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Open loop control

A mobile robot is meant to move from one place to another  

ÅPre-compute a smooth trajectory based on motion 

segments (e.g., line or circles) from start to goal

ÅExecute the planned trajectory till the goal

Disadvantages:

ÅNot easy to pre-compute a feasible trajectory 

ÅLimitations and constraints of the robots 

velocities and accelerations

ÅDoes not handle dynamical changes (obstacles)

ÅNo recovery from errors

yI

xI

goal
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Feedback control (simple diff drive example)

The trajectory is recomputed / adapted online

via a simple control schema for path following

ÅControl orientation acting on angular velocity

ÅControl distance acting on linear velocity
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Feedback control (simple diff drive example)

The trajectory is recomputed / adapted online

via a simple control schema for path following

ÅControl orientation acting on angular velocity

ÅControl distance acting on linear velocity
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Feedback control (simple diff drive example)
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Obstacle Avoidance (Local Path Planning)

Obstacle avoidance should:

ÅFollow the planned path

ÅAvoid unexpected obstacle (i.e., not in the map)

Several proposed methods in the literature

ÅPotential field methods [Borenstein, 89]

ÅVector field histogram [Borenstein, 91, 98, 00]

ÅCurvature-Velocity [Simmons, 96]

ÅNearness diagram [Minguez & Montano, 00]

ÅDynamic Window Approach [Fox, Burgard, Thrun, 97]

Åé

Sometimes used 

for planning
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The Simplest One é

Assumes a leftist robot

ñBugsò have little if any knowledge é

ÅThey known the direction to the goal

ÅThey have local sensing  (obstacles + encoders)

é and their world is reasonable!

ÅFinite obstacles in any finite range

ÅA line intersects an obstacle finite times 

Switch between two basic behaviors

1. Head toward goal

2. Follow obstacles until you can head toward the goal again
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Vector Field Histograms (VFH) [Borenstein et al. 1991]

Use a local map of the environment and evaluate the angle to drive towards 

ÅEnvironment represented in a grid (2 DOF) with local measurements

ÅAll openings for the robot to pass are found
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Vector Field Histograms (VFH) [Borenstein et al. 1991]

Use a local map of the environment and evaluate the angle to drive towards 

ÅEnvironment represented in a grid (2 DOF) with local measurements

ÅAll openings for the robot to pass are found

ÅThe one with lowest cost is selected
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obstacle, only directions below 

threshold are evaluated!!
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Vector Field Histograms (VFH) [Borenstein et al. 1991]

Use a local map of the environment and evaluate the angle to drive towards 

ÅEnvironment represented in a grid (2 DOF) with local measurements

ÅAll openings for the robot to pass are found

ÅThe one with lowest cost is selected

B
o

re
n

s
te

in
e

ta
l.

Alignment of the robot 

path with the goal

Difference between the 

new direction and the 

currrent wheel orientation

Difference between the 

previously selected direction 

and the new direction
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Curvature Velocity Methods (CVM) [Simmons et al. 1996]

CVMs add physical constraints from the robot and the environment on (v, w)

ÅAssumption that robot is traveling on arcs (c= w / v) with acceleration constraints 

ÅObstacles are transformed in velocity space

ÅAn objective function to select the optimal speed

Simmons et al.
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Borensteinetal.

Vector Field Histogram+ (VFH+) [Borenstein et al. 1998]

VFH+ accounts also for vehicle kinematics 

ÅRobot moving on arcs or straight lines

ÅObstacles blocking a given direction blocks all 

trajectories (arcs) like in an Ackerman vehicle

ÅObstacles are enlarged so to account for all

kinematically blocked trajectories

However VFH+ as VFH suffers

ÅLimitation if narrow areas (e.g. doors) have to be passed

ÅLocal minima might not be avoided

ÅReaching of the goal can not be guaranteed

ÅDynamics of the robot not really considered
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Dynamic Window Approach (DWA) [Fox et al. 1997]

The kinematics of the robot are considered via local search in velocity space:

ÅConsider only circular trajectories via pairs Vs=(v,ɤ) of linear and angular speeds

ÅVa=(v, ɤ)is admissible, if the robot is able to stop before the closest obstacle

ÅA dynamic window restricts the reachable velocities Vd to those that can be reached 

within a short time given limited robot accelerations

Vr =VsÆVaÆVd

DWA Search Space

F
o

x
 e

t 
a

l.



16

How to choose (v,ɤ)?

Steering commands are chosen maximizing a heuristic navigation function:

ÅMinimize the travel time by ñdriving fast in the right directionò

ÅPlanning restricted to Vr space [Fox, Burgard, Thrunó97]

ÅGlobal approach [Brock & Khatib 99] in <x,y>-space uses

Alignment with 

target direction

Distance to closest obstacle 

intersecting with curvature

Forward velocity of 

the robot

G(v,w)=s(aÖheading(v,w)+bÖdist(v,w)+gÖvelocity(v,w))

Forward robot velocity

Cost to reach the goal Goal nearness

Follows global path

Navigation

Function (NF)
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DWA Algorithm (via trajectory rollout)

The basic idea of DWA é but with samples

1. Discretely sample robot control space

2. For each sampled velocity, perform 

forward simulation to predict what would 

happen if applied for some (short) time.

3. Evaluate (score) each trajectory 

resulting from the forward simulation

4. Discard illegal trajectories, i.e.,

those that collide with obstacles, and

pick the highest-scoring trajectory

Can handle non circurar trajectories

Clothoid:
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Motion planning

Robot Motion Planning Goals

ÅCollision-free trajectories

ÅRobot should reach the goal location as fast as 

possible (or maximizing an optimality criterion)

άΧŜƳƛƴŜƴǘƭȅ ƴŜŎŜǎǎŀǊȅ ǎƛƴŎŜΣ ōȅ ŘŜŦƛƴƛǘƛƻƴΣ 
ŀ Ǌƻōƻǘ ŀŎŎƻƳǇƭƛǎƘŜǎ ǘŀǎƪǎ ōȅ ƳƻǾƛƴƎ ƛƴ ǘƘŜ ǊŜŀƭ ǿƻǊƭŘΦέ

J.-C. Latombe(1991)
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Problem statement

Find a collision free path between an initial pose and the goal, taking into account the 

constraints (geometrical, physical, temporal)

ÅPath Planning: A PATH is a geometric 

locus of way points, in a given space,

where the vehicle must pass

ÅTrajectory Generation: A TRAJECTORY

is a path for which a temporal law is 

specified (e.g., acceleration and velocity

at each point)

ÅManeuver Planning: a MANOUVER is a 

series of actions or a scheme or plot that

the vehicle should execute
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Motion planning definition

Given the following notation:

ÅA: single rigid object (the robot)

ÅW: Euclidean space where A moves

ÅB1, B2, ..., Bm fixed rigid objects distributed in W (obstacles)

Let assume

ÅThe geometry of A and Bi is known

ÅThe localization of the Bi in W is accurately known

ÅThere are no kinematic constraints in the motion of A (A is a free-flying object)

Given an initial pose and a goal pose of A in W, generate a continuous 
sequence of poses of A avoiding contact with the Bi, 

starting at the initial pose and terminating at the goal pose.
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Planning and Maps Representations

Different possible maps representations exist for path planning

ÅPaths (e.g., probabilistic road maps)

ÅFree space (e.g., Voronoi diagrams)

ÅObstacles (e.g., geometric obstacles)

ÅComposite (e.g., grid maps)
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What a Planner?

Search Based Planning Algorithms

ÅA*

ÅARA*

ÅANA*

ÅAD*

ÅD*

Åé

Random Sampling 

ÅPRMs

ÅRRT

ÅT-RRT

ÅSBL

Åé

Search 

Based

Planning

Library

Open

Motion

Planning

Library
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Pros and Cons

Lets have a look at Search Based Methods (SBPL) first because of

ÅTheir simplicity (at least in description)

ÅThe generality of approaches

ÅTheir theoretical guarantees

(if connectivity assumptions hold)

PROS CONS

SearchBased Planning

Å Findsthe optimal solution
Å Possible to assign costs
Å Use of Heuristics
Å Can state if a solution exists (complete)

Å High computational cost

Random Sampling Planning Å Fast in finding a feasible solution
Å Hard to assign costs
ÅOnly probably complete (cannot 

be used to test for existance)
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Planning on a Grid

Different possible maps representations exist for path planning

ÅPaths (e.g., probabilistic road maps)

ÅFree space (e.g., Voronoi diagrams)

ÅObstacles (e.g., geometric obstacles)

ÅComposite (e.g., grid maps)

Kinematics approximation in grid maps

Å4-orthogonal
connectivity

Å4-diagonal
connectivity

Å8-connectivity

1

5

2 3

8

7 6

4
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Graph (search) based planning basics

The overall idea: 

ÅGenerate a discretized representation of the planning problem 

ÅBuild a graph out of this discretized representation (e.g., through 4 neighbors
or 8 neighbors connectivity)

ÅSearch the graph for the optimal solution

ÅCan interleave the construction of the representation with the search 
(i.e., construct only what is necessary)
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A real mobile robot should not be modeled as a point;

to take into account its shape obstacles are enlarged

This might generate some issues and a trade-off

is between memory requirements and performance

Robot shape

Robot

Expanded

Obstacle
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Configuration Space (C-Space)

For an accurate collision detection the Configuration space is used

ÅA configuration of an object 

is a point  q = (q1, q2,é,qn)

ÅPoint q is free if the robot 

in q does not collide

ÅC-obstacle =  union of all q 

where the robot collides

ÅC-free = union of all free q

ÅCspace =  C-free + C-obstacle

Planning can be performed in C-Space
workspace configuration space
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Mobile robot 2D C-Space

A robot can translate in the plane and/or rotate

Obstacles should be expanded according to the robot orientation

X

Y

C-space: 3D (x, y, q) 

q

x

Y

C-space: 2D (x, y) 
X

Y

x

Y

Non holonomic 
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