[TANEI X THMIO

ITATPON ANOIKTA S S

Pourotika Zuotrhpata

Evotnta 14: Area Coverage control techniques
Avtwvioc Tlec — Euayyeloc Aeppatag
2xoAn MoAutexvikn
Tunua HM&TY



2 KOTTOL €vVOTNTOLC

e JKOTIOC TNC EVOTNTOC £LvaL N mopouciacn Ko
eéolkelwon e ta akoAouBa oo ela
POUTIOTIKWY CUOCTNMUATWV:

 Area Coverage control techniques



[leplexopeva EVOTNTOLC

 Area Coverage control techniques



Coordination Scheme

Move nodes one-by-one: the total coverage area H
of () is non-decreasing

Node-to-move should have sufficient spatial
information of the Voronoi cells that will be affected

Assume node i is the node-to-move in time-step k

Thus, the only affected Voronoi cells are those in the
neighborhood of i © Delaunay neighbors & ]\fik



Coordination Scheme

Mnyn: Y. Stergiopoulos, “Cooperative
Control of Networked Robotic Systems”,
Ph.D. Dissertation, September 2014, URL:
http://hdl.handle.net/10889/8238

Ewkova 1: Alteration of the Delaunay neighbors of a node caused by the motion of the latter
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Coordination Scheme

* Nodej € ]\fik leaves set: ] € Nf’ \Nf-cH, the edge of the
moving node’s Voronoi cell that corresponds to that node
degenerates into a vertex

. : k+1\ \k
e Nodej & NV;* enters set: J € N; T\ N}, then a vertex of
V; will evolve into two vertices after its motion, adding A;;
into the set of its Voronoi edges

e Suppose the possible motion of i @ step k restricted in
convex compact W € V/: x%, x*1 € W[, We define the
set containing union of k step Delaunay neighbors and

node-to-move and k + 1 step possible Delaunay neighbors
as: k Ak : k41
Fr=Nu{i}y U N



Coordination Scheme

Lemma 1: The set F;* contains the nodes of the network
whose Voronoi cell is possibly affected by the motion of

node i, given the restriction of x{‘“ € Wl-k

Communication assumption: The node—to—move i is able
to exchange information at each time—step k with the

nodes in the set Tl-k for a given subset Wik C Vik

Let g* |; the evaluation (by node-to-move) of arbitrary
variable g at step £ based on information from nodes in
set] € [,

The r —limited Voronoi cell of node j € F}* evaluated by i
at step k is denoted V; |5



Coordination Scheme

e Coverage optimization: Node i should move at a point
xF*1 such that network’s coverage will be increased at the
maximum possible rate & F(k+! | — Tk |

Mnyn: Y. Stergiopoulos, “Cooperative Control of

Red x: New posmon. . Networked Robotic Systems”, Ph.D. Dissertation,
Green: Delaunay neighbors at time k September 2014, URL:
Yellow: Future Delaunay neighbors at time k+1 http://hdl.handlé.net/10889/8238

Ewkova 2: lllustrative example for definition of VJ?’ | e sets
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Coordination Scheme
e Lemma 2: For each node j € Tk it holds that

A(Vj’g) zfl( i |3~f.<> - Z ﬂ( }M> where £ € {k, k + 1}

meN

Proof: Let us first examine the case # = k. Considering an
arbitrary node j € Tk it holds that

AC) =4 (V) + Loy A (U) +4 (V) =

— A (ij k) -+ ZJ?IEN_’EOST:? A (U}n.k) -+ ZmE'.N_f;\gﬁff A (U}?I.k) LA (UJQI\)

Furthe_rmore, c/l(Cj)can be written as
= fl( ‘}‘") +Zmej\r’~mﬂﬂ (Umk) +A( i \9})

Since nOdes m E ]V;k ﬂ le are knOwn tO i(which performs the evauation)
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Coordination Scheme

Combining the above expressions results in:

-k -k " K Q.k Q.k
AP) = A ) Eagin A () + (A (07 1) -4 (1))

and Ufz’k = C; \ Q ~ only on sensing region and patterns

A (U?’k \?;_c) =A (Ujg’k) which proves the lemma
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Coordination Scheme

e Theorem 1: If the node—to—move i has spatial information

of the nodes in F, then evaluation of the network’s

coverage—increase by ignoring the rest nodes in the
network is the same as if the latter had been evaluated
supposing existence of all the network’s nodes &

j_ck—l—l |3"1,< _j_ck |3"f,<: j_ck—l—l _J_Ck
i i

Proof: Considering final equation of previous lecture &

i " @ from Lemma 1
HEH == L, A (V) A (V) | =

/ J

=Lt [ () =4 ()] Dy [4 (1) =4 ()]
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Coordination Scheme
Substitute A (Vf"‘) A (V;’k“)from Lemma 2:

=9 = F ey | A (V" ) =4 (V1) | -

Zje{}”’f

@, because it consists of the alteration of in the
unexploited regions of the nodes in Tik that lay in the
Voronoi cells of nodes that belong in ]\G-k\Tik

Finally, since node i does not have info of existence of
nodes In\Tik,

g_[k+1 _ j{fc _ 2169}!{ {‘A (Vj”.k+l |ij<) 4 (Vji/\ |g?f<)} +

k1 -k , :
Zjef,.,\z}“ff [ﬂ (Vj ’ |3fk) —A (Vj |5’<H = 3! ‘j?k — 3! ‘}“"
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Coordination Scheme

e At this point assume circular sensing area of
Wh={xe R |x—|| < ad (+f,V}) }

I
Where 0 < a K 1and d (x,M) :=inf{|x—y||: ye M}

k

* The optimal position x; *1is achieved through numerical

optimization of:
find X' € Wf:

maximize {U{HI e —H" |3r[c}
l l

subject to: H* | o> HE |
) 1
e Then the control action can be selected as:
k x k+1 k
U =X — X, |yl £ «a

13



Issues on spatial information exchange

Let R¥(1) and RF(1),,.s min communication radius of i at
step k in order to exchange info from a centralized and
decentralized point of view respectively

The minimum range for centralized is:

Rk (T\f‘) = 2 max {d (1‘;‘&‘};) . J € \I’f} = nlax{||x§-‘wx‘_{}” . JE .Nf}
This numerical procedure ends when:
R’-‘(N’-‘) :2max{ *—vE el }

i\ ) H i~ Vij H J = AN(VF)

Thus, the proposed algorithm is formed as follows:
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Issues on spatial information exchange

[S—

: ¢ Goal: Identify current Delaunay neighbors and Voronoi cell

2 RE<— 0,580

3 VE—Q NE 0

4: while R < 2max{ xX; = ‘ L j€ IN(,;,;C)} and Sf C Qdo
5: increase R¥

6: update S¥

7: if node j detected then

8: Nf — Nf JjJ

9; update V¥

10: end if

11: end while
12: VK« VK
13: isolate N* from the set fo

15



Issues on spatial information exchange
 New target: Ensure connectivity of i with Uxf“ewf Nfﬂ,
from a decentralized point of view
e & worst case scenario:
m € I, enters N1 at x 1 h;;the equally dividing line
hij = {xERz: |x —x;]| = Hx—xjH} i,jel,, i# ]
 Moreover, let vk+1 ’Nk be the farthest vertex of V; kol ‘N"

Xl-(—i_l k—l—l : cl
! |Nl\ ‘] N(vk+l|N )

e The worst case scenario for the position of node m is
when it lays along the line that connects xk+1 and vk+1 IN

where: J~ argmax{

16



Issues on spatial information exchange

Mnyn: Y. Stergiopoulos, “Cooperative Control of
\ \ I‘I‘I"'\ "": o
— I\I"‘.I‘ ‘I""
- - \II‘"

Networked Robotic Systems”, Ph.D. Dissertation,
September 2014, URL:
http://hdl.handle.net/10889/8238

e This worst-case for m is
expressed as:

xk xj‘+1+2( k1

i l

" _xl_c+1)

Ewkova 3: Worst case scenario for the
existence of a node m that is to enter NV;**1

e Then, the adequate communication range for x is:
k k+1 k k+1 k+1 k 1 k+1
RE(NET) o = flof = (e 2 (5 b =) ) [ = | (o 1) =205 by
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Issues on spatial information exchange

Mnyn: Y. Stergiopoulos, “Cooperative Control of
Networked Robotic Systems”, Ph.D. Dissertation,
September 2014, URL:
http://hdl.handle.net/10889/8238

*Blue circle is the min communication radius

Ewkova 4: Communication radius of the node—to—move (red color) required in order to guarantee
connectivity with ]\fik (left) and ]\fik+1 (right — worst case scenario)
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Issues on spatial information exchange

* Final conclusion(Corollary):

The communication radius of node i at step k in order to
guarantee connectivity with both current and all possible
future Delaunay neighbors, should be at least

k k k k k k+1
RE(1), o = max RO oL U

l [ WCS

 The derived algorithm is formed as follows:
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Issues on spatial information exchange

: ¢ Goal: Identity nodes whose Voronoi cells are possibly atfected
Rf (Uﬁ“ cwk Ni-H_l) +0

WCS
identify N¥ and V¥ via Algorithm 1
perform gridding on W
for each /! € W/ do

k-1
evaluate V;"

k+1

evaluate v; ;. [\

evaluate R (NFF1)
R} (ij.‘“ ewk Nfﬂ)
10: end for

115 RE(TF) o 4 max {RE(NG), RS (U e M) )
12: update S¥

13: identify F*

| R I

® 3 & N kKW

°

K k41 k k-1
- max {Rf (UX]-(H ew} N" )wcs K (Ni )WCS}

WCS
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Issues on spatial information exchange
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Ewkova 5: Sparse—network case study: [Left] Initial network configuration. [Middle] Network
evolution through time. [Right] Final network optimum state. [Bottom] Percentage of covered area
w.r.t. time
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Issues on spatial information exchange
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Mnyn: Y. Stergiopoulos, “Cooperative
Control of Networked Robotic Systems”,
7 Ph.D. Dissertation, September 2014, URL:
http://hdl.handle.net/10889/8238
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Ewkova 6: Congested—network case study: [Left] Initial network configuration. [Middle] Network
evolution through time. [Right] Final network optimum state. [Bottom] Percentage of covered
area w.r.t. time
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More info

Y. Stergiopoulos, “Cooperative Control of Networked Robotic Systems”, Ph.D.
Dissertation, September 2014, URL: http://hdl.handle.net/10889/8238
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Xpnuotodotnon

To apov ekmaldeUTLKO UALKO €XeL avarmtuxBel oto mAaiolo Tou
ekmaldeuTIKOU €pyou Tou dtdbdokovta.

To £pyo «Avoikta Akadnpaika Madipata oto MNaveniotipio Natpwvy

EXEL XpnUatodotAoEL povo tTnv avadlapopdwaon Tou eKTOLOEUTIKOU
UALKOU.

To £pyo vAomoleital oto rAaiolo Tou Emyelpnotakol Mpoypappatoc
«Ekmaiidevon kot Ata Blou Mabnon» kat cuyxpnuatodoteital oo tnv
Evpwmnaikni Evwon (Evpwraiko Kowvwviko Tapeio) kot oo BvVikoug
TTOPOUC.

EMIXEIPHEIAKO TMPOIPAMMA
G EKMAIAEYZH KAl AlA BIOY MAGHZH 5 EZI-IA
: : enévduen GTnv Uotvwvia TNe. YVwen
* o Kk EE=] < [ npdypopo yo v vl

YNOYPTEIO MAIAEIAL KAl BPHEKEYMATON

Evpwmnaikr 'Evwon EIAIKH YMHPEZIA AIAXEIPIZIHE

Evpwmaiké Koivwviko Tapeio . ; .
Me ) ouyxpnparodétnon tng EAAGdag kat tng Evpwmnaikig Evwong
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2 NUELWLOTOL



2NUelwpa lotopkou Ekbooewv Epyou

To tapov €pyo amoteAel tnv €kdoon 1.0
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>NUElwpo Avadopag

Copyright Navemotrpuio Natpwv, Avtwviog Tleg, Euayyelog Aeppatag,

«Popurmotika Zuotuata. Area Coverage control techniques». Ekdoon: 1.0.

MNatpa 2015. AtaBeoipo ano tn diktvakn dtevBuvon:
https://eclass.upatras.gr/courses/EE804/index.php
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>NUelwpa Adelodotnonc

To mapov VALKO SlatiBetal pe toucg opouc tng adetac xpnonc Creative Commons Avadopa,
Noapopota Atavopun 4.0 [1] | petayeveotepn, AteBvnc Ekdoon. E€alpouvtal Ta autoTeAn £pya
Tplitwv 1.X. dwtoypadiec, Staypappata K.A.TT., TO OTIOLOL EUTTEPLEXOVTAL OE OLUTO KAl TOL oTtolal
avadEpovtal pall He TOUC OPOUC XPRONCE TOUC 0TO «2Znpeiwpa Xpnong Epywv Tpltwv».

@ 06

[1] http://creativecommons.org/licenses/by-sa/4.0/

J0udwva e avtiv tnv adeta o Sikaouxog oo divel To Sikaiwpa va:

Molpaoteite — avilypaPete Kol AvVaSLAVEUETE TO UALKO

MNpoocapuroote — avapelfTe, TPOTOMOLAOTE Kol SNULOUPYNOTE MAVW OTO UALKO yla KABe okomo
Yo toug akoAouBoug 6poug:

Avadopad Anpovpyol — Oa MPEMEL va Kataxwploste avadopd oto dSnuloupyo , e cUVOECHO
NG Adelag

Napopowa Atavopl — Av avapeifete, TPOMOMOLNOETE, 1) SNULOUPYNOETE TIAVW OTO UALKO,
TPETIEL VA SLOVELUETE TIC OLKEC oaC oLUVELODOPEC UTIO TNV OLa AdeLa OTIWE KAl TO TIPWTOTUTIO
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AloTtnpnon ZNUELWLATWY

Ornoladnmnote avamapoywyn N dSlookeun Tou UALKOU Ba TtpeETmel
va cupreplthapBavet:

" 10 2nueilwpa Avadopdc

" 10 2nuelwpa Adelodotnong

= N 6nAwon Alathpnong ZNUELWUATWY

" 10 2nueilwpa Xpriong Epywv Tpitwv (epooov utapyel)

nall pe Toug cuvodEVOUEVOUC UTIEPOUVOECUOUC.
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>nueiwpo Xpnonc Epywv Tpltwv (1/1)

To Epyo auTo KAVEL Xprion Twv akOAoUBwv €pywv:
Ewkoveg/Zxnpata/Aaypappata/Pwrtoypadieg

Ewkova 1: Alteration of the Delaunay neighbors of a node caused by the motion of the latter, Y. Stergiopoulos, “Cooperative
Control of Networked Robotic Systems”, Ph.D. Dissertation, September 2014, URL: http://hdl.handle.net/10889/8238

Ewkova 2: Illustrative example for definition of VJ | i sets, Y. Stergiopoulos, “Cooperative Control of Networked Robotic
Systems”, Ph.D. Dissertation, September 2014, UKL: http://hdl.handle.net/10889/8238

Ewkova 3: Worst case scenario for the existence of a node m that is to enter ]\fik“, Y. Stergiopoulos, “Cooperative Control
of Networked Robotic Systems”, Ph.D. Dissertation, September 2014, URL: http://hdl.handle.net/10889/8238

Ewkova 4: Communication radius of the node—to—move (red color) required in order to guarantee connectivity with Nik
(left) and Nik“ (right — worst case scenario), Y. Stergiopoulos, “Cooperative Control of Networked Robotic Systems”, Ph.D.
Dissertation, September 2014, URL: http://hdl.handle.net/10889/8238

Ewkova 5: Sparse—network case study: [Left] Initial network configuration. [Middle] Network evolution through time.
[Right] Final network optimum state. [Bottom] Percentage of covered area w.r.t. time, Y. Stergiopoulos, “Cooperative
Control of Networked Robotic Systems”, Ph.D. Dissertation, September 2014, URL: http://hdl.handle.net/10889/8238

Ewkova 6: Congested—network case study: [Left] Initial network configuration. [Middle] Network evolution through time.
[Right] Final network optimum state. [Bottom] Percentage of covered area w.r.t. time, Y. Stergiopoulos, “Cooperative
Control of Networked Robotic Systems”, Ph.D. Dissertation, September 2014, URL: http://hdl.handle.net/10889/8238
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