ME 115(a): Solution to Homework #3
(Winter, 2009/2010)

Problem 1:

Part (a): Elements of SU(2) have the form:

A A ]

—w* 2z
where zz* + ww* = a® + b%> + ¢ + d*> = 1. To show that the matrices

I e I K B

form a basis for SU(2), let A, B, C, and D be real numbers. Then, the matrix formed by
the product of A, B, C,and D with these matrices is:

10 1 0 0 1 0 1 A+iB C+1iD
A{o 1} +B{o —1} +C{—1 o} +D[¢ o} - [C—z’D A—z’B}
is a matrix in SU(2) for any choice of A, B, C, and D where A% + B?>+ C? + D?> = 1. Thus
these four basis matrices for SU(2) are in 1-to-1 correspondence with the 1, ¢, j, and k basis
elements for the quaternions. Thus, the scalar elements A, B, C, and D are in one-to-one
correspondence with the scalar elements of unit quaternions. That is, let a unit quaternion
be represented by g = A1 + \oi + A3j + Mk = (A1, A2, A3, A\g). The correspondence is then:

Moo= A=Re(z)= T (1)
N = B=Im(z)= "2 )
s = C:Re(w):w—;w* (3)
A= D= Imu) = ) 0

Part (b):The unit quaternion elements are in one-to-one correspondence with the Euler
parameters of a rotation: (Ay, Ay, Az, A\y) = (cos %, Wy Sin %, wy sin %, w, sin %) ¢ is the rotation
about an axis represented by a unit vector & = [w, w, w.|T. A 2 X 2 complex matrix which
represents an arbitrary rotation as a function of the z-y-x Euler angles can be developed as
the product of 2 x 2 complex matrices which represent rotations about the z, y, and x axes.

A rotation about the x-axis of amount v has the 2 x 2 representation (since A\; = cos Z,



)\2 = Sin%, )\3 = )\4 = O)

{(cos%%—z’sm%) 0 } B {eig 0 }
%

0 (cos 3 —isind)
Similarly, a rotation of amount ¢ about the y-axis can be represented as:

¢ in @
[ co§ §¢ sin %}
—slng COoSg

while a rotation of amount ¢ about the z-axis can be represented as:

Y igin¥
|:COS2 zsmﬁ}
ising cos

<

The product of these matrices yields the result.

Part (c):

¢ = 2cos (a) = 2(:08’1(Z —;Z*) (5)

W — b _ (z —2")/2 (6)
’ V2 + 2+ a2 \/(z;z*y + ww*

Lo c _ (W+w*)/2 (7)
Yy m \/(Zéz* )2 + ww*

L d _ (W —w"*)/2 (8)
: Vb2 + 2+ d? \/(z;z*)2 + ww*

Problem 2: Can every orthogonal matrix be represented by the exponential of a real matrix?

You should have either remembered or derived the fact that det(e®) = e"(©), where tr(C) is
the trace of determinant C. Note that if ¢7(C) is real, than e/"(©) is always a positive number
and therefore orthogonal matrices with determinant -1 can not be represented as a matrix
exponential. This arises from the fact that the Orthogonal Group is a disconnected group.
That is, the matrices with +1 determinant are all connected to each other, and similarly the
ones with -1 determinant. But, the two subsets are disjoint.

Note, that if tr(C) = Zi (where i = —1), then det(e®) = —1. However, this can not be true
if C is real. Recall that the trace of a matrix is equal to the sum of its eigenvalues. Let C' be
a n X n matrix. If n is even, then all of the eigenvalues of C' must be complex cojugates and
or an even number of real roots. Thus, the sum of the eigenvalues must be real. Similarly, if

\)



n is odd, the eigenvalues will either be: (1) an odd number of real eigenvalues, or (2) an odd
number of real eigenvalues and an even number of complex conjugate complex eigenvalues.
In either case, the sum of the eigenvalues must be real number. Thus, if C is a real matrix (as
specified in part (a)), then t7(C) must be real, and therefore e“ can not represent orthogonal
matrices with determinant -1.

Problem 3: (Problem 5(c) of chapter 2 in the MLS text). There are at least two ways to
solve this problem. The simplest way is to use the result of part 5(b) quoted in the text:

1 1+a}—a3—a3 2(aay —az) 2(aras + as)
R = W 2(&1&2 + &3) 1— CL% + a% — a§ 2(&2&3 — CL1) (9)
2(ara3 — as) 2(azas + ay) 1 —af — a3+ a3

where [|a||? is shorthand notation for [|a||* = a? + a3 + a3. Noting that

_ 3= |la|P

trace(R) = .
= e
This equation can be solved to obtain an expression for ||a||?:

_ 3—trace(R) 3 —ry — 1oy —Ta3
1+trace(R) 14171 + 170 +733

lall”

Simple algebraic manipulation of the off-diagonal term of R yield

a1 _1+Ha’|2 :32:7“23
= |3 —T31
as 21 — 112

If you didn’t use the results of 5(b) in the text, then you would have started with Cayley’s
formula

0 —as a9
R=(I—-a)*(I+a); wherea=|a3 0 —a
—a9 aq 0

and derived Equation (9) from this expression.

Problem 4: Problem 6(a,d,e) in Chapter 2 of MLS.
Part (a): Let @ and P be unit quaternions—i.e., QQ* = PP* = 1, where Q* is the
quaternion conjugate of (). The set of unit quaternions is a group if you can show that:

(i) quaternion multiplication is a binary group operation (i.e., the product of two elements

in the group yields a group element),

(ii) the group operation (quaternion multiplication) is associative
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(ii) the set contains an identity element;

(iii) every group element has an inverse element, and the inverse element is in the group.

Each of these requirements can be shown as follows:

(i) The product of unit quaternions, QP, is a unit quaternion: QP(QP)* = QPP*Q* =
QRAO* =1.

(i) If @1, @2, and Q3 are unit quaternions, then you must show that Q; (Q2 Q3) =
(@1 Q2) Q3. While there are many ways to show this, one can simply observe that

since the four basis elements of a unit quarternion, (1,14, 7, k), satisfy the associative
multiplication requirement, the quaternions themselves will satisfy this requirement.

(iii) The identity quaternion is: e = (1,0,0,0) =14+0-i+0-5+0- k.
(iv) The inverse of any unit quaternion () is:
Q*

-1_ % _
@ =00

Q*
which is also a unit quaternion since

Norm(Q7') = Norm(Q") = Q*(Q")" = QQ = (QQ)

Il
—_
*
I
—_

Part (d):

(i) If Ay, Ay € SO(3), then each of the 9 elements in the product matrix A; A, requires
3 multiplications and 2 additions. Hence, the product A; A, requires a total of 27
multiplications and 18 additions.

(ii) Let ¢; and go be quaternions, with respective real and vector parts ¢ g, gor and Gip, Gap-
The real part of the quaternion product, ¢irger — ¢1p - Gop, requires 4 multiplications
and 3 additions (where the subtraction is counted as an addition). The pure part,
Gsp = qirGer + @2rGip + ¢ip X Gap, can be evaluated in 12 multiplications and 9
additions. Thus, the quaternion product requires a total of 16 multiplications and 12
additions. It is therefore more efficient than the equivalent matrix multiplication.

(iii) The rotation of a vector by multiplication of a 3 x 3 rotation matrix times a 3 x 1
vector requires only 9 multiplications and 6 additions.

(iv) The number of multiplications and additions for the equivalent quaternion operation
will depend upon the form which one uses for the quaternion vector rotation. Using
the identity 1 = ¢% + gp - qp, it is possible to show that the vector part of qZg~! in
part (b) above can be rearranged to the form:

T+ 2[gp % (qp X ¥) + qrlqp X 7)]
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Since gp X T need only be evaluated once, this takes only 18 multiplications and 12
additions. However, no matter what form one tries, the quaternion approach will
always take more operations than the matrix/vector approach for vector rotation.

Part (e): Let a body rotate about a fixed axis & by an angle ¢(). Let the unit quaternion
Q(t) denote the orientation of this rotating body. This quaternion can be represented in the

“vector” form
(1) o)

Q) = (cos ™) (10)

Thus, the time rate of change of this quaternion is:

Q(t) = (— (b;t) Sin(d)(t)), ¢<2t)&cos(¢(2t>)> ) (11)

2

Recall that if Q1 = (Q1,, @M) and Q2 = (Qar, Q)gﬂ,) (in the convenient “vector” notation
for a quaternion), then

Ql : QZ - (QLTQZ,T - @1711 : @2,1)’ Ql,r@lv + QQ,’/‘Q].,U + Cjl,v X QQ,U) . (12)
Substituting the appropriate forms of Equations (10) and (11) into Equation (12) yields:
5 o b b b ¢, L . @
Q-QF = ( 281n(2),2wcos(2) cos(2), ws1n(2) (13)

- (o, %@) (14)

Problem 5: Problem 8(b,c) in Chapter 2 of MLS.

Part(b):
ghg™!  _ l -1 l —132 l 133
e = T4 37909 + 55(9Ag7) + 57(gAg ™)+
1, ., 1 _ 1 _
= I+ 39007 + 5 (90 + (9097 + -
_ 1 Lo 1s -1
— ety

part (c): Assuming that A is constant and 6 is a function of time:



e NG ) ) ¢
i’ g0+ A )

1. 1.
= A+ 00N+

) 1 )
= OA(I+ A+ o) = 6AcM

Problem 6: Problem 9(a,b) in Chapter 2 of MLS.

Part (a): Part (a) of this problem first asked you to show that:
image(w) = N

where Nt is the orthogonal complement to the space spanned by &. First note that N is
the subspace of R® spanned by all vectors orthogonal to &:

Nt = {ZeR?| 7.4 =0}.
Next, note that image(w) is:
image(w) = {7 | v =z, VZ € R%}.
In order to show that image(w) = N, it is sufficient to show that the following two conditions

hold: (i) image(w) C NX; and (ii) N C image(®).

w

—

Let ¥* be a vector in image(w). Then v* = @z for some vector Z. But, since &0 = J-(w?)
0, then v* € Nj. Hence, we can conclude that:
image(0) C N

To show the other inclusion, consider a vector ¥ € N2 . It must be true that 7-& = 0. Let
p=1y xd. Then
WP =0 X @) =—-0=-dx([@xy) =7.
Thus, we have that i/ € image(w). Since the choice of the vector i was arbitrary, we have
that N- C image(w). Hence, N- = image @.
Part (a) of this problem also asked you to show that:
kernel(w) = N,

where N, is the space spanned by &J: N, = {Z| 2= ad, V a € R}. Recall that the kernel
of a linear map (a matrix) A is the set: kernel(A) = {Z'| AZ = 0}. Hence:

kernel(w) = {7 €R’® |7 =0}

= {t=XJ| X € R}
p— N(A)
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Part (b): Recall from the problem statement that in order to show that an operator Py on
a linear vector space V' is a projection, one must show:

condition 1: Py(x) =z for any z € V.

condition 2: Py (V) =V for the entire space V.

To show that Py, = &&7 is a projection map, we must show that Py, (z € N,) = x and
image(Py,) = N,). To show the first condition, let v = A& for some A € R. The vector ¢
clearly lies in N,. Then:

To show the second requirement,
image(Py,) = {&&'7|7ZeR?}
= {ad |a €R}
- N,

To show that operator Py1 = (I — @1 is projection, we must similarly show that conditions
1 and 2 hold. To show the first condition, let # € N2: ¢7G = 0. Then

Pyi () = (I — &) = 7 — 3(@70) = 7.

To show the second condition, let 2 € image(Py1). There must exist a vector i € R?
such that z= (I —&d”)y. For any such vector z:

G 7=d-(I-ad

Thus, image(Py.) C N;. Next we want to show that N C image(Py.). To do this, let
7 € NE. Then
Pyi(0)=(I -6 0=0-3(&"0)=0-0=70.

Since this is true for any ¢ € N, then N C image(Py.). Hence, N = image(Py. ), and
thus Py is a projection.

Problem 7: Let Z-X-Y Euler angles be denoted by v, ¢, and ~. First let’s develop an
expression for the net rotation due to Z-Y-X rotations. First find expressions for each of the
individual rotation matrices:

cosy —siny 0 cos¢ 0 siny
Ry = Rot(Z,¢) = |siny cosyp 0 R, = Rot(y,¢) = 0 1 0
0 0 1 —sing 0 cos¢
1 0 0

R, = Rot(Z,7) = |0 cosy —siny
0 siny cosvy



where the notation R(p,«) means rotation by angle a about axis p. The final expression is
obtained by multiplying these matrices:

cpcp  cpspsy — sey  chspey + sysy
R(,¢,7) = RyRsR, = | svcg spsdpsy + cihey  sihspey — cibsy
—S¢ cosy cocry

where s1) = sin ), c¢ = cos ¢, etc.

To find an expression for the angles v, ¢, and v as a function of the a;; in the matrix

a1; a2 Qi3
R = |aa a2 ax
a3; Aazz ass

note that sin¢p = —ag;. There are two solutions to this equation: ¢, = sin_l(agl) and
¢o = m — ¢1. Manipulation of the (a1, as1) and (agz, ass) terms yields:

a1 a32 a33

cos ¢’ cos’

Y = AtanZ[ﬁ

cos ¢’ cos qﬁ]; v = Atan?|



