
EE/BIOE C125 Problem Set 1
Assigned 9/2/05; Due 9/13/05

Late homework policy: Homework and labs are due in lecture on the due date. Late homework will
only be accepted before the solutions are handed out, usually 1 or 2 lectures after the assignment is
due. 15% of your score will be deducted for each lecture an assignment is turned in late. E.g., for an
assignment due on Tuesday, 15% would be deducted if turned in by lecture on Thursday, 30% if
turned in the following Tuesday.

Collaboration policy: You may discuss the solutions to homework and labs with your classmates, but
you must do the work (i.e., do the math, answer the questions, write the Matlab and Mathematica
programs) individually. Also see the EECS department policy on academic dishonesty at

http://www.eecs.berkeley.edu/Policies/acad.dis.shtml.

1. Use Lemma 2.3 in the text to prove Rodrigues’ formula, eq. (2.14).

2. Equation (2.18) on page 30 of MLS shows one way to extract ω from a 3 × 3 rotation matrix R.
This mapping breaks down for θ = 0 and θ = π, however, which can be found from (2.17). This
is to be expected at θ = 0, because this is a singularity (the axis of rotation ω is undefined when
θ = 0). When θ = π, there is not a singularity; one should be able to find ω.

(a) Use Rodrigues’ formula to show that when R = I, θ = 0 and ω is arbitrary.

(b) Equation (2.18) is just one way of finding ω from the nine terms in R—you have nine
equations you can use and only three unknowns. From (2.16), find an alternative to
equation (2.18) that will give ω for the particular case that θ = π. (Note: when we see
methods to solve the inverse kinematics of a multi-link manipulator in a few weeks, our
knowledge of the structure of the manipulator will give us ω, and we will use a more robust
method of finding θ from the known ω.)

3. Let R ∈ SO(3) be a rotation matrix generated by rotating about a unit vector ω by θ radians.
That is, R satisfies R = exp ω̂θ.

(a) Show that the eigenvalues of ω̂ are 0, i, and −i, where i =
√
−1. Show that the eigenvector

associated with λ = 0 is ω.

(b) Verify that the eigenvalues of R are 1, eiθ, and e−iθ and that the eigenvectors of R are the
same as ω̂. Hint: Note that the eigenvalues of R are the exponentials of the eigenvalues of
ω̂ times θ. You don’t need to find the eigenvectors to do this problem.

4. Problem 10, page 75 of MLS. Hints: (a) Where you are on a circle can be identified by a single
parameter θ with periodicity 2π. Show, using the definition of the properties of SO(n) in
section 2.1, that any member of SO(2) can also be written as a function of θ. (b) Note that
‘so(2) → SO(3)’ should be ‘so(2) → SO(2)’. An injective mapping is one-to-one. Don’t use
Rodrigues’ formula—it is only proven for so(3). (c) Don’t miss part c on page 76.

5. Although the kinematics of the human eye can be represented by a spherical joint, and thus
should require 3 parameters to specify orientation, in fact eye orientation is often constrained
by a phenomenon known as “Listing’s Law.” Listing and Helmholtz observed in the 1860’s that



Figure 1: The nine eye orientations drawn in solid lines accord with Listing’s law, because they are
attainable by rotating from primary position (center) about axes lying in Listing’s plane (the plane of
the paper). The position drawn in dashed lines at bottom center does not fit Listing’s law, because
the rotation to this position from primary position occurs about an axis tilted out of Listing’s plane.

torsion, or rotation about the eye fixation axis (z in the figure) is a function of the direction of
fixation as specified, for example, by elevation about x and azimuthal rotation about y. They
observed that the eye usually fixates with orientations that can be specified by a single rotation
about an axis in “Listing’s plane” (the x-y plane) from the “primary position” of the eye
(fixation along the z axis) to the new fixation. Listing’s plane is roughly aligned with the head
so that x is leftward, y is vertical, and z is forward.

Show that the result of rotation about an axis in Listing’s plane is equivalent to a Z-Y-Z Euler
angle sequence in which rotation occurs first by an angle α about the z axis, then β about the
new y axis, and finally −α about the new z axis. Find the equivalent axis of rotation in
Listing’s plane and the angle of rotation about this axis as a function of α and β.

By the way, Listing’s Law is not due to mechanical constraints on motion of the eye, but seems
to be imposed by a neural control law within the brain to maintain the perceived orientation of
the world as eye fixation direction shifts.


