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Background

These days, Event-driven [-based, -triggered] Control gets much attention
12ACC
9 related presentations
TUM Workshop on Oct. 2012
“Event-based Control and Optimization”
Prof. Fujita attended and talked
NecSys12
5 related presentations
CDCI12
3 related sessions

Tokyo Institute of Technology

“Event-triggered and Self-triggered Control” (Tutorial Session)
“Networked Event-based Control”
“Event-based Control”

Many Recent Journal Articles
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Background

Technical Issues on Implementation of Feedback Control Laws

Most of works assume ideal continuous-time feedback, i.e. do NOT consider
computation of feedback control laws with embedded microprocessors
sensor action: collecting and processing information
actuating the controller updates
digital communication (for in particular cooperative control)

Tokyo Institute of Technology

Time of

It is important to assess to what extent we can increase the functionality of
these embedded devices through novel real-time scheduling algorithms.

Event-driven Control [1-6]
The control signals are kept constant unti L‘.(t)
condition on certain signals triggers the r

real u

Compared with time-driven control (i.e. ¢
and fast sampling rate is applied to guara
scenario, the possibility of reducing the n
of transmissions, while guaranteeing desi ol
event driven control very appealing.
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Background and Resear ch Objective

Tokyo Institute of Technology

Technical Issues on Implementation of Cooperative Control Laws [7-12]

Although each agent actually acts in an asynchronous manners, most of works
assume a synchronous implementation strategy regarding the control action
updates and the scheduling of data transmissions among the coupled agents.

Event-driven Cooperative Control

It is favorable that trigger conditions is defined by local
information of the same neighbor agents as those of laws.

Previous Works: Attitude/Pose Synchronization [13-15]

[13,14] consider communication delay, but does NOT - i 1
consider other delay elements '

Research Objective
To propose a event-driven pose synchronization law, conduct
convergence analysis and clarify the remaining issues to be solved
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Today’sOutline

= Background
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» Simple Introduction to Event-driven Control

= Introduction to Event-driven Cooperative Control
- Event-driven Consensus Problem under Bidirectional Graphs

* Passivity-based Event-driven Pose Synchronization

- Passivity-based Event-driven Position Synchronization
under Strongly Connected Digraphs
- Analysis of Passivity-based Event-driven Attitude Synchronization

* Conclusions and Next Challenges
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Introduction to Event-driven Control
-_— Tokyo Institute of Technology
The simplest example (based on [2,3])
Dynamics State Feedback Law ISS Lyapunov Function
&= : R SR g im () =
{;,r:.r rauyeR  uw=—ky k>0 i (:}75: |:> r]_]:];.n{r)_[j
The implementation of the state feedback law on an embedded processor is typically
done by sampling the state at time instants #q, ;. {2, -+, computing u(t;) = k(x(t;))
and updating the actuator values at time instantsty + A, ¢ + A, t2 + A, - - -, where

A > 0 represents the time required to read the state from the sensors, compute the
control law and update the actuators.

In this talk, we assume A is negligible, i.e. & << #;47 — #;
Therefore, the actual state feedback law becomes
u(t) = —ky(t:), t € [ti, tiv1). (constant for [t;, ti1))
Measurement Error
elt) := ylt:) — y(t), L€ [tintin) B ylti) = y(t) +elt)
Closed Loop System

&= —ky(t;) = —ky(t) — ke(t) = —kx — ke
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Introduction to Event-driven Control
L Tokyo Ingtitute of Technology
Convergence Analysis V is NOT continuously
ISS Lyapunov Function differentiable
— 1 2 T e — 2 3 2
V(z) = Ez |:> V =2t = —ka® — kxe < —Zk|z| +I@

trajectory of gap and threshold

I Jef? < 2Jaf?, o € (0.1) (*) holds, then we get
V< —%k(l —o)|z|* <0.

Therefore, we set the following trigger condition 7 i B -
V3o Yo 13 Fs r; ry

—|z|. (** [ k.
|e|> 2 |T| ( ) Image of Trigger Condition [1]

If (**) is satisfied at time ¢; , then w(t) is updated to u(t) = —ky(t;) . Namely,
e(t;) = y(t;) — y(t;) = 0 holds, and thus (*) is automatically satisfied.

[3] claims that the simple execution rule (**) guarantees global asymptotic
stability by construction. E> ?? (Future Work)

[ Question on Feasibility of the Scheduling Policy j

Is there undesired behavior like Zeno bahavior [16]?
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Introduction to Event-driven Control

— Tokyo Ingtitute of Technology
Theorem ([3, Theorem I11.1]
There exists time 7 = 0 such that the inter-execution time {t; — #i—1 }icn
implicitly defined by the execution rule (**) is lower bounded by
ti—tiy 27 YieN.

Proof: %o
Since || = | — kx — ke| < E|x| + k|e| holds, we get ?
dlel _ eb _zile _ lelll | Jallille o
dt l| ~ lellz]  |xF T Jellx] |x|* ti L+Ttia Tt

|\ kx| + ke o[y
= (1 + U) 1 (1 + U) Ka| + el _ L-(l + U) fOrt € [tistinr).
EVAE] || Jac] |z

Thus, if we define = := |e|/|x|, we have # < k(1 + z)* (2(t;) = 0).
Now, find é(t) s.t. & = k(1 4 6)*, ¢(t;) = 0 satisfyingz(t) < ¢(t) .

. k(t —t;)
= > 1.
Then, we obtain ¢(f) T—ri—dy 2 1
. Vo Va3
ti+7)=—F— PR A.c—
Since ¢(t; +7) 5 »wegetT T o
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. Introduction to Event-driven Cooper ative Control
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The simplest example (based on [4])
Simple: Consensus, Bidirectional connected graphs, Synchronous approach
Dynamics Control Law Lyapunov Function Candidate

I =u, r,un,eR  u= z i — i) Viz) = %:TL:
i€ {1, --.n} FJENG
B Jim |ri(t) - 2;(8)] =0 i, j € {1,++,n}
Event-driven Consensus Law Goal
ui(t) = Z (aj(t:) — xi(8)), £ E [tistizn) fli}]; lzi(6) = 25(6)] = 0 7, j
JENG

ti iy
Measurement Error (constant for [ #1)

eilt) 1= ait) — 2ilt), L€ [tistin)) B @ilts) = ait) + eilt)
Closed Loop System L € R™*": graph Laplacian

i =—Lax(t;) x € R™: stacked state vector

=—-L{z+e) e € Ju": stacked error vector
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. Introduction to Event-driven Cooperative Control
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Convergence Analysis
1 T o Ty 2 TrT 2
V(@) = 5" Lo B Ve = " Lé = —||Lal|* - 2" L” Le < —|La[* + || Lal | LI

Lx . ,
I ”, o € (0,1) (*) holds, then we get V, < —(1 — o)||Lz||* < 0.

If flell <o
L1l
Therefore, we set the following trigger condition Veis NOT continuously
L differentiable
fell > o AEL s
14

[4] claims that the simple execution rule
(**) guarantees average consensus by
using LaSalle’s Invariance Principle of
hybrid systems [16]. I::}‘?" (Future Work)

Average Consensus

1
li (t) = = 1(0) Y
Jim z;(t) - ;:1 z;(0) Vi
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. Introduction to Event-driven Cooperative Control
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Theorem ([4, Theorem 1])
The inter-event time {t; — ti—1 }iex implicitly defined by the rule (**) is
lower bounded by a strictly positive time 7.
Proof:
dlell ___efi  (Za)TLifle] _ lle]llil 4 JELEWlel
di||Lall  lellll Ll lLzl® = llelll| L] 12
HLHHGH) JIEd [} ( HLHHEII) La|| + ||Le ( HLHHEH)2
=(1+ < |1+ < {1+
( Lzl /| L] [l Lzl (I L] [l 2zl
Thus, from the same analysis as inp. 8, ] ==
- ]
we get T= ———.
8 T T 0+ o) m
We next challenge the following issues: -

atll |
in

Bidirectional — Strongly Connected
Synchronous — Asynchronous il
Vector Space — SE(3) U Tine

Error Energy — Individual Energy (Passivity Approach)
Tokyo Ingtitute of Technology
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Passivity-based Event-driven Position Synch.

Tokyo Institute of Technology.

Interconnection Topology: Strongly Connected Digraphs
Dynamics Event- driven Position Synchronization Law

pi=w, piv €R =k Z (pi(t) — mi(t)), ki >0

i€ {1, --.n} JEN:

Pilt) = pi(ti), _t € [ti. ti.,) represents the last broadcasted output
information of 7 at its event time ;..
Bi(t) = pi(th), te[th b, ,) denotes the last transmitted output
information of j at its event timety.

Measurement Error Goal
eilt) == pilt) = ilt), L€ [t they) [_lun llps(t) — pi (0] = 0 ¥i,j
pi=ei+ P
Trigger Conditions

(a): based on [10, 12]
e > 2 sz 185 — Bl -
T N e (P - PIII

Tokyo Institute of Technology

(b): more restrictive

Y ien, 15 = Bill?
€ (0,0.5) lles]| > —=isA 2
Z.

. Passivity-based Event-driven Position Synch.
Tokyo Institute of Technology
4; = () : determined by the
strong connectivity

Convergence Analysis (based on [10, 12])
. . . 1 & i N
Lyapunov Function Candidate: V, = 3 Z Tl_||_,,i||-

V= _ —." pi= Z Do el =) =3 Y wlei+5)T (5 — )

i=1 jEN; i=1jeN;
n
= Z Z { (7 —pi) — —||;1J -l ) (calc. process is omitted)
r IJE\

- ol 2 2| Vis NOT continuousl
E =1 ! (”}EZ\;@” 2};‘“ ®_®I ) differentiable ey

7Y jen, 15i — ill? "
”ZJE\ (P; Pl

v, < — (— - n) z"' z l5; — p:ll” < 0. I$ Trigger Condition (a)

=1 JEN;

If Jles|| < € (0.0.5) holds, then we get

[10, 12] claim that since 1, > 0andV}, < 0 hold, one can further conclude
that lim ¥, = 0, i.e. lim ||;(t) = pi(8)[| = 0 ¥, j. B ?? (Future Work)
t—bo =0

Passivity-based Event-driven Position Synch.

Tokyo Institute of Technology.

[10, 12] moreover claim that we get lim_ e;(t) =0 " from

a3 jen, 1B = Bill?

Ilm 5;(1) = ()] = 0 i, § and ||e; L.
I(0) = B0l = 0 i and i) < B

Discussion: Whenllim (x,y.2) =0, x,y,z € R, we can NOT obtain
—oe

Counter Ex.)

o IR
1 r4+y+z=10

=0. (e lim e(t)#0 i
o o+ y+ 2| ( [ ! )

Thus, we should use (more restrictive ) trigger condition (b). Then, we get

oY sen 05 = Bill* o en, 155 — Bill)*
o = - =0 z [l7; = pill-
Zien, 15 = Bill 2ien, B = il

[lezll <
FEN
Therefore, we can get lim ||e;(t)]] < lim o S sty — ) =
JEN;
Then, we conclude lim ||p:(¢) — p;(t)|| = 0 ¥i,j : Position Synchronization
DO
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. Passivity-based Event-driven Position Synch.
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Lower Bound Analysis of the Inter-execution Time (based on [12])

d . . _ _
For £ € [t ti) , glledll < el = Il = k| 3 3 —p,-}||holds.
JEN;

So, the evolution of ||e:(| during [¢;.. 1}, )is bounded

by the solution to 6= k;” Z b = i) “ o(th) = 0.
JEN:

o en, i = Bill*
E_,‘e,\'_ ”ﬁj -l
73 jen, 1P - pil]*

Z,‘e_\'. l#; = @il >
i< o jen 55 = il (> 7Y jen; 1P — Psll"" Y
ki (Cew, I1Pi = Bl [E5en. 05 = \™ k(S P — mil)* )

When [|7; — #il| goes to 0, how to assess 2

Is there any constant value a > 0 satisfyingr; > a? (Future Work)
Tokyolnsteol Temolony w

Thus the time for ||« to evolve from 0 to

is lower

bounded by the solution to ¢(t}. + 7) = and we get
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. Passivity-based Event-driven Attitude Synch.
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Dynamics Event-driven Attitude Synchronlzatlon Law
Ri = R, Ry € SO(3), wl e R®  wi() =k Z sk(RY ()R (1)), ki >0
i€ {l,.--.n}
— Goal
{f() Ri(ti), t€ [t i) [— ||||| H(RT( HR;(1) =0 "i,j
Ry(t) = !?(fﬂ,) te [t .‘.L..__])

== >
Measurement Error and Its Norm ”I Rlly 2 0

(@): ei(t) := R (DRi(1) € SO3). t € [thatis) |:(> Ri = Rie;
wles(t) = te(f — RY (1) :(1) 2 0
(O):ei(t) = sk(Ri(1))” = sk(Ri(t))" € R, 1 € [t thyy)
B> sk(Ri)" = e +sk(R:)"
llea(8)]| = [Isk(R:(1)* = sk(R:(£))"]| > 0

Sincesk(R;)"¥ = £sin 6 holds for appropriate £ € R?, # € R, the
measurement error (b) should be defined in# € [—x /2, 7 /2].

Tokyo Institute of Technology

Passivity-based Event-driven Attitude Synch.

-_— Tokyo Institute of Technology
Convergence Analysis 1: Measurement Error (a) i > 0: determined by the
strong connectivity

Lyapunov Function Candidate: Vg = 3 z v (R;)

[y _Z “(sk(R:)" z 3 vlsk(R)“)Tsk(RT R;)¥
i=1 i=1 jEN;
= Z > vilsk(fien) ) Tsk(RT R)Y
i=1 JEN;
T 1 .= o3
= z r,(ll{‘ak (Riei)sk(R! R; )]) (n b= —Erl'(ﬂb), a.be R )
r_l JENG
Lo . S
= -3 2 2 wltr((Rie; — el R)(RI R — Rf Ry))
i=1 jEN;
- _é yite(Riei R R; — Rie;RT Ry — e RYRT Ry + T R RY )

Tokyolnaituteof Tamology _mm@

. Passivity-based Event-driven Attitude Synch.

Tokyo Institute of Technology

Tool tr( A) = tr(l Y, tr(A + B) = tr(A )+ te(B), tr(AB) =tr(BA)

Z > vite(RieiRY Ry — RieiRTR; — ef RTRI R + e R R R:)
i=1 JEN

B T tr(ABC) = tr(BCA)

= “Z 2 vitr(Rie BT R; — Ries R R:) (tl'(,-lBG]yén'(,-lCB}
i=1 jEN;

- z > yite(Riei R (I — Ri) — RiesRY (I — Ry) + Ries(I — R Iy))
i=1 FJEN: =

——Zz,n{n+1?’)( - RI'R)))
.} ) [, 0 holds |

Z Amin(Ri + BD)te(1 — RTR;)
(tr(AB) rll'(:l)lr{B) failed orz... 15 5,

Tokyoinditteof Temology wm@
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Passivity-based Event-driven Attitude Synch.

Tokyo Institute of Technology.

Convergence Analysis 2: Measurement Error (b) ~ 7i > 0: determined by the
strong connectivity

Lyapunov Function Candidate: Vg = z —v,{R }

|:>1,f=z o k(R ZZ Yilsk(R;)") T sk(

i=1 i=1 jeN;

:1.
5"
=

;Z Z Yiles + sk(R)) T sk(RT R;)Y

i=1 JEN;
:er{sk.‘?rﬁ’)v+zz VIsk(RT ;)Y
i=1 jEN; i=1 jEN;

: z;"""”"'”|| 3 s(RIR)Y| - 12 D idmin( B + Rr)tr[f - RIR))

=1 FENG i=1 jEN;

Therefore, we have to guarantee j7;(t) > 0 (i.e. R;(t) > 0) “t >0
under the proposed event-driven control law (Future Work)

Tokyo Institute of Technology.

. Passivity-based Event-driven Attitude Synch.
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‘"<z .II~r|I||Z sk(RT Ry)*| - 12 Vihmin(Ri + BT )Z (I - RTR;)

E,c\ '1“_an)
Aenin (R +R;}”Z -, sk( RTR; }"""

Vi < - (—i —0) Tdnin@+@) 3 (1 -@TRY < 0.

e ‘ V,is NOT continuously
Therefore we obtam’hm_ P(RT(OR (1) =05, differentiable

We next check whether lim e;(t) = 0 "i holds. Similarly to p. 16, we utilize
t—oo JR——
oY ien, tr(I — RTR;)

If fles]| =

o € (0.0.25) holds, then we get

Trigger Condition: ||e;|| = - o —— . o€ (0,025
&8 Wil > o + R S ox Ik o 7 € (-0
Discussion: The condition implies I'Hopital's Rule
) (1 —cosx)+ (1 —cosy) + (1 —cosz) lix 1-cosd _ im sin ¢ _
llell <a Tsine]+ [sing] + sin7] o0 sinB | po0s cosd
(Future Work)

Probably, we can show that rli'n:c et) =0"i ie. ||||| G(RI(OR; (1)) =0"i,].

Passivity-based Event-driven Attitude Synch.
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Lower Bound Analysis of the Inter-execution Time (based on [12])
For t € [ti. fi11) s
a. v é I = Lk, - gy
e < el = | k)| 2] (skcra) | = 31 = £V
1 . . Jp— S ;
SR — @R = SII(Rask(RT Ry) — sk(RT ;) RD)" |
(omit Xjen;)

A

1 _ o o .
= 5 (I(Rieisk(RT R;) - sk(R] R;)" el RT)” |

= ?7? (Future Work)
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Technical | ssuesto Be Solved

1. Strict Convergence Analysis

Tokyo Institute of Technology

Is it OK to claim the convergence to Ker(L) from V' < —(1 — a)||Lz||* < 0°?
2. Strict Lower Bound Analysis of the Inter-execution Time
How to assess 7. when ||ji; — || goes to 0 ? %{Hr,-”;”zjf‘\,l (B =m:))?
3. Continuation of Convergence Analysis in the Measurement Error (a)
eilt) == BRI ()Ri(t) € SO(3) EY V< 72
4. Guarantee of Positive Definiteness of Each Orientation
To prove that if 7;(0) > 0, then R;(t) > 0 (i.e. R;(t) > 0) *t > 0 holds.

5. Continuation of Convergence Analysis in the Measurement Error (b)
”Z_jc,\‘, tr(I — RTR;)

lim ||e;|| < lim =0
oo =

v Amin(Ri + RI)|| 2 e, sk(RTR;)Y|

6. Continuation of Lower Bound Analysis of the Inter-execution Time

i||";I| = ... (inprogress...)

dt
Tokyo Institute of Technology

Conclusion and Next Challenges

Tokyo Institute of Technology

Conclusions

« introduced event-driven (cooperative) control problems through the simplest
scalar examples

« proposed an event-driven position synchronization law and proved convergence
under strongly connected digraphs

« proposed an event-driven attitude synchronization law and analyzed convergence
« clarified the remaining issues to be solved

Next Challenges s s
¢ Detailed analysis of convergence to the set of equilibrium points = _ ZN
« Derivation of the lower bound of the inter-event time i ";;I.’['J'

* Verifications through simulation and experiments
* To finish writing Ph.D. thesis

Submit the conference paper to 13CDC
Submit a journal paper with further results next spring
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