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 Robotic network models and com p] ex ity continuous-time continuous-space dynamical system

notions tuple(X,U, X, f)

. v Example _omm.
® Physical components X state space P
® Robotic network Xe ERd Xe Sd xeg{j XSd Omni direction
® Example ’ ? L
o Controll and commuljucatlon laws - U: }nput space. o R={%,[-u,,.u,. . %°,(0,.6.6)}
® Evolution of a robotic network * X0 : allowable initial states
® The ag-ree.pursue control and communication law X e X Planner Vehicle
® Coordination tasks 0 )
i . . . . X = 4 }
® complexity + fis a continuously differentiable ;(, _ \\/,:)ns o %
+ Connectivity maintenance and rendezvous control vector fieldon X b= a L
f determines the robot motion
* Deployment via the control system v v cosé
X(t) = f(x(t),u(t)) R= {‘.KZXS‘,|:_ e wm“ *x8'|| sin@ || 0| |}

. d
f:XxU >R
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Robatic network Example
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Definition  Robotic network S consist of a tuple(l, R, E ., 1 . First-order robots with range - limited communication
I={L---,n} Robot locations ['](t) uit)
== Set of unique identifiers pair (i,j) is an edge in E,,(X) p={p". p. . p"} Te[-u \_
! - . Il . Rd x> Unax |
R:{R[I]}Iél ={(X['],U['], Xo[|]> f[I])}Iél 1 (p"eR% I_/
: 1,j can communicate Identical robots
== Set of mobile robots i R= (&% [-u_u_ 'R, (0,,8,-,6,)} .. .
E g X I x| S
am M X0 (1, B () - ! SR
===> (Communication edge map Communication graph at x input space initial states Omni direction ANV
If RY = (.X’U’_Xoa f) Sensible own position > UYya (1)
forall i (identical) Communicate with robots within distance r dsk
== Robotic network is . <
== Edgi depend on agents uniform These data === Robotic network Sy
position
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Example

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

{(p[l]:e[l])a(p[Z]:H[Z]):" '7(p[n]90[n])} );’ :: \‘//:?“S Z

.

i i i i 1 =a
Communication graph  ==> Jp . "‘r. /
.: A
Robots move allowable environment Q e

These data === Robotic network S y;ges
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Control and Communication laws
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information Continuous time

[sense own position ,evolves |

discrete time

’ [ execute state machine ,exchange information

Definition Control and Communication laws (CC)

1.A: communication alphabet elements of A : messages

sets | 2.W'ie | : prosser statesets

3.W," c Wl ie | :allowableinitial values

1.msg'!: X X% — A message generation functions
maps i i i jis i
PS 1o atf 1 XI5l AT s Wi processor state transition functions

3.0t X XEsw!ix A" U™ motion control functions
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Evolution of arobotic network
Definition Evolution of a robotic network
Evolution of (S,CC) Y A
=) X[i](t) = f (X“](t),ctl [”(X“](t), X[”(LIJ),V\I“](L'[J), y[”(LtJ)))
——ullt) -

W) =stf U, W -1,y (1)
) =", W(=1) =)

i ° — :
u@* ES
* data-sampled -

i1y ll] il Vi) s 7 e )
’ clliGEl Al ) is independent of X ‘.\ )
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[I](|) m[l](X[J](nW{J]“ 1),i) |
it ()€ EgO (D, XM() |

the agree and pur sue control and communication law
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1. agree direction 1.Leader election algorithms

bject ides
onee 2. equally angularly spaced e 2.Cyclicpursuit problem
- 1 > . 12 Next
pA Max-id
= \2‘ is 14
. Change
f dir to cg
N c
AN
& Y
move
kpmdeSt
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algorithm
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Robotic Network: . .
tion, and Simulation result

) (

DiStributed Algeritha: ACRER & L.
# .
Alphaber: A = 8! x e, ee} = JU{mull
Processor State dir.max-id),

dir {e,ec}

max-1d

- Leader election

Neighbor?

Moving toward?

- Cyclic pursuit

o) = tlamp) EhEM
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Coordination tasks
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Ex) dir ¢ or cc
/ Values in
if W= W the law CC is compatible with the task |

law CC achieves the task T — T(x(t), w(t)) = true for all t > ﬁ

Definition Coordination task
map T: T, X"xW" - {true, false}
(if WissingletonT: ], X" — {true, false})

Ex)Direction agreement and equidistance task

- processor state taking valuein W = {cc,c} x|
~ @ . o
direction agreement task T, :(S)"XW" — {true, false}
=) T, (0,w) =trueif dir == dir™
@=0",-,6M),w= (W1, W), Wl = (dir™, max—id'"))
7 equidistance task T, 1 (S)" — {true, false}
N

T, g (6) = trueiif ‘mi_n dist, (6", 61— min dist,(6",61)| < £
j#i ji

Tokyo Instituteof Technology




Complexity

Definition  Time complexity
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Time complexity to achieve T with CC from initial condition
E) TC(T.CC. X,.W,) =GEH T (x(k), w(k)) = true, for allk >1}
Time complexity to achieve T with CC

m) TC(T.Co) Wwo\(xo,wo)e TIXE"<TIwe™
iel il

Time complexity to achieve T worst case
» . . . Set of non-nul
TC(T) =inf{TC(T, CC)‘CC compatible with T}

message
Mean and Total

Definition Space complexity DCﬁ“itiO“CO unication complexity

SC(T,CC)

-1

Al
MCC(T,CC, x,, W, ) = 55" IV (x(1), w(l
Maximum number of ( o ¥) T ;‘ (e ))‘

basic memory units =
Y TCC(T,CC, %, wy) = A, .. > |M (x(1), w())
1=0
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outline

* Robotic network models and complexity
notions

Tokyo Institute of Technology

+ 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

Tokyolnaituieof Tamology w

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

p(+1) = p ) +u(D) Simulation result

P A f i
[ 1 SH

the law CC,qogng achives the task T, with time comlexity

TC (Trndzvs’ ccaveaging ) € O( ns) TC(dezvs> Ccaveraging ) € Q( n)
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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
Ll 4 gfi)
X 0giy=gPt9
ax (P07 =B( 2 3

Theorem Maintaining network connectivity

u()e X (PID, P - (D o
p[i](| + l)e Xdis((p[i](l)a p(| )) /Mamtalmng Cdgc
H Py - p“](I)H2 <r— H P+ - plia +1)H2 <r
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H Circumcenter control and communication laws
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algorithm Simulation result

£

constrain set J Circumcenter law with control bounds

and relaxed connectivity constraints

functicn ctl(p.y)
% Includes control bound and relazed G-ronnectivity constraint
L Pgoat = CCLURY U{Prcya | for all non-null pros € u})

o 2 X =Caaglp, Pl | for all non-null prora € ) CH(P, o
3 rot RIP, Bgoat, X) — P -

- {hans, teva relax constrain sets ~ Agents have compact
input space

Tokyo Instituteof Technology

Correctness and complexity of circumcenter laws
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correctness of the circumcenteer laws

1.on the network Sy ,the law CC_,,,achieves the exact rendezvous
task T,

rndavs

2.on the network Sio the lawCC,,,,,, achieves the € - rendezvous
task T,_naws

" Temama(P) = trus
3 = o — avrg ({09 | (i.5) € B (P)})l2 <5, i€ {1,....n).
3.if any two agents belong to the same connected component
at |
continue to belong to the same connected —
=) .
component for all subsequent time

4. @ :1( p; s Py) icall time complexity (d=1)
(a)e:gp‘r‘gsﬁhzzymp”“"a Y | Syx ® TO(T 00 CCoens ) € O(N)
S, =
: . . Sip
®) pr=pjorp—p [,>r |rc, .

CCoreremr ) € O(N” log(ne™)
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Proof: Theoreml
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Dimension 1 G (1) is connected
% {2,...,0-1} is neighbors of 1
R R T - Worst case
{2,...,0-1} is neighbors of o
(1] [o-1]
iy = PO+ pN0) i
pr)y=——F7—"— 5
\\'}/
p[y](l)e[pl”(OHpW(O) p“1<0>+p[”(0)+r} Mo
2 ’ 2 e
2 2
dedyce
[“0)-p"©) _r i 1] r
i1y - pioy = P <L p'@)-p() <
p(1) - p(0) . ; 5

m) - o=
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Proof: Theoreml1
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0e of e

e | PO+ P 1 a-1
2 1 T ® o 1
o-
(11 (1]
p(2)— pl(0)> P (1)+2P (1)_pm(0)
(=11 1y _ pl! (11 (]
> P <1>2 p"0) % [p (0>;p (0>_pm(0)]

1 r Move greater than
2 (PO0-p )2 mp £
4(p ©=p7O) 4 /4 in two time steps

Ldiam(©0(R)  TC(T e, CCosenires ) < diam(co(,)

ndavs 9

@ © 60 @ @ ©
diam(co(R,))
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Proof: Theoreml
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Cl CZ
ec oo e ooe

U4 (1) is not connected

. Connected component
don’t change

4
- TC(dezvss CCCRCMCNTR’ B)) < ? g‘%(co(c))
diam(co(C)) < (n-1Dr ¢== co(C) is connected

) TC(T, o CCoroucnrs) € OM)

Lower bound
diam(co(p,)) = (-1 B TC(T, o, CCorocnrns ) 2 =1

‘ Tc(Trndzvs! CCcrcrrK:ntr ) € @(n)
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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 wise line-of-sight connectivity
N Constraint set XW dlsk(pl‘l p ;Q.;)
[ 11 r

line-of-sight connecnvny Constramt set

:/ ws GIS((p P Q)
o — {XE Xy s (U, Q 0 P (P}

L= Lan On the network Sj_gg the law  CC e crements

- ‘ achieve the task T, e
Relative convex set
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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

® Voronoi-circumcenter control

® Voronoi-incenter control

® Limited-Voronoi-normal control

® Limited-Voronoi-centroid control
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Deployment
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Robotic network : S, S, Seices

Assume : no two agents are initially 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

3.Move toward this center

Diff h aleorith ‘ Geometric center
itterence cach algorithm Partition of the environment
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H Voronoi-centroid control and communication law
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expected-value multicenter function

Haa (P, P) = ZL(P)Hq p[,¢(a)a

/ Make voronoi cell ‘ *\@/ < [ @
tompll Py & ¥ p

CM,(9) = ( 5l ——Jas@da . A= [g(add
A Direction of motion
[

Gradient of the distortion
multlccntcr function H g

h‘. ; _- . ' Optlmlze Haq
w - (maximize)
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CC\/RN owiro algorithm

Simulation result

Voronoi-centroid law on planar vehicles
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Robotic network Sees Simulation result

p(t) = v (t)(cos( 8 (1)), sin( 6" (1))
0v =6t , o

CCurn-cnmmo-ovimcs al gorithm o

T _tistor -y (P) =true
if|p" -CM, VI <&
cM Theorem correctness
On the network &, ,the law
1, (c086:5in0) CCly_cro achieves the task T, yu. L

9 and optimizes H g

Tokyolnaituieof Tamology w

(—sin@,cos )

Voronoi-circumcenter control

Tokyo Institute of Technology

Robotic network S Simulation result

CClr—cromeents algorithm Y S > 4N

How to cover a region with disks of
minimum radius ?

e | ot 8l P € 1) He (P o) = masxlsnllln Hq pH
ik Maximum over the network
not thin - of each robot’s individual cost
about ¢

ost Theorem correctness
He (P Py) On the network S, ,the law

= CClr imi
lergax}qil-lal\ia()lcj)Hq pl, - Curn_cromontr Optimizes H.,

Move toward furthest vertex — minimize ﬂ
Tokyo Institute of Technology

Voronoi-incenter control
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Robotic network S Simulation result

CClrunenie  algorithm

Maximize smallest radius

He(pisp) = min qu P, dist(p;.08)}
N Maximize the cost given by
// 7 not think the minimum distance to
\.\\ : _'l about ¢ the boundary of V

— _ Theorem correctness
Ho (P, Py) 0&' - On the network S, ,the law
HCOSt CCru-nevm optimizes H,

= min min
el n}quV(P)Hq P

away from closet neighbor maximize

Tokyo Instituteof Technology Fujita L aboratory

Limited-Voronoi-normal control
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Simulation result

| “ GO0 . 4y

Robotic network S

CCyrovrn_new. @lgorithm ‘ A

Hura (P PO =2 oy g, (@0
TS

(P)=true

—r—area—dply

___Lin\e search if H.[vm(p>aa§<pl",r/2>n”(qW(Q)quz =€

Theorem correctness
On the network S, ,the law

W optimizes H,..»
L. achieves task T, e
maximize SRl
Tokyo Institute of Technology

Limited-Voronoi-centroid control
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Robotic network S Simulation result

CCum_van_cnmo@lgorithm ‘ :

T
ifp" - oM, Py, <&

(P)=true

—r—distor —area—dply

Hdisfa.e,,./zm,-npn)=—Zqu—p.Hf¢(q)dq+L _ (a)dg

L (P)NB(p.r/2)

Theorem correctness
On the network S, ,the law
CC\um-vru-cntro optimizesH e

And achieves task T, ssor_area aply
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probleml

deployment
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Don't reach
and search
this area

Move density
function

L — —mma

problem1l
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example

Move density
function on circle

l

Achieve the search
and deployment
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probleml
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Applies this method to
before environment

Search trajectory

Achieve search of all impotent place and deployment
But don't flock all robots

Tokyolnsiuted Techology —mma

problem2

Tokyolnstitute of Technology

Each robot don’t get the
Same reward

Inner > outer

Outer side robots say lie

In this position you can get
many reward!

Change inner robots
density function
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