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Exercise 7 — Optimization in Control — May 11. 2016

Matlab:

• Matlab installation instructions using your ORU-account: https://www.oru.se/globalassets/
oru-sv/student/it/installation-av-matlab-r2015b-studenter.pdf

• Cheat-sheet: http://userpage.chemie.fu-berlin.de/~naundorf/PCF/MATLAB_Reference_
Sheet-1.pdf

Exercise report:

Start with a separate cover page including:

• Course name (e.g. Robot Control)

• Exercise number and title (e.g. Exercise 7 – Optimization in Control)

• Student name, personal number and email address

• Date when the exercise was performed and date when the report was submitted

The report itself can be very short, e. g. only a figure and/or some brief written explanation
per sub-task. Only include data which is necessary to show that the lab was successful and try
to answer the posed questions succinctly. Submit both, the report and your generated Matlab
files, via email until the deadline on May. 17. 2016. Grading will be based on the points in-
dicated after each question. A total of 22 points (excluding bonus points as indicated) can be
achieved.

Main points covered:

• Solving Quadratic Programming (QP) problems

• Whole-body task-prioritized control

Introduction

This set of exercises requires a QP solver. The built-in Matlab solver quadprog(.) is easily
available but quiet inefficient. Therefore, if your time permits, you are encouraged to ex-
periment with better open-source solvers which offer a Matlab interface. Suggestions include
qpOASES (https://projects.coin-or.org/qpOASES) and Gurobi (a commercial solver pack-
age which, however, offers free academic licenses upon registration http://www.gurobi.com/).
Note, that if you choose to use quadprog, the default interior point algorithm it uses seems
to be numerically very sensitive for the intended application and it might be better to use the
deprecated active set algorithm (can be set via options.Algorithm=’active-set’) despite of
the annoying warning messages this generates.

Implement separate executable script files for each of the sub-tasks below, so that the
experiments can be run independently without changing your code (such as commenting/un-
commenting pieces and bits).
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1 QP Solving

Consider the following Quadratic Program (QP) with decision variables x1 and x2

min
x1, x2

x21 + 4(x2 − 4)2

subject to − x1 − x2 ≥ −7 (1)

x1 − 2x2 ≥ −4

1. Find the minimizers x∗1 and x∗2 of (1) using the QP solver of your choice.

2. In the x1/x2-plane, visualize the contour lines of the objective function (you can use the
Matalb command contour), as well as the objective gradient and the gradient of the
active constraint at the solution. What conclusions regarding optimality can you draw
from the observed geometric relations? [4 pts]

2 Task-prioritized Whole-Body Control

Now we want to carry out kinematic whole-body control of the bMSd ABB robot modeled
in ./models/model_ABB.m. To simplify, we only generate target joint velocities q̇∗, which are
assumed to be tracked perfectly by a low-level controller (i. e., carry out the following simu-
lations only on a kinematic level via setting SV.dq, calling calc_pos and forward integration
of the kinematic quantities via int_euler). Consider two planes given by their unit normals
and offsets such that P1 = {x ∈ R3 |nT

1 x− a1 = 0} and P2 = {x ∈ R3 |nT
2 x − a2 = 0}, with

n1 =
[
0 1/

√
2 1/

√
2
]T

, a1 = 0.3, n2 =
[
0 0 1

]T
and a2 = 0.25. Visualize the manipulator

and the two planes. For the latter, you can either use plotPlane.m from the course website or
the Environment class from the bMSd simulator.

1. First, control the manipulator in simulation such that its end-effector moves towards P1.
As in lecture 7, formulate a corresponding task evolution law nT

1 J(q)q̇ = J t(q)q̇ = −e1(q)
and obtain the control joint velocities at each time step as the solution of the QP1

min
q̇,w1

1

2

(
‖w1‖2 + ρ2‖q̇‖2

)
subject to J t1 q̇ = −e1 + w1, (2)

where ρ � 1 is a small positive constant and the task function value corresponds to the
perpendicular distance between the ee-point p(q) and P1, i. e., e1(q) = nT

1 p(q)− a1.
. [6 pts]

2. Make P1 unreachable (by setting a1 accordingly). How does increasing the damping factor
ρ affect the resulting behavior? [2 pts]

1The QP in (2) is regularized using a damping factor ρ which seeks to minimize the norm of the joint velocity
vector in addition to the slack variable norm. Note, that the analytical solution q∗ = −J∗

t1e1(q) of this equality

constrained QP corresponds to the damped pseudo-inverse J∗
t1 = JT

t1(J t1J
T
t1 + ρ2I)−1 [1].
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3. Now we want to control the end-effector such that it stays with high priority “above”
P1 while, with lower priority, reaches anywhere on P2. To this end, use the following
hierarchy of two QP’s to solve the lower priority constraint in the null-space of the higher
priority constraint

I: min
q̇,w1

1

2

(
‖w1‖2 + ρ2‖q̇‖2

)
subject to J t1 q̇ ≥ −e1 + w1

II: min
q̇,w2

1

2

(
‖w2‖2 + ρ2‖q̇‖2

)
(3)

subject to J t1 q̇ ≥ −e1 + w∗
1

J t2 q̇ = −e2 + w2

where w∗
1 is the slack variable solution obtained from the first QP and the jacobian correspond-

ing to the second task is J t2 = nT
2 J(q). Simulate the manipulator behavior by using joint

velocities obtained from the solution of the second QP in (3) as control input at each time step.
. [10 pts]
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