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]

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]
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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
of the network to get the output for those
biases. You compute the
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
to see how much to
change each of your weights to improve the cost. [1 point]
2.3 Fill in the blank:

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]

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]
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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 2: Workspace with blue robot.
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]

Figure 3: Robot with touch sensor.

4

5

Graph Search [3 points]

5.1 Which returns a path as fast or faster, Dijkstra’s or A*? Explain your answer. [
2 points]
5.2 When would you want to use the algorithm other algorithm that you did not
pick for the previous question? [1 point]
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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]
6.2 What is one sensor that you could use to localize in a larger area? [1 point]
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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]

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]
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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]

Figure 4: 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]
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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]

Figure 5: RPRP arm.
8.2 Derive an inverse kinematics solution to place the end effector at x = 0, y = 9,
Do not simplify. [10 points]
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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 6: 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]
9.2 What are the allowable motions, g1 = and g2 =? [4 points]
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9.3 What is the formula for Lie Bracket? [1 point]
9.4 What is the Lie Bracket of g1 and g2 ? Show your work. [4 points]
9.5 What does the result of this Lie bracket mean? Explain in one sentence. [2
points]
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]
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Locomotion [6 points]

10.1 What is one scenario where you would rather have wheels and not legs? [1
point]
10.2 What are two different methods for steering a wheeled vehicle? [2 points]
10.3 What is one scenario where you would rather have legs and not wheels? [1
point]
10.4 During standing, what condition must be met for a robot to tip over? [2 point]
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Vehicle Design [6 points]

11.1 What is the V-model? Explain. [2 points]
11.2 When would you want to use this model? Why? [2 points]
11.3 List two functional and two non-functional aspects of a robot. [2 points]
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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]

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]
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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]
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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]
13.4 Is there anything that can be done to get rid of fundamental noise? [1 point]
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]

Figure 7: 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]

Figure 8: Technical information for purple LED.
13.7 How would you manufacture the following part and why? [2 points]

13.8 What is one advantage and one disadvantage of a publisher/subscriber framework in robotics? [2 points]

END OF EXAM
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