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Relative Motion Messaging

Red robot Is gesturing to the blue robot

Use motion itself to communicat
iInformation, rather than using

motion to Improve performance c
other communication media

_____________________________________

Dhananjay Raghunathan, John Bailliehl,
Exploiting Information Content in
Relative Motion ,ACC 2009
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Ap p I I Catl O n S Lane Change Maneuver

¥Alternative in noisy radio environment

¥ Stealthy communication with radio silence

¥Secure low-bandwidth communication :
¥Difpe-Hellman Key Agreement Scheme

¥Motion Camoul3age

¥Formation Motion .

¥Gestures in a robot-human interaction context Formations

¥Codebooks, orthogonal polynomials Reconbguring formations
using information in

motion

Overtake Maneuver
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Signaling Paradigms

Message .l€rm.

Offset Signaling o .“-....
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Robot Model

Unicycle

XI = vsin!

¥l = Vvcos!

u = -

DubinOs vehicle
v = Vv.>0

Ve < "max
lturn radius| > 1" max

Variable speed DubinOs vehicle
v € (0,v] y
NIV < "max (“max > 0) O0<Pmax 1 =
lturn radius| > 1/" max
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Curves for Message Encoding

Curve geometry

C=(s,! (9)) Parameterize message C
| (s) is a smooth function of s with respect to the paths
1" (9)] y of the receiver robot
K@ (D= ! g
Ca(s,! (9) &
Kinematics— Geometry -
ant, = O
d(s) ds
RO
T @)
% — d—S! (S) Dhananjay Raghunathan, John Bailsplpiting Information Content
dt dt in Relative Motion ,ACC 2009
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Control Challenges

ManifoldM

\

Red robot Is gesturing to the blue robot

We need to develop a control law that has
Yatracking part, that keeps the red robobn the manifoldM
¥anoverlay part, that encodes informatioalong the manifoldM
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Coordinate System

J. Balllieul and A.Suri,
Olnformation patterns and hedging
brockettOtheorem in controlling
vehicle formations,O CDC 2003

Control
Il = ! vcos" + v, cos(" | #) Cooperation
G = 14 vsin" ! v, sin(" ! #) and
| State feedback
o= $!$ linearization ...
vi > O
BOSTON
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Control Strategy

Partial Feedback Linearization

Vv, cos( !
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Straight Line Trajectory Tracking

A controller exists that makes the state [ o," 0,0, 0, 0]'

Theorem _
asymptotically stable for "o ! (" #/2,#/2),!0> O,v, > 0.

Stabilization Is about a trajectory, with both agents
moving with non-zero linear velocity
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Tracking Messages

Signal Source
& = Vi
1 o(S) = lo! 1scos(' sS)

#o(s) =  #Ho+tan' (1" ssin("sS))

sup| #o(s) |< $/2
s" R
Vre=S 08 =0 8 Ns(0) = 0 Qs i=Tlq i

Theorem - There exists a local
control law that is able to track the
prescribed sinusoidal input trajectory
with bounded tracking error.

JORNI)
T(0) 1 o(t)

#(t)

Proof is by Lyapunov theory.
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Protocols for Messaging

Synchronization
Messaging
Termination

Red robot Is gesturing to the blue robot

O
Synchronization  Messaging Termination
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Ap p I I Catl O n S Lane Change Maneuver
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Developing Codebooks

How manydistinguishable messages can be transmitted given
vehicle constraints, sensor constraints, and a control law?

N (s, Bu(s))
\ L (s, ! 2(9))
<« L —>
1 51(S) " Ba(S)! # Smgﬁ |p(S) " po(S)]
i 2
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Information in Control Operator Null Space

x’l_: Ax + Bu,y = Cx,x(0)=0
() = Llu](®)= LU DBy, L:C[0,7]! CY(0,7],R™)

0
x(T) = Bu)(T), B:C°[0, T]! R"
The range of P is a Pnite dimensional vector space spanned byB(, AB ,448A"' 1B).
The domain of B and hence,Ker (), reside in an inPnite dimensional function spact

Possible Control

T Structure YO = Uonral (1) + Ucomm (), ! [0,T)

Communication Problem

y . Ty () = e R e
max  min w2(t)dt ! Epax Optimal o
Ucomm (t) U control (t) 0 Control W(O’T) — eA(T#t)BB "eA!(T#t)dt
0
Ax + Bu
X(T) = Xt Message 5
( Ucontrol (1), Ucomm (1)) COdlng and Ucomm ( ) 7

Find {! «} such that Span({! «})! Ker (P)
e o
s L Ker(@)! Hamming H(i,!;) ! sup PL[P](t) ™ LI ]t)!

t! [0,T]

Ueomm " Ker (B) DB H(!i,!'j) > hc>0
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Information in The Null Space of Linear Systems

Triple Integratorl'X‘ = u(t)
e
min  u?(t)dt

From Linear VL R 9
SystemsTheoryu (t)=3 — 7.5t + 3.75t

a3 w2 s 1 e
Null Sp"?‘ce U dt S Esi g () dt =" LAt u ) ditsE0
constraints o 0 0

Theorem For an N-integrator system, an
orthogonal polynomial sequence generate

uc(t) ! {w(t)Pi()};_ ! Ker (P)
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Information in The Null Space of Linear Systems

[0,0,0]
X (1) T

From Linear Systems Theory
u*(t) = 83.69% 31 12802 %' +47.14e~ 1

= 1 ¥, il
Null Sp’-:lCE e tug(t)dt = . e Au(D)di=E s e Fuc(t)dt =0
constraintse 0 0
Use polynomials in the null-space as mess

Uc(t) = ag + ait + axt® + ast® + t*
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Optimal
Trajectories

Trajectories
with message
encoding
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Camouldaged Communication

10
osf
Related work ong

- M.V Srinivasan, M.Davey, OStrategies for acti
camoufage of motionO, Proc.Royal Soc.B 19c
- P.Glendinning, OThe mathematics of motion
camouBageO Proc Royal Soc. B, 2004
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Harmony between

Polymomial Root Counting Came
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Welcome Polynomial Root Counter!
Clicked: (-0.842 ,-1.046)

Score: $40.20 (Total won $2.40)

v fix)=41.707 0671 x-1.193 x* 4
185 x? 40.441 x* +1.504 x° -0.4 x* 40
18] x7-2.804 x"42. 738 x"-2.84) x'* 42
O8] x* 42.6]1 x* 0041 x" 40,445 x*
#0596 x“ 41 314 x*+1.0x

Search strategies in games
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The End
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