe;B))
(5

Oii

+ (e; (—2Ia(B A e;) + ,Bejﬁ)>
jo” +2ae; - (B x ej) + (e;Be;B)

Lets expand the last term separately:

(e;Be;B) = ((e;-B+e; ANB)(ej-B+ejAPB))
= (e;-B)(ej- B) + ((e; A B)(ej A B))

13



And once more considering first the i = j case (writing s # i # t).

< e; A ,B Z ezkﬁk
k#i

= (eisPs + eitPt) (eisPs + it pt)
= —B2 — B? — exBsBi + ersPiPs
= —B; — Bt

—B*+ B

For the i # j term, writing i # j # k

<(el /\ﬁ e] /\ﬁ Zezsﬁszeztﬁt
s#i t#£i

= ((ejjB; + eiPr)(ejiBi + ejxPr))
= BiBj + (ejiPi + eiB;Br + exiPrBi)
= Bibj

Thus
((ei A B)(ej AB)) = &;j(— B>+ P7) + (1= 5;) BiBj = BiBj — 0;iB°
And putting it all back together

e;- (e—n19/2 e ele/Z) _ 51,],(062 B ﬁz) +2ne; - (B X e].) +2BiB;

The a« and  terms can be expanded in terms of 0. we see that The J;; coeffi-

cient is

a? — B? = 2cos?0 — 1 = cosb.

The triple product e; - (B x e;) is zero along the diagonal where i = j since
an e; = e; cross has no e; component, so for k # i # j, the triple product term

is

2(xei . (,B X e]) = erﬁkei . (ek X e])
= 20f sgn Tk
= 2n cos(6/2) sin(6/2) sgn 7ty

= Ny sin 6 sgn 7

14



The last term is:

Thus we can alternatively write 10

e - (e—n19/2 ej enIG/Z) = djjcos 0 + ng sinfejpj +ninj(1 —cosd) (1)

This is enough to easily and explicitly write out the complete rotation ma-
trix for a rotation about unit vector n = (11, np, n3): (with basis o = {e;}):

cos0(1 —n?) + n? n1n(1 —cos ) —nzsin®  nynz(1 — cosf) + nysiné
[Rolg = [n1n2(1 —cos ) + nzsin6 cos (1 — n3) + n3 nynz(1 — cosB) — ny sin 6
ninz(1 —cos) —npsinf  nynz(1l — cosf) + nq sin6 cosf(1— né) + n%

Note also that the n; terms are the direction cosines of the unit normal for
the rotation, so all the terms above are really strictly sums of sine and cosine
products, so we have the rotation matrix completely described in terms of four
angles. Also observe how much additional complexity we have to express a
rotation in terms of the matrix. This representation also does not work for
plane rotations, just vectors (whereas that’s not the case for the rotor form).

It’s actually somewhat simplier looking to leave things in terms of the &,
and pB parameters. We can rewrite 10 as:

e (e_nw/z ej enIG/Z) = 6j(20% — 1) + 2aByei; + 2BiB; (12)
and the rotation matrix:
o> — 5+ p3 Bifa—Pan  P1Ps+ P

[Rolg =2 | Bifa+ oa a2~ 3+ B3 Bafs — pra
Bi1Bs — Box  BoPs+ P o — 3+ 3

Not really that much simpler, but a bit. The tradeoff is that the similarity to
the standard 2x2 rotation matrix is not obvious.
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