Final Exam
16-311: Introduction to Robotics
2020
This exam is being administered electronically. You should write all of your work
and solutions by hand. Then you will upload them to Gradescope as one PDF when
the test is finished. You should have your video camera turned on the entire time.
Use Zoom to chat directly with the TA proctoring your exam with any questions.
• You will have 1 hour and 45 minutes to complete this exam and 5 minutes to
upload your PDF.
• There are 13 sections on 15 pages.
• This test will count for 24% of your final grade.
• When making drawings - be precise. Rounded edges should look rounded,
sharp edges should look sharp, sizes should be close to scale. Neatness counts.
• Show your work. Partial credit may apply. Likewise, justify algebraically your
work to ensure full credit, where applicable.
• It should be very clear what your final answer is, circle it if necessary.
• You may need to make certain assumptions to answer a problem. State them
(e.g. what is optimal).
• You are allowed one handwritten two-sided reference sheet for the exam. No
cell phones, laptops, calculators, neighbors, textbooks etc. allowed.
• Good luck and you can do it.
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Vision [4 points]

1.1 The image on the left is the original image. Describe the effect that resulted
in the image on the right and how you could create this effect. Be specific. [2
points]
The image has been blurred. You could do this by convolving the image on the
right with an averaging filter such as [1/9, 1/9, 1/9; 1/9, 1/9, 1/9; 1/9, 1/9, 1/9]
or a Gaussian.

1.2 The image on the left is the original image. Describe the effect that resulted
in the image on the right and how you could create this effect. Be specific. [2
points]
The image on the right has been thresholded. A pixel value was chosen (seems
it be nearly black) and all pixels lighter than that were turned white, all pixels
darker were turned black.
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Machine Learning [4 points]

2.1 Fill in the blank: To train a neural net, you first start with random weights and
biases. You compute the forward pass of the network to get the output for those
given weights. [1 point]
2.2 Fill in the blank: Once you have that output, you calculate the cost by comparing
your output with the desired output. You use back propagation to see how much
to change each of your weights to improve the cost. [1 point]
2.3 Fill in the blank: activation functions add non-linearity to neural nets. [1 point]
2.4 Fill in the following boxes with the correct values for a forward pass through this
neuron before the activation function. [1 point]
2, 6, 8, 9

Figure 1: Forward pass.
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Control [4 points]

3.1 For the arm lab, the only command we could send to our motors was torque.
But we didn’t really care about torque, we only cared about position. Draw a
block diagram representing how you controlled position for one of the motors.
Label your diagram. [4 points]

Figure 2: Could also include derivs of error.
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Path Planning [4 points]

4.1 Draw the configuration space for an omnidirectional circular robot in the environment below. Assume our reference point is the center of the circular robot
shown in the top right corner. The walls are solid black. A dotted gray grid is
provided to help with drawing. [3 points]

Figure 3: Config space obstacles are black. White is the config space.
4.2 Imagine you only have one touch sensor on the front of your robot. Every time
your robot touches something, it turns 90◦ to the right. Is this a reasonable
algorithm for getting around a course like the one above? [1 point]
No, even assuming perfect odometry if the robot only turns only to the right, it
won’t be able to navigate around the canter where it must take a left turn.

Figure 4: Robot with touch sensor.
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Graph Search [3 points]

5.1 Which returns a path as fast or faster, Dijkstra’s or A*? Explain your answer. [
2 points]
A*. The heuristic prevents the algorithm from going down as many sub-optimal
options trying to find the best path.
5.2 When would you want to use the algorithm other algorithm that you did not
pick for the previous question? [1 point]
If you don’t have a valid heuristic or the ability to store this heuristic.
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Localization [2 points]

6.1 What was the purpose of the ultrasonic sensor for the Localizaiton lab? How
were those measurements involved in your code? [1 point]
The ultrasonic sensor sense blocks around the outside of the circle. It was combined with the motion model from the wheel encoders to improve the robot’s
localization.
6.2 What is one sensor that you could use to localize in a larger area? [1 point]
Choose one: lidar, ladar, gps, radar, sonar, VLBI, SBI, etc.
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Forward Kinematics [19 points]

7.1 Assuming it is fixed to a table, how many degrees of freedom does this robot
have? [1 point]
2 DOF

7.2 Assuming there are no obstacles, can this end effector position and orient anywhere in it’s reachable area? Why or why not? [2 points]
No. This robot only has 2 DOF and positioning in x,y, and theta would require
3 DOF. The robot can only reach a given x,y in a maximum of two orientations,
not any desired orientation.
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7.3 We have an RPRP arm. The first joint (θ1 ) has no joint limits. The second joint
(s1) is limited from 5 to 10 inches. The third joint (θ2 ) is limited to 0 to 180
degrees where 0 is in line with the previous link. And the last joint (s2) is limited
from 5 to 10 inches. Derive the forward kinematics for this robot. [8 points]
thf = th1+th2, x = s1cos(th1)+s2cos(th1+th2), y = s1sin(th1)+s2sin(th1+th2)

Figure 5: RPRP arm.
7.4 What is the homogenous transformation matrix to get from the origin frame to
the frame on the end effector? Feel free to leaver your answer as a product of
matrices. [8 point]
[costh1 -sinth 0; sinth1 costh1 0; 0 0 1][1 0 s1; 0 1 0; 0 0 1][costh2 -sinth2 0; sinth2
costh2 0; 0 0 1][1 0 s2; 0 1 0; 0 0 1], or [costh1 -sinth s1costh1; sinth1 costh1
s1sinth1; 0 0 1][costh2 -sinth2 s2costh2; sinth2 costh2 s2sinth2; 0 0 1], etc.
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Inverse Kinematics [13 points]

8.1 For the same arm. We have an RPRP arm. The first joint (θ1 ) has no joint
limits. The second joint (s1) is limited from 5 to 10 inches. The third joint (θ2 )
is limited to 0 to 180 degrees where 0 is in line with the previous link. And the
last joint (s2) is limited from 5 to 10 inches. Derive the forward kinematics for
this robot. How many solutions are there to place the end effector at x = 5,
y = 6, θf = 90? Draw the solution(s). [3 points]
There are an infinite number of solutions that could satisfy this desired position.

Figure 6: Solutions are between the green and blue solutions.
8.2 Derive an inverse kinematics solution to place the end effector at x = 0, y = 9,
Do not simplify. [10 points]
Multiple solutions are correct. Could Assign s1, s2 to be two valid lengths and
use the RR equations from class. Could create a isosceles triangle and work from
there ( One example is to assume s1=s2=sqrt(1+4.52 ), th1 = atan(4.5/1), th2
= 180-2th1)
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Nonholonomic Constraints [17 points]

A pallet jack truck has a steerable wheel in the back and two sets of fixed wheels in
the front. Answer the following questions with respect to a fixed reference point at
this steerable wheel. Let L be the distance along the body from the steerable wheel
to the axis that the front wheels are on.
 
x
y 

Use q = 
 θ  as the state vector.
α

Figure 7: A pallet jack truck (left). Top view diagram (right).
9.1 Assuming that the wheels cannot slip, what are the constraints on the vehicle’s
velocity, w1 = and w2 ? [4 points]
ws = [-sinth costh l 0] and [-sin(th+al) cos(th+al) 0 0] (either order)
9.2 What are the allowable motions, g1 = and g2 =? [4 points]
gs = [0; 0; 0; 1] and [cos(th+al); sin(th+al); -sin(al)/L; 0] (either order)
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9.3 What is the formula for Lie Bracket? [1 point]
[g1, g2]=dg2/dq g1- dg1/dq g2
9.4 What is the Lie Bracket of g1 and g2 ? Show your work. [4 points]
[-sin(th+al); cos(th+al); -cos(al)/L; 0]
9.5 What does the result of this Lie bracket mean? Explain in one sentence. [2
points]
This vector is linearly independent of the allowable motions, so we have found a
new motion. The x, y components are perpendicular to g2, which means we can
(still not instantaneously) move perpendicular to the steered wheel and position
anywhere in the workspace.
9.6 Consider a globe that rolls but does not slide or spin on a level surface. Imagine
that you start this sphere with the South Pole on the origin. It is not possible
to slide, so you cannot instantly slide the North Pole to the origin. Is it possible
to move the North Pole to the origin through a series of rolling moves? What
does it tell you about this constraint on its motion? [2 points]
It is possible to roll the North Pole to the origin (consider rolling in an equilateral
triangle with each leg equal to the circumference divided by 2). This means that
any constraint on position of certain points on the sphere with respect to the
plane are non-holonomic.
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Locomotion [6 points]

10.1 What is one scenario where you would rather have wheels and not legs? [1
point]
Choose one: moving over tall obstacles, interacting in environments meant for
humans, prosthetics, exoskeletons.
10.2 What are two different methods for steering a wheeled vehicle? [2 points]
Choose two: skid steer, ackerman, articulated, synchrodrive, omni wheels, mechanum
wheels, bell-crank, wagon, rack-and-pinion, etc.
10.3 What is one scenario where you would rather have legs and not wheels? [1
point]
Choose one: instances where speed or efficiency are paramount, flat/smooth
roads, applications where cost or simplicity are driving factors
10.4 During standing, what condition must be met for a robot to tip over? [2 point]
A robot will tip if the projected COG exceeds the polygon of support.
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Vehicle Design [6 points]

11.1 What is the V-model? Explain. [2 points]
The V-model is a method for system development where requirements are established in a top down manner and then tested from the bottom up. Understanding the problem and requirements is a main focus of the model, as well as
defining testing procedure. This model is sometimes called the verification and
validation model.
11.2 When would you want to use this model? Why? [2 points]
A large long term project with many subsystems and well established requirements that won’t change.
11.3 List two functional and two non-functional aspects of a robot. [2 points]
Functional are things things like drives, steers, controls, speed, mapping, sensing. Nonfunctional are things like size, weight, color, repairability, durability
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Human Robot Interaction [4 points]

12.1 Nico was a robot developed at Yale to test how users responded to cheating
while playing rock, paper, scissors. Besides the control group, there were two
cheating scenarios. Explain the two scenarios and how users reacted in each of
the two cases. [2 points]
The two scenarios were the verbal cheat case and physical cheat case. Users
thought the verbal cheat case was a bug and the physical cheat case was intentional cheating.

12.2 If you have a robot leading a visually impaired person, what are two considerations you would make on the way that your robot drives? [2 points]
Choose two: like limiting speed, moving in a way to lead them to doorways
instead of standing in front of the doorway, providing ample room around corners/obstacles, etc.
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Robotic Applications [16 points]

13.1 Which of the following motors (with included gearbox) would we want for a
lightweight robot that is meant to move very fast? Why? [2 points]
The 4.1:1 because it has a faster RPM.
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13.2 Draw how you could connect 6 AA (1.5 V) batteries to get 3 V and the maximum
amount of current possible. [2 points]

13.3 Does 1/f noise make more of a difference at higher or lower frequencies? [1
point]
1/f noise is larger at lower frequencies (it scales as 1/freq).
13.4 Is there anything that can be done to get rid of fundamental noise? [1 point]
You can never get rid of fundamental noise. It is intrinsic to the universe.
13.5 This sensor can use both SPI and I2C. Give one example of a system where you
would want to use SPI and one where you would want to use I2C. [2 points]
SPI is easy to implement and can operate faster than I2C. Would be good for
a system with few sensors that need be communicated with very quickly. I2C
has half the wires as SPI so it would be better if you have many sensors (less
than 128) where it wouldn’t be feasible to hook up 4 wires to each device.

Figure 8: 3-axis accelerometer.
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13.6 If you are planning to hook up this purple LED to your Arduino (5V), which
what resistance would you need for your resistor? You do not have to simplify
your answer. [2 points]
5-3.4/0.02

Figure 9: Technical information for purple LED.
13.7 How would you manufacture the following part and why? [2 points]
3D print because the details are so small and features are within one another.
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13.8 What is one advantage and one disadvantage of a publisher/subscriber framework in robotics? [2 points]
Advantages: modularity, separate testing, since it is not a serial process, your
whole system isn’t hung up waiting for one subprocess.
Disadvantages: we discussed how ROS is only available for Linux right now,
failure points may be more difficult to identify, may not be as intuitive to implement, may not make sense to set up for a small system.

END OF EXAM
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