
Configuration Space for
Motion Planning

Pradipta Biswas, PhD (Cantab)
Associate Professor

Indian Institute of Science

https://cambum.net/



Contents

 Definitions and Basic Concepts

 Motion Planning

 Obstacles

 Discretization of C-Space

 Cell Decomposition

 Potential Field

 Grid based Search

 The Piano Mover’s Problem

 Efficiency

Related Concepts
• Set Theory

• Set Operations

• Convex Sets

• Complexity of Algorithms

• Graph Theory – Tree & Graphs

2



Sources

 2.5. Task Space and Workspace – Modern Robotics (northwestern.edu)

 w3.cs.jmu.edu/spragunr/CS354_F22/readings/planning.pdf

 https://cs.stanford.edu/people/eroberts/courses/soco/projects/1998-
99/robotics/definitions.html

 Configuration Space for Motion Planning, RSS Lecture 10, Prof. Seth Teller, 
MIT

 E190Q – Lecture 14 Autonomous Robot Navigation, Instructor: Chris Clark, 
Princeton University

 Robotic Motion Planning: Configuration Space Robotics Institute 16-735, 
Howie Choset, CMU

 A Modern Approach to Artificial Intelligence, Russell & Norvig

 Planning Algorithms, Steven M LaValle
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Basic Concept
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e. Navigation path with 0.3 uncertainty in 
robotic movement to move on neighbouring 

cells

d. Navigation path with 0.05 uncertainty in 
robotic movement to move on neighbouring 

cells

c. Navigation path with no uncertainty in 
robotic movement

Obstacle Target

a. Screenshot of actual set up b. State space model with initial reward

Proposed State Space Model & MDP5
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Definitions
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The Configuration Space

 The configuration space is a transformation from the physical 
space in which the robot is of finite-size into another space in 
which the robot is treated as a point. In other words, the 
configuration space is obtained by shrinking the robot to a point, 
while growing the obstacles by the size of the robot.

 The figures illustrates the concept of configuration space. P and 
Q are fixed obstacles in physical space, and R is the robot, whose 
orientation is fixed.

 Figure b shows the corresponding configuration space.

 The free space of a configuration space simply consists of the 
areas not occupied by obstacles. Any configuration within this 
space is called a free configuration.

 The free path between an initial configuration and a goal 
configuration is the path which lies completely in free space and 
does not come into contact with any obstacles.
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Task Space and Workspace

 The task space is a space in which the robot's task can be naturally 
expressed. 

 For example, if the task is to control the position of the tip of a marker on a 
board, then task space is the Euclidean plane. If the task is to control the 
position and orientation of a rigid body, then the task space is the 6-
dimensional space of rigid body configurations. One only has to know 
about the task, not the robot, to define the task space.

 The workspace is a specification of the configurations that the end-effector 
of the robot can reach, and has nothing to do with a particular task. 

 The workspace is often defined in terms of the Cartesian points that can be 
reached by the end-effector, but it is also possible to include the 
orientation. The set of positions that can be reached with all possible 
orientations is sometimes called the dexterous workspace.
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Configuration Space 
& Motion Planning

 To facilitate motion planning, the 
configuration space was defined as a tool 
that can be used with planning algorithms.

 A configuration q will completely define the 
state of a robot (e.g. mobile robot (x, y, θ)

 The configuration space C, is the space of all 
possible configurations of the robot.

 The free space            is the portion of the free 
space which is collision-free.

 The goal of motion planning then, is to find a 
path in F that connects the initial 
configuration qstart to the goal configuration 
qgoal

 For a robot with k total motion DOFs, C-space 
is a coordinate system with one dimension per 
DOF
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Examples of 
Configuration Space
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Examples of Configuration Space

Mobile Robot Mobile Robot with moving obstacle
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Motion Planning
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How to Plan Motion 

 Define space with one dimension per robot motion (or pose) DOF

 Map robot to a point in this space

C-space = all robot configurations

C-obstacle = locus of infeasible configurations due to obstacle

 Motion planning is usually done with three steps:

1. Define C

2. Discretize C

3. Search C

 Each planning problem may have a different definition of C.

 Example 1: Include 3DOF for a mobile robot in static environment - (x,y,θ).

 Example 2: Include only 2DOF for a mobile robot in static environment - (x,y).

 Example 3: Include 5DOF for a mobile robot in dynamic environment - (x,y,θ,v,t).
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Obstacles in C-Space15
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Path Planning
Easiest Approach !!
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Example of Grid Based Search18



Output of Search Algorithms19



Output of Search Algorithms20



Shortest Path ??21



Problems with Cell Decomposition

 Mixed Cells
 Cells occupy both free space and occupied space

 May affect completeness if the only path goes through obstacles

 Progressive Cell Decomposition
 8 cells allow 360° / 8 = 45 ° of motion

 16 cells allow 360° / 16 = 22.5 ° of motion

 Can we adapt the cell size or number ?

 Efficiency
 C Space has 1 dimension for each DoF

 Grid based searches are inefficient in high DoF

 Reduce Dimension of C-Space - Skeletonization

 Obstacles
 How to represent obstacles in C Space
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Potential Field

 Aims to minimize path length but maximize 
clearance from obstacles

 Inflate obstacles to ensure clearance

 Define a function over the free space that has 
a

 Value grows with the distance to closest 
obstacle

 global minimum at the goal configuration and

 follow its steepest descent

 Trade off between clearance and path length

 Weighted cost function combining potential 
field and path length to goal
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Similar Concept discussed in MDP lecture24

a. Source, target and hand region b. Navigation path with no uncertainty in robotic movement

c. Navigation path with 0.05 uncertainty in robotic movement to 
move on neighbouring cells

d. Navigation path with 0.3 uncertainty in robotic movement to 
move on neighbouring cells



Skeletonization25

 Converting the Motion Planning Problem 
to a graph search problem in lower 
dimension than the original configuration 
space

 Ensuring separation from obstacles in 
configuration space

 Drawing a Vornoi Graph of points 
equidistant from all obstacles

 May not be the optimal path but will 
maintain separation from obstacles



Formulating The Motion Planning Problem
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Piano Movers Problem



Efficiency vs Optimality vs Completeness

 What is a NP-Hard Problem ?

 How we solve a NP-Hard Problem ?

 Relax optimality ?

 Optimal with respect to

 State Space – minimum number of cells visited

 Cartesian Workspace – shortest path

 Physical parameters – number of steep turn, angular movement, power / fuel 
usage and so on

 Trade off between completeness, efficiency and minimum distance from 
obstacle

 Recall – Cobot standards in terms of minimum clearance from human operators
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Take Away Points

 Introduction to the concept of Configuration Space

 Terminologies – Configuration Space, Workspace, Task Space

 Motion Planning in C Space

 Main Challenges

 Grid based Search

 Problems with Grid based Search

 Mixed Cells

 Cell Decomposition

 Potential Field

 Trade offs in terms of efficiency, completeness and optimality
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