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Course Logistics

2

• Quiz 7 was posted yesterday and was due today at noon.


• We will start posting quiz at 3pm starting next week.


• Project 5 was posted on 03/05 and is due on 03/24 (coming Monday).


• Project 6 will be posted on 03/24 and will be due on 04/02.


• Forming groups for P7 and Final Project


• Google-form was sent on Ed discussion board.


• Please form groups of 4 by 03/24 (coming Monday). 


• UNITE students will likely have different group formations. Karthik has reached out via email. 
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Where are we in the course?

4

Representations


1. Transformations


2. Rotations & 
Quaternions

Manipulation


1. Forward Kinematics


2. Inverse Kinematics

Planning


1. Path Planning


2. Bugs


3. Configuration space


4. Sampling based 
planners


5. Potential Fields


6. Collision Detection

Motion Control

Mobile Robotics



Michigan EECS 398/567 ROB 510 - autorob.org

Motion Planning
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Sampling-based 

Planning

Heuristic Discrete 

Search Methods

Optimization-based 

Planning

PRM, RRT, … Graph, A*, … TrajOPT, CHOMP, …

http://autorob.org
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Demo

CSCI 5551 - Spring 2024

https://demonstrations.wolfram.com/ProbabilisticRoadmapMethodForRobotArm/
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Motion Planning
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https://ompl.kavrakilab.org/

http://autorob.org
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Demo
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https://ompl.kavrakilab.org/
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Is motion planning enough to solve 
all our problems?
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????
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Think about C-Space during the 
entire task execution.
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Illustration of a Complex C-space
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????

Think about C-Space during the 
entire task execution.

How do we switch between these 
C-spaces? 

What would be a C-space 

after robot grasped the object?
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Think about C-Space during the 
entire task execution.

How do we switch between these 
C-spaces? 

Considering we have so many high-level 
actions that robot can perform, how to plan to 
choose the sequence of high-level actions?

Task PlanningRobot 'PR2' flips a pancake in a laboratory kitchen of the Institute for Artificial 
Intelligence (IAI) at the Institute of Informatics and Automation (TZI) of Bremen 
University in Bremen, Germany. The robot can experimentally do household tasks and 
is part of a European project.
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Task Planning
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https://roboticseabass.com/2022/07/19/task-planning-in-robotics/

Fetch the apple  
and put it on the table
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https://roboticseabass.com/2022/07/19/task-planning-in-robotics/

Fetch the apple  
and put it on the table
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https://roboticseabass.com/2022/07/19/task-planning-in-robotics/

Discrete Search Algorithms 

are generally applied
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https://en.wikipedia.org/wiki/Stanford_Research_Institute_Problem_Solver

STRIPS planner
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Task Planning with LLMs

CSCI 5551 - Spring 2024
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Lets ask ChatGPT
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ChatGPT response

What are we missing? 
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ChatGPT response

How will a robot know 
what these are?
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https://say-can.github.io/
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https://www.youtube.com/watch?v=ysFav0b472w
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https://code-as-policies.github.io/
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Task and Motion Planning
From 1966 through 1972, the 
Artificial Intelligence Center at 

SRI International (then Stanford 
Research Institute) conducted 

research on a mobile robot 
system nicknamed “Shakey.” 

Endowed with a limited ability to 
perceive and model its 

environment, Shakey could 
perform tasks that required 

planning, route-finding, and the 
rearranging of simple objects.

https://www.youtube.com/watch?v=GmU7SimFkpU

https://www.youtube.com/watch?v=GmU7SimFkpU
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Task and Motion Planning

Garrett, Caelan Reed, Rohan Chitnis, Rachel Holladay, Beomjoon Kim, Tom Silver, Leslie Pack Kaelbling, and Tomás Lozano-Pérez. "Integrated task and motion planning." Annual 
review of control, robotics, and autonomous systems 4 (2021): 265-293.
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Motion Control
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http://autorob.org
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Michael Jackson - “Smooth Criminal” - https://youtu.be/h_D3VFfhvs4

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/h_D3VFfhvs4
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https://youtu.be/7osiCOjdjBQ
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/7osiCOjdjBQ
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https://youtu.be/7osiCOjdjBQ

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/7osiCOjdjBQ
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https://youtu.be/KiGGTmuBujs
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/KiGGTmuBujs
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https://youtu.be/lXkYz0AfcAk
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/lXkYz0AfcAk
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Biped Robotics Lab @ Michigan - https://youtu.be/-35xJfFMDkE
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/-35xJfFMDkE
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Biped Robotics Lab @ Michigan - https://youtu.be/0gauVSUJzd0
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/0gauVSUJzd0
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Control must be fast and often
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http://autorob.org
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Control must be fast and often

https://youtu.be/8o6FroUWkpE
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
https://youtu.be/8o6FroUWkpE
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Communication inside a robot is 
like its central nervous system

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025
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Update joint control 1,000 times per second
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http://autorob.org
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Update joint control 1,000 
times per second

Software

Hardware
Motor control boards

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Update joint control 1,000 
times per second

actions

Setpoints

Motor 
commands

Proprioception

Software

Hardware

Motor control boards

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Operating System

Hardware

Users

Robot Operating System

Robot Applications

Setpoints

Motor 
commands Proprioception

Motion control
process to achieve and maintain a 

desired state (or setpoint) for a joint

through applying motor commands

based on current proprioceived state

:

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Pendularm

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Inverted Pendulum by PID control - Chengcheng Zhu et al. @UMich
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Inverted Pendulum by PID control - Chengcheng Zhu et al. @UMich
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org


Michigan Robotics 367/511 - autorob.org

Monster Inverted Pendulum - K. French et al.
Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Building up to more…

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Shay Sackett - https://www.youtube.com/watch?v=t7skvD6v2TI

http://autorob.org
https://www.youtube.com/watch?v=t7skvD6v2TI
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Remember PID?
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PID ControlPID Control

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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PID ControlPID Control

• Proportional-Integral-Derivative 
Control

• Sum of different responses to 
error

• Based on the mass spring and 
damper system

• Feedback correction based on 
the current error, past error, and 
predicted future error

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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PID Control

Error signal:

Control signal:

Current Past Future

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

Consider PID wrt. state over time

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

State

time=0 time=t

Desired State
 (Setpoint)

xd

xt Current State

x0

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

State

time=ttime=0

xt

xd

et = xd-xt

Spring error applies force 
towards desired

Desired State
 (Setpoint)

x0

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

State

time=ttime=0

xt

xd

et = xd-xtΣ et dt

Desired State
 (Setpoint)

x0

Integral term adds force 
until error is zero

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

State

time=ttime=0

xt

xd

et = xd-xtΣ et dt

Integral term adds force 
until error is zero

Desired State
 (Setpoint)

x0

Sum of all past error

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

State

time=ttime=0

xt

xd

et = xd-xtet-dt Σ et dt

Desired State
 (Setpoint)

x0

Derivative term applies to 
rate of change of error

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org


Michigan Robotics 367/511 - autorob.org
Time

State

time=ttime=0

xt

xd

et = xd-xtet-dt 

et-et-dt

et-et-dt≈de/dt 

Σ et dt

Damping opposes motion

and releases energy

Desired State
 (Setpoint)

x0

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

State

time=ttime=0

xt

xd

et = xd-xtet-dt 

et-et-dt

et-et-dt≈de/dt 

Σ et dt

Damping opposes motion

and releases energy

Desired State
 (Setpoint)

x0

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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PID Converenge

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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PID as a 

spring and damper model

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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PID Control

Error signal:

Control signal:

Current Past Future

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Hooke’s Law

• Describes motion of mass spring 
damper system as

Robert Hooke

(1635-1703)

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Hooke’s Law

• Describes motion of mass spring 
damper system as

distance from 
rest displacement

spring

stiffness

force moving 
spring towards rest

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Vertical: Force acting on spring

Horizontal: Position from rest

actual force 
relation
linear 

approximation 
(-kx)

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

Position

understiff (k=0.5)

overstiff (k=1.6)

reasonable (k=1.1)

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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PID Control

Error signal:

Control signal:

Current Past Future

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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add damper to 
release energy

Spring and Damper 

assuming constant set point, 
velocity is derivative of error

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

Position

more damped
less damped

moderate damping

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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PID Control

Error signal:

Control signal:

PastCurrent Future

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Steady state error
• Steady state error occurs when the system rests 

at equilibrium before reaching desired state

• Cause could be an significant external force, weak 
motor, low proportional gain, etc.

• PID integral term compensates by accumulating 
and acting against error toward convergence gravity

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Time

Position

very fast response, but poor stability

acceptable stability and medium fastness

very stable, but slow response

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Gain tuning
• Implementing PID algorithm will not necessarily produce a good 

controller

• Selection of the gains will greatly affect the performance of the 
controller

• PID gain tuning is more of an art than a science.  Choose carefully.

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Some tips to PID tuning

(take it or leave it)

• Start all gains at zero : Ki = Kd = Kp = 0


• Increase spring gain Kp until system roughly meets desired state


• overshooting and oscillation about the desired state can be expected


• Increase damping gain Kd until the system is consistently stable


• damping stabilizes motion, but system will have steady state error


• Increase integral gain Ki until the system consistently reaches desired


• Refine gains as needed to improve performance; Test from different states

Slide borrowed from Michigan Robotics autorob.orgCSCI 5551 - Spring 2025

http://autorob.org
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Atlas Gets a Grip | Boston Dynamics - https://www.youtube.com/watch?v=-e1_QhJ1EhQ

https://www.youtube.com/watch?v=-e1_QhJ1EhQ
https://www.youtube.com/watch?v=-e1_QhJ1EhQ
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For inspiration on final projects

Look at projects done in the previous iteration of this class.


• Fall 23: https://rpm-lab.github.io/CSCI5551-Fall23-S2/final_presentations/


• Spring 24: https://rpm-lab.github.io/CSCI5551-Spr24/final_presentations/

88

https://rpm-lab.github.io/CSCI5551-Fall23-S2/final_presentations/
https://rpm-lab.github.io/CSCI5551-Spr24/final_presentations/
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Next Lecture

Mobile Robotics - I


