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Virtual Rescue LeagueVirtual Rescue League

Simultaneously:
• Where am I? (Localization)

M i thi (M i )• Memorize this (Mapping)
• Find the victims (Exploration)
• Share this information (Communication)• Share this information (Communication)
• Coordinate with others (Multi-Robot, Single-Operator)



A wide variety of simulated worldsA wide variety of simulated worlds



A wide variety of Robotic platformsA wide variety of Robotic platforms



Networked robot teamNetworked robot team



UsarCommanderUsarCommander

• User Interface can be used to teleoperate the• User Interface can be used to teleoperate the 
robots and monitor the shared map. 

• Here, the robots are autonomous exploring on a e e, e obo s a e au o o ous e p o g o a
distributed map (each with a partial view).



Localization and Mapping challenge:
Combination of Manifold SLAM 
with Weighted Scan Matchingwith Weighted Scan Matching 

algorithmg
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Pose estimationPose estimation

Pose & confidence

• Several Scan Matching algorithms



Localization vs MappingLocalization vs Mapping

• When the confidence is good, the current 
position fits to one of the positions of the p p
local submap
(localization no extension of the map)(localization, no extension of the map)

• When confidence drops, a new patch is 
added to the chainadded to the chain
(graph based mapping)



Chain of patchesChain of patches

π = laser scan
θ = absolute location (Euclidean)( )
Φ= relation

= relative location (polar) ∆θ + covariance matrix Σ



Island mergingIsland merging



Rigid body transformationRigid body transformation



Refitting graph relationsRefitting graph-relations



C idCorridor



Localization and Mapping challenge:
Result

• Distributed approach scales well 
for multiple robotsp

• High accuracy maps can be achieved
Additi l d t b dd d• Additional data can be added 
asynchronously

• Results have been validated

See Max Pfingsthorn, Bayu Slamet and Arnoud Visser, "A Scalable Hybrid Multi-Robot SLAM Method 
f Hi hl D t il d M " L t N t A tifi i l I t lli ifor Highly Detailed Maps", Lecture Notes on Artificial Intelligence series.



Validation on Radish datasetsValidation on Radish datasets



Navigation Challenge:
Beyond frontier explorationBeyond frontier exploration
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Interpret the mapInterpret the map

• Make the information on the map available 
in a value function to optimize the selection p
of the next action.

• The value function has to balance the 
information gain against the cost of the 
action.action. 



Information gainInformation gain

• Active localization can be seen as minimizing the 
entropy H(m) of map m

• Important is the difference in entropy H before 
and after an exploration action a



Reduction of action spaceReduction of action space
• At a large map many exploration actions• At a large map many exploration actions 

are possible. A finite number of 
b ti i t h t b hobservation points have to be chosen.

• Typically, those observation points are 
chosen on the boundaries of explored andchosen on the boundaries of explored and 
unexplored areas: frontier based 
exploration

See Yamauchi, B.: A frontier based approach for autonomous exploration. In: Proceedings of IEEE 
I t ti l S i C t ti l I t lli i R b ti d A t ti M tInternational Symposium on Computational Intelligence in Robotics and Automation, Monterey, 
CA, July 10-11, 1997. (1997)



Candidate Observation pointsCandidate Observation points
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• The potential information gain ∆I(a) of a 
candidate observation point q is the area

-B
anos ecandidate observation point q is the area 

A(q) that may be visible through the two 
f d thi i ti t d b

et al.

free edges; this area is estimated by 
casting rays from q. 



Probabilistic occupancy mapProbabilistic occupancy map



Ray-tracing with 
a long and short maximum range



How to interpret the mapHow to interpret the map







Result for the 2006 Competition mapResult for the 2006 Competition map



Quantative resultsQuantative results



Navigation Challenge:
Result

• A limited set of candidate exploration 
locations can be generated from the g
current map m

• The candidate exploration locations are at• The candidate exploration locations are at 
the center of exploration frontiers

• The information gain can be estimated 
from the area beyond the frontiersfrom the area beyond the frontiers



B l i th i f ti iBalancing the information gain
against the movement costg

for multi-robot frontier exploration
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Exploration AlgorithmExploration Algorithm

• A greedy algorithm that calculates the utility 
function U(f) for each frontier f based on the 
Area(f) and distance dist(f)

)(/)()( fdistfAreafU =

• The Area(f) is a measure for the information 
gain, and the dist(f) is a measure for thegain, and the dist(f) is a measure for the 
exploration cost.



Quantative resultsQuantative results

Single 
robot

Two robot 
team

Increase

North-East 416 m2 519 m2 +25%

North-West 379 m2 637 m2 +68%

S th 498 2 707 2 42%South 498 m2 707 m2 +42%



Three Exploration AlgorithmsThree Exploration Algorithms
A greedy algorithm that uses an utility function U(f)• A greedy algorithm that uses an utility function U(f) 
for each frontier f. The utility function balances the 
information gain against the exploration costs.

– linear: )(/)()( fdistfAreafU =

– quadratic:

– cubic:

2)(/)()( fdistfAreafU =
3)(/)()( fdistfAreafU =– cubic:

Th A (f) i f th i f ti i

)(/)()( fdistfAreafU

• The Area(f) is a measure for the information gain, 
and the dist(f) is a measure for the exploration cost.



ResultsResults

A(f)/d(f)
(629 m2, 6 victims)

A(f)/d3(f)
(486 m2, 8 victims)



ConclusionConclusion

• The information gain A(f) and exploration 
costs d(f) can in real-time be estimated ( )
from the current map

• Tuning the balance between the• Tuning the balance between the 
information gain and exploration costs 

fcan change the overall behavior from 
exploring mainly corridors towards p g y
concentrating on nearby rooms.



I l di C i ti SIncluding Communication Success
in the Estimation of Information Gain 

for Multi-robot Exploration
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Including the success of communication 
into exploration algorithm

• A greedy algorithm that uses an utility function U(f) 
for each frontier f. The utility function balances the 
information gain against the exploration costsinformation gain against the exploration costs.

)(/)()( fdistPfAreafU com⋅=

• The Area(f) is a measure for the information gain, 
is now multiplied with the chance that gained 
information can be communicated to the ComStation.



Exploration 
Algorithm

distributed:
(map m as known by rc)

double loop:p
(first Euclidian distance, 
followed by PathPlanning for umax)



Estimating the Success of 
Communication

• The relation between distance and power is learned 
while exploring (depended on attenuation of walls)



ResultsResults

Two robots with ComStation in North-East corner, 
robots do not share their map (545 m2, 6 victims)



ResultsResults

Two robots with ComStation in North-East corner, 
robots share their map (568 m2, 4 victims)



ComStation T junctionComStation T-junction

not share their map (556 m2, 4 victims), shared (642 m2, 5 victims)



ComStation NWComStation NW

not share their map (535 m2, 3 victims), shared (531 m2, 3 victims)



Lesson learntLesson learnt

• With shared maps less area is explored 
multiple timesp

• More information is collected in the outer 
regions outside the direct communicationregions, outside the direct communication 
range.

• More exploration, also means more 
navigation hazardsnavigation hazards



Improved navigationImproved navigation

Shared map (879 m2, 5 victims)



ConclusionConclusion

• An exploration algorithm is introduced that 
includes the probability of communication p y
success in the utility-function

• In a number of experiments the need to• In a number of experiments, the need to 
include this probability inside the planning 
fof multi-robot exploration is demonstrated.



DiscussionDiscussion

Pl i f h d k it diffi lt t ti t• Planning far ahead makes it difficult to estimate 
the probability of communication success at that distance

• Planning less far ahead could be beneficial for thePlanning less far ahead could be beneficial for the 
communication, but not for the exploration

• We had hoped that exploration outside the communication p p
range would occur for both robots at the same time, and 
that both robots could benefit from each other efforts. 

• The limited number of experiments indicates that our hope• The limited number of experiments indicates that our hope 
about the timing could be correct. 

• Yet, typically the robots are not near at that moment, soYet, typically the robots are not near at that moment, so 
there is no guarantee that both robots could benefit 
from each other.



Planned CooperationPlanned Cooperation
Assistant communication relay roles have to be planned:



ConclusionConclusion

• An exploration algorithm is introduced that 
includes the probability of communication 
success in the utility-function

• In a number of experiments, the need to include 
this probability inside the planning of multi-robot 
exploration is demonstrated.
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Fully autonomousTele-operationTele operation


