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Motivation

e Self-organized behaviors in biological groups

Ewkova 1: Multi-agent systems in nature

Mnyn: Francesco Bullo, Jorge Cortés, Sonia Martinez, Distributed
Control of Robotic Networks, Princeton University Press, Applied
Mathematics Series, 2009, ISBN: 978-0-691-14195-4,
Electronically available at http://coordinationbook.info
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Engineering multi-agent systems

e Embedded robotic systems and sensor networks for
1. High-stress, rapid deployment — e.g., disaster recovery networks

2. Distributed environmental monitoring — e.g., portable chemical and
biological sensor arrays detecting toxic pollutants

3. Autonomous sampling for biological applications — e.g., monitoring of
species in risk, validation of climate and oceanographic models

4. Science imaging — e.g., multispacecraft distributed interferometers
flylng in formation to enable i |mag|ng at microarcsecond resolution
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Types of systems

* Groups of agents with control, sensing,
communication and computing

e Each individual:
1. Senses its immediate environment
2. Communicates with others
3. Processes information gathered

4. Takes local action in response



Area Coverage — Problem setup
Let region {2 be a convex compact set of R?
For n nodes in () define: I, = {i e N: i <n} forany n € N

The nodes move in R? — Position: x; e R, i €1,

Assumption 1: The nodes are supposed to move in

the interior of 2 € R*through two control inputs
each,u; € Rz, 1 € 1,,, while obeying the discrete
evolutionary equation,

M =ik w, i eR? iel,

where k: time step and V step one node moves



Area Coverage — Problem setup

e Assumption 2: Each node is supposed to have a uniform circular
sensing pattern centered at its position x; and is limited by a fixed
maximum sensing radius r. The latter is the same for all nodes and
the network is considered homogeneous, as far as concerns the
nodes’ sensing abilities. Then for a sensing region C;:

Ci={xeR*: |x—x||<r}, i€l

e Assumption 3: Each node is supposed to be equipped with radio
transceivers in order to be able to exchange spatial information
with other members of the network. The radiation pattern S; of
the antennas with adjustable radius R;, is considered as a uniform
circular one, centered at x;, i.e.

S;i={xeR*: |x—x|| <R}, i€l, .



Area Coverage — Problem setup

Node-to-move — Decentralized approach:

— Cyclic manner— V node moves attime k =i+ pn,p € N
— Random manner —V node contains random generators
Initially random placement in {2

Goal: Find in a distributed way the optimal positions: the area of
the covered domain of (2 by the network is the maximum
possible.

Mathematical notation: For a polynomial set P € R? let
vertices 0P be its boundary. Denote 0P = pj,j € Iy(p), where

N number of vertices &

A(P)= 5 Y (pixpi)

jEIN(p) 10




Area Coverage — Problem setup

Node-to-move — Decentralized approach:
— Cyclic manner— V node moves attime k =i+ pn,p € N
— Random manner —V node contains random generators

Initially random placement in {2

Goal: Find in a distributed way the optimal positions: the area of
the covered domain of (2 by the network is the maximum

possible.

11



Area Coverage — Problem setup

e Mathematical notation: For a polynomial set P c R? let
vertices dP be its boundary. Denote dP = p;,j € Iyp),

where N number of vertices &

AP =5 L (prxpi)

JEIN(P)

where p; counterclockwise and pyppy+1 = P1

Goal: Find x; in Q N U;g, Ci: A(P) = max,
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Area Coverage — Control policy

Constrained numerical optimization problem
Solution may converge to local extrema

Refining the aforementioned goal in more compact form:

find X: maximize A (Qﬂ U C,-) , subjectto AX <B

€1,
where, X = (X', .., X, )T€ R*™ and A,B defined by
W; of Qandj € Iy
Solution problems:

—Not guaranteed solution
—May converge to local extrema

— Big computational time< Distributed algorithms are needed 13



Spatial Voronoi tessellation

Inside (2, a responsibility region is assigned to every node. The set of
regions is called the Voronoi diagram

Math notation: The following equation defines the set V; as the
Voronoi diagram of region ():

Vi={xeQ: [x—xl < Hx—xj , Vjel,}, i€l
A Voronoi diagram is a full tessellation of Q © R? since:
Uicr Vi=Qand Int V;NIntV; =0, Vi,j €, i # |

Two nodes that share an edge of their Voronoi cells are Delaunay
neighbors. Such (V;) neighbors for node i are when:

N,-:{jelnz V:NV;# 0 non singleton, j%i},, 1 € 1,
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Spatial Voronoi tessellation

Mnyn: Y. Stergiopoulos, “Cooperative
Control of Networked Robotic Systems”,

Ph.D. Dissertation, September 2014, URL:

http://hdl.handle.net/10889/8238

Ewkova 4: Voronoi diagram (left) and Delunay graph (right) for a set of nodes in a compact
domain
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Spatial Voronoi tessellation
e The edges of Voronoi of node i that don’t lay on boundary (2
Aij :ViﬁVj, iEIn, jE Ni

 Must take into account the sensing regions C; apart from position
limited Voronoi cells:

Vir =V,NGC;, 1€l,
« Vis convex, but not always a full tessellation of ()
 Then the parts of sensing region that don’t contribute to coverage:
U, :Ci\Vir, 1€ 1,
e The unexploited region U; can be decomposed as:
Ui=U? | J U/, i€l,, where:U® = C;\ Q— pantsthatdont layin
JEN; [: J — [J; N V;—> parts of the node’s unexploited

! J regions that lay in the Voronoi
cell of a neighbor node 16



Spatial Voronoi tessellation

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

Blind regions

Unexploited regions

r-limited Voronoi cell

Voronoi cell

al={H{E}

Sensing region

Ewkova 5: Characterization of the different regions concerning a node and its Voronoi cell
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Spatial Voronoi tessellation

Final result < Surveyed by the network:

H=AlQn|JC|=) AV)
el il

Notice something? ©Since:

Int V' NInt VI =0, Vi, j €l,, i # j

The area covered by the network can be computed as the
summation of the areas of the independent r—limited Voronoi cells

Thus, let’s move on to next lecture to design a proper coordination
scheme...

18



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 Mavernotipwo MNatpwy, Avtwvioc TZEg, Evayyehocg Aspuatacg,
«Popurmotika Zuotpata. Introduction to area coverage». Ekboon: 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 xpnong Creative Commons Avadopa,
Noapopota Atavopun 4.0 [1] § petayeveotepn, AteBvnc Ekdoon. E€alpouvtal Ta auTtoTeAn £pya
Tpltwv T.Y. Ppwrtoypadieg, Staypappota K.A.1T., T OTtolo EUTIEPLEXOVTAL OE AUTO KOL TOL OTtoLaL
avadEpovtal pall He TOUC OPOUC XPRONCE TOUC 0TO «2npeiwpa Xpnong Epywv Tplitwvy.

@ 06

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

J0udwva e avtiv thv adeta o Sikatouxog oo divel o dikaiwpa va:

Molpaoteite — avilypaPete kol ovaSLAVEUETE TO UALKO

Npoocapuoote — avapeifte, TPOMOMOLAOTE Kal SNULOUPYNOTE MAVW OTO UALKO yla KABe okomo
Y16 toug aakoAouBOoug 6poug:

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

Napopola Atavopl — Av avapeifete, TPOMOMOLNOETE, 1) SNULOUPYNOETE TIAVW OTO UALKO,
TPETIEL VAL OLOVELUETE TIG OLKEC o oLUVELODOPEC UTIO TNV dLla Adela OwE Kol 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: Multi-agent systems in nature, Freely available, Francesco Bullo, Jorge Cortés, Sonia Martinez, Distributed
Control of Robotic Networks, Princeton University Press, Applied Mathematics Series, 2009, ISBN: 978-0-691-14195-4,
Electronically available at http://coordinationbook.info

Ewkova 2: Multi-agent systems in nature I, Freely available, Francesco Bullo, Jorge Cortés, Sonia Martinez, Distributed
Control of Robotic Networks, Princeton University Press, Applied Mathematics Series, 2009, ISBN: 978-0-691-14195-4,
Electronically available at http://coordinationbook.info

Ewkova 3: Multi-agent systems in nature, Freely available, Francesco Bullo, Jorge Cortés, Sonia Martinez, Distributed
Control of Robotic Networks, Princeton University Press, Applied Mathematics Series, 2009, ISBN: 978-0-691-14195-4,
Electronically available at http://coordinationbook.info

Ewkova 4: Voronoi diagram (left) and Delunay graph (right) for a set of nodes in a compact domain, Y. Stergiopoulos,
“Cooperative Control of Networked Robotic Systems”, Ph.D. Dissertation, September 2014, URL:
http://hdl.handle.net/10889/8238

Ewkova 5: Characterization of the different regions concerning a node and its Voronoi cell, Y. Stergiopoulos, “Cooperative
Control of Networked Robotic Systems”, Ph.D. Dissertation, September 2014, URL: http://hdl.handle.net/10889/8238
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