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Physical components

Tokyo Institute of Technology.

conti nuous-time continuous-space dynamical system

tuple(X,U, X,, f)

+ X state space Example
XEEKd XESj XE%XS’ Omni direction g

* U :input space

R={R?,[ U U], R, (05, €1,
+ X0 : allowable initial states Bl ] Owael)

Xo e X Planner Vehicle
+ fisacontinuously differentiable );Z \\l,:,ons :
control vector field on X P L

f determines the robot motion

via the control system Vo VY, OPSH 0
%) = f (x(1),u(t) R:{mzxs“[_wm wm}i"zxsl' sn¢ |, 0
hmax 0

max

f:XxU >R L
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Robotic network

Tokyo Institute of Technology

Definition  Robotic network Sconsistof a tuple(l, R, E.,)

I ={1A ,n}

== Set of unique identifiers pair (i,j) isan edgein E,,(X)
R={R"},, ={(X",u X[ fi)_ a4

== Set of mobile robots i,j can communicate
Eown ‘o, X I x1 1

(1, Egpen (X)) s>

Communication edge map | ommunication graph at x

If R =(X,U,X,, f)
forali (identical)

== Robotic network is
4== Edge depend on agents uniform

position
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Example
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1. First-order robots with range - limited communication

Robot locations B () = ul) (1)
={p¥, p@ A, p
pl{pdp P} el \
(PeRY
Identical robots

R={ [y Uy ] R, 0,84 18,)

I )

input space initial states Omni direction --..‘ '.
Sensible own position o
Communicate with robotswithin distancer | Jase (1)

Thesedata ===» Roboticnetwork S,
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Example

2 . Planner vehicle robots with Delaunay communication
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Robot physical state Planner vehicle model

{(p".67),(p%,6%).A (076"} Xan s
B = (1, y1), 6 e &

Communicationgraph == Yo LS /
% :. . - ,r"‘
Robots move allowable environment Q e

Thesedata ===»> Robotic network S ;e
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Control and Communication laws

information '
discrete time

' [ execute state machine ,exchange information |
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Continuous time
[ sense own position ,evolves |

Definition  Control and Communication laws (CC)

1.A: communication alphabet  elementsof A : messages
sets | 2W!" ie | : prosser statesets
3w, cWll e | :alowableinitial values

Lmsgl: XMx X x| — A message generation functions

S | 5 f 1 X sl AT 5 WD processor state transition functions

3t X X xw!lx A" U™ motion control functions
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Evolution of arobotic network
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Definition Evolution of arobotic network
Evolution of (S,CC) § A
= (1) = £ O @), et (¢ 0,3 () w (), v (D))

\—'u[”(t)
wi (1) = stf O (), W (1 =),y (1)
(10 =, W (=D = )
YO =mg (O WI-D0) :

it (e EGIOA XY | S [S‘i> |

e | @ = g
* data-sampled m_'_ ©
' ot (", %0, W, ) isindependent of X[i]l( Upedate physical state
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the agree and pur sue control and communication law

object 1. agree direction ilea 1L eader election algorithms
2. equally angularly spaced 2.Cyclicpursuit problem
- 1 N 1 12 Next
“ Max-id
- |29 s 14
25 Change
8 dir to cg
A )14
AN
2
&Y
move
T KpropdiSt

algorithm
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Simulation result

T

-

3 pitially: aar'! unsy
max=1d © I, initinlly: max=1a/" = i for all i

1 roturn (6,

funcrion st(d, w, y)

4@m Leader dlection
Neighbor?

Moving toward?

4mm Cyclic purstit
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Coordination tasks
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Definition Coordination task "
Ex) dir cor cc
mapT: T, X" xW" —{true, false} J:/ ‘‘‘‘‘‘‘

e

/V [UesTn
if Wil =W, thelaw CC iscompatiblewith the task |
law CC achievesthetask T — T(x(t), w(t)) = truefor all t > T

(if WissingletonT: ., X" —{true, falsg})

Ex)Direction agreement and equidistance task
- processor state taking valuein W ={cc, ¢} x |
%ection agreement task Ty, : (S)"XW" —{true, false}
) T, (6,w)=trueif dir =A =dirl"
(0=(" A ,6™),w= WA W)W = (dir, max—id™))
7 equidisiance task  T,-eqsnc £ (S1)" —{true, false}
T, e (6) = trueif ‘rrj]iindistc(e[”,e[”)—rri11indistcc(9[i],0[j])

“

™~

<&
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Complexity

Definition
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Time complexity
Time complexity to achieve T with CC from initial condition
‘TC(T,CC,XO,WO) =inffl[T (x(k), w(k)) =true, for all k > 1}
Time complexity to achieve T with CC

TC(T,CC) :\sup{iﬁ;wwo)\(x0 W) € HX ']xHW[I]}

Time complexity to achieve T

worst case IEISet f |
TC(T) =inf{TC(T,CC)|CC compatiblewith T} o non-nu
. Mean and Total
initi i Definition
Definition Space complexity Communication complexity
SC(T,CC)

A
MCC(T,CC, X, W,) = —25¢ 3 [M (x(1), w(l

Maximum number of ( %o o) =2 é‘ OO w)

basic memory units

TCC(T,CC, %, W) =Wmci\M (x(), w(1)|

_HM
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* Robotic network models and complexity
notions

« Connectivity maintenance and rendezvous
® Averaging control and communicaton law

® Circumcenter control and communicaton laws

® Correctness and complexity of circumcenter laws

® The circumcenter law in nonconvex environments

» Deployment
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Averaging control and communication law
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\ 1.Compute the average point
2.Move toward average point

'](I+1)— o (|)+U['](|) Simulation result

T o A XY = trueif X = x for al (i, j) e E

thelaw CC,q 40, aChivesthetask T, with time comlexity

TC(dezvs’ averaging ) € O(nS) TC(dezvs' averaging ) € 'Q(n)

_HM
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H Circumcenter control and communication laws
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® (&)
1.Compute the circumcenter point
2.Move toward circumcenter point
Maintaining connectivity
T use constraint set
@

constraint set

. [J]+ iy
X (.07 =B 2

Theorem Maintaining network connectivity

u (e X5 (p(1).POY - P (1) o
pU(+De X (pU(),PA) S MaENENIng edoe
[ )=, <1 - [P0+ - pI+D) <t
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H Circumcenter control and communication laws
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Simulation result

% .... '.;. .....

Circumcenter law with control bounds
and relaxed connectivity constraints

function ctl{p.v)

% Ineludes control bound and relared G -eonnectivity constraint
1: Pgoat = C ([{p} {Becva | for all non-null Prees < 4})
x

2 G v | for all non-null s < u}) R
5 ret mtpp! 0, X) 7 /

relax constrain sets  Agents have compact
input space
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Correctness and complexity of circumcenter laws
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correctness of the circumcenteer laws

1.on the network S, ,thelaw CC,.,.., achieves the exact rendezvous
task T,

rndavs

2.0n the network Sio thelawcc,,,,,, achievesthe - rendezvous
task T, nins s

4" Temasn(P) = true
= |Ip¥ — avre (B9 | (8.) € Ecnm(P)})]l2 <, i€ {l,....n).

3.if any two agents belong to the same connected component
at |

= continue to belong to the same connected z.
component for all subsequent time
4 P _(y X

P =(p,A,p,) time complexity (d=1
(a)evolution asymptotically Siy = Tc(1l' e pm I)Zé)(n) )
approa_‘)hes I rndzvs crer r

(b) pi=p;or|p -p |,

Tokyo Institute of Technology

S, =
TC( re-| mdzvs'c r:rcmcmr)e e(nZIOQ(ngil)h




Proof: Theorem1
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Dimension 1 g« (1) isconnected

, {2,...,a-1} isneighbors of 1
R - Worst case
{2,...,a-1} isneighborsof «
(1 [z-1]
ey _ PO+ P (0) 4
P 2 \\‘ :
K
o) { P! ©+p"(© PO+ p” (0)+r} 10
2 2 Ee e
2 2
- deduce
p[1] o- p[1] (0)= p[ 1 (0)2_ p[l] (0] S% » p[1] - pll] @ ﬁ%

» p(2)-pH(0)<r
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Proof: Theorem1
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0e o e

@+ p N, 1 o
2 ! 1 © oo

1 a-—

p[1] e 1
1

p(2) - p¥(0) = p™ (@ +2p['H] @ ~ p(0)

L P O-p"0 1 ( PO+ (O)J
2 2 2

Move greater than

1 r
>= (o] 0)— (1] 0)>— ‘ X i
4(p ©=p70) 4 r/4 in two time steps

1. 4 .
T diam(co(R,)) < TC(T,gas: CCorementr: Fo) < B diam(co(R,))

eo0 o000 0 0
diam(co(R))
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Proof: Theorem1
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ae (r) is not connected G G,

0 © © e o o0
Connected component
=) p

don’t change

4 .
B TC(Timss Ccromontrs ) < T Cdglg{g(co(C))
diam(co(C)) < (n-Dr ¢== co(C) is connected

) TC(T e Clorouanma) € O(N)

Lower bound
diam(co(p,)) = (n-Dr ﬂ TC(Trnimsr CCoremenmr: Fo) 2 -1

| 7O CCoame ) O |
Tokyo il Techolooy w

H The circumcenter law in nonconvex environments
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1.adapt connectivity constraints
2.Restrict robot motion
3.Move towards the circumcenter of the constraint set
algorithm pair wisglineof-s’ght connectivity
v ———"Tn Constraint set X ;. o ( p'l, p“];Qﬁ)

e | |

Y= | ==
o LI L]
e line-of-sight connectivity Constraint set

V4 X o-05 (PP Q) v
={x€ X 45 (P, G:Q,)|ae P\ p"}}

TN Do On the network S;j¢_gg thelaw CC. e crementr

‘ achievethetask T,
Relative convex set e-rndzvs
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« Robotic network models and complexity
notions

« Connectivity maintenance and rendezvous
* Deployment

@ Voronoi-centroid control and communication law
® Voronoi-centroid law on planar vehicles

@ \/oronoi-circumcenter control

@ \/oronoi-incenter control

@ | imited-Voronoi-normal control

@ | imited-Voronoi-normal control
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Deployment
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Roboticnetwork : S, Sp  Seides
Assume : no two agents areinitially at the same point

Deployment algorithms

1.Transmit own position ,receive neighbors position
2.Compute a notion of the geometric center of its own cell

determined according to some notion of partition j

3.Move toward this center

. . Geometric center
Difference each algorithm ‘ Partition of the environment
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H Voronoi-centroid control and communication law Voronoi-centroid law on planar vehicles
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c adorith expected-value multicenter function Robotic network  Seicies Simulation result
Cm-emo 290 Hya(PuA ) ==2, - p|,"(a)da 0~ e 7 S _ .
[T —— pidl 1(t) = @'l " = , o g
) ¢ CCurn-cnmmo-ovamcs algorith & 8 o & &
/ Make voronoi cell o\ < T 7
: o
" b all ] o @
el e . e Py &
T P s ¢ .
Mel9= mfsqqﬁ(q)dq C A@= Ly)(q)dq T o (B)=trle

Directionl?f motion o if H plil ‘CM'»(V“](P))HZ -

Gradient of the distortion o CM correctness

" 5 = s
. — S i i ; On the network Jthe law

‘ g L multlcenteorfL.Jnc.tlon Hag (-siné,cosb) (cos8,sin8) CCry_cnmro achiev;'}hetad(n_m_dw

l’ e XM » - ptimize H,q 6 and optimizes Hyq

! : L (maximize)
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Simulation result

Voronoi-circumcenter control Voronoi-incenter control
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Robotic network S Simulation result Robotic network S Simulation result

CClry-cremcentr algorithm ’ ‘ _' ) - '- d CClru-nentr algorithm

L fEp—TT

Maximize smallest radius

How to cover aregion with disks of 1

minimum radius ? . Ho(puA L p,) :I#Irg(qlipn){zuq— p.[,.dist(p;,0S)}
Ha(PuA P =max min - pl, ' Maximize the cost given by
N not think - l\AfaXIT1umb0\t/,er .th;'. n%twa(I)rk < // ot think the minimum distance to
. about of each robot’s individual co: G o 6 the boundary of V/
.\2\0 correctness : correctness
Hee(PuA L Py) Onthenetwork s, thelaw Ho(PuA . p,) S = Onthenetwork s, thelaw
= max qsnz;l\?()i(])Hq_ P e CClrn-cromenm= Optimizes H,, = min_min [q- lefo o CCrunovm Optimizes H,

ie{LA 1} gedV; (P)

. e . 1
Move toward furthest vertex ~ minimize a away from closet neighbor maximize a
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Limited-Voronoi-normal control Limited-Voronoi-normal control
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Robotic network  Sio Simulation result Robotic network  Sio Simulation result
CCLMTD,VRN,NRML algorlthm /‘ e £ i /é‘\ CCLMTD#RN—CNTRDalgOnthm ‘ 7 P S e 3 /é
E ¢ st £ [Co0. Of ' L x iz, ol - ©aD *E

T+ -dstor-area-apy (P) = true

Hameo(PuA  p)=D[ o (a)dg
=1 " .
if]p” —cm, (VAP <&

T, —r—area—dply (P) =true

&

= | "
—_Linésearch 1oy s DO <€ Hoo amera(Pu 2D =-2 [la- bl o@da+], . o(ahda
correctness correctness
Onthenetwork s, thelaw Onthenetwork s, thelaw
CClum ven-new, Optimizes H iz CC.yro-ven-cnmro OptimizesH -
/Amdﬁa TeKER And achievestask T, _guor-area iy

maximize
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