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Map Representations

Instructor: Chris Mavrogiannis

TAs: Kay Ke, Gilwoo Lee, Matt Schmittle

*Slides based on or adapted from Sanjiban Choudhury, Cyrill Stachniss, Michael Kaess, S.Scherer



Announcements
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• Deadline for lab1 coming up: Friday 1/31 at 11:59 p.m 

• This is the due date for the writeup 

• Lab evaluation (demo) now pushed to Thursday Feb 6. 
Times to be announced by end of week.



3

What is a map?



Do all maps convey the same information?
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On-land navigation During flight

Where to land
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Maps are a summary of information about the world

What sort of information? Depends on the task

Task also determines how we  
query, update, store maps



Today’s objective
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1. Framework / taxonomy to think about maps 

2. Look at various maps and the underlying tasks they serve 

3. Distance map



What do we want from maps?
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1. Information - What task does it help me solve?  
(Help me localize, help me navigate, help humans 
navigate / plan their lives etc)

3. Updatable - Can we update it online? Can it deal with 
noisy measurements?

2. Query - Can we query it online? How often?

4. Memory - How much storage does it need? Is it 
transportable? How does it scale with time? Scale with 
amount of stuff we see ?



Example 1: Occupancy grids
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16-833, Spring 201843

Occupancy Grid Laser Map
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Category Details

Information
Discretized likelihood of occupancy ( free/occ/unknown) 
Useful for exploration (go to unknown areas) 
Useful for safe navigation (keep robot in known free space)

Query Cheap: O(1)

Update Can deal with noisy sensors (log likelihood update) 
Updates equal ray-casting (O(l) where l is length of ray)

Memory
Bounded 
Can still be large if we want really fine resolution 
Need to allocate all the memory upfront

Example 1: Occupancy grids



Occupancy grids in action
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“Autonomous Multi-Floor Indoor Navigation with a Computationally 
Constrained MAV”, S. Shen, N. Michael, V.Kumar, 2010
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Problems with occupancy grids
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1. Memory scales with distance travelled in any 
one direction

2. Do I need high resolution information 
everywhere?



Example 2: Occupancy Trees (OctoMap)
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Map Representations 

3D voxel grids 

§  Pro:  
§  Probabilistic update 
§ Constant access time 

§  Contra: 
§ Memory requirement 

§ Extent of map has to be known 
§ Complete map is allocated in memory 

Map Representations 

2.5D Maps 
§  2D grid 
§  Height value(s) in each cell 

§  Pro:  
§ Memory efficient 

§  Contra: 
§ Not completely probabilistic 
§ No distinction between free and unknown 

space 

Map Representations 

Octrees 

§  Tree-based data structure 
§  Recursive subdivision of 

space into octants 
§  Volumes allocated  

as needed 
§  Multi-resolution 

Map Representations 

Octrees 

§  Pro:  
§  Full 3D model 
§  Probabilistic 
§  Flexible, multi-resolution 
§ Memory efficient 
 

§  Contra: 
§  Implementation can be tricky  

(memory, update, map files, …) 
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Tree-based data structure 

Recursive sub-division of space 
 
Query maps at multiple-resolutions!

Hornung et al. 2013

4 Armin Hornung et al.

have a number of disadvantages as detailed at the beginning
of this section.

Yguel et al. (2007b) presented a 3D map based on
the Haar wavelet data structure. This representation is also
multi-resolution and probabilistic. However, the authors did
not evaluate applications to 3D modeling in-depth. In their
evaluation, unknown areas are not modeled and only a sin-
gle simulated 3D dataset is used. Whether this map structure
is as memory-efficient as octrees is hard to assess without a
publicly available implementation.

Surface representations such as the 3D Normal Dis-
tribution Transform (Magnusson et al., 2007) or Sur-
fels (Habbecke and Kobbelt, 2007) were recently used for
3D path planning (Stoyanov et al., 2010) and object model-
ing (Weise et al., 2009; Krainin et al., 2011). Similarly, an
accurate real-time 3D SLAM system based on a low-cost
depth camera and GPU processing was proposed by New-
combe et al. (2011) to reconstruct dense surfaces in indoor
scenes. Recently, this work has been extended to work in
larger indoor environments (Whelan et al., 2012). However,
surface representations are unable to distinguish between
free and unknown space, may require large memory partic-
ularly outdoors, and are often based on strong assumptions
about the corresponding environment. In mobile manipula-
tion scenarios, for example, being able to differentiate free
from unknown space is essential for safe navigation.

Finally, to the best of our knowledge, no open source im-
plementation of a 3D occupancy mapping framework meet-
ing the requirements outlined in the introduction is freely
available.

3 OctoMap Mapping Framework

The approach proposed in this paper uses a tree-based rep-
resentation to offer maximum flexibility with regard to the
mapped area and resolution. It performs a probabilistic oc-
cupancy estimation to ensure updatability and to cope with
sensor noise. Furthermore, compression methods ensure the
compactness of the resulting models.

3.1 Octrees

An octree is a hierarchical data structure for spatial subdi-
vision in 3D (Meagher, 1982; Wilhelms and Van Gelder,
1992). Each node in an octree represents the space contained
in a cubic volume, usually called a voxel. This volume is
recursively subdivided into eight sub-volumes until a given
minimum voxel size is reached, as illustrated in Fig. 2. The
minimum voxel size determines the resolution of the octree.
Since an octree is a hierarchical data structure, the tree can
be cut at any level to obtain a coarser subdivision if the in-
ner nodes are maintained accordingly. An example of an oc-

Fig. 2 Example of an octree storing free (shaded white) and occupied
(black) cells. The volumetric model is shown on the left and the corre-
sponding tree representation on the right.

Fig. 3 By limiting the depth of a query, multiple resolutions of the
same map can be obtained at any time. Occupied voxels are displayed
in resolutions 0.08 m, 0.64 , and 1.28 m.

tree map queried for occupied voxels at several resolutions
is shown in Fig. 3.

In its most basic form, octrees can be used to model a
Boolean property. In the context of robotic mapping, this
is usually the occupancy of a volume. If a certain volume
is measured as occupied, the corresponding node in the oc-
tree is initialized. Any uninitialized node could be free or
unknown in this Boolean setting. To resolve this ambigu-
ity, we explicitly represent free volumes in the tree. These
are created in the area between the sensor and the measured
end point, e.g., along a ray determined with raycasting. Ar-
eas that are not initialized implicitly model unknown space.
An illustration of an octree containing free and occupied
nodes from real laser sensor data can be seen in Fig. 4. Using
Boolean occupancy states or discrete labels allows for com-
pact representations of the octree: If all children of a node
have the same state (occupied or free) they can be pruned.
This leads to a substantial reduction in the number of nodes
that need to be maintained in the tree.

In robotic systems, one typically has to cope with sen-
sor noise and temporarily or permanently changing environ-
ments. In such cases, a discrete occupancy label will not
be sufficient. Instead, occupancy has to be modeled prob-
abilistically, for instance by applying occupancy grid map-
ping (Moravec and Elfes, 1985). However, such a proba-
bilistic model lacks the possibility of lossless compression
by pruning.

The approach presented in this paper offers means of
combining the compactness of octrees that use discrete la-
bels with the updatability and flexibility of probabilistic
modeling as we will discuss in Sect. 3.4.

https://octomap.github.io/



Example 2: OctoMap
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Category Details

Information
Same as occupancy grids 
Stores information at multiple resolutions.  
Useful for large scale exploration, multi-res planning. 

Query Little expensive : O(log n), where n is the number of nodes 
in tree

Update Similar to occupancy grids, extra O(log n) complexity

Memory Much smaller than occupancy grids (proportional to 
amount of stuff in the world)

Example 2: OctoMap
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Is the world always 3D?

Do we care about 3D?



Example 3: 2.5D height map
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Category Details

Information
Image where each pixel denotes height. 
Useful for mapping terrain where for overhead flight.  
Don’t use when flying underneath objects

Query O(1)

Update Can handle noisy measurements by defining a Bayes filter 
for height of each cell.

Memory Very cheap! (2D grid)

Example 3: 2.5D height map
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What are my options if I don’t want 
to discretize?



Example 4: Point cloud

20courtesy Ji Zhang
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Example 4: Point cloud



Example 4: Point clouds
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Category Details

Information
Surface of obstacles (no discretization) 
Useful for 3D reconstruction  
Very accurate laser based odometry. 

Query Typical query - give me the closest point / set of points 
Naive query is O(N) (remember N is huge!!!)

Update
Easy to update (just dump points) 
Cannot deal with noisy measurements 

Memory Unbounded - can always keep adding points on top of each 
other indefinitely. 



Example 5: Surface representations

2316-833, Spring 201853

Surface Representations: Triangle Mesh
• Handheld RGB-D 

sensor ($180)
• Real-time with 

GPU processing

courtesy M.Kaess



Example 5: Surface representations
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Category Details

Information
List of triangles representing surface 
No discretization, arbitrary surfaces 
Used for computing object object interactions

Query Find the closest surface.  
Very naively O(N) but can get massive speedups

Update Can be updated online (albeit non-trivial) 
Very susceptible to noisy sensors 

Memory Proportional to amount of surface
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Maps that help robots localize



Example 6: Landmark maps
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16-833, Spring 201835

http://www.informatik.uni-bremen.de/~ufrese/slamvideos1_e.html Courtesy U. Frese



Example 6: Landmark maps
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Category Details

Information Localization (correspondence between images at different 
timesteps)

Query Typical query - give me the closest landmark 
Naive query is O(N)

Update Easy to update (just dump landmarks) 
Need outlier rejection

Memory Unbounded (but usually small as landmarks are sparse)



Example 7: Topological representations
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16-833, Spring 201856

Topologic vs. Geometric Maps 

Courtesy M.Kaess
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Category Details

Information

Graph where vertices are landmarks (e.g. rooms in a 
building), and edges represent relationships (connections) 

High level  navigation tasks which are specified on the 
topomap. 

Localize robot on the map by finding correspondence with 
vertices. 

Query Cheap graph query

Update Non-trivial / mostly done offline

Memory Low

Example 7: Topological representations
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Applications with multiple map representations

Bonnatti et al. 2019
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Maps are not just ways of storing 
sensor data

Some maps are computational 
operations on other maps 
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Distance map



Why do we need distance?
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Plan path  
that penalizes 
proximity to  

obstacles

A

B



Desiderata: Map storing (truncated) distance
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Input: 
Binary map 
of the world

Output: 
Map of  

same size 
storing  

truncated 
distance



Example 8: Distance map
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Category Details

Information Truncated distance to obstacles

Query O(1)

Update
We want to incrementally update this map 
Ideally O(k) where k is the number of cells which changed 
distance value

Memory Same as the underlying occupancy grid



Euclidean distance Transform

https://homepages.inf.ed.ac.uk/rbf/HIPR2/figs/distance.gif
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Signed distance Transform

f(x) =

{
d(x, ∂Ω) if x ∈ Ω

−d(x, ∂Ω) if x ∈ Ωc

d(x, ∂Ω) := inf
y∈∂Ω

d(x, y)

Ω

Ωc

x

∂Ω

d(x, ∂Ω)

Important for motion planning

x′

−d(x′, ∂Ω)



Coming up next: SLAM…


