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Three Main Challenges in Robotics

1. Where am I? (Localization)
ïSense
ï relate sensor readings to a world model
ïcompute location relative to model
ïassumes a perfect world model

2. What the world looks like? (Mapping)
ïsense from various positions
ï integrate measurements to produce map
ïassumes perfect knowledge of position

ÅTogether 1 and 2 form the problem of Simultaneous 
Localization and Mapping (SLAM)

3. How do I go from A to B? (Path Planning)
ï More general: Which action should I pick next?
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Mapping

ÅWhat the world looks like

ÅImprove the accuracy of the map

ÅEnsure that all the important parts of the 
environment are mapped ɀExploration !
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Environment Representation (Map)

ÅGrid Based Maps

ÅFeature Based Maps

ÅTopological Maps

ÅHybrid Maps
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Consider this Environment:
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Three Basic Map Types

Topological:
Collection of nodes and 

their interconnections

Grid-Based:
Collection of discretized
obstacle/free-space pixels

Feature-Based:
Collection of landmark 
locations and correlated 
uncertainty
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Three Basic Map Types

Grid-Based Feature-Based Topological

Construction Occupancy grids KalmanFilter Navigation 
control laws

Complexity Grid size and 
resolution

Landmark 
covariance (N3)

Minimal 
complexity

Obstacles Discretized
obstacles

Only structured 
obstacles

GVG defined by 
the safest path

Localization Discrete 
localization

Arbitrary 
localization

Localize to nodes

Exploration Frontier -based 
exploration

No inherent 
exploration

Graph 
exploration
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Grid Based Maps

ÅOccupied cells

ÅFree cells

ÅUnknown cells
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Frontier based Exploration (Grid Maps)

unknown

obstacle

empty
Frontier 

Cells
Frontier 
Targets
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Topological Representations

Å B. J. Kuipers and Y.-T. ByunȢ Ȱ! ÒÏÂÏÔ ÅØÐÌÏÒÁÔÉÏÎ ÁÎÄ ÍÁÐÐÉÎÇ ÓÔÒÁÔÅÇÙ ÂÁÓÅÄ ÏÎ Á 
ÓÅÍÁÎÔÉÃ ÈÉÅÒÁÒÃÈÙ ÏÆ ÓÐÁÔÉÁÌ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎÓȱȢ )Î Journal of Robotics and Autonomous 
Systems, 8: 47-63, 1991.
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Generalized VoronoiGraph (GVG)

H. Choset, J. Burdick, ñSensor based planning, part ii: Incremental construction of the generalized voronoi

graphò. In IEEE Conference on Robotics and Automation, pp. 1643 ï1648, 1995.

Free Space
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Generalized VoronoiGraph (GVG)
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Free Space with Topological Map (GVG)



Generalized VoronoiGraph (GVG)
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Free Space with Topological Map (GVG)

ÅAccess GVG



Generalized VoronoiGraph (GVG)
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Free Space with Topological Map (GVG)

ÅAccess GVG
ÅFollow Edge



Generalized VoronoiGraph (GVG)
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Free Space with Topological Map (GVG)

ÅAccess GVG
ÅFollow Edge
ÅHome to the 

MeetPoint



Generalized VoronoiGraph (GVG)
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Free Space with Topological Map (GVG)

ÅAccess GVG
ÅFollow Edge
ÅHome to the 
MeetPoint
ÅSelect Edge



Exploration via Graph Search

ÅExhaustive Depth First Search

ÅBread-First Search 

ÅHeuristics
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Irregular Triangular Mesh (ITM)

ÅTerrain Representation 

ÅUnderlying Topological Structure

ÅPath Planning and Exploration
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2Ȣ *Ȣ &Ï×ÌÅÒ ÁÎÄ *Ȣ *Ȣ ,ÉÔÔÌÅȟ Ȱ!ÕÔÏÍÁÔÉÃ ÅØÔÒÁÃÔÉÏÎ 
ÏÆ ÉÒÒÅÇÕÌÁÒ ÎÅÔ×ÏÒË ÄÉÇÉÔÁÌ ÔÅÒÒÁÉÎ ÍÏÄÅÌÓȟȱ ÉÎ 
3)''2!0( ȭχωȡ 0ÒÏÃȢ ÏÆ ÔÈÅ φÔÈ !ÎÎÕÁÌ 
Conferenceon Computer Graphics& Interactive 
Techniques, 1979, pp. 199ɀ207.



ÅConvert ITM into Connected Graph

From 2.5D Representation to Topological
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Planning
ÅConvert ITM into Connected Graph

ÅPlanning using Graph Search Algorithms: 

ïDijkstra, A* search algorithms
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Planning

ÅConvert ITM into Connected Graph

ÅPath Planning using Graph Search Algorithms: 

ïDijkstra, A* search algorithms

ÅDifferent Cost Functions 

ïNumber of triangles
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Planning

ÅConvert ITM into Connected Graph

ÅPath Planning using Graph Search Algorithms: 

ïDijkstra, A*

ÅDifferent Cost Functions 

ïNumber of triangles

ïEuclidian distance
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Planning
ÅConvert ITM into Connected Graph

ÅPath Planning using Graph Search Algorithms: 

ïDijkstra, A*

ÅDifferent Cost Functions 

ïNumber of triangles

ïEuclidian distance

ïSlope of each triangle

Exploration Tutorial, CRV 2010 23

21

21

jj

ij

j
pp

pp
v

³
=

jx
C

jv
1

jp

2

jp

Q



Planning
ÅConvert ITM into Connected Graph

ÅPath Planning using Graph Search Algorithms: 

ïDijkstra, A*

ÅDifferent Cost Functions 

ïNumber of triangles

ïEuclidian distance

ïSlope of each triangle

ïCross triangle slope
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Exploration Planning Problem

Two fundamental problems for path planning during 
exploration and mapping:

-Planning for re-
localization
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Exploration Planning Problem

ïPlanning for re-
localization

ïPlanning the 
exploration of 
new territory

Two fundamental problems for path planning during 
exploration and mapping:
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