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Introduction

Background
Coordinated Networked Control; Practically, this research field will
be much needed in human life.

The deployment of autonomous vehicles could perform tasks such
as: == : 1
1. Search and Recovery Operations.

2. Manipulation in hazardous environments.
3. Surveillance

4. Environmental Monitoring.
Goal

To drive the sensors/agents to the -
position such that agiven regionis ~ + <=
optimally covered by the sensors o
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Literature Survey R
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A. Gusriadi et.al (2008) : “ Coverage Control for Mobile Networks with
Limited-Range Anisotropic Sensors”

*Coverage control problem solved by limited-range anisotropic sensor
*Using Probabilistic approach

A. Kwok et.a (2007) : “Energy-balancing cooperative strategies for
sensor deployment”

*Coverage agorithm for mobile sensor networks with various energy
initialization and different control laws.

*Using Weighted Metrics to the corresponding generalized Voronoi.
eLocational Optimization Problems are solved by cost function

S. Martinez et.al (2007) : “Motion Coordination with Distributed
Information”

*Surveying methods to model spatially distributed problems, encode
various coordination tasks

*Through appropriate cost functions, analyze stability and convergence

properties, and design motion-coordination schemes. n
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Basic Theory - Original Voronoi Diagram
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The Properties Plane = R?
p, : site points e % o
q : free point e . @ -
c.\vmonn% edge < ey ®
v : Voronoi verte: o
e 7 @
* ’ -l
L]
q ® e
J)i

A partition of RV is a collection of n polytopes

A ={Aq,..., A} with disjoint interiors whose union is RV,

Basic Theory - Original Voronoi Diagram
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The Methods :
There are alot of methods to develop an original VVoronoi Diagram.

Thisis one of them

Vorona Tertes

S T |

1. Pull the aline between two adjacent sites.

2. Then, pull the perpendicular line of line (1) and through the
middle of the line (1). * See Left Picture.

3. Erase alinewhichisin the area of asites. * See Right Picture
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Basic Theory-Weighted Metrics
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« Theareaof asite which isbordered by VVoronoi edge can be
transformed or change by maodifying the function of the sensing
radius of asite.

» The sensing radius can be modified by using the weighted metrics,

The following weighted metrics yield non-equivalent Voronoi

Partitions.
1. Multipli

1
dofap) ~la—rl
2. Additively Weighted

ddary=lk—rl—w
3. Power Metrics
dlg.p) =R —-plF —w
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catively Weighted

H Basic Theory - Original & Generalized Voronoi Diagram
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¢ Original Voronoi Diagram :

vip) =fee®¥|lg—ml < le—pllvi= i
#{F) ={¥(p). . ¥ip)lwhere fori € §1,_,n}

L
/

5

This radius is changed..
* Generalized Voronoi Diagram :

¥ = {g & B g < da.ps) VI = 1}
dap}=lg—pl*—w => Power Metrics (example)
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Basic Theory - Sensor Model Formulation
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* Most of the sensors such as camera, radar etc have anisotropic characteristic,
* We consider the coverage problem with an anisotropic sensor model.
* The performance of this model depends on the distance and the orientation

to the target.

+ Let  be a polyhedron in %2
¥ Let R be the maximum sensing radius of an

agent

+ Let p= (py - ...Pybe the location of the
agents moving in the region

¥ Let 8 = (B, ... ..., By Ybe the arientation of
the agents moving in the region

The kinematic model of the agents are given

by: G+ 1) = )+ )
&G+ 1) = &(1) + 7@

k iy the irerstion index, 3;(E) and w;(E) sre the control jnpot of sensor i

_mmm&

Tokyo Institute of Technology.

Basic Theory - Sensor Model Formulation
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The sensory domain :

Q¢ ={g € @&:dy = RNIx;| = 6]
where

d=l-ml=0
m=m4((1_mﬂ"l)) R

llg—nll
ae(0.7]

Assumption : P
R =>> All scusors bave constant smd idcatical sensing radios

R is maximum (=020 _ o W0 _gurpg
sensing radius L Beitn) By s

=> The sensor can sense only initsregion

Pilg) = {w if g € @ => Sensor model used in simulation
o otherwise
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Basic Theory - Optimization Problem
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N
Plgp8)=1— 1:[[1- P@]
1

=Joint Probability that this event ()
is detected by the others agents.

of maximizing the
objective function defined by
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The optimal coverage problem can be
formulated as an optimization problem

Fp.0) = L $q). Pla. p, Dida

where: #{g) = density function

_ﬂm

Basic Theory - Gradient Flows Approach
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F(RH)=L¢(Q)-P(Q p.6)dg 1 ‘ Optimization Problem Formula ‘

E=J.Q¢(Cl)ap(q' p’g)dq
Small changes of agents position
Lm [-ral [M G Dﬁ}dq ........ @ | will affect the optimization value.

o p do
Llﬁ(q)ap(qu
8:9

R 9o
8 L¢(q)1‘[[1 P(q)]( ] q.....
So that, the result of equan ons (2 and (3 respectively are:

Small changes of agents orientation
will affect the optimization value.

f @I]0-Ad [ d_Rz);‘f =i £ 2a, :}gf -Rf mzm’(qfp‘)w(qu‘),-)]-dq
! =

‘:.m=Hq—p.H= @-p)’+@-p),”

S =@ qu)l[-w. z ].dq | z=(a- p){-sing, cosd),)
96, keN R0 -2 i
i I'=(q-p, )cos8,,sin6,)
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Simulations - Original Algorithm
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v

Tnother agent
X+ is in

“Another agent
N is in

Caleulating the
Sensory Domain of
Agent (X+N)

Caleulating the
Senory Do of
(X +2)

Caleulating the
Sensory Domain of
Agent (X+1)

“Another agent M\utl\er sgent
X+Dis in

Sensing Area, aensmg Ares
v

Calculating the Agent Calculating the Agent Caleulating the Agent
(K41 s Do el (X+2)'s Detection Probability GXN)'s Petection

; =

Gradient |

“Another agent
N is in
Sonsing Area

Flows Approach

< Po
reracony

The Poin
Sensi

v

a %
Detection Probability
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Simulation of PreviousWork - Result | (
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Assumptions : Infinite Energy Supplies
y(M)Agents Positions (time: 2500's) ymAgents' Positions (time: 5000 s)

O e - F m oW nomw o wm
x (m) x (m)
M) = 40— 01l — Aull Goal
wiare Ay = {240.320) To drive the sensors/agents to the
Tnitial Comdition = Agent { X, Y, Oricatstion) position such that agiven region is
A{18.700); sC{RIn optimally covered by the sensors
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Simulation - Result | (2)
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x(m) Y Pt Pl y(m W) AqEmiel Posilion
- ==y
E
el =3
= -
=wCenter fonal
el A — »
L] L]
a L]
“ T ™~ e . s e L] _— s FoAd Ry B
—w ow_m Time(s) —_ - w_—n Time(s)
o= S Pt - Dhgectiee Fumction
i .
= ——
B s //
™ L 7
[ ]
" M.\m 300 s —sam o ] 3 ™ S
ol
o + Each agent moves smoothly
R = Tme® ||e  Achieving the targeted area

« Objective function is maximized
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Proposed Idea (1)

e Consider the limited energy consumption of each agent.

» Using the concept of weighted metrics,

e Calculate the relationship between the energy consumption and
sensing performance.

1
dw(a.p) = llp — qll = Multiplicatively Weighted
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*Since encrgy related to the sensors” then the maximnm
value of radims of sensory dowmin will be nfloenced by the energy
supplics R(Ex).
The following equations will describe theidea:
P -
R(Es) = 7—Rpnay T
& Runiogna ||
Es-_Enﬂg_rC-Ilinul 9 Ex
By Miaxinmm Encrgy
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Proposed Idea (2)

which will give an effect on the following sensor model :

(di = R(Es))*(a; — )%
> Pi(g) = — TR ifqge @
R(Es)?0
Assume: Before: (4, — By (=, — 8)
« Theenergy will be decreasing Bl = e Heek
proportional to the trajectory o Fidld stharwise
- —
Effect : B0k | =
+ The sensing radius will be - :
proportional to the energy - Df:g“‘y
contained Es = Region
R(ES) = —Ry, =
Eﬂ’la}' w
FROM NOW -

Assumptions: Finite Energy Supplies

Initial Condition mRm cwae
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Developing Simulation - Algorithm
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- ‘
Senso’s Pasion <t

“Another agent
(X+2)is in

Sensing Area

(X+2) s Detection Probability

ng the Agent
(X+1) s Detection Probability

The ontisin
rved Fic

v

The Point is in

] v
v
There are some addition and
Detecton Probabiy l:l modification
inside the block ﬂ
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Developing Simulation - Result | (1)
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Developing Simulation - Result | (2)
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y(m Agents' Positions (time: 2500 s) :;m) Agents Positions (time : 5000 s) o [ —————— o [ ———
Initial Condition : - il o ———
Agent = - nt "is
(X, Y, Orient, Energy) == - = = — |= m
A0SO S00);  m - = S — et | A Rippte
BO B o - I |2
C (10,10, 0" 500 - - ’u [l .
- = et e S e
- - Analysis: . Dfessice Farcion
"t m omomoamomom”, pom o m om w *Sensors are moving ineffectively. | == T
o omom oo () e om0 <) Those movement will cost more | ==~~~
Analysis: energy. o = If
Sensors are still covering the targeted area very well although *Objective Functionis close to " = - =
their sensing radius are decreasing maximized i 5
Possible Root Causes :
1.Thereisaproblem in the algorithm
ﬂ 2.Gradient Flows should consider the time or ener
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Developing Simulation - Result | (3) Developing Simulation - Result I1 (1)
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Related to previous slide
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‘ Assumptions : Finite Energy Supplies and Different Initial Energy

3

Initial Condition : v
Agent ( X, Y, Orient,
Energy)
A10T00F RO ;
B{10,30, 0%, 400) ;

C410,10. & ;

Analysis:

Low Energy
Agents are almost
impossible to
reach the high
density region. So
that, the agents
lifetime are not
guaranteed

) Agents' Positions (time: 2500s) v Agents Positions (time: 5000 s)
Ll ]

) Ref:A. Kwok eta (2007)
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Developing Simulation - Result 11 (1)
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X{¥) Scmsanrs’ Position

=
2

Y(€) Semners’ Position

=
2

&
2
&

|

?

..uss%uu
7

&L
] - ‘TT_-_; 1 ] ) F - - -
— — 2 Time® —n —n % Time (9
1 H )
Iﬂrr_\ln I
Andysis: _'_ Obfective Fonctisn
*Rippleistill aproblem in this case. -
+An agent will move inefficiently (in -
ripple) before it reaches the highest o e
density region. ] l
«Objective Function is maximized : - -
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Developing Simulation - Result 11 (3)
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Conclusion - Summary
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Based on those specifications (previous work), each agent is able to work
together and cover thetargeted area at itsoptimum.

With aslightly modified algorithm,

*Each sensor isableto meet itsduty to cover thetarget area,

«It appearsthe new problems associated with lifetime of each sensor and,
*Motion sensorsthat are not effective with respect to energy consumption.

These problems will be the focus for settlement on the future work.

Conclusion - Problem to Tackle
Tokyo Ingtitute of Technology
1. The energy could be completely exhausted. (Agents lifetime are not guaranteed)
-
-
- |
a
a .} R AR o] L]
il il - Time ()

2. Thereare quite significant ripples in agents movement.

x(m) b yim b
=0
- —— ——
— " )
R e — N — S ™
-
e
- -
o b ol
. Wt a0 e wam  wm| o o s e o
S— Time (9 Y il Time (9

3. Thissimulationisonly valid in flat region
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Proposed Solution and Future Works (1)
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1. Reducing any ripples which is occurred on sensors/agents
movement (there is no problem in the algorithm) :
Thereare at least 2 aternatives :
a Designing new sensor model approach related to position
and energy contained (currently on progress)
4 ar

B B+ 1—E) .
Ppnby=——— [ E'(t):_l’ilhl—m’a
b. Designing new control system which is suitable to this
new condition

2. Designing the optimum pattern of energy station to recharge 4
the energy of agentsin order to guarantee the agentslifetime
3. Generalizing the energy consumption equations with respect
to three dimensional region in order to satisfied odd (not flat)

regions C\:\%ﬁ N
4. Considering the vehicle model &\- :

L Al
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Appendix (1)

Tokyo Institute of Technology

od, _da-p|_da-rl a@-p) 1

ap, ap, a(a-p)I\_ P,

od, __da-n]|

o da-p)

ad_ [aG@-p)." +@-p),") aG@-p).’ +@-p),)

ap, a(a-p)x ' aa-p)y

ad; _ | 29-p), i 29-p),

P 2f@-p) +@-p),7 2)@-p)E+@-p),’

ai?[Z(q—p.)x 2(q—p.)xj

ap, 2m ' 2m

o9d; _ _(a-p)_(p -9 > >
ap, m Cm >—-|~'~m=Hq—p.Ha/(q—p.)x +(-p),
od _(p—-9)

a  [a-pl

__ Appendix (2) Togosiute ey

e a[cos’{ (@-p; cosd, sin 9)]\}/ Alcos™ x) _ 1 (\x‘ <1)

la-pi op, T
op B
L. 1 la-p]
o \/LW o,
la-pJ*
1 (@-p)’+@-p), a-p)
ap, I L\ 9(q-p,) p 1= (q-p, }(cos6,9n6,)

2

5 (a-p;), cos, +(a—p,),-siné, 5 (a-p,), cos6, +(q—p,),.sin6,
da, m Ja-p).F+@-p),? Ja-p)F+@-p),’
. Jmeoi? aa-p,), ' aa-p),

Tokyoinsituteot Temology w




Appendix (3)
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o . (oose‘,m—(q—p‘).(wSH,,éﬂ&)-% s‘ng_mf(qu‘).(cosS,,Sins‘),w
o L m ' m

9 1 > i ] ? i
ﬁzm(wsﬂm ~(a-p, Meosd, Sng)(a- p),.Sng.m* - (a-p, )(cosé,,sné, J(a- p), )
90, _ 1 [(@=p)’cos6 +(a-p), 086 ~(q- P c0s6, ~ (- P).(q- P, sinG,
o mm® 1% (a- ), sn6, +(@-p),"sn6, ~ (- p),’sin6, — (- p.),(d- p), cosd,

da, 1 {(q—p‘)f-oosé’.—(q— p‘)x-(q—p.)ysin&,]
M men? - 17 | (- p),C.Sing, — (A p),(d- ), CosE,

a, 1 (@-p),l@-p),.cos6 -(a-p),.sn6, ),
E_mzm[(q—p‘)x.((q—p.)x.sina—(q—p.)ycosa)}
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Appendix (4)

do; 1

i

o mJmE I

B [(qu.)yz, ]
D mAm? 12\ (@-p),-Z

L L
ap,

((q— p),((a-p){-sing,,cosé,

)} ]
-(a-p),{(a-p){-sing,,cosh,)).
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J¢,

T
4_&(@— P)y—@- Py

. z=(q- p){-sing,,cosd), )|

i

M mAm?-1?

a( (@ -R (e, —9)2]

R (q) R6* (g
Tod, ad, e
R(a) _ 2(d, ~R)(e, - 6)’ R
o R26? 9,
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Appendix (5)
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- (@=p,)(cos6, sing)
o f[“’"‘ = ]}

29 26,
a[(qu‘ )-(oosﬁ.,sina)]
2, _ 1 la-p.]
% \/17 ((a-p.}cos6, sing ) %
la-plf
a[(q-mxmsa +<q—p‘>y.s'ne.]
o _ 1 J(@-p).*+@-p),’

26, iz 26,
B

(a-p,), c0s6,+(a-p,),.sng,
———

9, m m
90, 12’ 96,
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Appendix (6)
de, 1 dla-p),cosg +(a-p),-sng)
36, Jm -7 29,
doy 1
%, ot p,){~sing,cosd,)
dog 2
0, Jmt-I?
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