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“Smart Dust’

Topology and Routing
in Sensor Networks

Sandor P. Fekete

Algorthms Group
Braunschwelg Uneversity of Technology

Technische - : — - :
31.05./10.06.2016 | Sandor P. Fekete | Online Navigation for Robot Swarms | Online Algorithms 2016

Universitit
Braunschweig

4



Mobile Objects and Robots
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Part 1: One Robot
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Part 1.1:
Looking around a corner
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Video!

aearching
Wwith an
Autonomous Pobat
journal article
S.P. Fekete, R. Klein, A. Nichter:

Online Searching with an Autonomous Robot.
Computational Geometry: Theory and Applications, 34 (2), 2006, pp. 102-115.

» -

-
=

iy
"'

53| st Technische - - — ) )
- * %; Universitit 31.05./10.06.2016 | Sandor P. Fekete | Online Navigation for Robot Swarms | Online Algorithms 2016

:
o F| 78
v '-‘.

Braunschweig
“apces

9



Art Gallery Problems




Art Gallery Problems




Art Gallery Problems

‘_,,f/"/ | ‘
\ N




Watchman Problems
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Online Searching

competitive ratio

achieved time

C = sup , ,
optimal time




Online Exploration of Simple Polygons
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How to Look Around a Corner




How to Look Around a Corner
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optimal = ¢
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How to Look Around a Corner

achieved = nd/?2

c=m/2=1.57...
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How to Look Around a Corner
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An Autonomous Robot
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Short Distances
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Short Distances

min ¢
l+x,=c
2+x,+x, =c(l+d,)
d; +(y, +x,)° =dist’
dy + 7 =X
Xgs X5 dy, ¥, 20

achieved
optimal

= 1.81



Larger Distances
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A Lower Bound

Theorem: No strategy can guarantee a
competitive factor below 2.

Sketch: Assume factor c¢=2-9.

Use induction to show that for the i-th step
length, we have x, <(1-0)".

Then the total distance is bounded by
1/9,

a contradiction.
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Asymptotics
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An Upper Bound

TheO I"EIM. The circle strategy is asymptotically optimal.

SkeTCh: Consider a factor ¢ =2+0.

(1) Show that for large circle diameter, the step length

grows expontially, as long as the direction is close to
being orthogonal to the wall.

(2) Show that in this manner, a large step length can be
reached. More specific, show that an average step
length of at least 5 can be achieved at some point.

(3) Show that once the average step length is at least 5,

it stays above 5. Thus, any necessary total distance
can be traveled.
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Part 1.2:
Exploring rectilinear polygons
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Motivation

«  Watchman problem

* Online, continuous vision:

- optimum watchman route
(L,-metric) in simple
rectilinear polygons
(Deng et al.)

- €=26.5 in simple
polygons (Hoffmann et
al.)

- No competitive online
algorithm for polygons
with holes (Albers et al.)
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Motivation

* Autonomous robot
o without continuous vision
o (scan costs)

- Watchman route
A= * Online problem

« Several classes of
polygons

* Is it possible to achieve a
® competitive strategy?

O

26



Polygons with Holes
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Polygons with holes

Proposition:

There is no strategy that achieves a bounded competitive
ratio for the watchman problem with scan costs in case of
a polygon with holes/obstacles.

This statement holds even if the polygon is rectilinear.
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Proof of the proposition

S

Show: competitive ratio
Q(Vn)

Polygon with obstacles
(panpipe)

Further obstacles: placed
depending on the strategy
of the robot
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Proof of the proposition

T + Show: competitive ratio
] QAvn)
g1 H - Polygon with obstacles
L H (panpipe)
L * Further obstacles: placed
IR e depending on the strategy
L of the robot
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Proof of the proposition

) — + Show: competitive ratio
] QAvn)
g1 H - Polygon with obstacles
L H (panpipe)
L * Further obstacles: placed
I depending on the strategy
L7 of the robot
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Proof of the proposition

The robot The robot The robot walks into e The Shape of the inserted
traverses does not turn the row, but turns .
the row: into the row back: ObJeCtS depends on the
(from this
ior AL | path of the robot.

- |
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+ A Competitive Strategy for

Simple Rectilinear Polygons
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Extensions

- Two subpolygons

P * Necessary and essential
extensions

FP[E]
extension E [of S

starting point
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Extensions

- Two subpolygons

* Necessary and essential
extensions

» Advantage in rectilinear
polygons

u — non-dominated

:

32



A competitive strategy for simple rectilinear polygons
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A competitive strategy for simple rectilinear polygons
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A competitive strategy for simple rectilinear polygons
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A competitive strategy for simple rectilinear polygons

* Problem with niches

* Itis necessary to limit the
number of scan points

s
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A competitive strategy for simple rectilinear polygons

* Minimum side length a
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A competitive strategy for simple rectilinear polygons

*  Minimum side length a

« Consider the distance to
the next corner (reflex
vertex): walk beyond the
corner if the distance to it
IS “short”
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A competitive strategy for simple rectilinear polygons

*  Minimum side length a

« Consider the distance to
the next corner (reflex
vertex): walk beyond the
corner if the distance to it
Is “short”

- Adapt the step length of
the robot to the minimal
necessary step length

* Move to the projection of a
corner and not to the
corner itself
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A competitive strategy for simple rectilinear polygons

Minimum side length a

Consider the distance to
the next corner (reflex
vertex): walk beyond the
corner if the distance to it
Is “short”

Adapt the step length of
the robot to the minimal
necessary step length

Move to the projection of a
corner and not to the
corner itself

Do not scan on each
necessary extension

34




Order of extensions

Optimum?
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Order of extensions

GREEDY-ONLINE algorithm
for a robot with continuous
vision.

- Based on a proposition of Chin
and Ntafos:

> Any optimum watchman route
2 in P, a simple rectilinear
= : polygon, will have to visit the

: essential edges in the order in
1. which they appear on the

: boundary of P’ (the new
polygon obtained by removing
the “non-essential” portions of
the polygon).

« Transfer of this proposition.

35



GREEDY-ONLINE algorithm
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GREEDY-ONLINE algorithm

Taut-Thread-Principle

Consider the contiguous
part of the boundary that
was already visible from
some point of the route

Either / is a 270° corner
or a corner blocks the
sight such as only /- is
visible

36




GREEDY-ONLINE algorithm

Ext(F(f1)) - Consider the contiguous

+  Taut-Thread-Principle

20

7 part of the boundary that
F( fl)I 1 was already visible from

some point of the route

- Either f is a 270° corner
or a corner blocks the
sight such as only /- is

fre. visible
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Taut-Thread-Principle

Consider the contiguous
part of the boundary that
was already visible from
some point of the route

Either / is a 270° corner
or a corner blocks the
sight such as only /- is
visible
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A competitive strategy for simple rectilinear polygons

fi
F(f1)

B(b1)

Ext(B (él))
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A competitive strategy for simple rectilinear polygons

« Extensions of the GREEDY-
ONLINE algorithm

* |Interval case vs. extension
case

« Reaching the extension on an
axis-parallel path without a change
of direction is possible/impossible

* |n all cases of the case
differentiation:

— In case the robot runs beyond
the extension: the robot is (is
not) able to cover the total
planned length

— Positive line creation vs.
negative line creation

37



Binary search in the strategy

Non-visible region (NVR):
An area in which the parts
of the boundary, which
would be visible by simply
passing them with
continuous vision, are not
yet completely visible.

Discover passed non-
visible regions with binary
search.

38




Binary search in the strategy
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of the boundary, which
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passing them with
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yet completely visible.

Discover passed non-
visible regions with binary
search.
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Binary search in the strategy

Non-visible region (NVR):
An area in which the parts
of the boundary, which
would be visible by simply
passing them with
continuous vision, are not
yet completely visible.

Discover passed non-
visible regions with binary
search.
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Binary search in the strategy

If the optimum nees k
scans in an interval, the
robot which uses the
strategy will need
maximum
— Kk binary searches (for
each an upper bound is
given) or
— 2K binary searches if the
NVRs may appear on two
sides

38



Turn adjustments

* The optimum may have
the opportunity to turn off
before the robot, following
the strategy, does.

* The robot may discover a
corridor inside a non-
visible region.

» Adjustments to have the
best basic position for the
next turn

- Minimum corridor width a,

39




The strategy

An axis-parallel move to E is possible without a turn
e=2a+1: interval case

Let d. be the actual distance to the perpendicular of the next
counterclockwise extension
— Ifd;>2a+1, move to the perpendicular of the corner

—  Ifd;=2a+1: If d;>a: cover a distance of 2d+1
If d; < a: cover a distance of 2a+1

Apply binary search if necessary, that means, if non-visible regions appear.
— If no corner appears on the counterclockwise side, move directly to E.

In case we run beyond E with a step of length 2d+1/2a+1:

I. If we do not cover the total distance, because of the boundary: Run as far as possible, go
back to E, move back in steps of length 1, apply binary search for NVRs (on the
counterclockwise side till E, on both sides beyond E) and if a corridor is identified, use it and
make turn adjustments

ii.  If we may cover the total distance:

l. negative line creation: Apply binary search, if a corridor is discovered inside a NVR,
use it and make turn adjustments.

Il. Positive line creation: Go back to E, move back in steps of Ienﬁth 1, apply binary
search and search for a corridor and the critical extension, make turn adjustments.

e<2aq+1: extension case
Cover a distance of 2e+1. In case:..( i, ii.)

40



The strategy

a<1
A. An axis-parallel move to E is possible without a turn
. e=2aq+1: interval case
. e<2a+1: extension case
B. An axis-parallel move to E is not possible without a change of
direction: Let b; be the distance to the sight-blocking corner.
. e =2a+1: interval case
*  No non-visible region up to the sight-blocking corner
«  Along the boundary up to the sight-blocking corner occur non-visible regions
. e<a+1: extension case
a>1:

Similar; with scans every time a distance of a is covered.

41



The strategy

a<1
A. An axis-parallel move to E is possible without a turn
. e22q+1: interval case
. e<2a+1: extension case

. e 2g+1: interval case .
No non-visible region up |to m H ' i
*  Along the boundary up tqtbe sight-blg oA i '
. e<at+1: extension case
i1 = Bl 4 B
Similar; with scans every time g distance ¢ WV I

—_ 4 B 0
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An example

starting point
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The competitive ratio of the strategy

80
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0.2 0.4

0.6 0.8

1.2

a

1

0.8

0.7

0.5

0.1

0.01
0.0001
0.000001

upper bound for ¢
55.2294

51.8168

50.2083

50.0000

54.8000

67.0336

93.4919

120.0661

- If we assume a =q;;

2a+3)

m(
a+34+4

a_ )
ln@) ’

0 =<a<0.70043

da +3

m(
20a + 24 + 4 d

)

/, 0.70043 < a <1

In(2)
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Part 1.3
Searching with turn cost
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Online Searching




Online Searching
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Turn Cost
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Turn Cost
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An Open Problem

134 BOOK 1. SEARCH GAMES

where g = 015 a nonnegative parameter. (Because by (8.15) yio1 = yi = 3y — 4y,
denoting y; = 2'a; it casily follows that «; +y — & = a; — a; 1, which leads to (8.16).)

Using (8.16) for i = 0, 1 in (8.15) it follows that § = yy — d. Since # > 0 and
y = 2w, it casily follows that y > 2d. On the other hand, the value 9 + 2d can be
achieved by the following trajectory

yi =d2', xi=d2' -dj2, i=0,1,...
with the time to reach x; + ¢ being (neglecting O(¢))

i+l
2) yi4xi =242 — 1) +d2 —d/2 = 9x; +2d.
0

Since E|H| < 1, the last equation guarantees expected time not exceeding 9 + 2d.
Is 9 + 2d the best possible constant? This is still an open problem. (Note that (8.14)
1s a sufficient but not a necessary condition.)
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Positions
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Positions
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b‘mg “"L WC‘U‘ moves
x, t He ryff and 'Jm!,

o He [ od redoras,

Xz

X, to He rght
@k') Crifical  posifions for hiding :
: *, ‘_—_—-“ yo - .£
L — *) Y' = 7‘,"{
g <
fo ' fo® "% €
Y‘ = Xytf

31.05./10.06.2016 | Sandor P. Fekete | Online Navigation for Robot Swarms | Online Algorithms 2016

Ll

2% Technische

%' Universitit
%45 Braunschweig




1 YOI W ESW N IO e E

Y. hw,“ & "CQC‘QJ in  time:

2 x, +d ve = 9¢ + A4

7. nost be ceacled in fime:

2 x f-le +ZJ$X'0-C <= 7(&,08)4-14

Iz
Lx, +sz fZ)S fSJ "*‘fg S 7(*1‘£)¢14

2%, . Tme. wDu el % 8x el E)JJ

Th:;w’l’louc"‘q' {>0,sow1¢f

iy,

t| 2t Technische
:"5 > Universitit
- = .
% Braunschweig




An Infinite LP
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Solving the Infinite LP
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Verifying the Solution

Chaose : X. = (Z{JJ
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Verifying the Solution

Chaose : X. = (Z{JJ
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Verifying the Dual
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Verifying the Dual
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More General Problem
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Constraints
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Solving the Problem
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Solving the Problem
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Solution I
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Dual Variables
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Dual Routing
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Dual Routing
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Part 2: Several Robots
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Collective Tree Exploration
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Tree Exploration

Given:
Unknown tree T, root r
k robots, initially located at r

Task:
Explore T and return to origin

Objective:
Minimize maximum workload

o
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Previous Work

ALG 6 3 Dynia et al. (2006):
== e Lower bound of 3/2 on
O°PT 4 2 competitive factor
* An appropriate greedy algorithm
¢ achieves competitive factor of 8
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A New Strategy for General Trees

c=2.37

33

Lower bounds on actual OPT:
- Known MAX distance
- AVG of known total distance
Strategy MAX+AVG:
- Choose some c.
- Robots take turns,
one at a time.

- Keep track of MAX and AVG.
- Travel c times lower bound.
Factor c is achievable, if we can
keep going - so if we can travel

arbitrarily far.
Observations:
- Duplicated distance DUP
is bounded by MAX.
- In worst case,
MAX=AVG=DUP.
- This yields a recursion for
distances traveled.
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Recursion

D, : total distance traveled by a robot after iteration i

' d; : new distance traveled py a robot in iteration 1

| New total:
D;_1 D;_1 d;
) Y | 2 — 2 | 2
‘ dz _|_ DrL — k | c C c | kf
new old total duplicated old average added to average
| Rearrange:

‘ D; = (zi) Di 1 — <kfc) Dj_y
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Analysis

» Lemma 1. For any fixed k, Strategy MAX+AVG is ci-competitive, where c;. satisfies ¢, = 1
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Analysis

» Lemma 1. For any fixed k, Strategy MAX+AVG is ci-competitive, where c;. satisfies ¢, = 1
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Analysis
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Analysis
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» Lemma 1. For any fixed k, Strategy MAX+AVG is ci-competitive, where cj. satisfies cj.
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» Lemma 1. For any fixed k, Strategy MAX+AVG is ci-competitive, where cj. satisfies cj.
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Analysis

» Theorem 3. Algorithm MAX+AVG is c-competitive for all k, where c is the solution of the
equation ¢ = ¢ + 2. This is the value W_,(— El?) = 3.146193220582. .., where W_, is the |
lower branch of Lambert’s W-function. Moreover, this is tight: For any ¢/ < ¢, MAX+AVG is not s

' -competitive for large enough k. )
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Part 3: Robot Swarms
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Part 3.1:
Online Triangulation
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Triangulating Unknown Environments
using Robot Swarms

Aaron Becker Sandor P. Fekete
James McLurkin Alexander Kroller
SeoungKyou Lee Christiane Schmidt
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Video!

Triangulating Unknown Environments

arence
S.P. Fekete, A. Kroller, L.S. Kyou, J. McLurkin, C. Schmidt:
Triangulating Unknown Environments Using Robot Swarms,
Video and abstract. In: Proceedings of the 29th Annual ACM Symposium on Computational Geometry (SoCG 2013), 345-346.

James McLurkin Alexander Kroller
SeoungKyou Lee Christiane Schmidt
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Part 3.2:
Local Routing
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Dual Routing

Note: The dual graph is stored implicitly in primal vertices!
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Dual Routing

/ Theorem 3.3: Consider a (p,«)-fat triangulation 7 of a
planar region R, with vertex set V', maximum and minimum
edge length r,,,, and r,,;,, respectively. Let s, g be points
in R that are separated by at least one triangle, i.e., the
triangles A, A, in 7 that contain s and g do not share
a vertex. Let p(s, g) be a shortest polygonal path in R that
connects s with g, and let d,,(s, g) be its length. Let p7 (s, g)
be a T-greedy path between s and g, of length d,..(s,g).
Then dp,(s,9) < c-dp(s, ) +2, for ¢ = | % | b7y, and

dp‘r(sa g) nt c - dp(sa g)’ for ¢ = I.%W'J m%]f)‘
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Dual Routing
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conference

S. K. Lee, A. Becker, S.P. Fekete, A. Krdller, J. McLurkin:
Exploration via Structured Triangulation by a Multi-Robot System with Bearing-Only Low-Resolution Sensors,

NEW To appearin: 2014 | International Conference on R ics and Automation (ICRA 2014 |
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Part 3.3: Local Patrolling Policies
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Time Stamps in the Dual Graph

Numbers: Time of last visit
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Least Recently Visited

Least Recently Visited (LRV):
Move to vertex with oldest time stamp

Good news: LRV achieves full coverage.

Bad news: The coverage time of LRV can be exponentially large.
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LRV: Experimental Results
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Part 4.
Controlling Massive Particle Swarms
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Moving Small Objects

Tetrahymena pyriformis
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This Part

*Massive particle swarms
* Global control, not individual motion
e We show hardness for
given, external obstacles
* e establish positive results for
designed, additional obstacles
*\Work in progress,
combining theory and practice
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This Part
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conference

A. Becker, E.D. Demaine, S.P. Fekete, G. Habibi, J. McLurkin:

Reconfiguring Massive Particle Swarms with Limited, Global Control,

NEW |n: ALGOSENSORS 2013, pp. 51-66, Springer LNCS 8343, 2014.
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Part 4.1: Why Obstacles Are a Nuisance
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Obstacles as Opponents

* Targets may not be easy to reach.
* Motion planning gets quite tricky in parallel.
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Complexity: Binary Variables

Choice: left or right?
Independent choices?!
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Complexity: Binary Variables

Choice: left or right?
Independent choices?!

£2 45 S

Lo X3 x4

H] 1]

Choice only matters when it is a variable’s “turn”!
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Complexity: Binary Variables

Minor detail: Avoid reversible choices!
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Complexity: Clauses

L1 I3 T4
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Complexity: Truth Checking

01 02 03 04 O5
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Complexity: Overall Construction

(—zq \/ A \1@ NGRS v@) A (@v@ x3)

L1 = ,$2:0,$3:O,$4:




Complexity: Summary

| Theorem 1. GLOBALCONTROL-MANYPARTICLES is NP-hard: given an initial configuration of movable
| particles and fized obstacles, it is NP-hard to decide whether any particle can be moved to a specified location. |
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Part 4.2: Why Obstacles Are a Blessing

iy
.o‘fﬁ "a% Technische
J

¥ Universitit 31.05./10.06.2016 | Sandor P. Fekete | Online Navigation for Robot Swarms | Online Algorithms 2016

e K %" Braunschweig

.
we

-
©u,

106



Life without Obstacles

Lack of obstacles can be harmful!
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Life without Obstacles

Lack of obstacles can be harmful!
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Life without Obstacles

Lack of obstacles can be harmful!
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Life without Obstacles

Lack of obstacles can be harmful!
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Life without Obstacles

Lack of obstacles can be harmful!

H
)

J

2

o‘o’“
ih
3

“n.

e,
a2t Technische - : — . :
%; Universitit 31.05./10.06.2016 | Sandor P. Fekete | Online Navigation for Robot Swarms | Online Algorithms 2016
= .
e Braunschweig

“

107



How Obstacles Can Be Helpful
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How Obstacles Can Be Helpful
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More Obstacle Action!
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More Obstacle Action!
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More Obstacle Action!
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Multiple Permutations
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Multiple Permutations
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Multiple Permutations

Theorem 3. For any set of k fized, but arbitrary, permutations of n x n pirels, we can construct a set of 4
O(kN) obstacles, such that we can switch from a start arrangement into any of the k permutations using at

most O(log k) force-field moves.
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Designing Obstacles

CW: (12) CCW: (123456789)
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Designing Obstacles

Lemma 5. Any permutation of N objects can be generated by the two base permutations p = (12) and,

q = (12---N). Moreover, any permutation can be generated by a sequence of length at most N? that consists
of p and q. l

Theorem 6. We can construct a set of O(N) obstacles such that any n x n arrangement of N pizels can be ¢
rearranged into any other n x n arrangement = of the same pizels, using at most O(N?) force-field moves.

CCW: (123456789)
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Designing Obstacles

Lemma 7. Any permutation of N objects can be generated by the N base permutations py = (12),p2 =
(13),...,pn-1 = (1(N —1)) and g = (12--- N). Moreover, any

permutation can be generated by a sequence
of length at most N that consists of the p; and q. !
————————— -

Theorem 8. We can construct a set of O(N?) obstacles such that any n x n arrangement of N pizels can |

be rearranged into any other n x n arrangement «© of the same pizels, using at most O(N log N) force-field
Moves. l
R ————

Theorem 9. Suppose we have a set of obstacles such that any permutation of an n x n arrangement of
pizels can be achieved by at most M force-field moves. Then M is at least QQ(N log N). l

Proof. Each permutation must be achieved by a sequence of force-field moves. Because each decision for a
force-field move {u,d,l,r} partitions the remaining set of possible permutations into at most four different
subsets, we need at least 2(log(N!)) = Q(N log N) such moves. 7 O
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s VIOTE ON Complexity! ™

THE COMPLEXITY OF FINDING MINIMUM-LENGTH \
GENERATOR SEQUENCES ‘

Mark R. JERRUM

Department of Computer Science, University of Edinburgh, Edinburgh EH9 3JZ,
Scotland (United Kingdom)

Communicated by M.S. Paterson
Received July 1983
Revised May 1984

Abstract. The computational complexity of the following problem is investigated: Given a permu-
tation group specified as a set of generators, and a single target permutation which is a member
of the group, what is the shortest expression for the target permutation in terms of the generators?
The general problem is demonstrated to be PSPACE-complete and, indeed, is shown to remain
s0 even when the gencrator set is rc&ln'c(cd to contain only two permumions The restrictio

if the generator set CONT: : tUte of this pfoblem is that
it does not fall under the headmp of ‘two person games' or ‘formal languages' which cover the

great majority of known PSpPACE-complete problems. Some restricted versions of the problem,
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Part 4.3: A Real-World Demo!
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Demo with Real Objects
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Sales Pitch
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SwarmControl: Massive Manipulation = = o

About SwarmControl

The SwarmControl project aims to understand the best ways to control a swarm of robots by a human. The project achieves this through a
community of game-developed experts. The project is continuously changed % promote the creation of axperts and % become the most effective
oxploration tool. To acheve this, the project gathers and analyzes data,

Why we care

There are compeling reasons for creating micro-robotics for applications ranging from targeted drug delivery 1o minmaly invasive surgery. The
potential impact is broact large populations of micro-manipulators would enable surgeons 10 eliminate cancer at the celular lovel, let engineers
develop complex MEMS assemblies, and empower biclogists 10 simultaneocusly sort all the cells on a Petri dish. Reguest the research paper!

Play them all
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Vary number Vary control scheme Vary visuakzation Robot positioning Pyramid bullkdng

http://www.swarmcontrol.net
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Conclusions

*More work in theory and practice!
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