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Introduction

Today’s Objective
« Discussion about Technical Results for the 51% CDC
(Wewould like to submit 2 papers for CDC: the other oneis about Visual Feedback
Pose Control with a Target's Velocity Model (Namba's Bachelor Thesis))
Introduction
« Autonomous Pose Synchronization on SE(3)
Next work
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« Relative Information-based
« Flocking Algorithm?

‘ Necessity of survey about recent publications about PS, Flocking: by middle of Feb. ‘

Contribution
« Autonomous approach: Completely relative information based
Each agent does Not need global information such as defined in the world frame
» Wider class information topologies: Strongly connected groups
Most of works assume bidirectional or balanced graphsin spite of unnaturalnessin
nature (Flocking [1], schooling, etc...)

[1] M. Ballerini, et al., “Interaction Ruling Animal Collective Behavior Depends on Topological rather
than Metric Distance: Evidence from a Field Study,” PNAC, Vol. 105, No. 4, pp. 1232-1237, 2008.
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Rigid Body Motion
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Kinematics of Rigid Bodies »— :
Vb,
Swj
0j -

Pose (pui, ") € SE(3) A 3”
i={1,--,n} Vi Ay T 227 W
- - T e

[Exponential Coordinate for Rotation } Yuwiy

oy ! : W /L b
£wi € RP: rotation axis /o Guk_Vok
T I e = = Frame ¥,
T World Frame 1., L

0.i € R :rotation angle .
Homogeneous Representation [ ro

AHE w0
Gui = [

V : Inverse Operator of A

Body Velocity Vil = gt i b, € RS linear velocity
Ve I':;.-, € RS [k b c Rixt wb, € R® :angular velocity
v Woni 0 0
Rigid Body Motion

Rigid Body Motion

b
Vi =5 | Gwi = (Dwir €

. _ b .
Guwi = g'wivwi (D Gwi = .‘]u:i"’::b/i
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Graph Topology

Graph to Represent the I nterconnection Topology
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Wi, w21
Graph G: Graph consists of atriple(V, &, W), where V 5 2
isafinite nonempty set of nodes, £ C V x V -
isaset of pairs of nodes, called edges and W54 W2
W isaset of weights over the set of edges. 4 4@03
G:=(V,E, W) : Graph Vs = {2}

V:={1,---,n}: A set of verticesindexed by set of rigid-bodies
£ CV x V: A setof edgesthe represent the neighboring relations
ei; € £ 1 Anedge from node: to node j
neighborhood NV; : A set of rigid bodies whose information is available to rigid body i
wij, YW A weight on an edgeg;; and a set of weights over the set of edges
ZjGN, wi]- lfl:]
Weighted Graph Laplacian L, = {L,;} == —w;j if jeN;
0 if j ¢ N;
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Pose Synchronization

Goal: Pose Synchronization
A group of rigid-bodies are said to achieve pose synchronization
if
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Jim Ylyiye;) =0Yijev @
—+oo

Controlled e puitdi] _ [efv g
s = I _ 0
Output =" ] 1 0 1

d; € R : position biases
1 2 g i
Pyi) = 5llawillz + 9(e¥™) 2 0

(qb(eg”“")::%tr(l;; _ (zé""")z 0) Pose Synchronization

U (thi) =06 yui = Iy Eq. (2) Ywi oy Vi€V

From the definition of the output #.: € SE(3), pose synchronization means both
virtua positions and orientations of all the rigid bodies converge to common vaues
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Previous Result 1[2]
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Proposed Velocity Input K; = diag(kpils, keilz) > 0

T e~tui ) Gwi — Juj Pl 0 i
i,m._-h,z(e..,,[ 0 Lllske-ttetteyv )T o ettuiflwa @

€N
: ! relative poses
Vy= [_‘ "’ ] £ R common desired linear and angular velocity — (w, = (e ¢%68%)¥)

Wiy

Fact 1 [2]: Pose Synchronization with Desired VVelocities

Consider then rigid bodies represented by (1). Then, under the assumptions
that there existse*™ such that e~ <*=e~4¢¥~: ¥i & v are positive definite at the
initia time and the interconnection graph G is fixed and strongly connected,
velocity input (3) achieves Pose Synchronization in the sense of (2).

Technical Problem: Vi isdefined in theinertial frameX,,
i.e. NOT completely autonomous

[2] T.Hatanaka, Y. Igarashi, M. Fujitaand M. W. Spong, “Passivity-based Pose Synchronization
in Three Dimensions,” IEEE TAC, 2011. (accepted asaregular paper) ﬂ

Previous Result 23]
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Leader: Rigid Body 0 )
Assumptions: vho = const., why =0 (€™ = const.)
Proposed Velocity Input

I bW o
Ui StUpg 1EV

wi 4
ﬁu:l = kei ( Z n‘usk{ri_éa""ﬂéﬂ"’]v + (',n‘,”sk(f'_éo"" r'.éﬁ“”)v) @
FEN;

Fact 2 [3]: Leader-following Attitude Synchronization
Consider then rigid bodies represented by (1). Then, under the assumptions
that e **'¢**=° ¥i € V are positive definite at the initial time, the interconnection
graph excluding the leader G isfixed and strongly connected and there exists
at least onei satisfyinge; = 1, velocity input (4) achieves Leader-following
Attitude Synchronization defined by vi.; = 1o, Jlim é(e™*"es"0) =0 i€ V,

e; = 1if 0 € NV}, e; = 0 otherwise

Technical Problem: w},, = 0 and NOT consider position coordination

[3] Y. lgarashi, T. Hatanaka, M. Fujitaand M. W. Spong, “ Passivity-based Attitude
Synchronization in SE(3),” IEEE TCST, Vol. 17, No. 5, pp. 1119-1134, 2011.

Fujita Laboratory

Discussions
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Difficulty of Pose Synchronization with Desired Body Velocities or

L eader-following Pose Synchronization
From (1), pui = €*"='2",; holds. Thus, if each body inputs v, instead of <"1,
in (3), then the following equations hold.

Pui = €7 vy + kpi Y wij(qui — qui) : depends on ¥

JEN
Puj — Pwi = (€571 — 8Py + ke z Wit (Gt — Quj) — kpi Z Wit (Gt — Gui)
cannot be canceled €N TEN;

Namely, the effects of orientations appear in position dynamics. This causes that
we can NOT use the strictly nonpositive properties of {7 where

n

1 1 :
= il =— ,,.,;:': — ety ) .
> gl + folef*=)

i=1

The same fact holds for Leader-following Pose Synchronization.

X Zl N:ﬁ”q“.(, —q,,.,”:‘j [In [3], U := Z .'” , {a....‘.sn...\]jl
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Approach for PSwith Desired Body Velocities
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Main ldea
Key Property: ¢t sk(et?)¥ = sk(et®=)¥  (5)

If weset w',; = wl, +wy (w.isdefined inthe body frame), then

He) = (sk(e=))Twl; = (sk(e¥=))7 (whyitwa) = (sk(e¥)")T (why+e~ i)
the same as (3)

[ Namely, the frame does NOT influence the time derivative of ¢(e"' |

Attitude synchronization with a desired body angular velocity
can be proved by the same approach as Fact 1

Approach for Position Synchronization
Puj = Pui = {(,E'ﬂ..-, — i Yoa + kpj; Z Wit{Gut — Guj) — kpi Z Wit (Gt — Gui)
convergeto 0 by AS IeN; 1EN;

We consider the additional term emerging by the desired body
velocity as the perturbation term for the position error system and
use Lemma9.4in[4]

[4] H. K. Khalil, Nonlinear Systems, Third Edition, Prentice Hall, 2002. —m

Pose Synchronization with Desired Body Velocities
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Velocity Input K; = diag(kpif3, keilz) > 0

. . —80ui ) Gui = GQuj
S g | € h vy
Vii=—HRi Z (H.u |: 0 I;‘]Lk[t'_”"'*r'w"" ]VD er ] (6)

JEN: =0
relativeposes  common in body frames

vy
W

| Velocity input (6) is completely based on relative information: |

Theorem 1: Pose Synchronization with Desired Body Velocities
Consider then rigid bodies represented by (1). Then, under the assumptions
that there existse*™ such that e =</~~~ ¥i ¢ V are positive definite at the
initia time and the interconnection graph & is fixed and strongly connected,
velocity input (6) achieves Pose Synchronization in the sense of (2).

Proof
Jim afe~*"et"1) = 0¥, j £ V can be proved by the same approach as Fact 1
and the property (5).
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Pose Synchronization with Desired Body Velocities
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We next consider the position error dynamics written by
o — ot = (650 — P Yo + ke N Wit (gut = Qug) = Ky 3 wa(Gut — ui)
LEN; lEN;
We define g € R*"~"! asthe stuck vector of g, 1) = i "i € V\ {n}.
Then, the dynamics of g isgiven by
= Ag+ Bug, (7)
where A € R¥"-1=3n=lisalinear constant matrix and B € R*"~"/*" the matrix
whose vertical block elementsare ¢*«i+1 — 8% ¥i g Y\ {n}.
From the results of Fact 1 under the condition that 1; = (), we can conclude that
when B = (1, the equilibrium point ¢ = 0isexponentialy stable.
Wefinally definey := Bv, and regard g asthe perturbation of system (7).
Then, we obtain the following inequality.
n—1

llgllz < IBllscllvallz < 1Bl llvallz = 3 24/ é(e £0uief0uian) ) luyo
i=1 convergeto 0 by AS
Thus, sincerlim_ g = 0 holdsfrom AS, rI'm._ ¢ = 0 holds by the same approach as [5].

Namely, Pose Synchronization is achieved in the sense of (2). O

[5] T. Hatanaka and M. Fujita, “ Passivity-based Visual Motion Observer Integrating I nternal
Representation of 3D Target Object Motion,” Proc. of the 2012 ACC, 2012. (submitted) m
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Wider Class I nformation Topologies
Strongly Connected Groups

We define m (< n) strongly connected digraphsG; € 7, i € V' := {1,-++,m},
where each node forms the largest strongly connected graph including itself.
We next define new digraph ;' := (1, £') where we consider (; asnew nodesi & V'
and set new edges ¢}; € £ € V' x V'if there exists at least one edge from one node
inG;tothatin ;.
Graph Assumption (GA)

(GA 1) Graph (7 isfixed and includes at least one strongly connected group

(GA 2) Graph (7' has a directed spanning tree unnecessary
Tokyo Insituteof Technology w

Wider Class Information Topologies
—-— Tokyo Institute of Technology
Strongly Connected Groups
Lemmal
[Under the assumption GA, graph G is acyclic.
Proof

If there exists acyclic path between node i, j € V', (7; isnot the largest strongly
connected graph: contradiction to the definition of (7;

Gf
H—) the largest strongly connected graph

[ Corollary 1 |

Under GA, the root of the spanning treein G is uniquely determined.

Corollary 2
Under GA, there exists at least one node in G which obtains information
from only the root of the spanning tree.
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PSin Wider Class Information Topologies
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Velocity Input K; = diag(kpils, keilz) > 0
. : —f0ui ) Qi = Quj va
b . i~ Qwj
Vai=—K .j; (H.u |: 0 J’;‘]Lk[t'_”"'*r'w"" ]VD + L‘.r] (6)

Theorem 2: PSin Wider Class Information Topologies
Consider then rigid bodies represented by (1). Then, under GA and the
assumption that e~ *"¢*" ¥i j € V are positive definitefor all t = 0,
velocity input (6) achieves Pose Synchronization in the sense of (2).
Proof
Theorem 2 can be proved by using Lemma 1 and the following lemma.

AV
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L eader-following Pose Synchronization
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Leader: Rigid Body O
Assumptions: vty = 0, why = wy

Goal’: Leader-following Pose Synchronization
{ Jim Y(ymivuo) =0 €V (D —‘

Velocity Input e; = 1if 0 € N;, e = 0 otherwise

= . y—=El i _ r
Vii=K; (Z wj [‘Fl\'{( _6'[._:“"'_‘;';50;{';i,)] + ciwig ['ﬁk(r‘ —ga:‘:.l.!.l‘:,éﬂ..‘il;.\‘.)}) + {ijf] (8
FEN;
Lemma 2: Leader-following Pose Synchronization
Consider then rigid bodies represented by (1). Then, under the
assumptions that «*'¢"=* i € V are positive definite at the initial time,
the interconnection graph excluding the leader G isfixed and strongly
connected and there exists at |east one i satisfyinge; = 1, velocity input
(8) achieves Leader-following Pose Synchroni

zation in the sense of (7).
Tokyo nsituteof Technology




L eader-following Pose Synchronization
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Proof of Lemma 2
Key Property: g(e="wefr) = (sk(e™8s et )V)T (b = o780 gfPwigt

= (sk(e™*" et~

14 can be canceled
(l,((. w“pgq"_.,) = (kaf' {F,\,{I{ﬂ".n}'\-')f [J“'I?r'U _ k'ﬁ-."

= —(sk(e™%" g€ JM ( z rr‘,;JHk(f-_é&" 1effei)V :‘,;u',-“&sk{('_‘é”"‘('éo" "}I"')
FEN .
Namely, w, does not influence the trajectory of dfe =%
This property allows us to use the assumption that ¢~
definite only at the initial time.
We next consider the following potential function.

. 1= 7 R i 0w
U= 3 5 _I.‘J.., llgwo — quills + E s - (e i glfun) >
i=1 =1

Then, the time derivative of U isgiven by

Togoindiuteof Temology _m

=0, (thesame as wy = 00)
tfe0 ¥i ¢y are positive

L eader-following Pose Synchronization
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n T i b

U = Z . [ Gud = Gui ] ﬁf;i 0 [!’j’u.“ — i ] eSfwiph
i 2 | sk(e—80wi gE0uo)V 0 %,""‘ Wao = @il wacan be canceled
- q q N q q,
. il = Guri . wi = Qui
N —Z Vi | gef o€t €0un -«] (Z wij [ €0 s v]
— L}\(f I )] = ski(e I )
Fuo — Qi
+eitwip Lk(r‘é"---pé“'ﬂ)“])
n T

e Z Z _— [ Gud — Gui [ Guj = i ]
. TilWi | 1 o= o)V sl &= E0wi pEfus |V

T jen: sk(e € ) sk(e e )

=Y~ ciwio (1190 — guill3 + llsk(e 4+ e¥0) V| 3)

i=1

(o0 — Qi) (Gws — Gui) = (Guo — Gui)” (Guo — Qi — (Guo — quj))

1 2 1 P | N
= =|lgwo = quill = 5llguwo — r.u.-;ll-ﬁ + = l19wo = gwi = (quo = wi)ll
2 2 g WSw0 ™ Hwi = A8l = Yo/l

= 0 for the total energy Guj = Qui
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L eader-following Pose Synchronization
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(sk(e S0 €00 ) V)T gle(e=E0mi 00w )V — (gk(e™ 80w g€0u0 V)T gl (080 pflun o —E0uo o€ )V

o > . 1 - e Py L > ;
> e 5"":'*'*")—0[(- &I"“U""‘]‘*'Eﬂ\uu..{!‘ £0ui gffun 4 o “""l'&'"')ﬂ[l' {9.,,{}{»_,1

= 0 for the total energy > 0 if 780w 00 s positive definite
. 1 N : . s A _ . A
Us-33 va-.rr-.3(||f;.,-, T e Cattd)
i=1 JEN;
-Y cwio (h»- (G — Guill? + keillsk(e 80w e0w0)V ”5}
i=1
<0

LaSalle' s Invariance Principle

Togoindiuteof Temology _M

PSin Wider Class Information Topologies
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Proof of Theorem 2

From Lemma 1 and Corollary 1, the nodes of (" are divided in the following
five groups.

+ one root which does not get information from any node (1)
+ nodes having the root as only the parent node (2)

= nodes having only one parent node other than the root (5)

+ nodes having multiple parent nodes including the root (3)

+ nodes having multiple parent nodes other than the root (4)

For thefirst strongly connected group, Pose Synchronization is proved by Theorem 1.
Thus, al rigid bodies in the group achieve acommon pose and movein Vy; after
sufficient time.

We next consider the second group.

From the above fact, we can regard that the second group has the same |eader after
enough time.

Therefore, from Lemma 2, pose synchronization is achieved if the relative orientation
matrices between the leader and the bodies are positive definite for al ¢ > 0 .

Tokyo Institute of Technology

PSin Wider Class Information Topologies
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L
Note: In this situation, the body having multiple leader neighbors has to multiply the
number of them by the second term of (8). But the analysis does not change.

Then, we can regard the rigid bodies in the first and second groups as the same leader
after sufficient time.

Thus, similarly, the group which has both the first and second groups as parent nodes
or only second groups as the parent node achieves Pose Synchronization.

By conducting this analysis recursively, we can prove synchronization for all groups.

Need to analyze transient § = Ag + By +h
statesin detail: Leader’ stransient velocity
Present reports soon

which convergeto 0
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Discussions
—-— Tokyo Ingtitute of Technology

»Compared with Fact 1 or Fact 2, we need the assumption that the relative orientation

matrices between all rigid bodies are positive definite.
Thisis because that the node in the parent group will become
the leader and moves regardless of the child group.
of {

move regardless
*Theorem 2 implies merging of some flocks. 1,5}

R

Probably, we can extend the results to brief connectivity loss by using dwell time for
strongly connected group or spanning tree structures as shown in the above figure.
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Discussions

Flocking Algorithm

The proposed input (6) includes cohesion and alignment rules for flocking.
For the separation rule, we have presented the following velocity input.
al

. = :—fffu-.{{ o= Qi) e~ 50wi B4 ‘.—E'IJ...,.
Vi=—K; % € Qi — Guj e Brwi | | + 5 i
wi (Z Wi Lk[‘.,--it’ru;, E0ui M .Z . 0 e~ o

EN
Probably, we can show the boundedness of position errors as follows.

Tokyo Institute of Technology

caf(callpe(0)|[3, t) 8(-,) € KL
However, we need the following strict assumptions for the above results.

+ Graph is unweighted bidirectional connected.
- All position gainsarethe same, i.e. ky; = k, "i € V.
- Desired velocities defined in the inertial frame.

Since these assumptions are not suited to the last results, we postpone presenting.

Togoindiuteof Temology w

i Pe @ position error vector
llpell2 < max (rer"- g, )




