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Free-Space	
Estimation
• The	world	region	

where	navigation	
without collision
is	guaranteed

• In	robotics,	free	
space	is	required	
when	planning	the	
path	between	2	
points

• Vision-based?
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Occupancy	Grid	Mapping
•Why	Occupancy	Grid	Mapping?
• No	robot’s	odometry	is	perfect!
• Many	of	the	SLAM	techniques	do	not	generate	maps	fit	for	path	
planning	and	navigation.

• The	main	utility	of	the	occupancy	grid	technique	is	in	post-processing.

• Occupancy	grid	maps	are	often	used	after	solving	the	SLAM	problem	by	
some	other	means,	and	taking	the	resulting	path	estimates	for	granted.
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Occupancy	
Grid
Definition.	

An	occupancy	grid	M	is	
a	2-D	array	/	grid,	 	
which	models	
occupancy	evidence	of	
the	environment.	

The	3D	world	is	
orthographically	
projected	on	a	plane	P	
parallel	to	the	road	
(assuming	 the	floor	
surface	is	planar).

FREE-SPACE	ESTIMATION 6



OUTLINE
•What	is	Free-Space	Estimation?

• Challenges

• Occupancy	Grid	Mapping	Algorithm	

• Approaches	to	the	Problem
• Dense	Stereo
• Occupancy	Grid
• Free-Space	Computation	by	DP
• Height	Segmentation
• “Stixel”	Extraction

• Future	Work

FREE-SPACE	ESTIMATION 7

Source:	https://www.youtube.com/watch?v=tiRi3I_wbNk



Challenges
• Hypothesis	space	is	huge

• Learning	maps	is	a	chicken	and	egg	problem

• Hardness	of	the	problem
◦ Size
◦ Noise
◦ perceptual	ambiguity	 (pattern)
◦ Loop	closure
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Occupancy	Grid	Mapping

FREE-SPACE	ESTIMATION 10



Occupancy	Grid	Mapping
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Occupancy	Grid	Mapping
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Occupancy	Grid	Mapping
Error	Function
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Algorithm	Overview
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1.	Dense	Stereo
•Most	real	time	stereo	algorithm	based	on	local	optimization	techniques	
deliver	sparse	disparity	data.

• The	only	requirement:	computation	of	enough	disparity	measurements	
to	capture	all	relevant	objects	in	a	scene.

• The	stereo	algorithm	from	previous	page	generates	a	disparity	and	a	
variance image.
• The	variance	image	contains	the	estimated	variance	of	each	measured	
disparity

• Compute	the	occupancy	grid	from	stereo	measurements.
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2.	Occupancy	Grid
• Cell	(i,	j)
• i:	lateral	component
• j:	depth	component

• Every	cell	of	the	grid	maintains	an	occupancy	likelihood	𝐷 𝑖, 𝑗

• 𝐷 𝑖, 𝑗 = 		∑ 𝐿)*(𝒎-)/
-01

• 𝒎- = 𝑢, 𝑣, 𝑑 5,	where	u,	v:	left	image	coordinate,	d:	disparity

• 3	types	of	occupancy	grid
• Cartesian	Occupancy	Grid:	𝐿)* 𝒎- = 𝐺𝒎7 𝑃 𝑝)* − 𝒎-

• Column/Disparity	Map:	𝐿)* 𝒎- = 𝐺𝒎7 (𝑢)* − 𝑢, 0,𝑑)* − 𝑑)5

• Polar	Occupancy	Grid:	𝐿)* 𝒎- = 𝐺𝒎7 (𝑢)* − 𝑢,0, 𝑑′)* − 𝑑)5

• 𝑑′)* =
=>?
@AB

,	disparity	corresponding	to	the	cell	depth
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2.	Occupancy	Grid
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2.	Occupancy	Grid
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2.	Occupancy	Grid
• Iconic	Representation*

•
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3.	Dynamic	Programming
• Polar	coordinate
• Every	column	is	already	in	the	direction	of	a	ray,	
searching	is	straightforward

• Task:	to	find	the	first	occupied	cell

• Dynamic	Programming	is	applied
• Global	optimization
• Spatial	and	temporal	smoothness	of	 the	solution
• Preservation	of	spatial	and	temporal	
discontinuities
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3.	Dynamic	Programming
• The	Objective:	to	find	the	minimal	path

• Cost	of	each	edge:

• Data	term:

• Smooth	term:

• Spatial	term	penalizes	jumps	in	depth:

• Temporal	term	penalizes	the	deviation	from	solution	and	prediction:
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3.	Dynamic	Programming
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3.	Dynamic	Programming
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Results:

Youtube:	https://www.youtube.com/watch?v=e6O-Gul3LzQ



3.	Dynamic	Programming
• Problem
• Applying	 DP	directly	on	the	grid	of	top	
image	might	lead	to	a	solution	where	
the	optimal	boundary	 is	found	on	the	
background	object	(i.e.	the	building)	 and	
not	on	the	foreground	 object	(i.e.	the	
guardrail).

• Background	subtraction
• All	occupied	cells	behind	 the	first	
maximum	which	is	above	a	given	
threshold	are	marked	as	free.	The	
threshold	must	be	selected	so	that	it	is	
quite	larger	than	the	occupancy	grid	
noise	expected	in	the	grid.
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3.	Dynamic	Programming
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4.	Height	Segmentation

• The	height	of	the	obstacles
• the	optimal	segmentation	between	
foreground	 and	background	disparities.	

• Goal:	to	find	upper	boundary

• Compute	a	cost	image

• Apply	DP	to	find	the	upper	boundary	of	
the	objects
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4.	Height	Segmentation
• Compute	a	cost	image

• Cost	(data	term	+	smoothness	term)	minimized	by	DP

• Smoothness
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4.	Height	Segmentation
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5.	Stixel Extraction
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Stixel
Representation
• “Stick	Pixel”	

Representation

• Compact	but	flexible	
representation	of	
the	3D	traffic	
situation.

• Video:	
https://www.youtub
e.com/watch?v=j-
8zdKq1nnc
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5.	Stixel Extraction
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5.	Stixel Extraction
Youtube video:	https://www.youtube.com/watch?v=FR_mIY34IW0
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Future	Work
• Apply	a	tracking	for	stixels based	upon	the	principles	of	6D-Vision,	
where	3D	points	are	tracked	over	time	and	integrated	with	Kalman
filters.	The	3D	points	are	tracked	over	time	and	integrated	with	Kalman
filters.	The	integration	of	stixels over	time	will	lead	to	further	
improvement	of	the	position	and	height.

•Models	other	than	occupancy	grid?
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Future	Consideration
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Neural	Networks?



Thanks!
HAO	WU
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All	 the	formula	and	pictures	are	from	the	following	sources:	
• Chapter	9	of	Probabilistic	Robotics	Book,	S.	Thrun,	W.	Burgard,	D.	Fox
• Free	Space	Computation	Using	Stochastic	Occupancy	Grids	and	Dynamic	Programming	In	Workshop	Dynamical	Vision	ICCV	2007,	H.	Badino,	U.	

Franke and	R.	Mester
• The	Stixel World	- A	Compact	Medium	Level	Representation	of	the	3D-World	DAGM	2009,	H.	Badino,	U.	Franke and	D.	Pfeiffer


