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OpLouOC

e Consensus= Convergence to a common value

e Our goal: Applications in cooperative control
of multi-agent systems



Background- Problem Statement

* Digraph= Directed Graph = pair (N, £)where:
( N = set of Nodes

<

£ € N4 = set of ordered pairs of Nodes

e Undirected graph = Same as graph but,
{€ € N? = set of unordered pairs of Nodes

* Digraph= Sequence of ordered edges
(uig, uiz), (Uip, Ui3), ..., where u;; € N



Background- Problem Statement

An undirected digraph is strongly connected if
€ directed path from every node to every
other node

Directed tree =Digraph where every node
except for the root has exactly one parent

Spanning tree =Directed tree formed by graph
edges that connect all the nodes of the graph

A digraph has a spanning tree if € a node
having a directed path to all other nodes



Background- Problem Statement

e Adjacency matrix A = [aij] of a weighted
digraph is defined as:
aij — O,Cll'j > O,lf (],l) = cc:,l :/:j

e Laplacian matrix L = [f,;j] of a weighted
digraph is defined as:

'Bij — zaij,fij — —Clij,i :ﬁj
J



Matrix Theory

M, (R) are nxn matrices

Given A = [aij] € M, (R), the digraph of A,
denoted I'(4), is the digraph of n-vertices u;,i €
I: 3 a directed edge in I'(4) from u; to u; iff
a;j 0

In graph theory matrix A-positive if all entities are
nonnegative (positive) vectors

Similarly vector-positive if all entities are
nonnegative (positive) elements



Matrix Theory

e If A’s all row sums are +1, then A4 is a (row)

stochastic matrix
e A stochastic matrix P is indecomposable and
aperiodic (SIA) if Ilim Pk =737,
-

1
where J = and v some column vector




Matrix Theory

e Perton-Frobenius Theorem:

»|If A nonnegatice is irreducible & digraph of A is
strongly connected, then p(4) is a simple
eigenvalue of A associated with a positive
eigenvector, where p(:) £ spectral radius of a
matrix

» If a nonnegative A is primitive £ A is irreducible
and p(A) is a unique eigenvalue with maximum

modulus then lim [p(A) 1A% - wvT, where w

and v are left and right positive eigenvectors
associated with p(4) satisfying wv’=1
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Consensus Protocols

e A continuous-time consensus protocol s
summarized as:

q©) == ) @ (u® - x0), 00 >0
JEJi(t)
where:

Ji;(t)represents a set of agents whose information
is available to agent i attime t

e The continuous-time consensus linear protocol
can be written as:

x = —Lx, where L the Laplacian
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Consensus Protocols (More info)

e Wei Ren,Randal W. Beard,Ella M. Atkins, “A Survey of Consensus
Problems in Multi-agent Coordination”, in 2005 American Control
Conference, June 8-10, 2005. Portland, OR, USA
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Virtual Leaders, Artificial Potentials and

Coordinated Control
e Schooling Maneuver

Steady group translation (center of mass of group
translates)

* Flocking Maneuver

Motion where agents circle a stationary point such
that the center of mass is stationary

 Aggregation
Gather a group of randomly scattered robots in the

environment and form the robot clusters



Virtual Leaders, Artificial Potentials and

Coordinated Control
* Foraging

Robot collects objects and delivers them at some
pre-specified home location

* Clustering and Sorting
Nest building behavior of termites
 Exploration

Dispersion, robot distribute themselves to
maximize the rate at which the environment is
explored
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Virtual Leaders, Artificial Potentials and
Coordinated Control (More info)

e Naomi Ehrich Leonard and Edward Fiorelli, “Virtual Leaders,
Artificial Potentials and Coordinated Control of Groups”, in
proceedings of the 40" |EEE Conference on Decision and Control,

Orlando, Florida, USA, December 2001
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Using phase-transition techniques in
self-driven particles

e Position of the particle:
x'(k + 1) = xt(k) + ul(k)At,
 The angle of the particle is then:

(6100 + 2 jesiq 01 (K)) + ELK),

1

6'(k +1) = 1+Ni(k)

where:
x'(k)=position, 8'(k)=orientation
St(k)=set of neighbors of individual i at time k

£ (k)=random variable with uniform distribution in [—ﬁ,ﬁ]
2’2
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Using phase-transition techniques in
self-driven particles (more info)

* Tamas Vicsek, Andras Czirok, Eshel Ben-Jacob, Inon Cohen, and
Ofer Shochet, “NOVEL TYPE OF PHASE TRANSITION IN A SYSTEM

OF SELF-DRIVEN PARTICLES”, in Physics Review Letter, Vol. 75, No
6, pp. 1226-1229, August 7, 1995
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Stability Analysis of Swarms

e Robot Model

X = Uucosb u=gF
{y=usin@ ,

y. w=lr
\ 9=a) J

* Letapoint

_[x+dcosb
2~ |y +dsing
5= 'cos O —dsinH] [u]
 sin 8 dcosfllw » ; _
—cosfB@ ——sinf
Zzl—uwsine —dw?cosf| , |m [F]
uwcosd —dw?sinb lsin@ ECOSH T
'm
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Stability Analysis of Swarms

1cosH —gsin 0-_1
_ [m J " — [—uwsin 6 — dw? cos 0] then
Lang  %coso uwcosf —dw?sinf |
|m J
Z=U
L cos 6 —gsin 9-
m ] _ i
Lsing  Zcoso mJ
| m J
( z=] )
J=u
e Let/ = z, then « 9=—%]15in9+%]2c050 >
0 £ unobservable states,when | =0 © =0

. (zero dynamics are marginally stable) )
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Stability Analysis of Swarms

e Full Linearization: X = ucos 0
y =usin@
u= —f « integrator @ the force input
m

é:u1 ‘

6 = w u = F
1
W =—u2 u2 =T
J
x 9 acf cosf —uwsinb
Z:[ ], ucoso " ’
y usingl’ :
—¢&ésinf  uwcosB
m
2 ] i ! u . ]
—=¢wsinf® —uw?*cosf| |Zcosf ——sinb|
ces m m ] 1
Z = 2 2 . + 1 . u u]
—&fwcosf —uw*sinf —sinf —cos@ 2
| m i |m J
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Stability Analysis of Swarms

-1 -1

1 _¥%einpl 2 : 2 _
U —C0s 0 ]SIHH —Swsing  —uw”cosd
* If u,| — |1 . u V=1 2 2 .
2 —sinf —cos@ —&wcosf —uw*“sinf
| m J i | m
R 51
7=v=|,]
_1 u - —_
—cosf —-—sinf
m u :
det =— #0,ifu+0
1 U mJ
—sinf  —cos6
'm




Swarm model-Synchronous-No time delays

M

xt = z g(xi —xj),i =1,..,M

j=1,j#i

where g(+) = attraction and repulsion between members

16418
gy) =—y [a — bexp (— , a,b,c>0,b>alyl=+vyTy

C

n uisiol n
I ! ‘ ‘ ‘ ‘ ' Mnyn: Gazi, Veysel. "Stability Analysis of Swarms." Electronic Thesis or
a : 1, b —_ 2 O, Cc = 02 1| Dissertation. Ohio State University, 2002. OhioLINK Electronic Theses and
: : : : Dissertations Center., URL:
S o . . "1 https://etd.ohiolink.edu/ap/10?0::NO:10:P10 ACCESSION NUM:0su1029812963

| g(y) - attractive for large ||y
* - repulsive for small || y||

Distance between two individuals

Ewkova 1: The attraction/repulsion
function g(+) 22
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Swarm model-Synchronous-No time delays
( )

b
y =0,or |yl = Cln(a>=5=g(y)=0
\ N J

A
~"

y,:

_ 1 . .
X = HZ{-‘il x; is stationary for all t

F = %i i (x — 1) [a _ bexp <— [ :’””)‘ _ 0

=1 j=1,j#1

Proof:

A swarm member is a free agent if it does not have any neighbors in its
repulsion range, or |[x' —x/|| > 6, vjeSs, j=i,S={1,.., M}
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Swarm model-Synchronous-No time delays
Sete! = x! — X,
#if i is a free agent and ||ei(t)|| = ||xi(t) — f” > §, then at time t its
motion is in a direction of decrease of ||ei(t)||

=>Proof:

M

ij:

j=1

i N (i | (L)
x=—Z(x—x)a+bexp— .

j=1,j#i

— —aMet +b i ex ( I+ ""” )(xi_xf)

_]#-'l

=1
06 el =yt
1

(xi —xj) = M(xi —f) = Me!

¢
M=

.

Since

Let V; = S e'Tel (Lyapunov function candidate)
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Swarm model-Synchronous-No time delays

u — )
V, =élTel = —aM||ei||2+ Z bexp( I =] )(x xf)Tei

j=1,j#i
N2 L “xi_xj” i gl o
< —aMllel|*+ D bexp|———— ) [xi — x/[|[ef|
j=1,j=f-‘i \ J

Y

Decreasing function of the distance with the
2

maximum § exp (— 6?) @|xt —x/|| =6
- TR
—aM||et||” + b(M — 1)8 exp <— ?> llet||
= ~alle!* - 0~ 1 [aflet] ~ b5 exp ()
bs 6
and if||e']| = —exp| ——| =1

a C
—a”ei” = —2al;

oThis proof does not imply that x! will converge to x for all i
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Swarm model-Synchronous-No time delays

e Theorem 1: As time converges all members of the swarm converge to
Be(X) = {x:|lx — x|| <€},

where € = SIGXP(_ ~) at t= r?EaSX {_Zln (ZViZ(O))}

=>Proof:
Vi(t) < Vi(O)e_Z“t
« —
Vi:—aM||ei||2+ Z bexp( = =+ )(x xf)Tei
Jj=1,j=#i
I_yJ 2 , , .
If ||e’ ||>— ﬁwlmexp( M)IIx‘—xfll SV, <0

£ (ven (+2)) = e (D)= Zem(-2) =0ore =] -
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Swarm model-Synchronous-No time delays

Maximum occurs when the members are at a distance \/gfrom each otheror V; <0

as long as |let| > b(fﬂzl)\/gexp (— %) ‘l

Conservative bond since we used (x! — x/)Te! < ||x* — x/||||e!|| and assumed that

e ="\ i . and i
exp{——— ||x —x1|| are at their peak values V j and i

New question: Will the swarm members stop their motion or will they start an oscillatory
motion?

27



Swarm model-Synchronous-No time delays

) T _
e Letx =[x, .., xMT| and Q, = {x:x = 0}
e Theorem 2: Considering the aforementioned swarm with
attraction/repulsion function g(-), ast — o, we have x(t) — (2,

>Proof: Generalized Lyapunov Function

1 I . 12 ||x"—xj||2
](x)=zz z [a”x‘—xJ” +bcexp<— . )]

i=1j=1,j+i

M . .12
T Sl P SN ) PO (B S |

J=1,]#1

Il
1=

Q .
lemm

Rﬁn

I

=

<
N—r

Il

I

Rﬂ

j=1,j#i
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Swarm model-Synchronous-No time delays

M M M
J(x) = [V J(OIT Z[[in](x)]T]xi = Z[—xi]Txi = Z||5ci||2 <0
=1 i=1 i=1

0 = {x:J(x) = 0} = {x:x = 0} = 2, or distributed nature

1 o |t — x|
Ji(x) = fz .[a”x‘—xf” + bcexp | — . ]

J=1,]#1
M
Z]i(x)
i=1

1t = —V.iJi(x) = =V iJ (x), where ] (x) =

N =

29



Attraction/Repulsion Functions

M

xt = z g(xi —xj), i1=1,....M

j=1,j%i

Ha(y) = —y [g.(lyID — g-UlyID],

) Viyll > 8 gaClylD) > g, (liylD
#9a(6) = 6:(8), {vuyn < 8,92(yID < g,y D

#Hg(y)=-g(-y)

3/, RY > R,V UIyID = yago (lyID
3/ R >R, G LAlyID = ya-UlyI)

J,: potential field of attraction

H#

J-: potential field of repulsion

fga: Rt - R, long range £,
97 Rt - R*, long range ¢,

30



l.e.

Attraction/Repulsion Functions

2
o UlylD) =a, g-(lyl) =bexp <— Iy )

C
M
t== 3 [galllxi = 2l) = g (It =) (x = x7) =
J'=klfii
== > daC i = 2) = 7y (i = 1 ])]
j=1,j%i

min of J,(|[x* —x/||) occurs at ||x* — x/||=0
min of —]r(”xi — xj||) occurs at ||xi — xj” — 0

min of J,(|[x* —x/||) = J-(||x* — x/||) occurs at ||x — x/||=6
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Attraction/Repulsion Functions

e If more than two individuals exist

min]a(”xi — xj||) —]r(”xi — xj”) does not necessarily occur @
xi— x| = 6

e Unbounded repulsion + Linear attraction

b

xi—xd||?
[ [

MNnyn: Gazi, Veysel. "Stability Analysis of Swarms." Electronic Thesis or
Dissertation. Ohio State University, 2002. OhioLINK Electronic Theses and

Dissertations Center., URL:
https://etd.ohiolink.edu/ap/10?0::NO:10:P10 ACCESSION NUM:0su1029812963

ga(llx' = x/[) 2 @ 9r <

Linear attraction and unbounded repulsion
T T

50

40+

ity

*Extension: +almost constant attraction
ga(|lx" = x7[|) = 0as [lx* —x/|| = e

Attraction/repulsion

e ga(lle — ) 2

-50 1 1 HI 1 1
-30 -20 -10 0 10 20 30
Distance between two individuals

Ewova 2: A g(+) function with linear attraction .
and unbounded repulsion
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Attraction/Repulsion Functions - Extentions

M

= _ z g9 (xt = xJ)

Jj=1,j+i

#gU(xt—x/) =—g/t(x/ — x)
if (x! —x/) = (x* —x?) &b g/t (x) —x') = ght(x* — x?)

Ay = 1;{}}2,\4{%}

bm = madax {bl]}

1<i,j<M

33



Adding Point-Mass Dynamics

. 1 . .
ut = — z g (x! —xf)—al, ula; >0ifut #0
] 1,j#1i

Define: J'(x) = —z mi”ui”2 + J(x)

M M' M
. .1 T
]I(x) — Z m:1l z l](x)] X — Z[miul + in](X)] ut =
=1 =1 =1
— z uiTai (Since V_.iJ(x) = —xt = —ul)

i=1
or a point mass control system with a control input:

—V.iJ(x) —a; = Z g(xi—xj)—ai:{asit_)oo

u —0

j=1,j#i “



More info

Gazi, Veysel. "Stability Analysis of Swarms." Electronic Thesis or Dissertation. Ohio
State University, 2002. OhioLINK Electronic Theses and Dissertations Center., URL:
https://etd.ohiolink.edu/ap/10?0::NO:10:P10 ACCESSION NUM:0su1029812963



https://etd.ohiolink.edu/ap/10?0::NO:10:P10_ACCESSION_NUM:osu1029812963

Napadeyua

e Edappoyn oe epyacia Robot Swarms ota mAaiolo Tou HaBripatog POUTIOTIKA
ocuvotipata anod tov EvotdBlo Kovtoupa, lovAtog 2013
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Tpnpa HAektpodoywv Mnyavikeov &
Texvoloyilag Yonoloyiotwv
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Kovtovpag Evotdabiog
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Melétn evotdbelag Opnvoug pOpmoOTIK®V OXIHATOV € OOVAP-
101 EAKDOPOV - an®wlnong.

Atvovtat N =8 diktoopeva popIoTikda oxnpdata otov TPlodlaotato dtavo-
opatikd yopo R°, o omoilog mepropiletar amd évav xOPfo Sraotdoemv
100x100x100. Xapig PAAPn g yevikomtag Bewpodpe tov KOPo Kevipapt-
opevo otv apxt] O(0,0,0) tov Kapteolavov CLOTHPATOG OvVTeTaypevayv. H
duvapikny ooprepipopd oL Kabe oxfpatog meptypd@etdal amnod éva cLOTNpA
OLVEXOLG XPOVOD TNG LOPPNGS:

X (t) = ig(xi —-X;),pei=12,...,N,

j=Lj#i

onov To Sidvoopa katdotaong X € R° avtiotolyel OTlg KApPTEoIaveg OLVTE-
Taypéveg Tov i-00tod oxrpatog kat 1 covdpmorn g:R° — R Siverar amo 1)
oxéon:

I

g(y) =-y a-bexp

7

omov a,b,c>0 otabepég moootnteg pe b>a. kat to oopPolo || || avIuIPOO®-

mevel Vv evKAeldeta 1) Tetpayavikr) voppa. H oovaptnon g xalettat oovap-
non eAxkoopob - anmbnong (attractive - repulsive function) xat otnv mept-
T®OT] g piag diaotaong xat yia tig dobeioeg Tipeg TV a,b,c exel tn poper)
IOV €1KOVICeTAl OTO MAPAKAT® OX A

Attraction/Repulsion function

Attraction/Repulsion intensity
'
=

I I L I
& -4 -3 i =i o 1 2 3 4 &
Distance between two individuals

Zxnpa 1.1: Attractive - repulsive function ywa napapetpoog a=1, b=20, c=0.2.



Ynobfétoope 0Tl Ta oxrjpata ekKvovv amo toydaieg 0eoglg otov TPLOdLAoTATO
X®PO Kat opilovpE TO «KEVTPO» TOL OPIVOLS MG:

N

)‘(:%ZXi.

i=1

Zopgava pe to Appa 1 too ddaxtopikov tov Gazi 10 «KEVIPO» TOL OPIVOLG
napapévet otabepo pe 1o xpOVo, OLVENMG PIIOPOVHE VA TO LIIOAOYICOLHE d-
reveiag amo tig apyikeg 0éoeig TV oxpATOV.

Epotnpa 1: IIpoocopoiwnon tpoxiag oprvoug.

Tpexovtag tov kmdwka oe MatLab Aappavoope tig €8rig TpoxEg:

Agent Trajectories

*  Swarm Center
O Initial Positions
O  Final Positions

y -50 -50 X

Zxnpa 1: Tpoxiég popmotTikmv oxnpatev

[Tapatnpobdpe OTL OAA TA EMPEPODS OXIHATA OLYKAIVOLY OTO «KEVIPO» TOL
O VOUG,.

Epotnpa 2: ZoyKA\on oprvooug evtog o@aipds.

I'vopiloope amo ta Beopnrtikd amotehéopata tov didaktopikov tov Gazi ot
ol ovlevypéveg OuVapikeg eSloNOelg eCAOPAN{OVY OOYKALON TOV OXNRATOV
evtog ptag ogaipag oe menepaocpevo xpovo. To Bewpnpa 1 tov didaktoptkov
divel pia extipnon t000 TG oPaipag avtg 000 KAl TOL XPOVOL OLYKALOING.
I'a ) opatipa exoope:



B, = {xe R :|x-¥X| <&},

OIIOVL TO KEVTIPO ALTIG VAl TO «KEVIPO» TOL OPIVOLG X Kdl 1) AKTiva g &

divetat amo ) oxéon:
529\/§exp(—lj. (1)
a2 2

AvtikaOiotodpe OOPPOVA PE TV EKPAOVNOL TG AOKNONG TG IAPAPETPOVG
a=20, b=1 c=0.2 ot oxéon (1) xar AapPavoope ¢ =3.8. Eva ave gppaypa
TOL XPOVOL CLYKALONG divetat amo T oxEon):

_ { 1 ( 82 ]}
f = max{——1In ,
icS 2a | 2V,(0)

onov i€ S i=12,...,N xat n oovdptmon V(X), V:R® >R eival pia oo-

vaptnorn Lyapunov yia 1o i-00t0 0xnpa, n onoia dialeyetat og:

2
’

V) =3l )

omov & (1) =X ()~ X xat V,(0) =V, (x(0) = [ O

Tpe€ape Vv npocopoinon ywa xpovo t, <t. Katd mv tehikn) xpovikr] ottypn
t;, N pEYLOT AIOOTAOT) TOV OXNHATOV AIIO TO «KEVTPO» TOL OHIVOLG IIPOoOL-
optotmxke ton pe d,, =0.5390. [Tapatpoope o6t ywa t, <t éyoope d,, <&,

OLVEN®G:

e 1mpdaypatt ot Bempnrikeg THEG TOL XPOVOL £10000L Ot opatipa B, xat
NG aKTivag avTig aroTeAOLY AV PPAYHATA.

® COLHIEPALVOLHE OTL 1] OOYKALON €VTOG TG opaipag B, mpaypatomnotei-
TAl O€ TEMEPAOPEVO XPOVO.

ATO )V IPOCOPOl®Or KAt yid Tig Toxdieg apyikég oovinKeg oL IPOEKLYAV
IIPOO0OIOPLOapE TO «KEVTPO» TOV OPIVOLG:

x, =[-8.1613 -10.1551 -11.9805],
Kabmg Kat To ave gpAaypa oto xpovo oLYKALONG:

f=29630<t, =2.7630.



Epotnpa 3: ZoykA\on opr)voog oe apetdPAnTo ovvolo.

Zopgova pe 1o Bempnpa 2 tov dtdaxktopkov tov Gazi kabwg o xpovog t — oo
10 Savoopa Katdotaong kabe oxrjpatog ovykAivel oe eva obvolo Q.. 210 1-

d10 Bewpnpa anodeikvoetat Ot
Q, = xe RN 1 x(®),_, =0},

AnAadn) to ovbvolo Q. etvat apetaBAnto. Me X oopPoAifovpe to enavinuévo

dlavoopa Kataotaong, o onoio mepieyel OAA TA EMpEPOS OlavLOpPATa Ka-
taotaong X, Vi e S, dnhadr) to davoopa x ypagetat:

X=[% X - X Xy [\, xe R>N,

OIIOD:
X = [Xu X, X13]Tf X, = [le X X23]TI

v X =[Xi1 X, Xis]T/ XNz[Xm X2 XNs]T-

Ia va eSetacovpe ) obLYKALON OTO ApetdPAnto ovvolo Q. axoAovboovpe To
€C1)G OKETITIKO:

e Otav )'((t)|t—>ac =0 tote Ta oxfjpata Ppiokovrat eviog oo Q..

e Yuvenwg otav )'((t)|HOO — 0 tote X(t)|Hm —> Q..

Apa, ywa va anodeifovpe pPE0® MPOooopoinong tr oOyKAon oto €, apkel va
eetaoovpe Vv e§aptnon tov X(t) amd tov xpovo. Evag evkolog tpomog va
1poodiopifovpe av mPAypatt W0xXLEL 1] OXE0N) )'((t)| ., = 0 glvar peow g (ev-

KAetderag) voppag too X(t). ITpaypatt, woyvet otu:
X(t)L_m — 0 av kat povov av ||)'((t)|| — O0xkabwg t — .

TpéSape v mpooopoiwon ywa xpovo t; =20 (sec) xat ywa 1o |x(t)| Aapape
YPAQKI] mapaoctaor mov akolovbel. Aappavovtag vnoyn to oxfpa (2) xat
TOV HAPATIAV® CLAAOYIOHO AIIOOEIKVDOLHE OTNPILOHEVOL O IIPOCOHOIDOT] TN
OOYKALOT| O€ TEMEPAOHEVO XPOVO OTO OOVOAO €2, .



Euclidean norm of xdot

1200
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||xdot||

400
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Zxnpa 2: ZoyKkAon) Tov SlavoopdTog KATdoTaong oto apetdPBAnto obvolo Q..



INapaptnpa: Kwdwkag oe MatLab

Script npocopoiwong

%% EXxercise 1.

clear all ;
close all ;
clc;

%% Initializations.

% Position matrix has the form: x1 yl1 z1
% X2 y2 z2

%

N =8;

pos = zeros(N, 3);

for i=1:1:N
for j=1:1:3
pos(i,j) = rand(1) * 100 - 50;
end

end

% Swarm center.

xc = sum(pos(:,1))/N;

yc = sum(pos(:,2))/N;

zc = sum(pos(;,3))/N;

plot3(xc, yc, zc, k*,
hold on

'markersize'

% Function parameters.

a=1;
b = 20;
c=0.2;

% Maximum final time.
Vmat = zeros(1,N);
tmat = zeros(1,N);

for i=1:.1:N
ei = normf([xc, yc, zc] - [pos(i,1), pos(i,2),
Vmat(i) = 0.5 * ei’2;

end

e = (b/a)*sqrt(c/2)*exp(-0.5);

for i=1:1:N
ti = -(1/(2*a))*log(e”2/(2*Vmat(i)));
tmat(i) = ti;

end

max_t = max(tmat);

% Simulation runs for less than max_t in order to

x0 = reshape(pos, N*3, 1);
t0 =0;

, 8)

pos(i,3)]);

prove upper bound.



tf =max_t-0.2;
tspan = linspace(t0,tf,100);

%% Solving ode45.

options = odeset();

[t_return, x_return] = ode45(@(t,x) decoupling(t, x N, a, b, c),
tspan, x0, options);

x = reshape(x_return, numel(t_return), N, 3);

%% Plot positions and trajectories.
% Initial positions.
plot3(x(1,:,1), x(1,:,2), x(1,:,3), '‘bo" );

% Final positions.
plot3(x(end,:,1), x(end,:,2), x(end,:,3), ro' );

% Trajectories.
for i=1:1:N

plot3(x(;,i,1), x(:,i,2), X(:,i,3), k')
end

titte(  'Agent Trajectories' );

xlabel(  'x' );

ylabel( 'y );

zlabel( 'z' );

legend( 'Swarm Center' , ‘Initial Positions' , 'Final Positions'
'location’ , 'eastoutside’ );

grid on

axis([-50 50 -50 50 -50 50]);

%% Maximum final distance.
distance = zeros(N,1);

for i=1:1:N
distance(i) = normf([xc, yc, zc] - [x(end, i, 1 ),
x(end, i, 2), x(end, i, 3)]);
end

max_distance = max(distance);

%% Check invariant set.
xdotNorm = zeros(numel(t_return), 1);
time_instances = numel(t_return);

for i=1:1:time_instances
xdot = decoupling(t_return(i), reshape(x(i,:,:) , N*3, 1),
N, a, b, ¢);
xdotNorm(i) = normf(xdot);
end
figure()
plot(t_return, xdotNorm)
xlabel( 't );
ylabel( '||xdot||' );

titte(  'Euclidean norm of xdot' )
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%% Euclidean norm.
function  n = normf(y)

sum = 0;

for i=1:1:numel(y)
sum = sum + y(i)"2;

end

n = sqgrt(sum);

end

%% Decoupling equations.
function  xdot = decoupling(t, X, N, a, b, ¢)

xdot = zeros(N, 3);
x = reshape(x, N, 3);

for i=1:1:N
sum = 0;

for j=1:.1:N
if (i~=j)

y = X(i,1) - x(,);
n = norm(y);
sum = sum + (-y*(a - b * exp(-(n)"2 /

end
end

xdot(i,:) = sum;
end
xdot = reshape(xdot, N*3, 1);

end

c)) );



Teloc Evotntoc



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 MNavernotiuwo MNatpwy, Avtwviog T(Eg, Evayyehoc Aspuatacg,
«Popurmnotika Zuotipata. On the Coordinated Control of Robotic Vehicles».
‘Ekboon: 1.0. Natpa 2015. AwaBgotpo amo tn diktuakn 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.

43



>nueiwpo Xpnonc Epywv Tpltwv (1/4)

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

Ewova 1: The attraction/repulsion function g(+), Gazi Veysel. "Stability Analysis of Swarms." Electronic Thesis or
Dissertation. Ohio State University, 2002. OhioLINK Electronic Theses and Dissertations Center., URL:
https://etd.ohiolink.edu/ap/10?0::NO:10:P10 ACCESSION NUM:0su1029812963

Ewova 2: A g(+) function with linear attraction and unbounded repulsion, Gazi Veysel. "Stability Analysis of Swarms."
Electronic Thesis or Dissertation. Ohio State University, 2002. OhioLINK Electronic Theses and Dissertations Center., URL:
https://etd.ohiolink.edu/ap/10?0::NO:10:P10 ACCESSION NUM:0su1029812963
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