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Focus on controller

Robot Navigation and collision 
avoidance
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Dynamic Windows Approach (DWA) 

Theory and Ros implementation

Local Planner DWA
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❑ Local Planner / Controller
▪ Control robot to reach goal on a local environment
▪ Send command to robot

❑ Gloal Planner / Planner
▪ Build a path to reach a goal in the entire environment
▪ Send a path (e.g succession of waypoints) to the local planner
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Objectives

Local Planner DWA
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Objectives

Local Planner DWA
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Local Planner DWA

Dynamic Window Approach (DWA)

❑ Dieter Fox and Co in 1997

❑Mainline
▪ Search best translation and rotation 

velocities in short interval time

▪ Reduce the search space on 
admissibles velocities

▪ Optimisation between
- Distance to goal
- Distance to next obstacle
- Foward Velocity
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Local Planner DWA

Motion Equations

Tracking Control of Moving Sound Source Using Fuzzy-
Gain Scheduling of PD Control, Electronics, Jong-Ho Han 
2019
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Local Planner DWA

Motion Equations 𝑣 𝑡 = 𝑣0 + ሶ𝑣. 𝑡

∆𝑥 =
𝑣+𝑣0

2
𝑡

∆𝑥 = 𝑣0. 𝑡 +
1

2
ሶ𝑣. 𝑡2

Constant acceleration

𝑣 𝑡 = 𝑣0 +න
0

𝑡

ሶ𝑣 𝑡 𝑑𝑡

Non-constant acceleration

𝑥 𝑡0 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑜𝑠𝑒 𝑣 𝑡0 𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑣𝑖𝑡𝑒𝑠𝑠𝑒 𝑎𝑡 𝑡0

ሶ𝑣 𝑡 𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡

𝜔 𝑡0 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑣𝑖𝑡𝑒𝑠𝑠𝑒 𝑎𝑡 𝑡0

ሶ𝜔 𝑡 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝜃 𝑡0 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑛𝑔𝑙𝑒
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Local Planner DWA

Motion Equations

Robot can only be
controlled by a finite nb 
of acceleration cmd

𝑣 𝑡 = 𝑣0 + ሶ𝑣. 𝑡

∆𝑥 =
𝑣+𝑣0

2
𝑡

∆𝑥 = 𝑣0. 𝑡 +
1

2
ሶ𝑣. 𝑡2

Constant acceleration

Assuming that between small
time interval acceleration is
constant
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Local Planner DWA

Motion Equations

If Δt is small translation  term
can be approximated by a 
velocitory 𝑣𝑖 ∈ [𝑣 𝑡𝑖 , 𝑣(𝑡𝑖+1) ]

If Δt is small rotational term can
be approximated by a velocitory
𝜔𝑖 ∈ [𝜔 𝑡𝑖 , 𝜔(𝑡𝑖+1) ]
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Local Planner DWA

Motion Equations

Integral resolution
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Local Planner DWA

Motion Equations

𝜔𝑖 = 0

𝜔𝑖 ≠ 0

Resulted circle equation :

(𝑀𝑥
𝑖 , 𝑀𝑦

𝑖 )
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Local Planner DWA

DWA Basic conciderations

❑ Planner needs to determine robot 
velocites 𝑣𝑖 , 𝜔𝑖 for the next time 
interval

❑2 Main steps:
▪ Search Space

- Evaluation and select set of possibles 
translational and rotational velocities

▪ Velocities selection
- Multi factors optimisation

• Distance to objective
• Distance to obstacle

• Velocity

Space Search

Circular 
Trajectoires

Admissible 
velocities

Dynamique 
Window

Optimization

Target 
heading

ClearanceVelocity
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Local Planner DWA

DWA Space Search

Space Search

Circular 
Trajectoires

Admissible 
velocities

Dynamique 
Window

❑ Circular Trajectories

❑ Set of possible pair of 
𝑣𝑖 , 𝜔𝑖 velocities without

obstacles intersections
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14

Local Planner DWA

DWA Space Search

Space Search

Circular 
Trajectoires

Admissible 
velocities

Dynamique 
Window

❑ Admissible Velocities

❑ Set of admissible velocities
allowing robot to stop 
without colliding with
obstacle

Copyright © Jacques Saraydaryan 
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Local Planner DWA

DWA Space Search

Space Search

Circular 
Trajectoires

Admissible 
velocities

Dynamique 
Window

❑ Dynamic Window

❑ Set of velocities that can be
reached within a short time 
given the current velocity
and the limit acceleration of 
the robotCopyright © Jacques Saraydaryan 
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Local Planner DWA

DWA Space Search

Space Search

Circular 
Trajectoires

Admissible 
velocities

Dynamique 
Window

❑ Space Search
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Optimization

Target 
heading

ClearanceVelocity
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Local Planner DWA

DWA Optimization

❑ Target Heading

θ 

θ 

θ 

θ 

❑ Get the angle between the 
predicted robot orientation 
and the vector of the 
predicted robot pose and 
target 𝑎𝑛𝑔𝑙𝑒(𝑣, 𝜔)Copyright © Jacques Saraydaryan 



Optimization

Target 
heading

ClearanceVelocity
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Local Planner DWA

DWA Optimization

❑ Clearance

❑ Distance to the closest
obstacle that intersects with
the curvature 𝑑𝑖𝑠𝑡(𝑣, 𝜔)
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Optimization

Target 
heading

ClearanceVelocity
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Local Planner DWA

DWA Optimization

❑ Velocity

❑ Projection of the 
translational velocity
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑣, 𝜔)

v

v

v
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Optimization

Target 
heading

ClearanceVelocity
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Local Planner DWA

DWA Optimization

❑ Velocities selection

v

v

v

θ 

θ 

θ 

𝑣, 𝜔 = 𝑎𝑟𝑔𝑚𝑎𝑥 ( 𝐺 𝑣𝑖 , 𝜔i )
Copyright © Jacques Saraydaryan 



Local Planner DWA

Ros Updated implementation of DWA

https://vimeo.com/236487972

Copyright © Jacques Saraydaryan 



Local Planner DWA

Ros Update implementation of DWA

❑ Implementation of the DWA

❑ Update The optimization function
▪ Updated parameters

- 𝑑𝑖𝑠𝑡(𝑣, 𝜔) is computed by getting the cost of the costmap
- 𝑎𝑛𝑔𝑙𝑒(𝑣, 𝜔) is the same
- 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑣, 𝜔) replaced by 𝑑𝑖𝑠𝑡𝑔𝑜𝑎𝑙(𝑣, 𝜔) (to be confirmed)

▪ New parameters
- 𝑑𝑖𝑠𝑡𝑔𝑙𝑜𝑏𝑎𝑙𝑃𝑎𝑡ℎ(𝑣, 𝜔) distance of the trajectory to the computed global path

- 𝑑𝑖𝑠𝑡𝑔𝑜𝑎𝑙(𝑣, 𝜔) distance to the targeted goal

- 𝑎𝑛𝑔𝑙𝑒𝑔𝑙𝑜𝑏𝑎𝑙𝑃𝑎𝑡ℎ(𝑣, 𝜔) angle between trajectory and the global path

Copyright © Jacques Saraydaryan 
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Elastic Band (EBand) 

Theory and Ros implementation

Local Planner EBand

Local Planner EBand

Copyright © Jacques Saraydaryan 
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Local Planner EBand

Elastic Band

❑ Sean Quinlan and Oussama 
Khaltib 1993

❑Mainline
▪ Update quickly global path taking

into account observed obstacles

▪ Use local deformation of global path

▪ Apply virtual forces
- Internal contration (elastic effect)

- External repulsion (obstacle)

Copyright © Jacques Saraydaryan 
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Local Planner EBand

Elastic Band main line

Copyright © Jacques Saraydaryan 

❑ Path generated by global planner



Internal contraction force

External repulsion force
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Local Planner EBand

Elastic Band main line

Copyright © Jacques Saraydaryan 

❑ Path generated by global planner

❑ Applying both internal
contraction force and external
repultion force
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Local Planner EBand

Elastic Band main line

Copyright © Jacques Saraydaryan 

❑ Path generated by global planner

❑ Applying both internal
contraction force and external
repultion force

❑ Updating repulsion force 
according new obstation (e.g moving
obs.)

Internal contraction force

External repulsion force
Movable Obstacle
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Local Planner EBand

Elastic Band How to ?

Copyright © Jacques Saraydaryan 

❑ Generate Bubbles along the path
1. Create bubble is distance to next > constdisc

2. Determine closed obstacle and calculate bubble
radius (max radius needs to be set)

3. Calculate repulsion force to the closest obstacle 
(e.g (max – r)/r)

4. Calculate internal contraction force. (e.g
normalized vector of previous and following
bubbles center)

5. Update bubble new position according forces
6. Remove Bubble is necessairy (to closed each

other) and check that bubble raidus > robot 
radius

❑ Optimise bubbles set (remove if overlaps, 
ensure 2 bubbles neighbors connection)
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Local Planner EBand

Elastic Band How to ?

Copyright © Jacques Saraydaryan 

❑ Generate Bubbles along the path
1. Create bubble is distance to next > constdisc

2. Determine closed obstacle and calculate bubble
radius (max radius needs to be set)

3. Calculate repulsion force to the closest obstacle 
(e.g (max – r)/r)

4. Calculate internal contraction force. (e.g
normalized vector of previous and following
bubbles center)

5. Update bubble new position according forces
6. Remove Bubble is necessairy (to closed each

other) and check that bubble raidus > robot 
radius

❑ Optimise bubbles set (remove if overlaps, 
ensure 2 bubbles neighbors connection)
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Local Planner DWA

Elastic Band How to ?

Copyright © Jacques Saraydaryan 

❑ Generate Bubbles along the path
1. Create bubble is distance to next > 

constdisc

2. Determine closed obstacle and 
calculate bubble radius (max radius 
needs to be set)

3. Calculate repulsion force to the 
closest obstacle (e.g (max – r)/r)

4. Calculate internal contraction force. 
(e.g normalized vector of previous
and following bubbles center)

5. Update bubble new position 
according forces

6. Remove Bubble is necessairy (too
closed each other) and check that bubble
raidus > robot radius
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Local Planner EBand

Elastic Band How to ?

Copyright © Jacques Saraydaryan 

❑ Generate Bubbles along the path
1. Create bubble is distance to next > 

constdisc

2. Determine closed obstacle and 
calculate bubble radius (max radius 
needs to be set)

3. Calculate repulsion force to the 
closest obstacle (e.g (max – r)/r)

4. Calculate internal contraction force. 
(e.g normalized vector of previous
and following bubbles center)

5. Update bubble new position 
according forces

6. Remove Bubble is necessairy (too
closed each other) and check that bubble
raidus > robot radius
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Local Planner EBand

Elastic Band How to ?

Copyright © Jacques Saraydaryan 

❑ Generate Bubbles along the path
1. Create bubble is distance to next > 

constdisc

2. Determine closed obstacle and 
calculate bubble radius (max radius 
needs to be set)

3. Calculate repulsion force to the 
closest obstacle (e.g (max – r)/r)

4. Calculate internal contraction force. 
(e.g normalized vector of previous
and following bubbles center)

5. Update bubble new position 
according forces

6. Remove Bubble is necessairy (too
closed each other) and check that bubble
raidus > robot radius
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Local Planner EBand

Elastic Band Usage Exemple

Copyright © Jacques Saraydaryan 

http://wiki.ros.org/eband_local_planner

http://2.bp.blogspot.com/-5e57--eVQTA/T3SBrZ4-RzI/AAAAAAAAAfs/gGRSCgmRITA/s320/12.png

http://adrianboeing.blogspot.com/2012/03/elastic-band-realtime-
pathfinding.html

https://youtu.be/KJgHAhJxUr0

http://2.bp.blogspot.com/-5e57--eVQTA/T3SBrZ4-RzI/AAAAAAAAAfs/gGRSCgmRITA/s1600/12.png
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Timed Elastic Band (TEB) 

Theory and Ros implementation

Local Planner TEB

Local Planner TEB

Copyright © Jacques Saraydaryan 
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Local Planner TEB

Timed Elastic Band

❑ C. Rösmann, W. Feiten, T. Wösch
2012 (extended in 2017)

❑Mainline
▪ Inspired of Elastic Band but taking into

account robot dynamic contraints

▪ Act as a weighted multi-objective 
optimisation framework

▪ Use multiple objective function
- Distance to path
- Distance to obstacle
- Velocity and acceleration
- Fatest path

Copyright © Jacques Saraydaryan 
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Local Planner TEB

Timed Elastic Band main line

❑ Generate configuration candidates from
start to goal

❑ Associate states and formulate Objective 
function

❑ Optimize functions (Hyper graph)

❑ Compute translational and rotational
velocity

❑ [Iterate] Update way point and add/delete new 
configuration according spacial/temporal 
resolution to the remaining trajectory
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Local Planner TEB

Timed Elastic Band main line

❑ Generate configuration candidates 
from start to goal

Configurations Way point

1 configuration

Use Tuple mixing configuration and 
associated duration

sk = (𝑥𝑘 , 𝑦𝑘, 𝛽𝑘)

𝑏 = [𝑠1, ∆𝑇1, 𝑠2, ∆𝑇2, … , 𝑠𝑛, ∆𝑇𝑛−1]



Configurations Way point

βi+2

xi+2,yi+2
xi+1,yi+1

βi 
xi,yi

ΔTi

ΔTi+1 ΔTi+2
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Local Planner TEB

Timed Elastic Band main line

❑ Generate configuration candidates 
from start to goal

1 configuration

Use Tuple mixing configuration and 
associated duration

sk = (𝑥𝑘 , 𝑦𝑘, 𝛽𝑘)

𝑏 = [𝑠1, ∆𝑇1, 𝑠2, ∆𝑇2, … , 𝑠𝑛, ∆𝑇𝑛−1]
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

(νi+2, ωi+2)

ΔTi

ΔTi+1 ΔTi+2

Optimization with following constraints : 

▪ Kinematic constraints between 2 consecutive poses

▪ Minimun turning radius (in case of carlike robot)

▪ Robot velocity and acceleration constraints

▪ Minimal respect of distance to obstacle

V∗ b = min
𝑏

෍

𝑘=1

𝑛−1

∆𝑇𝑘
2

𝑠𝑠

𝑠𝑓

𝒉𝒌(𝒔𝒌+𝟏, 𝒔𝒌)

𝒓𝒌(𝒔𝒌+𝟏, 𝒔𝒌)

𝒗𝒌(𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌) 𝒂𝒌(𝒔𝒌+𝟐, 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌+𝟏, ∆𝑻𝒌)

𝒐𝒌(𝒔𝒌)
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

Optimization with following constraints : 

▪ Kinematic constraints between 2 consecutive poses

▪ Minimun turning radius (in case of carlike robot)

▪ Robot velocity and acceleration constraints

▪ Minimal respect of distance to obstacle

ℎ𝑘 𝑠𝑘+1, 𝑠𝑘 =
cos(𝛽𝑘)
sin(𝛽𝑘)

0

+
cos(𝛽𝑘+1)
sin(𝛽𝑘+1)

0

× 𝑑𝑘,𝑘+1

Non-holonomic kenematics

𝜃𝑘 = 𝜃𝑘+1
cos(𝛽𝑘)
sin(𝛽𝑘)

0

× 𝑑𝑘,𝑘+1 =
cos(𝛽𝑘+1)
sin(𝛽𝑘+1)

0

× 𝑑𝑘,𝑘+1

𝒉𝒌 𝒔𝒌+𝟏, 𝒔𝒌 = 𝟎
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

Optimization with following constraints : 

▪ Kinematic constraints between 2 consecutive poses

▪ Minimun turning radius (in case of carlike robot)

▪ Robot velocity and acceleration constraints

▪ Minimal respect of distance to obstacle

𝑣𝑘 𝑠𝑘+1, 𝑠𝑘 , ∆𝑇𝑘 = 𝑣𝑚𝑎𝑥 − 𝑣𝑘 , 𝜔𝑚𝑎𝑥 − 𝜔𝑘

𝑎𝑘(𝑠𝑘+2, 𝑠𝑘+1, 𝑠𝑘 , ∆𝑇𝑘+1, ∆𝑇𝑘) = 𝑎𝑚𝑎𝑥 − 𝑎𝑘 , ሶ𝜔𝑚𝑎𝑥 − ሶ𝜔𝑘

Configurations Way point

βi+2

xi+2,yi+2
xi+1,yi+1

βi 
xi,yi

ΔTi

ΔTi+1 ΔTi+2

𝑣𝑘 =
𝑥𝑘+1 − 𝑥𝑘 , 𝑦𝑘+1 − 𝑦𝑘 𝛾(𝑠𝑘 , 𝑠𝑘+1)

∆𝑇𝑘

𝜔𝑘 =
(𝛽𝑘+1 − 𝛽𝑘)

∆𝑇𝑘

𝑎𝑘 =
2(𝑣𝑘+1 − 𝑣𝑘)

∆𝑇𝑘 + ∆𝑇𝑘+1

𝒗𝒌 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌 ≥ 𝟎

𝒂𝒌(𝒔𝒌+𝟐, 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌+𝟏, ∆𝑻𝒌) ≥ 𝟎
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

Optimization with following constraints : 

▪ Kinematic constraints between 2 consecutive poses

▪ Minimun turning radius (in case of carlike robot)

▪ Robot velocity and acceleration constraints

▪ Minimal respect of distance to obstacle

Configurations Way point

βi+2

xi+2,yi+2
xi+1,yi+1

βi 
xi,yi

ΔTi

ΔTi+1 ΔTi+2

𝒐𝒌 𝒔𝒌 ≥ 𝟎

𝜌(𝑠𝑘 , 𝑂) Euclidian distance between current pose 
and an obstacle

𝑜𝑘 𝑠𝑘 = 𝜌 𝑠𝑘 , 𝑂1 , 𝜌 𝑠𝑘 , 𝑂2 , … , 𝜌 𝑠𝑘 , 𝑂𝑅 − 𝜌𝑚𝑖𝑛, 𝜌𝑚𝑖𝑛, … , 𝜌𝑚𝑖𝑛
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

(νi+2, ωi+2)

ΔTi

ΔTi+1 ΔTi+2

Optimization with following constraints : 

▪ Kinematic constraints between 2 consecutive poses

▪ Minimun turning radius (in case of carlike robot)

▪ Robot velocity and acceleration constraints

▪ Minimal respect of distance to obstacle

V∗ b = min
𝑏

෍

𝑘=1

𝑛−1

∆𝑇𝑘
2

𝑠𝑠

𝑠𝑓

𝒉𝒌 𝒔𝒌+𝟏, 𝒔𝒌 = 𝟎 𝒗𝒌 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌 ≥ 𝟎

𝒂𝒌(𝒔𝒌+𝟐, 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌+𝟏, ∆𝑻𝒌) ≥ 𝟎

𝒐𝒌 𝒔𝒌 ≥ 𝟎

Linear Optimization
not possible
→ Nolinear Function

Linear Optimization
not possible
→ Nolinear Function
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Local Planner TEB

Timed Elastic Band main line

❑ How to resolve the constrainted
optimization ??

V∗ b = min
𝑏

෍

𝑘=1

𝑛−1

∆𝑇𝑘
2

𝒉𝒌 𝒔𝒌+𝟏, 𝒔𝒌 = 𝟎

𝒗𝒌 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌 ≥ 𝟎

𝒂𝒌(𝒔𝒌+𝟐, 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌+𝟏, ∆𝑻𝒌) ≥ 𝟎

𝒐𝒌 𝒔𝒌 ≥ 𝟎

Approximative Least-square optimization

Approximative Least-square

Quadratic penality with scalar weight 𝜎ℎ and identity 𝐼

𝜑 ℎ𝑘 , 𝜎ℎ = 𝜎ℎℎ𝑘
𝑇𝐼ℎ𝑘 = 𝜎ℎ ℎ𝑘 2

2

χ 𝑣𝑘, 𝜎𝑣 = 𝜎𝑣 𝑚𝑖𝑛 0, 𝑣𝑘 2
2

χ 𝑜𝑘 , 𝜎𝑜 = 𝜎𝑜 𝑚𝑖𝑛 0, 𝑜𝑘 2
2

χ 𝑎𝑘 , 𝜎𝑎 = 𝜎𝑎 𝑚𝑖𝑛 0, 𝑎𝑘 2
2
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Local Planner TEB

Timed Elastic Band main line

❑ How to resolve the constrainted
optimization ??

V∗ b = min
𝑏

෍

𝑘=1

𝑛−1

∆𝑇𝑘
2

𝒉𝒌 𝒔𝒌+𝟏, 𝒔𝒌 = 𝟎

𝒗𝒌 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌 ≥ 𝟎

𝒂𝒌(𝒔𝒌+𝟐, 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌+𝟏, ∆𝑻𝒌) ≥ 𝟎

𝒐𝒌 𝒔𝒌 ≥ 𝟎

Approximative Least-square optimization

Approximative Least-square

Quadratic penality with scalar weight 𝜎ℎ

𝜑 ℎ𝑘 , 𝜎ℎ = 𝜎ℎ ℎ𝑘 2
2

Norme euclidienne
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Local Planner TEB

Timed Elastic Band main line

❑ How to resolve the constrainted
optimization ??

V∗ b = min
𝑏

෍

𝑘=1

𝑛−1

∆𝑇𝑘
2

𝒉𝒌 𝒔𝒌+𝟏, 𝒔𝒌 = 𝟎

𝒗𝒌 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌 ≥ 𝟎

𝒂𝒌(𝒔𝒌+𝟐, 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌+𝟏, ∆𝑻𝒌) ≥ 𝟎

𝒐𝒌 𝒔𝒌 ≥ 𝟎

Approximative Least-square optimization

Quadratic penality with scalar weight 𝜎ℎ and identity 𝐼

𝜑 ℎ𝑘 , 𝜎ℎ = 𝜎ℎ ℎ𝑘 2
2

χ 𝑣𝑘, 𝜎𝑣 = 𝜎𝑣 𝑚𝑖𝑛 0, 𝑣𝑘 2
2

χ 𝑜𝑘 , 𝜎𝑜 = 𝜎𝑜 𝑚𝑖𝑛 0, 𝑜𝑘 2
2

χ 𝑎𝑘 , 𝜎𝑎 = 𝜎𝑎 𝑚𝑖𝑛 0, 𝑎𝑘 2
2



47

Local Planner TEB

Timed Elastic Band main line

❑ How to resolve the constrainted
optimization ??

V∗ b = min
𝑏

෍

𝑘=1

𝑛−1

∆𝑇𝑘
2

𝒉𝒌 𝒔𝒌+𝟏, 𝒔𝒌 = 𝟎

𝒗𝒌 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌 ≥ 𝟎

𝒂𝒌(𝒔𝒌+𝟐, 𝒔𝒌+𝟏, 𝒔𝒌, ∆𝑻𝒌+𝟏, ∆𝑻𝒌) ≥ 𝟎

𝒐𝒌 𝒔𝒌 ≥ 𝟎

Approximative Least-square optimization

Quadratic penality with scalar weight 𝜎ℎ and identity 𝐼

𝜑 ℎ𝑘 , 𝜎ℎ = 𝜎ℎ ℎ𝑘 2
2

χ 𝑣𝑘, 𝜎𝑣 = 𝜎𝑣 𝑚𝑖𝑛 0, 𝑣𝑘 2
2

χ 𝑜𝑘 , 𝜎𝑜 = 𝜎𝑜 𝑚𝑖𝑛 0, 𝑜𝑘 2
2

χ 𝑎𝑘 , 𝜎𝑎 = 𝜎𝑎 𝑚𝑖𝑛 0, 𝑎𝑘 2
2

෨𝑉 b = ෍

𝑘=1

𝑛−1

∆𝑇𝑘
2 + 𝜑 ℎ𝑘 , 𝜎ℎ + χ 𝑣𝑘 , 𝜎𝑣 +χ 𝑎𝑘, 𝜎𝑎 + χ 𝑜𝑘 , 𝜎𝑜

+ χ 𝑎𝑛, 𝜎𝑎

෫𝑏∗ = 𝑎𝑟𝑔𝑚𝑖𝑛 ෨𝑉 b
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Local Planner TEB

Timed Elastic Band main line

❑ Generate configuration candidates 
from start to goal

Configurations Way point

1 configuration

Set of 
configurations

Set of duration to 
reach the next
configuration

Use Tuple mixing
configuration and 
associated duration



Configurations Way point

βi+2

xi+2,yi+2
xi+1,yi+1

βi 
xi,yi

ΔTi

ΔTi+1 ΔTi+2
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Local Planner TEB

Timed Elastic Band main line

❑ Generate configuration candidates 
from start to goal

1 configuration

Set of 
configurations

Set of duration to 
reach the next
configuration

Use Tuple mixing
configuration and 
associated duration
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

(νi+2, ωi+2)

ΔTi

ΔTi+1 ΔTi+2

Weighted
multiobjective function

Optimization



51

Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

(νi+2, ωi+2)

ΔTi

ΔTi+1 ΔTi+2

dmin

rtarget
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

(νi+2, ωi+2)

ΔTi

ΔTi+1 ΔTi+2

dmin

rtarget
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

rtarget
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

(νi+2, ωi+2)

ΔTi

ΔTi+1 ΔTi+2

dmin

rtarget

Non-holonomic kenematics
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Local Planner TEB

Timed Elastic Band main line

❑ Associate states and formulate
Objective function

dmin

(νi+2, ωi+2)

ΔTi

ΔTi+1 ΔTi+2

dmin

rtarget

ΔTi
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Local Planner TEB

Timed Elastic Band main line

❑ Optimize functions (Hyper graph)

dmin

rtarget

ΔTi

Multi Objective 
Optimization

G2o-framework
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Local Planner TEB

Timed Elastic Band main line

❑ Optimize functions (Hyper graph)

Multi Objective 
Optimization

G2o-framework

Verify trajectory
and compute

ν, ω

ν, ω
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Local Planner TEB

Timed Elastic Band main line

❑ Generate configuration candidates from
start to goal

❑ Associate states and formulate Objective 
function

❑ Optimize functions (Hyper graph)

❑ Compute translational and rotational
velocity

❑ [Iterate] Update way point and add/delete new 
configuration according spacial/temporal 
resolution to the remaining trajectory
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Local Planner TEB

Timed Elastic Band ros

http://wiki.ros.org/teb_local_planner
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Work in progress

Pure Pursuit

Local Planner TEB

Copyright © Jacques Saraydaryan 
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Local Planner TEB

Pure Pursuit

❑ S. Macenski , S. Singh, F. Martin 
and J. Ginés 2023

❑Mainline
▪ Inspired of Elastic Band but taking

into account robot dynamic
contraints

Copyright © Jacques Saraydaryan 
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Model Predictive Path 
Integral Controller (MPPI)

Local Planner MPPI

Copyright © Jacques Saraydaryan 
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Model Predictive Control MPC

❑ Course references and pictures inspired of

Copyright © Jacques Saraydaryan 

https://www.youtube.com/watch?v=YwodGM2eoy4 https://www.youtube.com/watch?v=cEWnixjNdzs
MPC: Steve L. Brunton, University of Washington Understanding MPC: Melda Ulusoy, MathWorks

Local Planner MPPI

https://www.youtube.com/watch?v=YwodGM2eoy4
https://www.youtube.com/watch?v=cEWnixjNdzs
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Model Predictive Control MPC

Copyright © Jacques Saraydaryan 

MPC Control

y

u

System

Target

Prediction horizon, p

k k+1 k+2 k+3 k+p

Prediction horizon, p

k k+1 k+2 k+3 k+p

k+1

Local Planner MPPI
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Model Predictive Control MPC

Copyright © Jacques Saraydaryan 

MPC Control

y

u

System

Target

Prediction horizon, p

Target

ek+1

Prediction horizon, p

Prediction horizon, p

k k+1 k+2 k+3 k+p

Local Planner MPPI
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Model Predictive Control MPC

Copyright © Jacques Saraydaryan 

MPC Control

y

u

System

MPC Control

Card 
model Optimizer

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

Local Planner MPPI
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Model Predictive Control MPC

Copyright © Jacques Saraydaryan 

❑Advantages
▪ Constraints can be applied

- On command (output)

- On state of the system (input)

▪ Work on non-linear systems

❑ Hardwork
▪ Optimization at each steps

▪ Expensive

Local Planner MPPI
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Local Planner MPPI

Model Predictive Path Integral Controller

❑G. Williams, A. Aldrich, and E. A. 
Theodorou1 2015

❑Mainline
▪ MPC Approach

▪ New System representation

▪ Stochastic Trajectory Optimization

Copyright © Jacques Saraydaryan 
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Local Planner MPPI

Model Predictive Path Integral Controller

❑Course references and pictures 
inspired of

Copyright © Jacques Saraydaryan 

https://www.youtube.com/watch?v=19QLyMuQ_BE

MPPI an introduction tutorial: F. Heetmeyer, M. Paluch, 
Telluride 2021



70

Local Planner MPPI

MPPI

❑ Core principle
▪ MPC Algorithm

▪ Simulate into the future thousand of trajectories 

▪ Each trajectory has a randomly different command

▪ Selected command → Weighted sum of commands

▪ Update command and repeat

Copyright © Jacques Saraydaryan 

MPC Control

y

u

System
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Local Planner MPPI

MPPI

❑ Core principle

Copyright © Jacques Saraydaryan 

MPC Control

y

u

System

MPPI Controller
yk = xk + ςk 

uk

System With Process Noise

Sensorxk

Cost 
function



v0u3,0

u3,1

u3,2

u3,3

u3,4
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Local Planner MPPI

MPPI

❑ Core principle

Copyright © Jacques Saraydaryan 

MPPI Controller
yk = xk + ςk 

uk

System With Process Noise

Sensorxk

Cost 
function

𝑢𝑡

- Each candidate command 
series is equal to :

𝑢𝑛,𝑡~𝑁 𝑢𝑡, Σ𝑛

Is the nominal vector

𝑢1,𝑡~𝑁 𝑢𝑡, Σ1

𝑢2,𝑡~𝑁 𝑢𝑡, Σ2

𝑢3,𝑡~𝑁 𝑢𝑡, Σ3

u2,1
u2,2

u2,3

u2,4

u2,0

²

u1,0

u1,1

u1,2

u1,3
u1,4

- Compute candidate command 
series 
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Local Planner MPPI

MPPI

❑ Core principle

Copyright © Jacques Saraydaryan 

MPPI Controller
yk = xk + ςk 

uk

System With Process Noise

Sensorxk

Cost 
function

𝑢𝑡 = 𝑢𝑡 +
Σ𝑘𝑤𝑘𝛿𝑢𝑘
Σ𝑘𝑤𝑘

𝑤𝑘 = 𝑒−
1

𝜆
𝑆𝑘

𝑆𝑘 Is the score of the kth series

Final selected command is :

- Score each command series

- Compute new command series

u3,0

u3,1

u3,2

u3,3

u3,4

u2,1
u2,2

u2,3

u2,4

u2,0

²

u1,0

u1,1

u1,2

u1,3
u1,4

Cost= 800

Cost= 1000

Cost= 50

- Compute candidate command 
series
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Local Planner MPPI

MPPI

❑ Core principle

Copyright © Jacques Saraydaryan 

MPPI Controller
yk = xk + ςk 

uk

System With Process Noise

Sensorxk

Cost 
function

𝑢𝑡 = 𝑢𝑡 +
Σ𝑘𝑤𝑘𝛿𝑢𝑘
Σ𝑘𝑤𝑘

𝑤𝑘 = 𝑒−
1

𝜆
𝑆𝑘

𝑆𝑘 Is the score of the kth series

Final selected command is :

²

u1,0

u1,1

u1,2

u1,3
u1,4

u2,4

u2,3

u2,2

u2,1

u2,0

u3,0

u3,1

u3,2

u3,3

u3,4

uf,2uf,1

uf,3 uf,4

uf,1

- Score each command series

- Compute new command serie

- Compute candidate command 
series
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Local Planner MPPI

MPPI

❑ Core principle

Copyright © Jacques Saraydaryan 

MPPI Controller
yk = xk + ςk 

uk

System With Process Noise

Sensorxk

Cost 
function

- Each candidate command 
series is equal to :

- Score each command 
series

- Compute new command 
serie

Cost 
Function

MPPI Control

vehicle 
model

𝑢𝑡 = 𝑢𝑡 +
Σ𝑘𝑤𝑘𝛿𝑢𝑘
Σ𝑘𝑤𝑘

𝑤𝑘 = 𝑒−
1

𝜆
𝑆𝑘

uf,1
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Local Planner MPPI

MPPI

❑ Running examples

Copyright © Jacques Saraydaryan 



Cost Function

vehicle 
model
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Local Planner MPPI

MPPI and ROS NAV2

❑ Configuration and Tuning
▪ e.g Nav2 MPPI Controller

Copyright © Jacques Saraydaryan 

MPPI 

Controller

https://docs.nav2.org/configuration/packages/configuring-mppic.html
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Local Planner MPPI

MPPI and ROS NAV2

❑ Configuration and Tuning
▪ e.g Nav2 MPPI Controller

Copyright © Jacques Saraydaryan 

MPPI 

Controller

Batch_size

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

time_steps

Model_dt

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

k k+1 k+2 k+3 k+p

1

2

3
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Local Planner MPPI

MPPI and ROS NAV2

❑ Configuration and Tuning
▪ e.g Nav2 MPPI Controller

Copyright © Jacques Saraydaryan 

Constraint Critic
This critic penalizes trajectories that have components outside of the set dynamic or kinematic 

constraints

Goal Angle Critic Angle Between Robot ang Goal

Goal Critic Distance between robot and goal above which goal 

Obstacles Critic 
This critic incentivizes navigating away from obstacles and critical collisions using either a circular 

robot point-check or full SE2 footprint check using distances from obstacles. (inflation_layer_name, 
collision_cost, collision_margin_distance)

Cost Critic 
This critic incentivizes navigating away from obstacles and critical collisions using either a circular 
robot point-check or full SE2 footprint check using the costmap values. (inflation_layer_name, 
collision_cost)

Path Align Critic 
Aligns the robot to the path by looking at the integrated distance between the reference path and 

the trajectory and scoring negatively for the sum total discrepancy

Path Angle 
This critic penalizes trajectories at a high relative angle to the path, looks at the angle wrt the robot 

and a point on the path some N points ahead and scores negatively if the angle is 'large'

Path Follow Critic
This critic incentivizes making progress along the path. This is what drives the robot forward along 
the path.

Prefer Forward Critic This critic incentivizes moving in the forward direction, rather than reversing

Twirling Critic This critic penalizes unnecessary ‘twisting’ with holonomic vehicles

Velocity Deadband
Critic

This critic penalizes velocities that fall below the deadband threshold, helping to mitigate hardware 
limitations on certain platforms.



Cost Function
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Local Planner MPPI

MPPI and ROS NAV2

❑ Configuration and Tuning
▪ e.g Nav2 MPPI Controller

Copyright © Jacques Saraydaryan 

Constraint Critic

θ 

θ θ 

θ 

θ 

θ 

Goal Angle Critic Goal Critic

Distance between 
robot pose and Goal



Cost Function
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Local Planner MPPI

MPPI and ROS NAV2

❑ Configuration and Tuning
▪ e.g Nav2 MPPI Controller

Copyright © Jacques Saraydaryan 

Obstacle Critic (e.g localcostmap) Cost Critic (e.g globalcostmap)



Cost Function
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Local Planner MPPI

MPPI and ROS NAV2

❑ Configuration and Tuning
▪ e.g Nav2 MPPI Controller

Copyright © Jacques Saraydaryan 

Path Angle Critic

Path Align Critic

θ θ 

θ 

θ 
θ θ 

Path Follow Critic
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Local Planner MPPI

MPPI and ROS NAV2

❑ Configuration and Tuning
▪ e.g Nav2 MPPI Controller

Copyright © Jacques Saraydaryan 

Twirling Critic

Prefer Forward Critic

Velocity Deadband Critic
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Local Planner MPPI

MPPI and ROS NAV2

Copyright © Jacques Saraydaryan 

Velocity Deadband Critic

Prefer Forward Critic

Path Follow Critic

Distance between 
robot pose and Goal

Goal Critic 

θ 

θ θ 

θ 

θ 

θ 

Goal Angle Critic 

Obstacle Critic (e.g LocalCostMap) Cost Critic (e.g GlobalCostMap)

Path Align Critic

θ θ 

θ 

θ 
θ θ 

Path Angle Critic Twirling Critic

Kinematic 
Constraints

Constraint Critic
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Local Planner MPPI

MPPI and ROS NAV2

❑ Nav2 Configuration

Copyright © Jacques Saraydaryan 

controller_server:
ros__parameters:
controller_frequency: 30.0
FollowPath:
plugin: "nav2_mppi_controller::MPPIController"
time_steps: 56
model_dt: 0.05
batch_size: 2000
vx_std: 0.2
vy_std: 0.2
wz_std: 0.4
vx_max: 1.0 #0.5
vx_min: -0.35
vy_max: 1.0 #0.5
wz_max: 1.9
ax_max: 0.5 #3.0
ax_min: -0.5 #-3.5
ay_max: 0.5 #3.0
az_max: 0.5 #3.5
motion_model: "DiffDrive"
iteration_count: 1
prune_distance: 1.7
transform_tolerance: 0.1
temperature: 0.3
gamma: 0.015
visualize: true #false

      

Cost Function

vehicle 
model

MPPI 

Controller
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Local Planner MPPI

MPPI and ROS NAV2

❑ Nav2 Configuration

Copyright © Jacques Saraydaryan 

reset_period: 1.0 # (only in Humble)
regenerate_noises: false
TrajectoryVisualizer:
trajectory_step: 5
time_step: 3

AckermannConstraints:
min_turning_r: 0.2

critics: ["ConstraintCritic", "CostCritic", "GoalCritic", "GoalAngleCritic", 
"PathAlignCritic", "PathFollowCritic", "PathAngleCritic", "PreferForwardCritic"]

ConstraintCritic:
enabled: true
cost_power: 1
cost_weight: 4.0

GoalCritic:
enabled: true
cost_power: 1
cost_weight: 5.0
threshold_to_consider: 1.4

GoalAngleCritic:
enabled: true
cost_power: 1
cost_weight: 3.0
threshold_to_consider: 0.5

PreferForwardCritic:
enabled: true
cost_power: 1
cost_weight: 5.0
threshold_to_consider: 0.5

Cost Function

Kinematic 
Constraints

Constraint Critic

Distance between 
robot pose and Goal

Goal Critic 

θ 

θ θ 

θ 

θ 

θ 

Goal Angle Critic 

Prefer Forward Critic
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Local Planner MPPI

MPPI and ROS NAV2

❑ Nav2 Configuration

Copyright © Jacques Saraydaryan 

ObstaclesCritic:
enabled: true
cost_power: 1
repulsion_weight: 1.5
critical_weight: 20.0
consider_footprint: false
collision_cost: 10000.0
collision_margin_distance: 0.1
near_goal_distance: 0.5
inflation_radius: 0.275 # (only in Humble)
cost_scaling_factor: 10.0 # (only in Humble)

CostCritic:
enabled: true
cost_power: 1
cost_weight: 3.81
critical_cost: 300.0
consider_footprint: true
collision_cost: 1000000.0
near_goal_distance: 1.0
trajectory_point_step: 2

PathAlignCritic:
enabled: true
cost_power: 1
cost_weight: 14.0
max_path_occupancy_ratio: 0.05
trajectory_point_step: 4
threshold_to_consider: 0.5
offset_from_furthest: 20
use_path_orientations: false

Obstacle Critic (e.g LocalCostMap)

Cost Critic (e.g GlobalCostMap)

Path Align Critic

Cost Function
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Local Planner MPPI

MPPI and ROS NAV2

❑ Nav2 Configuration

Copyright © Jacques Saraydaryan 

PathFollowCritic:
enabled: true
cost_power: 1
cost_weight: 5.0
offset_from_furthest: 5
threshold_to_consider: 1.4

PathAngleCritic:
enabled: true
cost_power: 1
cost_weight: 2.0
offset_from_furthest: 4
threshold_to_consider: 0.5
max_angle_to_furthest: 1.0
mode: 0

# VelocityDeadbandCritic:
#   enabled: true
#   cost_power: 1
#   cost_weight: 35.0
#   deadband_velocities: [0.05, 0.05, 0.05]
# TwirlingCritic:
#   enabled: true
#   twirling_cost_power: 1
#   twirling_cost_weight: 10.0

Path Follow Critic

θ θ 

θ 

θ 
θ θ 

Path Angle Critic

Twirling Critic

Velocity Deadband Critic

Cost Function
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