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Applications of rescue robots

After the Oklahoma City bombing (1995),
J. Blitch took notes as to how robots might have been applied.

The trigger for the RoboCup Rescue initiative was the Hanshi-Awaiji
earthquake which hit Kobe City on the same year.

Rescue robots were first used at the WTC 9/11 (2001).
M. Micire analyzed the operations and identified
seven research topics for the robotics community.

After 2001, rescue robots were applied in several occasions:
— Aerial robots were used after hurricane Katrina and Rita
— Boat robots after hurricane Wilma
— Snake robots after Bonn’s city archive collapse
— IRobot, BobCat and Talon at Fukushima Nuclear Power Plant



Analysis the USAR operations

Figure 8. CRASAR operator extnd
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ed over vold acting as a tether manager for robot.

[1] M. Micire, "Analysis of the Robotic-Assisted Search and Rescue Response
to the World Trade Center Disaster," Masters Thesis, University of South
Florida, July 2002.



Analysis the USAR operations

Figure 10. VGTV in lowered, obstructed view (left), and higher non-obstructed view
(right ).




Analysis the USAR operations

Figure 11. View from SOLEM when the robot flipped over into a third void opening
and could no longer provide useful information about the environment.




Analysis the USAR operations

Figure 12. View from VGTV showing a pile of debris with a human head in the center
(left) and a closeup of the hair supporting this claim (right).




Analysis the USAR operations

Figure 7. The remains of a hand in the lower part of the photo (left) are enhance
using histogram equalization to enhance contrast (right).




Recommendations [1]

1. Research in image processing is needed for fast and accurate victim
detection.

2. Automated tether management is needed for robot mobility
assistance.

3. Methodologies to increase the quality of wireless communication is
required for robots traveling deep into void structures.

4. Research must continue for small robots that can adaptively
optimize their shape in difficult void structures.

5. Localization and mapping must be expanded to include highly
unstructured domains.

6. Operator assistance through size and depth estimation techniques
should be researched.

7. Assisted navigation techniques in highly irregular confined spaces
must be explored to limit the number of pose and robot state errors.

[1] M. Micire, "Analysis of the Robotic-Assisted Search and Rescue Response
to the World Trade Center Disaster," Masters Thesis, University of South
Florida, July 2002.
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 User Interface can be used to teleoperate the
robots and monitor the shared map.

* Here, the robots are autonomous exploring on a
distributed map (each with a partial view).



Balancing the information gain
against the movement cost
for multi-robot frontier exploration
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Exploration Algorithm

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

U(f)=Area(f)/dist(f)

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



Quantative results

Single Two robot |Increase
robot team
North-East |416 m? 519 m? +25%
North-West | 379 m? 637 m? +68%
South 498 m? 707 m? +42%




Three Exploration Algorithms

e 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: U(f)= Area(f)/dist(f)
— quadratic: U (f) = Area(f)/dist(f)’
— cubic: U(f)=Area(f)/dist(f)?

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



Results

A(D/d(f) A(H/d3(f)
(629 m2, 6 victims) (486 m2, 8 victims)



Conclusion

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

e Tuning the balance between the
Information gain and exploration costs
can change the overall behavior from
exploring mainly corridors towards
concentrating on nearby rooms.



Including Communication Success
In the Estimation of Information Gain
for Multi-robot Exploration
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Including the success of communication
Into exploration algorithm

e 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.

U(f):Area(fdist(f)

 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 r,)

double loop:

(first Euclidian distance,
followed by PathPlanning for u,,,)

Data: the identity of the current robot r. € K and the
map m as known by 1.

[data: the set of robots r; in K. Each r; consist of the
tuple (v, Ur, ., Or, ).

Data: the set of frontiers F. Each f; consist of the

ple (x7. 7. Az
Result: the pair r.. f, an
[Rl_r..c 1 -'!J'_r'g:I
for each robor v; in K do
for each fromtier f; in F' do

=/ path p. to the location

i

dew = "., AT L :'2 + (.y_i"_f — Uy :IE"
Uij = A -!'»'1.5-;1:
end

end

U ar = AKX U4,

repeat

for robor v; and frontier f; of wpnee do
p=PathPlanning from (zr, . yr ) to (27, ¥z, ) on
map 1;

dpp=lengt path p;
g = A4 pps
end

if maxu;; = tiy,,, then
Assign f; to ry
Prune [7 from ¢ and j:

end

Upar = M1AX U4,

until robor r. is Assigned ;
pe=last path p




Estimating the Success of
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* The relation between distance and power is learned
while exploring (depended on attenuation of walls)



Results

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



Results

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



ComsStation T-junction

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



ComsStation NW

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



| esson learnt

o With shared maps less area is explored
multiple times

e More information Is collected In the outer

regions, outside the direct communication
range.

 More exploration, also means more
navigation hazards



Improved navigation
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Reproducible results

(a) office environment

2 robots

3 robots

ACLTHE strategy

MU strategy

AUTRE strategy

MO strategy

AOJRF original coordination

200 77(53.60)

241.95(12.54)

341.58(98.632)

3BT .41(66.67)

ACOJHE simphfied coordination

257.53(54.065])

26:2.43(15.062)

J20. 40{63.71)

325, 14(42.21)

no coordination

A6 366591 )

32T (AG. A8

232 5842 0)

K CTEDE

random

21168 18.86)

21168 18.86)

(b} open environment

2 robots

4 robots

ACOJHE strategy

MULYM strategy

AOJRE strategy

MOCDM stratepy

AOJRF original coordination

130.18(78.86)

108.45(51.12)

153.46(130.14)

511.83(118.35)

ACOJHE simplified coordination

SR T2 L)

OB 2T(dB.TT)

Ora. 48 Trins.01)

U DR T

no coordination

356.92(65.97)

125 05(09.01)

158 . 55(80.30)

108 .08(81.03)

random

ir2.71(115.48)

AT2.T1(115.48)

Table 1. Average safe area (and standard deviation) mapped after 15 minutes (units

are mf} Courtesy [1].

[1] Fransesco Amigoni et al., “How much worth is coordination of mobile robots for exploration in Search

and Rescue?”, Proceedings of the 16th RoboCup Symposium, Mexico, June 2012, citing [7].

[7] Arnoud Visser and Bayu A. Slamet, "Including communication success in the estimation of information
gain for multi-robot exploration”, in the "Proceedings of the 6th International Symposium on Modeling and

Optimization in Mobile, Ad Hoc, and Wireless Networks (WiOpt'08)", IEEE Publishing, July 11, 2008.




Conclusion

* 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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Beyond Frontier Exploration
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Exploration based on Utility

Input: Set R of explorers within range; Set F' of
frontier polygons
Output: List L of {r,, f;} robot to frontier polygon
assignments for ¥r; € R
Data: ¢ is a priority queue of all {r,, f; } pairings,
ordered by utility U,
foreach r, € R do
f-:rrear-::h f, € Fdo
fij =
Area(f;)/Straight Line Distance(r,, f,)"
Q.add({r,, f,})
. end
U(f)=Area(f)/dist(f) o
while not Q.isEmpty() do
{ra, fo} = Q-pop()
U,y = Area(fp )/ PathCost(ra, fi)"
if U,y = U(Q).peek()) then
L.add({ra, f;})

foreach {r,, f,;} € Q where i ==a or j ==
do
| Q.remove({r,,f,})
end
else
| Qadd({ra, fu}
end

end

Arnoud Visser and Bayu A. Slamet, ‘Balancing the information gain against the movement cost
for multi-robot frontier exploration’, 2nd European Robotics Symposium, Prague, March 26, 2008



Planned Cooperation

Assistant communication relay roles have to be planned:




State Diagram of both roles

Initialisation Due to meet
complete? parent'?
( Explore ) ( ReturmToParent )
Parent arent
Excha : - Rendezvous
::ﬂmplertg?? in range? in range? reached?
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Initialisation Rendezvous
complete? ] ) .
( GoToChild WaitForChild )
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Demonstration of roles

Vv .
[
B Easestation @ 1st rendezvous point
@ Relay ® 2nd rendezvous point

® Explorer



Selection of rendezvous points




Selection based on
a medial axis transform

Also known as thinning, it gives better results than Voronoi diagrams.



Optimize rendezvous set

Input: The Explorer’s map M; the Explorer’s next
frontier F'

Output: The next rendezvous point ryer:

Data: List of points S = hilditchThinning( M )

Data: List of points R (the list of candidate
rendezvous points)

// Step 1: Add junction points
foreach s, € 5 do
if neighbourTraversal(s;) > 3 then

| R.add(s,)
end
end
// Step 2: Fill in extra points in open space

foreach s, € 5 do
boolean addT oList = true
foreach r; € R do
if distance(s,,r;) < threshold Ty then

addToList = false
break
end
end
if addToList then
|  R.add(s;)
end
end
// Step 3: Prune points that are too close
foreach r; € R do

foreach r, € R,i # j do
if distance(r,,r;) < threshold Ty then
R.remove(r, )
break

end
end

end
// Step 4: Choose the point closest to the
Explorer’s next frontier
Tnext = RPOP”
drman = G“!‘Stﬂﬂ(‘f[?‘,“_:h FJ
while not R.isEmpty() do
Teurr = R.pop()
if distance(reyrr, F) < dpan then

Trnext = Feurr

(¢) Step 3: Pruning dmin = distance(reurr, F)
end

end

return(roext)



Role Switching

Two examples where it is beneficial to switch roles.



Role switching
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Role switching
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Role switching In practice

=

(a) After 41 time steps (b) After 96 time steps

(d) After 143 time steps (e) After 178 time steps (f) After 392 time steps
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Leader-Follower Exploration
(LF) performs best regarding
metrics 3 (information sharing)
and 4 (responsiveness).

Greedy Exploration (G) is by far
the fastest method regarding
metric 1 (exploring the full
environment).

Role-Based Exploration (RB)
provides the best performance
for metric 2 (return of
information to the BaseStation)

Experiments
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Role-Based Exploration (RB)
outperformes Greedy
Exploration (G), even for metri
1 (exploring the full
environment).

Role Switching (RB2) is now
effective (compared to RB1).

Experiments
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Real Experiments

Role-Based Exploration (RB)
catches up fast on Greedy
Exploration (G), even for metric
1 (exploring the full
environment).

On metric 4 Greedy Exploration
is completely dominated by RB.
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Real Experiments
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This result was due because the communication range was not
artificial reduced, so relatively the environment was smaller.



Overall Results

§ ; e = Y 1 i T %
2UTING LABORATOR INTELLIGENT SYSTEMS LAB »

@ UHFUERSIW OF OXFORD UNIVERSITY OF AMSTERDAM Ej

Autonomous Multi-Robot Exploration in
Communication-Limited Environments

Julian de Hoog, Stephen Cameron and Arnoud Visser



Cooperation & coordination is essential in

X
X
X

USAR scenarios.

Role-Based Exploration should be used

when:

the Base-Station needs to receive
quick information updates

the communication range of the robots

Is small compared with the size or
complexity of the environment.

there are a large numbers of robots in

the team (four or more). This is
particularly true in environments with
fewer frontiers.
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Publications listed below are relevant to research conducted by UvARescue and Amsterdam Oxford Joint Rescue Forces in the USARSIm simulator. For a more extensive list of publications related to this competition see the
RoboCup Rescue wiki and the Success Stories on Seurgeforge.
2013
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