
 
MAE 345 

Robotics and Intelligent Systems 
 

Assignment #1 
due: September 24, 2015 

 
 
 
 
1) Describe a specific, existing robotic system in about 750 words.  Here are important 

points to address in your brief report: 
 

! Name of the device 
! Generic description of what it does 
! Size and published performance characteristics of the device 
! Application areas for the device 
! Ethical implications of the device’s use 
! Societal implications of the device’s use 
! Future prospects for this type of robot, including technical improvements that 

could be made and likelihood of adoption in a broad community 
 
2) Describe an existing or hypothetical intelligent system in about 500 words.  Here are 

important points to address: 
 

! Name of the system 
! Generic description of what it does or would do 
! Why the system is “intelligent” 
! How it is or would be implemented 
! Ethical and societal implications of its use 

 
 



 
 

MAE 345 
ROBOTICS AND INTELLIGENT SYSTEMS 

Assignment #2 
due: End-of-day, October 5, 2015 

 
 
 

 
Figure 1.  Syma X11 Radio-Controlled Quadcopter. 

 
The goal of this assignment is to document the physical characteristics and flight 
behavior of a Syma X11 quadcopter (Fig. 1, [1-5]).  You will work in teams of three or 
four to complete the assignment and to write your report (i.e., one report for each team, 
with the same grade assigned to each team member).  The teams have been assembled 
with random selection and will be identified by e-mail.  Each team will be lent a test 
aircraft and R/C transmitter; the Syma X11, four-channel radio-controlled device can 
hover and maneuver under control from the handheld transmitter.  Take care when you 
handle the quadcopter and do your flight experiments.  The quadcopter is relatively 
strong, but don't put it in an overloaded backpack (and/or always put it in the box); it will 
break, and we don't have spares. Please return the quadcopter when the assignment is 
completed. 
 
Fly the quadcopter cautiously in indoor spaces with ample horizontal clearance and a 
high ceiling.   Be sure that at least one other classmate is present as an observer, and keep 
the quadcopter well away from other people.  As [4] suggests, the quadcopter can be 
safely flown in confined spaces, but you will have more flexibility if you find an empty 



hallway, classroom, or athletic room for your test flying.  Don't fly too high, either; you 
don't want your plane to be caught in the rafters!   
 
A few practical points:  
 

! Flying time vs. battery charging time is an issue.  The X11 will fly for about 6-7 
minutes with the standard battery before it needs to be recharged, and charging 
time is about 35 minutes.  Plan accordingly.   

! Most of the measurements required for Part 1 of the assignment are simple; check 
with your department lab manager if you need access to rulers, scales, and so on.   

! Watch the videos before your first flight [4, 5].  The quadcopter flight is quite 
sensitive to control inputs; make very small inputs at the beginning to get a 
feeling for the response.  Don't try the "hand launch" unless you have plenty of 
space. 

 
Do not fly the quadcopter outdoors.  Although hobbyists may fly model aircraft outdoors 
(http://www.faa.gov/uas/publications/model_aircraft_operators/), private institutions, 
such as Princeton, must adhere to the regulations and oversight authority of the Federal 
Aviation Administration, which includes the requirement for authorizations for the flight 
of aircraft (http://www.faa.gov/uas/civil_operations/).  Princeton University policy 
requires that students, faculty, and staff follow all applicable laws and regulations, 
including those that govern unmanned air systems (UAS, colloquially called "drones"). 
 
Assignment 
1) Describe everything about the physical characteristics of your team's quadcopter that 

you can measure.  Do not rely on the printed material [1] that comes with the device.  
Examples of what you might measure (or calculate from measurements) are weight, 
height, width, moments of inertia, center of mass, maximum thrust from all four 
rotors, rotor rpm, sensors and actuators, electronics and control, power requirements, 
length of operation on a single battery charge, and so on.    

 
2) From experimentation, describe everything that you can measure about the flight 

characteristics of the quadcopter. Your description should include qualitative as well 
as quantitative information.  Some examples: 

 
! How does the quadcopter respond to commands, i.e., what makes it climb, 

cruise, rotate, and turn? 
! What is the speed of response to step changes in each of the four control 

commands?   
! What are the oscillatory characteristics in hover? 
! How precisely can you hold a steady position or velocity?   
! How difficult is it to execute a 360° flip?   

 
Sequences of digital photos can be useful for estimating position, velocity, and body 
angles; for example, while one person controls the quadcopter, the other two could 



capture the flight trajectory from different angles with cellphone video.    Each team 
member should take a turn at flying the UAV and comment on the experience. 

 
Organize your analysis in sections with brief introduction and conclusion sections.  
Submit your assignment as a .doc file via Blackboard (http://blackboard.princeton.edu/) 
using the name MAE_331_HW_2. 
 
References 
1) Printed material supplied with the quadcopter. 
2) http://www.gearbest.com/rc-quadcopters/pp_114522.html. 
3) http://www.amazon.com/Syma-X11-Quadcopter-Black/dp/B00L4O3IPK. 
4) https://www.youtube.com/watch?v=kyiuy2CHzj0 
5) https://www.youtube.com/watch?v=EwO6U7DbqSo. 
 



 
 

MAE 345 
Robotics and Intelligent Systems 

 
Assignment #3 

 Due:  End of day, October 14, 2015 
 

 
The goal of this assignment is to simulate the motions of a quadrotor helicopter in the 
vertical plane, i.e., neglecting turning and side motions.  The helicopter has physical 
characteristics that are similar to the Syma X11 quadcopter (Fig. 1). 
 

 
 

Figure 1. Syma X11 quadrotor helicopter. 
 
The rigid-body dynamic equations are, 
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Eliminating all lateral-directional equations and variables, the equations become 
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!! = q   
  !q = M Iyy   (9,10) 
   
The state and control vectors are defined as, 
 
 

 x =

x
z
u
w
!
q

"

#

$
$
$
$
$
$
$

%

&

'
'
'
'
'
'
'

range,m
height((),m

axial velocity,m / s
normal velocity,m / s
pitch angle,rad
pitch rate,rad / s

  (11) 

 
When travelling at less than a few meters per second, aerodynamic effects can be 
neglected.  The forces and moment on the quadcopter are then due to rotor thrust alone, 
  

 

 

X ! 0, axial force,N

Z ! !2 Tf +Ta( ), normal force(!up),N

M ! 2d Tf !Ta( ), pitch moment,N !m

  (12-14) 

 
where d is the distance between the fore and aft rotor axes.  The quadrotor is controlled 
by the sum and difference of fore and aft rotor thrusts.  Consequently, heaving and 
pitching motions are coupled by control.  For this assignment, we assume that the rotor 
thrusts form the control vector, (u1, u2) = (Tf, Ta): 
 

 
 

Z = !2 u1 + u2( )
M ! 2d u1 ! u2( )

  (15,16) 

 
 
 
Assign the following values to the model parameters: 
 



 d  = 0.073 m;  m = 0.032 kg 
 Iyy  = 2.28 x 10-5 kg-m2; g = 9.807 m/s2 

 maximum Tf = maximum Ta  =  0.14 N (per rotor) 

 
Teams of two will be identified by e-mail. 
 
Assignment   
1) Determine the following: 
 a) Thrust required for hovering flight, N 
 b) Maximum positive and negative vertical acceleration, m/s2 

 c) Maximum rotational acceleration, rad/ s2 

 d) Maximum horizontal and vertical acceleration when the pitch angle, !, is 5°. 
 
2) Prepare a MATLAB simulation script for the helicopter.   The script will use 

MATLAB's ode45 to solve eq. 5-10.  This is an example of open-loop control; the 
control functions are expressed as functions of time, and they do not change 
values in response to any errors from the desired trajectory. 

 a) Verify that your simulation produces the same answers that you calculated in 
 (1). 

 b) Beginning at hover 2 m above the ground, calculate and plot (x(t) vs. t), a 
 vertical trajectory that brings the helicopter to hover at a height of 12 m in 10 
 sec.  Show the open-loop control profile as well, and explain how you chose 
 it. 

 c) Beginning at hover 2 m above the ground, calculate and plot a horizontal 
 trajectory that brings the helicopter to a horizontal velocity of 2 m/s in 3 sec 
 and that cruises at that velocity and height for another 5 sec.  Show the open-
 loop control profile as well, and explain how you chose it. 

 
3) Calculate the effects of small perturbations on the trajectory, and assess 

qualitative effects of feedback control.  In this problem, the desired trajectory is 
an equilibrium hover; however, the equilibrium is perturbed by a small 
disturbance. 

 a) Beginning at hover 2 m above the ground, pulse u1(t) to an amplitude of 
 +101% of its equilibrium value (i.e., a change of +1%) for a duration of 0.1 
 second.  Calculate and plot (x(t) vs. t) over a period of 10 sec.  Describe the 
 motions that occur. 

 b) Here, we apply a feedback control law and repeat the perturbation.  The pitch 
 rate equation of motion is 

   
  !q = M Iyy = d u1 ! u2( ) Iyy   

 and we choose (u1 – u2) to be 
  u1 ! u2( ) = !kpitch "desired !"actual( ), "desired ! 0 rad  

Consequently, 

 !q = M Iyy = !2dkpitch "desired !"actual( ) Iyy  



This is a proportional feedback control law, in which the pitch angle error is 
fedback to the pitch control torque.  Choose a value of kpitch that produces an 
oscillation period of 2 sec.  Plot the history of (x(t) vs. t) over 20 sec.  
Describe the motions that occur. 

 

 c) Next, we examine a pitch rate feedback control law for the same problem.  
 we choose (u1 – u2) to be 

  u1 ! u2( ) = !kpitchrate qdesired ! qactual( ), qdesired ! 0 rad / sec  
 Consequently, 

 !q = M Iyy = !2dkpitchrate qdesired ! qactual( ) Iyy  
 This is a derivative feedback control law, in which the pitch rate error is 
 fedback to the pitch control torque.  Choose a value of kpitch rate that 
 produces an an exponential decay with a time constant of 2 sec. Plot the 
 history of (x(t) vs. t) over 20 sec.  Describe the motions that occur. 

 

 d) Finally, we examine a proportional-derivative feedback control law for the 
 same problem.  we choose (u1 – u2) to be 

 
 

u1 ! u2( ) = !kpitch "desired !"actual( )! kpitchrate qdesired ! qactual( ),
"desired ! 0 rad, qdesired ! 0 rad / sec

 

 Consequently, 

 
!q = M Iyy = !2d kpitch "desired !"actual( ) + kpitchrate qdesired ! qactual( )#$ %& Iyy  

   Both the pitch angle and pitch rate are fedback to the pitch control torque.  
  Use the same values of kpitch  and kpitch rate, and plot the history of (x(t) vs. t)  
  over 20 sec.  Describe the motions that occur. 

 
 
 
  
 



 
MAE 345 

Robotics and Intelligent Systems 
  

Assignment #4 
Revised: October 16, 2015 and November 11, 2015 (following the 

assignment) 
due: End of day, October 23, 2015 

 
 
Robonaut R2 is a humanoid robot that is deployed on the International Space Station 
(Fig. 1). [1]  It is equipped with two arms and two hands that are modeled after the 
human arm.   The goal of the next two assignments is to characterize and simulate the 
kinematics and dynamics of the robot's dextrous hand (Fig. 2). [2]  The R2 hand (Fig. 2) 
uses the human hand as a design model  (Fig. 3). [3]  An overview of the R2 hand is 
presented in [1].  Additional details of the mechanisms and operation of the index finger 
can be found in the patent application. [4]  You can get good insights into the hand's 
operation from YouTube clips (e.g., [5, 6]). 
 

 
 

Figure 1. NASA/GM Robonaut R2. 
 
Figures 4 to 7 illustrate the mechanism for the index finger; it has a base link, three 
principal links (or phalanges), and four joints.  Tendons that are connected to linear 
actuators in the forearm actuate the phalanges of each finger, and there are tactile sensors 
on the pads of each phalange.  The rotation axes of Joints J2, J3, and J4 are parallel (Fig. 
4), and the link parameter for each of the links and levers is the angle !i, i = 2-4 (Table 1, 
Fig. A-1).  Joint J1 provides side-to-side rotation (adduction/abduction) with respect to 
the palm of the hand, i.e., the finger spreads toward or away from the middle finger.  
Joints J2 and J3 are independently actuated by tendons; the deflection of joint J4 is 
constrained by a four-bar linkage to be proportional to the deflection of joints J2 and J3 
(Fig. 5-7). 
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In this assignment, you will characterize motions of the index finger using the Denavit-
Hartenburg conventions and MATLAB.  In Assignment #4, you will simulate the 
grasping dynamics of the R2's thumb and index finger using Simulink and 
SimMechanics. 
 

 
 

Figure 2. Robonaut R2 dextrous hand, wrist, and forearm [1]. 
 

 
 

Figure 3. Bones of the hand (from Grey's Anatomy, 1918) [3]. 
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Figure 4. Cutaway diagram of Robonaut R2 index finger showing three phalanges, base 
member, and four joints. [1]. 

 

 
 

Figure 5. Three views of the index finger showing phalanges, joints, tendons, and four-
bar linkage. (from patent application [4]) 

 

 
 

Figure 6. Schematic drawing of the four-bar linkage that involves the crossbar link (43) 
and the proximal, medial, and distal phalanges (38A, 38B, and 38C). [4] 
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Figure 7. Cutaway diagram showing the four-bar linkage that deflects the distal phalange 

in proportion to deflection of the medial with respect to the proximal phalange [1]. 
 
Link parameters are given in Table 1.  All twist angles, !i, and offsets, di, are zero.  
Further details of the finger can be found in [2] and [4], and in Fig. A-1.   Joint travel 
ranges are listed in Table 2. 
 

Table 1. Link Parameters of the R2 Index Finger. 
 
Component Length, l, in Twist Angle, !, 

deg 
Link Angle, ", 

deg 
Link Offset, d, 

in 
Base Member 0.38 90 Variable 0 

Proximal 
Phalange 

1.75 0 Variable 0 

Medial 
Phalange 

1.2 0 Variable 0 

Distal 
Phalange 

0.961 0 Variable 0 

Linkage 2-3 1.062 0 Variable 0 
 

Table 2. Joint Range of Travel. 
 

Joint # Range of Travel, deg 
J1 –20 to +20 
J2 –10 to +95 
J3 0 to 120 
J4 0 to 70 

 
Assignment 
 
1) Formulate the Denavit-Hartenberg transformation matrices for each element of your 

model. 
 
2) Write a MATLAB script that executes the phalange and linkage poses as the finger is 

deflected between its limits.  This is not intended to be a dynamic simulation, i.e., 
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there are no differential equations involved.  Present your results for the single finger 
as graphs that depict the deflection of the finger from its rest position to its maximum 
final position for each grip. 

 
3) Determine the workspace of your model for the single finger.  How does it compare 

to the workspace for your own index finger? 
 
References
 

1) --, "Robonaut R2 Home Page," http://robonaut.jsc.nasa.gov/default.asp. 
2) L. B. Bridgwater, C. A. Ihrke, M. A. Diftler, M. E. Abdallah, N. A. Radford, J. M. 

Rogers, S. Yayathi, R .S. Askew, D. M. Linn, "The Robonaut 2 Hand – Designed 
To Do Work With Tools," NASA, GM, 2011, 
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110023122.pdf. 

3) --, "Hand," Wikipedia, 2015, https://en.wikipedia.org/wiki/Hand. 
4) C. A. Ihrke, et al, "Robotic Finger Assembly," Patent No. 8,857,874, Oct. 14, 

2014, http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20150003356.pdf. 
5) --, "Robonaut R2 - NASA's Humanoid Robot," 2013, 

https://www.youtube.com/watch?v=g3u48T4Vx7k. 
6) --, "How Robonaut's Dextrous Hand Works," 2011, 

https://www.youtube.com/watch?v=qqun_fw0DnA. 
 

Addendum: Side View and Dimensions of the R2 Index Finger. 
 

 
Figure A-1. Side view of the R2 index finger, with dimensions (compliments of 

Lyndon Bridgwater, NASA Johnson Space Center, 10/16/2015).   
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[11/11/2015, after the assignment was completed: The crossbar attachment points 
listed in the middle table are reversed. They should be listed as  

J4 to link Distal –0.0126" 0.259" 0 
J3 to link Proximal 0.161" –0.014" 0 

] 



 
MAE 345 

Robotics and Intelligent Systems 
  

Assignment #5 
due (revised, 11/11/2015): End of day, November 12, 2015 

 
 
Robonaut R2 is a humanoid robot that is deployed on the 
International Space Station.  It is equipped with two human-like 
arms and hands. [1, 2]  The R2 hand (Fig. 1) uses the human hand 
as a design model; additional details of the mechanisms and 
operation of the hand, index finger, and thumb can be found in the 
patent applications. [3-6]  Your goal is to simulate the grasping 
dynamics of the R2's right hand thumb and index finger using 
Simulink and SimMechanics. [7]  
 
Mechanisms of the index finger and the thumb are described 
below.  Tendons that are connected to linear actuators in the forearm actuate the 
phalanges of the finger and thumb, and there are tactile sensors on the pads of each 
phalange.  The linkages of the R2 index finger and thumb mimic their human 
counterparts but are different in detail. 
 
 

 
 

Figure 1. Robonaut R2 dextrous hand, wrist, and forearm [2]. 
 
 
The rotation axes of Index Finger Joints J2, J3, and J4 are parallel (Fig. 2), and the link 
parameter for each of the links and levers is the angle !i, i = 2-4 (Table 1).  Joint J1 
provides side-to-side rotation (adduction/abduction) with respect to the palm of the hand, 
i.e., the finger spreads toward or away from the middle finger. The base for Joint J1 is 
attached to the palm of the R2 hand.  Joints J2 and J3 are independently actuated by 
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differential force on four tendons (Fig. 3, upper); the tendon deflection moment arms 
("reaction radius") are listed in Fig. 2.  The reaction radii remain constant because the 
tendon-link interfaces are circular.  Joint J1 is independently actuated by differential 
tension on the J2 and J3 tendon pairs (Fig. 3, lower).  Deflection of Joint J4 is constrained 
by a four-bar linkage to be proportional to the deflection of Joint J3.  The range of travel 
for index finger joints is listed in Table 2. 

 

 
Figure 2. Side view of the R2 index finger, with dimensions (compliments of Lyndon 

Bridgwater, NASA Johnson Space Center, 10/16/2015). 
[11/11/2015, after the assignment was completed: The crossbar attachment points 

listed in the middle table of Fig. 2 are reversed. They should be listed as  
J4 to link Distal –0.0126" 0.259" 0 

J3 to link Proximal 0.161" –0.014" 0 
] 
 

Table 1. Link Parameters of the R2 Index Finger. 
 

Component Length, l, 
in 

Twist Angle, !, 
deg 

Link Angle, ", 
deg 

Link Offset, 
d, in 

Base Member, Link 1 0.38 90 Variable 0 
Proximal Phalange, 

Link 2 
1.75 0 Variable 0 

Medial Phalange, 
Link 3 

1.2 0 Variable 0 

Distal Phalange, Link 
4 

0.961 0 Variable 0 

Crossbar 1.062 0 Variable 0 
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Figure 3. Side and top views of tendon routing for the Index Finger. [3] 

 
Table 2. Index Finger Joint Range of Travel. 

 
Joint # Range of Travel, deg 

J1 –20 to +20 
J2 –10 to +95 
J3 0 to 120 
J4 0 to 70 

 
The rotation axes of Thumb Joints J3 and J4 are parallel (Fig. 4, 5), and the link 
parameter for each of the links is the angle !i, i = 3, 4 (Table 3). There is a twist angle of 
–40° between Joints 2 and 3 (Fig. 6) for the right hand thumb (–40° for the left hand).  
The link parameter for Joint J2 is the angle !2.  Thumb Joint J1 is orthogonal to Thumb 
Joint J2 and to Index Finger Joint J1. Its link parameter is the angle !1, and its base is 
attached to the palm of the R2 hand. Joints J3 and J4 are independently actuated by 
differential force on four tendons (Fig. 7, upper); the tendon deflection moment arms 
("reaction radius") are listed in Fig. 4.  They remain constant because the tendon-link 
interfaces are circular.  Flexion deflection of Thumb Joint J2 is a consequence of the 
deflection of the combined effects of J3 and J4 deflection (Fig. 7, lower); hence, it is a 
consequence of tension on Tendons 90A and 90B, as indicated in Fig 7.  Extension of 
Thumb Joint J1 [J2] is produced by a fifth tendon, 90E (Fig. 7). Abduction and adduction 
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of Thumb Joint J1 are produced by differential tension on the J3 and J4 pairs. The range 
of travel for thumb joints is listed in Table 5. 
 

 

 
Figure 4. Side view of the R2 thumb, with dimensions (compliments of Lyndon 

Bridgwater, NASA Johnson Space Center, 10/16/2015). 
 

 
 

 
Figure 5. Joints and rotation conventions for the R2 thumb, with dimensions. [2] 
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Figure 6. Thumb Link 2, with dimensions (compliments of Lyndon Bridgwater, 

NASA Johnson Space Center, 10/16/2015). 
 

 
 

 
Figure 7.  Side and top views of tendon routing for the R2 Thumb. [4] 
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Link parameters for the index finger and thumb are given in Tables 1 and 2. Further 
details of the index finger and thumb can be found in [3-6].   Define the Index Finger 
Link 0 (x, y, z) coordinate frame (Slide 51, Lecture 4 and McKerrow, on E-Reserve) to be 
the same as the (x, y, z) frame for the undeflected Index Finger (Link 1), with its origin at 
the center of Joint J1.   The Thumb Link 0 (x, y, z) coordinate frame is the same as the (x, 
y, z) frame for the undeflected Thumb (Link 1), with its origin at the center of Joint J1.   
The orientation and location of the Thumb Link 0 coordinate frame with respect to the 
Index Finger Link 0 coordinate frame is fixed; it is shown in Fig. 8, and the relative 
positions and angles of the coordinate frames are given in Table 4.  Joint travel ranges for 
the index finger and thumb are listed in Table 2 and 5. 

 
Table 3. Link Parameters of the R2 Thumb. 

 
Component Length, l, 

in 
Twist Angle, !, 

deg 
Link Angle, ", 

deg 
Link Offset, 

d, in 
Base Member, Link 1 0.472 90 Variable 0 
Proximal Phalange, 

Link 2 
1.216 0 Variable 0 

Medial Phalange, 
Link 3 

1.55 –40 Variable 0 

Distal Phalange, Link 
4 

1.3 0 Variable 0 

 
 

 
Figure 7. Thumb coordinate frame origin and orientation with respect to index finger 

coordinate frame (compliments of Lyndon Bridgwater, NASA Johnson Space 
Center, 10/26/2015). 
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Table 4. Location and Orientation of the Thumb Link 0 Coordinate Frame with 
respect to the Index Finger Link 0 Coordinate Frame 

 
Position and Orientation Parameters Value 

xo, in 0.549 
yo, in –0.886 
zo, in -2.561 

about x, deg –90 
about y, deg 68 
about z, deg 0 

 
 
 

Table 5. Thumb Joint Range of Travel. 
 

Joint # Range of Travel, deg 
J1 0 to 74 
J2 0 to 85 
J3 0 to 90 
J4 –10 to 70 

 
 
 
Assignment 
In this assignment, you will develop a Simulink/SimMechanics model for the dynamics 
of the R2 hand's Index Finger and Thumb.  You can find examples of related 
Simulink/SimMechanics models for the human hand in [8-11]. 
 

1) Create a Simulink/SimMechanics block model for the motions and dynamics of 
the R2 index finger.  Populate the blocks with index finger parameters.  The 
control inputs to your model are the four tendon forces at the base of the finger; 
there is no need to simulate the linear actuators or the tendon routing up to the 
base of the finger.  Demonstrate flexing and extending motions of the index finger 
as functions of tendon forces. 

2) Separately, create a Simulink/SimMechanics block model for the motions and 
dynamics of the R2 thumb.  Populate the blocks with thumb parameters.  The 
control inputs to your model are the five tendon forces at the base of the thumb; 
there is no need to simulate the linear actuators or the tendon routing up to the 
base of the thumb.  Demonstrate flexing and extending motions of the thumb as 
functions of tendon forces. 

3) Combine the index finger and thumb models in a single system.  This model 
should be capable of replicating poses of the R2 index finger and thumb, as 
suggested by the "Cutkowsky grasp taxonomy," Fig. 2 of [2].   
a) Demonstrate poses from wide open to fully closed deflection of the finger and 

thumb. 
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b) Demonstrate encompassing grips for 6-cm- and 10-cm-diameter rigid 
cylinders. 

c) Demonstrate pinching grips for 1-cm- and 5-cm-thick bars. 
d) From the figure, the R2 hand apparently is unable to replicate the 16th grasp 

pose; what modification would be necessary to allow this pose to be achieved? 
 

Document your results in report format: 
 . Abstract  

. Introduction  

. Body of your work, including Simulink diagram(s) and graphical output 

. Conclusions  

. References 
 . MATLAB/Simulink/SimMechanics files  
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MAE 345 
Robotics and Intelligent Systems 

 
Assignment #6 [rev: 11/19/15] 

due:  End of day, December 2, 2015 
 

 
The goal of this assignment is to design a feedback control system based on a genetic 
algorithm for the quadrotor helicopter studied in Assignments #2 and #3 (Fig. 1).  The 
autopilot stabilizes and guides the nonlinear model of the quadcopter's longitudinal 
motions.  As in Assignment #3, the longitudinal equations of motion are 
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Figure 1. Syma X11 quadrotor helicopter. 

 
The state and control vectors are defined as, 
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The quadcopter is controlled by the sum and difference of fore and aft rotor thrusts.  
Consequently, heaving and pitching motions are coupled by control.  The force and 
moment on the quadcopter are due to rotor thrust alone, 
  

 

 

X ! 0, axial force,N

Z ! !2 Tf +Ta( ) = !2 u1 + u2( ), normal force(!up),N

M ! d Tf !Ta( ) = d u1 ! u2( ), pitch moment,N !m

  (7-9) 

where 
 
 d  = 0.073 m;  m = 0.032 kg 
 Iyy  = 2.28 x 10-5 kg-m2; g = 9.807 m/s2 

 maximum Tf = maximum Ta  =  0.14 N (per rotor) 

  
The longitudinal control system is shown in Fig. 2.  The control law takes the form, 
 
 u t( ) = u*!C x t( )! xc"# $%   (10) 
 
where u* is the hovering control (lift = weight), C is a (2 x 6) full-state control gain 
matrix, and xc is the commanded value of the horizontal and vertical position.  Assume 
that the state can be measured without error. 
 

 
Figure 2. Control system for Syma X11 quadrotor helicopter. 

 



 3 

Substituting for the system's state and control variables, this is 
 

 
Tf

Ta

!

"
#
#

$

%
&
&
=

Tf *

Ta *

!

"
#
#

$

%
&
&
'

c11 c12 c13 c14 c15 c16
c21 c22 c23 c24 c25 c26

!

"
#
#

$

%
&
&

x t( )
z t( )
u t( )
w t( )
q t( )
( t( )

!

"

#
#
#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&
&
&

'

xc
zc
0
0
0
0

!

"

#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&

)

*

+
+
+
+

,

+
+
+
+

-

.

+
+
+
+

/

+
+
+
+

  (11) 

 
Note that all state elements are fed back but only the range and height have desired (or 
commanded) values.  The desired steady-state values of u, w, q, and ! are zero.  The 
control gain matrix is calculated using a genetic algorithm [1-4]. 
 
The control law is applied to the nonlinear model (eq. 1-6), 
 
  (12) 
 
producing the following closed-loop system equation: 
 
 

 
!x t( ) = f x t( ), u*!C x t( )! xc"# $%"# $%{ }   (13) 

 
The control law (eq. 11) is designed to satisfy "classical" control criteria for each range 
and height step response, i.e., response to an instantaneous change in xc and/or zc: 
 

 
tRT = Rise time of commanded variable (to 95% of steady-state value) = 1 sec

xMO = Maximum overshoot of commanded variable over steady-state value !  15%
tST = Settling time of commanded variable (to ±5% of steady-state value) !  4 sec

  

 
Here, settling time is defined as the time beyond which all oscillatory peaks and valleys 
are less than ±5%, as shown in Fig. 3.  The genetic algorithm-based controller minimizes 
the following cost function: 
 

J = ! trt "1( )2 + # max 0, xmo "1.15x*( )$% &'( )2 + ( max 0, tst " 4( )$% &'( )2{ }    
 
The first term penalizes the difference between the calculated rise time and 1 sec.  The 
second term is zero unless the overshoot exceeds 15%.  The third term is zero unless the 
settling time exceeds 4 sec.  ", #, and $ weight the relative errors; they are initially 
chosen to be 1 but can be varied to improve the solution. 

 !x t( ) = f x t( ),u t( )!" #$



 4 

 
Figure 3. Idealized step response criteria.   

 
A genetic algorithm is used to produce the control gain matrix, 
 

 C =
!c11 !c12 !c13 !c14 c15 c16
c11 !c12 c13 !c14 !c15 !c16
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where the cij typically are > 0; hence, there are 6 parameters (or "genes") to be found: 
 
 "Chromosome"= c11 c12 c13 c14 c15 c16!

"
#
$   

 
The rise time, trt, maximum overshoot, xmo, and settling time, tst, are the values obtained 
by simulating the step response for eq. 13 using, for example, MATLAB's ode45.  The 
cost function increases quadratically if 

! The rise time is different from 1 sec, 
! The overshoot exceeds 15% of the steady-state value, 
! The settling time exceeds 4 sec. 

The goal is to find the control-gain parameter string that minimizes J.  Genetic algorithms 
normally maximize a "fitness" function; however, this is a minimization problem.  
Therefore, J has to be transformed to a positive-definite function that is maximized when 
J = 0.  One possibility is to define the fitness as, 
 

 Fitness ! F = e! J  
  

 although there are other definitions that you may prefer. Here’s some guidance for 
writing your GA script: 

 
i)  Define Gene 1 to be c11, Gene 2 to be c22, and so on.  Initially assume that the 

reasonable range (i.e., maximum value) for each gene (i.e., control gain) commands 
twice the maximum rotor thrust for state errors of 1 m (c11 and c12), 1 m/s (c13 and 
c14), 1 rad/s (c15), or 1 rad (c16).  The maximum gain values (i.e., gene values) can be 
varied if it improves the response. 
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ii)  Assign 10 bits to each gene.  The resolution of each gene estimate is 1 in 1024, and 
the chromosome is 60 bits long.  Given the ranges of values in (i), what is the value 
of the least-significant bit for each gene?  You may increase the bits/gene if desired. 

iii)  Choose an even number, N, of chromosomes (e.g., 32 or 64) for the GA. 
iv) Use a random number generator with uniform distribution (e.g., rand) to generate a 

starting set of chromosomes. 
v) Compute J, 
 

 Jn = ! trt "1( )2 + # max 0, xmo "1.15x*( )$% &'( )2 + ( max 0, tst " 4( )$% &'( )2{ }, n = 1,N  
 
 for each chromosome, the corresponding Fn, and Ftotal for the entire set: 
 

Ftotal = Fn
n=1

N

!  

 
   What must you do to compute each J and F? 
vi) Use roulette-wheel selection (assigning a probability of Fn/Ftotal for each 

chromosome to occur) to generate a new set of N chromosomes. 
vii) Choose N/2 pairs of chromosomes, and perform crossover at random locations on 

each chromosome to define a new set of chromosomes. 
viii)  Flip a bit at a random location on one randomly chosen chromosome (i.e., mutate 

the chromosome) once every generation.  Does mutation make a difference in 
convergence? 

ix) Using the new set of chromosomes, repeat the process beginning at (v) until your 
chromosome set converges to a steady value of Ftotal.  How many generations does 
this require?  Does retaining an "elite" gene in (vii) make a difference in 
convergence? 

x)  Choose the most fit chromosome to define your estimates of the parameter set, and 
present the simulated quadcopter response. 

 
Plot Ftotal and Fbest vs. chromosome generation, x(t) vs. t, and comment on results. 
 
Assignment 
 
You will work in teams of two, as listed on Blackboard and via email.  In each of the 
following cases, plot Ftotal and Fbest vs. chromosome generation, and comment on results.  
Be sure to include title, names, date, brief intro, technical results and discussion, brief 
conclusions, and references in your report.  Include your GA code in an appendix. 
 
1) Use a genetic algorithm to compute a control gain matrix, C, that minimizes the cost 

function, JA, defined above for a 5-m altitude step command. 
2) Use a genetic algorithm to compute a control gain matrix, C, that minimizes the cost 

function, JB, defined above for a 5-m range step command. 



 6 

3) Use a genetic algorithm to compute a control gain matrix, C, that minimizes a cost 
function, defined as JA + JB, for a combined 5-m altitude step command and 5-m 
range step command.  ", #, and $ can be varied to improve the solution. 

 
References 
1) Holland, J. H., Adaptation in Natural and Artificial Systems, MIT Press, 1994. 
2) Goldberg, D. E., Genetic Algorithms in Search, Optimization, and Machine Learning, 

Addison Wesley, 1989. 
3) --, "Genetic Algorithm," https://en.wikipedia.org/wiki/Genetic_algorithm, 2015. 
4) de Freitas, A., "," http://www.mathworks.com/matlabcentral/fileexchange/37998-

open-genetic-algorithm-toolbox, 2015. 



MAE 345 
ROBOTICS AND INTELLIGENT SYSTEMS 

 
Assignment #7 

due: December 17, 2015 
 
 
The goal of this assignment is to classify genetic data into one of six tissue types using 
computational neural networks.  RNA expression levels have been measured for 327 
tissue samples using cDNA microarrays [1].  Each microarray contains cDNA probe sets 
that characterize over 22,000 putative genes (Fig. 1).  The RNA strands in tissues are 
tagged with molecules that fluoresce in a laser scanner: the more strands that bind to a 
microarray probe set, the brighter the response, indicating higher expression of the 
corresponding gene. 
 

 
 

Figure 1.  Illustration of RNA strands hybridizing with cDNA probe sets on a cDNA 
microarray. 

 
The data set for your analysis applies to primary colorectal cancer, normal colorectal 
tissue (mucosa), metastatic liver and lung cancer, and normal liver and lung tissue.  It has 
undergone considerable pre-processing and reduction after scanning.  Reference 2 reveals 
that just 17,455 probe sets on the Affymetrix HGU-133A microarrays used in [1] can be 
verified as annotated gene sequences.   This number is pared to 7,555 by ignoring those 
probe sets that are "Present" in less than 80% of the samples (i.e., with intensity lower 
than the average background).  Ideally, only 100% “Present” probe sets would be 
considered; however, important genes that are severely under-expressed rather than 
completely absent might be overlooked. The 80% cutoff is a trade between quality of the 
data and the quantity of genes analyzed, which is consistent with [3]. 
 
Table 1 lists the number of samples in each class.  Colorectal cancer was the focus of the 
study that provided the data [4], and about half the samples fall into this class.  A third as 
many samples are available for normal mucosa.  The remaining classes reflect secondary 
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interests of the study.  More even numbers of samples would be preferable for statistical 
comparisons and supervised classification. 
 

Table 1. Number of samples in each tissue class (327 total). 
 

Histologic Classification # of Class Samples # of Remaining Samples 
Primary Colorectal Cancer 186 141 
Normal Colorectal Mucosa 54 273 

Liver Metastasis 47 280 
Lung Metastasis 20 307 

Normal Liver 12 315 
Normal Lung 7 320 

 
Six “t tests” determine those genes that best represent each data class.  For example, the 
186 colorectal cancer samples form Group A, and the remaining 141 samples form Group 
B in the first test.  The t statistic is calculated for each of the 7,555 probe sets, and the 
genes are ordered from highest to lowest value.  The 12 genes with the most positive t 
and 12 genes with the most negative t are assumed to best represent the colorectal cancer 
class. Nevertheless, keep in mind that there is considerable expression-level variability 
among samples within each class.  We refer to these sets as the Top Positive and Top 
Negative Ensembles representing the colorectal cancer class.  The tests are repeated for 
each of the five other classes.  144 genes are chosen for further analysis, 24 in each tissue 
class.   
 
The 327 samples of these 144 genes can be expressed as a (144 x 327) matrix with over 
47,000 entries for neural network classification. The number of neural network features 
can be reduced by a factor of 12 if we use ensemble averages of genes rather than the 
genes themselves as inputs.  Taking the averages for each Top Positive and Top Negative 
Ensemble, the data set is reduced to (12 x 327). 
 
The Top Positive and Top Negative Ensemble Values for each sample in each class-
remainder comparison are plotted in the appendix. Normal tissue classes separate rather 
well from their remainder classes (Fig. A-2, A-4, and A-6), while the cancer classes have 
more overlap with their remainder classes (Fig. A-1, A-3, and A-5).  This may be 
expected, as tumors are more heterogeneous than normal tissue.  The relatively small 
number of normal samples also contributes to this result.  The t tests provide a 
preliminary screening, identifying genes to be used in neural-network classification. 
 
As shown in Fig. 2, the ensemble averages form the feature inputs for class prediction 
neural networks.  Expression levels of the 144 Top Genes are normalized between ±1 for 
the neural network classification.  Each ensemble average is fed to each hidden layer 
node through a weight that is determined by iterative network training.  Each hidden 
layer output is fed to each output layer node through a similarly trained weight.  
Weighted bias terms are added to each node input to aid training.  The weights are trained 
to minimize the sum-square error between the predicted neural network output classes 
and the supervised training target classes. 
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Figure 2.  Schematic diagram of feed-forward neural network with single hidden layer for 

classification of primary colon cancer, metastatic liver and lung cancer, and normal 
tissue. 

 
The training data for classification can be found in an Excel spreadsheet on the MAE 345 
Blackboard web page.  There are two matrices, each with 327 columns.  The (6 x 327) 
target matrix identifies the class of each sample, with a 1 in the appropriate row and 0s 
elsewhere (Table 2).  The (12 x 327) ensemble average matrix contains the corresponding 
genetic information, which is the data to be classified (Table 3).  Each row of the data 
matrix contains a Top Gene Ensemble Average for all 327 samples, and each column 
contains all Top Gene Ensemble Averages for a single sample.  
 

Table 2.  Target classes for five samples. 
 

 Sample #     
Tissue Type 21 22 23 24 25 

Primary Colon Cancer 0 0 1 0 1 
Normal Mucosa 0 0 0 1 0 
Liver Metastasis 0 0 0 0 0 

Liver Normal 0 0 0 0 0 
Lung Metastasis 0 1 0 0 0 

Lung Normal 1 0 0 0 0 
 

 
The MATLAB Neural Network Toolbox provides an array of algorithms that make 
training, analyzing, and verifying networks straightforward.  Here, we address feed-
forward, sigmoidal networks, as described in [5-7].  Reference 5 provides an overview, 
with a quick start using a graphical user interface (GUI) to generate networks with a 
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single hidden layer.  It also notes that MATLAB scripts can be written to perform the 
same and additional functions.  Once a GUI-based approach is working, MATLAB can 
generate the corresponding code, and you can expand it from there.   References 6 and 7 
provide additional details and explain the training algorithms that can be used to generate 
networks. 
 

Table 3.  Top Gene Ensemble averages for five samples. 
 

 Sample #     
Gene Ensemble 21 22 23 24 25 

Primary Colon Cancer (+) -0.83529 -0.094099 -0.19516 -0.60447 -0.16529 
Primary Colon Cancer (-) 0.015184 -0.82914 -0.72761 0.18359 -0.52577 

Normal Mucosa (+) -0.28339 -0.92438 -0.77697 0.73228 -0.59863 
Normal Mucosa (-) -0.67008 0.28814 0.34528 -0.69445 0.035839 
Liver Metastasis (+) -0.84151 -0.74921 -0.14701 -0.69473 -0.73841 
Liver Metastasis (-) -0.20452 -0.41469 -0.45784 -0.30321 -0.50453 
Liver Normal (+) -0.87329 -0.9249 -0.90662 -0.91625 -0.9307 
Liver Normal (-) -0.073761 0.18334 0.083871 0.36673 0.1365 

Lung Metastasis (+) -0.037477 0.47696 -0.070705 -0.41361 0.2068 
Lung Metastasis (-) -0.89365 -0.79785 -0.63473 0.74527 -0.6196 
Lung Normal (+) 0.92196 -0.56174 -0.70131 -0.60887 -0.3837 
Lung Normal (-) -1 -0.49195 -0.00047704 0.59058 0.0079905 

 
 
Assignment 
1) Do the “Neural Network Fitting Tool” example presented on pp. 1-11 to 1-30 of 

[5] and report on your results. 
 
2) Do the “Classify Patterns with a Neural Network” example presented on pp. 1-31 

to 1-51 of [5] and report on your results. 
 
3) Enter the ‘Target’ and ‘TrainingData’ found in the Excel spreadsheet, Target and 

Training 80.xlsx (on Blackboard) in your command-line script (i.e., a 
modification of guidance beginning on p. 1-45 of [5]).  Create a feed-forward 
neural network architecture with 12 inputs, 6 outputs, a single 12-node ‘logsig’ or 
‘tansig’ hidden layer, and a 6-node linear output layer.  Note the suggested 
Workflow for Neural Network Design beginning on p. 1-2 of [6].  Use the 
Bayesian Regulation training algorithm (‘trainbr’). Use leave-one-out validation 
to estimate the number and type of misclassifications. Run your script several 
times to get a sense of the variation between trials. 

 
4) Vary the number of epochs used for training.  Compare your results to (3), and 

describe their differences. 
 
5) Vary the number of nodes in the hidden layer from 6 to 24.  Discuss the effects of 

node size on classification accuracy. 
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6) Add a second hidden layer to your neural network architecture.   Use a 12-node 
‘logsig’ first hidden layer, a 9-node ‘logsig’ second hidden layer, and a 6-node 
linear output layer.  Does the additional hidden layer improve classification 
accuracy? 

 
In all cases, present and discuss your results as a technical report. 
 

Appendix: Expression Levels of Class Ensemble Averages of Top Genes 

 
Figure A-1.  Top Gene Ensembles for primary cancer (green squares) vs. remainder. 

 

 
Figure A-2.  Top Gene Ensembles for normal mucosa (green squares) vs. remainder. 
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Figure A-3.  Top Gene Ensembles for liver metastases (green squares) vs. remainder. 

 

 
Figure A-4.  Top Gene Ensembles for normal liver (green squares) vs. remainder. 

 

 
Figure A-5.  Top Gene Ensembles for lung metastases (green squares) vs. remainder. 
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Figure A-6.  Top Gene Ensembles for normal lung (green squares) vs. remainder. 
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