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Categorization

Decentralized
e Local control and communication
e Behavioral control, swarming, etc.
e Large number of robots

e Loose mechanical coherency

Centralized
e Central control and communication
e Precise mechanical coherency

e Relatively small number of robots

e Single robot or multiple robots more or less the same
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Issues of Their Own

Decentralized
e Desired behavior only from local interaction

e Partial connectivity and latency

e Collision avoidance vs separation prevention

e Provable emergent behavior

e Consensus/synchronization on graph

Centralized

e Central communication and control expensive

Precise and tight coordination

High performance from real robots

Real robots w/ complex dynamics, constraints, etc.

e Hybrid position/force control, behavior decomposition
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Decentralized Physical Interaction Control

e Simple first-order consensus equation: P P .
3";1- = — E wij(m’. — 27]) e P V4 20e————04
JEN; Ny o ©

3

where N € V is information neighbor on graph G = (V,€,W).
e Each robot abstracted by a simple dynamics (e.g., point mass in R°)
e System communication/control restricted by the topology of graph G
e Closed-loop dynamics:

&=—Lz, =[z1,Z2,...,Tn] €R"

where L is Laplacian matrix with A;(L) > 0 with 0 being simple iff G has
a spanning tree (i.e., marginally stable).
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Decentralized Physical Interaction Control

e Total control law = collective control + local control

T; = 'u,i(t) — Z 'wij(m,- — Z‘j) = t=-Lr+u
JEN;

e u;(t) € R3: collective control for some agents to drive whole group (e.g.,
human command, virtual leader)

o w;;(||zi—z;]|): local control to maintain coherency while avoiding collision

on graph G s

e How to maintain local behavior (e.g., avoidance, coheréncy) even with
unpredictable u;(t)? (cf. string stability, Swaroop et al, TAC96)

e Collective control u;(t) often cognitive, whereas local control w;;(||z; —
z;||) typically mechanical

e Pseudo physical interaction < indirectly via motion control
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Multi-UAV Teleoperation

- issues/challenges:

- single user can manage only small-DOF

- information-flow among UAVs should
ut be distributed, yet, no collision/separation
under arbitrary human tele-command

* semi-autonomous teleoperation
= teleoperation + local autonomous control

ipter'}gt 1. UAV control layer (bakcstepping):
1 - under-actuated UAV tracks its own
kinematic virtual point (VP)

2. VP control layer:
%,’r - NVPs as a deformable flying object on G

‘
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- deforms to obstacles w/o VP-VP separation
or VP-obstacle/VP-VP collisions

3. teleoperation layer:
- PSPM for flexible/stable teleoperation
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Distributed VP Control Layer @

- render N kinematic VPs as a N-nodes
deformable flying object with
artificial potentials distributed over
connectivity graph G

- same architecture can be used for
connectivity . ) j .
graph G interaction with real objects

: O
internet VP2/ Obstacle . .
kinematic VP

Pi(t) == ub 4+ u§ + u?

VP-VP VP-obstacle
potential potential

«10* inter-VPs and VP-obstacle potentials

¢ : | ; T T T T T

—inter-VP . B o
- =) ut m = 3 22l = plP)
° j . - ¢m s (Ilpi — pilIH)"
VP-VP/VP-obstacle Ve api

collision avoidance —

i JEN;
separation N neighbors on connectivity graph G

preservation

8 & lp = p2lD”
01 02 03 04 05 06 07 08 09 1 0o ._ 8(,0W Pi — Pp
U; = — —_—
Ip;
r€0; v bstacle set
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Swarming Property [TMechi13] @
Bt = u s V) = Y el -l + 3 Y i sl

i=1 jEN; =1 re0;

Prop. 1: Suppose |[uf|| <@Vt >0, and, ifV(t) > M,JatleastoneVP,s.t.,

L i

o VN4 O 8, =1 if seNg;
GEN: Ips reo; Ops

=2 8, =0 if sgNt

Then, allVPs are stable (i.e., bounded p;); noVP-VP/VP-obstacle collisions; and
no VP-VP separations.

N N N
dv 0p3; o9\ . . , ; -
o3 (5 3 %) b oWy M
i i=1 i=1

i=1 \jeN; Ip; r€0; Op; .
=W I £ O— ut
)\ 2 72 )
(=Y N o V@ <M emdneal g O detsa
2 4 collision —~l o collision
i & Q O «—ut

- only one VP needs to detect V(t) = M, w/ potential not exactly aligned
- stable for any bounded teleoperation command uf <« guaranteed by PSPM
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Experiments

dlstrlbuted multi-UAV teleoperation: adapt to narrow passage

‘K‘amera

Human command

distributed multi-UAV teleoperation: flying-over obstacle

3D, Representation

168 Feedback D

Human commar N
/r oree feedbad

* flying-over obstable w/o inter-UAV collision/separation * squeeze/reconfigure w/o inter-UAV collision /separation
on graph G under arbitrary human command on graph G under arbitrary human command

* joint work with Max Planck Institute for Biological Cybernetics, Tibingen, Germany

haptic teleoperation of UAV multi-modal semi-autonomous teleoperation of UAV/UGV

* open cap using UAV teleoperation with haptic feedback * multi-modal semi-autonomous teleoperation
and communication delay crucial for complex real-world applications
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Multiuser Haptic Interaction

local copy haptic device
user 1 of virtual object user 5 (heterogen.)
(knoxville) >
- D)
vV user 5
{ (seoul korea) user

Q“%l user 4
5A

p2p

wers  |architecture” User2 01
(los angeles) y
0.25
user 3
deformable
virtual object synchronlzatlon

over Internet

user3
(chicago)

e Multiple haptic devices (i.e., robots) interconnected over graph G
e Each robot has "real” physical interaction with human
e Source of physical instaility: human-device interaction, information delay

e Consensus for consistency (i.e., coordination) and passivity for stability
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Discrete-Time Passivity

Suppose VO synchronization gains B, K; are set to be:

Nij+ Ny .
B, > % %mgxm(k)mj V usersi=1,...,N
J i

Then, total p2p architecture is N-port discrete-time passive- VM 2o,

o (k) fi(k)T3 (k)= V(M + 1) — 0)+ZZHu )3T

k=0 i=1

k=0 i=

Q\qf , Aoy - non-iterative passive integrator [DSCCo8]
user 1 4 N . . .
i = (B%r.  Dyserd + passive synchronization [ACC10]
@ - ‘mihfﬂ - extend [Lee&SpongTROo06] to discrete domain
20 g ‘e . .

Qizﬁ 3 . - robust stability for any devices & passive users
wer2 g . N/ - not require specific kind/number of device/user
> 0.25 ?\\/ Leer 3 — portability/scalability for heterogeneous

b/ devices/users
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Local Copy Synchronization

If user forces f(k)=0 and VO damping B is positive-definite, v,(k)— o and
VO local copies will be configuration-synchronized s.t.

|:‘.P+IN><N®I§:|( (k)—lN@)Td)—?O
effect of synchronization K effect of VO spring K
( ZjeNz Kij i=] . ) .
P,= i —K; i#jandej€é& - all the VO local copies’ configurations
Osnxsn  otherwise x(k) = [x,(k); %, (K); .. x (k)] eR3"N
K, /N converge to stable equilibria
Ki % x x(k) = null(P) N null(l ®K)
X3 - VO synchronization guaranteed
with null(P) = {x;=x;=d, deR3"}
Kine/N if G is connected [Huang&LeeACC10]
><4 mt :VO internal shape

\O i Ke/N K..: symmetry breaking
Kex/N , .
e/ Xig d e.g. if Ko = 0, x>x—>\®c, ceR3
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Network Topology Optimization

Which (connected) network topology should we choose?
— fastest mixing graph G, from the set of all candidates graphs G,

information mixing
model
pilk+1) = E Kij E ;B”p](k—ﬁ—l - Ni)
JeEN; FEN;

user i's information Kt information

state mlxmg strength
Dongun Lee@RSS Multirobot Systems WS 7/16/2015 [iNRoL
besttopology Experiments worsttopology

[-

* multiuser haptic interaction: best graph topology + multiuser haptic interaction: worst graph topology

st Togpollagy

ol syprecedl

Wt Topailogy

* multiuser finger-based haptic interaction over the Internet
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Centralized Physical Interaction Control

e Single robot as kinematic or dynamic system:

I & = Ji(@)di, Mi(@:)d +Ci(ai, di)ds = 7 + fi l

e If stack-up, multirobot system the same as single robot system:
t=J(@)g M@Qi+Clgdi=7+f

W/ = [E]_,m'2, '"1m’n]7 q= [q17 q2, .y Q’n]y T = [T177-27 "'1Tn]1 f = [f11 f21 eeey fn]s
J= diag[Jl, J2, seey Jn], M= dia.g[Ml, M2, seey Mn], C= diag[Cl, 02, ...,Cn]

e Null-space based control: with two tasks 1 = f1(q), r2 = fa(g), 71 of
higher priority,

g=Jtr + (J2P1)+[’I:2 — Jogi]

where P, is projection to null-space of J;.

e Hybrid position/force control: with the task specified by holonomic
constraint h(g) = ¢ (or ¢ = f(¢), ¢ = J(#)9),

7 = M(q)J(6)($a — Kuép — Kpes) + [Clg, 9)I(8) + M(q)J (¢)]$
+9(0) — F+ AT(@Da— K7 [ - At

ongun Lee @RSS Multirobot Systems WS 7/16/201:

Centralized Physical Interaction Control

e Kinematic or dynamic modeling of multi-robot system:

=J(q)g, M(@)i+Clg,i=7+f

e Null-space control, hybrid control = behavior decomposition
e Multi-robot with centralized control = more or less same as single robot
e Then, what is so unique about multi-robot system?

— Large-DOF = difficult to control all the same

— Large-DOF => richer behavioral decomposition possible/demanded

— As compared to a single robot, real multi-robot would likely have

* More complex dynamics (e.g., platform-arm system)
* More abundance of constraints (e.g., wheels, under-actuation)
* Heterogeneity among the robots

¢ Behavior decomposition w/ complex dynamics, constraint, heterogene-
ity ;
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Multirobot Fixture-Less Grasping

maneuver - total-DOF = 15

Slave

b 9% - three behaviors:
S N, 1) grasping

Rgbot 2

formation

(shape) — decomposition into these three behaviors even with

2) grasped object maneuver

sove nonholonomic constraints?

Robot 3

differential geometric setting

formation, 9
system

K. Kosuge et al, Tohoku U. nonholonomic

constraints

roup Formation
manifold M manifold N

orthogonal decomposition

w.r.t. M(q)-metric

DT = (DT QAT) & (D" QAL) DS
permi‘ssible permi‘ssible quotient: perturb
maneuver+internal grasping maneuver & formation
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Behavior Decomposition and Control

ﬁ\ave
. . bot 1
* hierarchical control >
) . Common i
= simultaneous/separate control of each behavioral ez S
\\ \\ obot
mode autonomously or teleoperatedly \ \.\ 4 />\/E
A -
N N
3 3 3 € y
. h t 4%
G = ME"+ (ua€” + 0, &) + Yl + > B+ D 0-& s &
/ i—1 “l i1 f k=1 ? Robot 3
f | [
graspin \ i simple
¢ | gresping ‘ autonomous
\ autonomous,

internal motion et rich
(avoidance, reconfiguration) yey, .
(or teleoperation?)

~» ~»
N "
* N * N <«<—  cognitive

required level

dynamics of ¢ under -modes: withu, = 1,u, =0 . of intelligence

object maneuvering

;1. equilibrium: ¢ =0,
h= X1 sindi (ifX;>0,¢-0
Q)ifX;, <0, ¢ >
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NPD Expression

3 3 3
j= A}é" (" €)Y+ DB+ 006

) i=1 » i=1 4 k=1 N
T A AL ! [ -
(D, n A, ) object maneuvering: | . grasping(D€):
grasping: simple tel i internal motion: simple autonomous
autonomous eleoperation autonomous (rich) P

P00 01 i—llycosdysinb} 0 0 Dcosop & |
100 0} i=llysing; sinfl 0 0 | sinoy & sinoy ;—11 !
10 01 0 0 0 I—sinory; cosorg
=1 0 0!} lycos(6} +6}) 0 0 | 0 0
00 01 -X; 0 0 0 0
00 0 0 —lyl3 cos ¢ sin B3 0 L cosoaRE  cosgadR
00 0 0 —lyl5 cos g sin 02 0 osinga £ sindg Sl
01 01 0 0 0 —singyg  cosdpg !
0 —-1 0} 0 Iy cos(H2 + 62) 0 ! 0 0
00 01 0 -X, 0 ' 0 0 |
10 0 0 0 0 —lyl5 cos @3 sin (7'% ! cos 03% Cos @3 \y,—i i
00 0 0 0 —lylacos oz sin 63 1 sin o35t sings % !
10 0 11 0 0 (,! ! —sin 03% cos 03% i
00 —1) 0 0 lycos(63 +63) 11 0 0 '
1 1 - 1

Li0 0 01 0 0 —X; : 0 0 i
R H

T
&l & ¢ $y)
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- autonomous obstacle avoidance using combination of
maneuver mode and internal dynamics mode
- rigid grasping enforced with no grip-holding fixture

- autonomous grasping control
- object maneuver haptic teleoperation
completely decoupled from grasping behaviors

- object teleoperation with interaction force feedback
- rigid grasping maintained regardless of object interaction

Dongun Lee@RSS Multirobot Systems WS 7/16/2015 o
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Quadrotor-Manipulator System

e Dexterous aerial manipulation using quadrotor-arm system is promising,.
e Quadrotor-arm dynamic coupling — dynamics formulation necessary.

o QM system dynamics very complex with 2-DOF under-actuation.

e Slow/imprecise quadrotor flying + fast/precise manipulator control.

e Reveal fundamental underlying dynamics structure; exploit it for control.

M(r)g+C(r,7)q+glg) =7+ f

center-of-mass
dynamics in E(3)
(codrse operation)

mrPr + 9L = 7L = AR,(¢)
AJE(T')'I' + CE(T', 7‘)7" =TE

¥ platform rotation +
internal motion

(precise operation)

P applicable to any vehicle-manipulator systems

[ =
quadrotor-arm coarse-fine control
[iNRoL
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Confiquration-Space Decomposition

tangent space decomposition o~
q:=[p;h0] €eR® r:=][p;0] € RT3 R\’/ é \\\- qeM
== Choose h(g) == r P oa )
= o=t [§400]0) G
N T EE)

passive decomposition [ICRA14]
M(r)i+C(r,r)g+g(q) =7+ f =)

center-of-mass

mLpL + gL = TL = A}20(q{>) T dynamics in E(3)
ME(T)’F + CE (1"7 'r)'f' =T +- platform rotation

+internal motion

e QM dynamics = centroid pr-dynamics + internal rotation r-dynamics.

e pr-dynamics = standard under-actuated quadrotor dynamics. o
e r-dynamics = standard fully-actuated robot-arm dynamics. 'CO;,,
e No inertial /gravity coupling w/ gravity only in pz-dynamics. il

= Composed of completely-decoupled py, and r dynamics on their manifolds.
= Generalize rigid-body dynamics in SE(3) to floating multi-link systerns.
= Applicable to any vehicle-manipulator systems (e.g., ROV, space robot).

Dongun Lee@RSS Multirobot Systems WS 7/16/2015
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Coarse-Fine QM-System Control .7 @

A
-

e Backstepping end-effector tracking control with redundancy

7]

_ . . dB
TLS\, $)+mpB(r)Mg' (r)re = —vep—aer+gr+n(r)+myfa—Aé,— 7

control redundancy: cooperative control

o Slow pr-dynamics w/ under-actuated control 7¢ (), ¢a) =>
1H(X, ¢a) := LPF [—vep — aer, + g1, + n(r) + mi[p? — kép, — 27| —mi((r)

o Fast r-dynamics w/ fully-actuated control 75 =>
mBMg' g = —ve, — aer + gL + n(r) + my[pE — kép — 7] — 1L(A, @)

e Trajectory tracking (ep,er,) — 0 guaranteed even with 77, # 7£.

e Latitude for 7¢: arm sub-task task ((r) = myB7 — ((r) (e.g., impedance).

¢ Singularity avoidance by adapting cut-off frequency w.(o(#)) of LPF.

¢ Redundant manipulator control 7 € nullspace(BMy'):

possible with kinematically

- Quadrotor attitude control to align 77, — 7¢. atoupled manipuiatar

- Optimal arm posture, collision/obstacle avoidance.

Dongun Lee@RSS Multirobot Systems WS 7/16/2015 | .' r:?.’ L
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QM System Control Examples

end-effector trajectory tracking coarse-fine control

tracking+obstacle avoidance admittance force control

Dongun Lee@RSS Multirobot Systems WS 7/16/2015 o
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Hierarchical Cooperative Control Framework

individual QM system control

r

" d df d " od I

object | 5> 7 [optimal cooperative foi)( stiffness | Pe,i QM 1

behavior | force distribution | model controller :
1

e Object behavior design: computes required object wrench to produce
user-specific target behaviors (e.g., trajectory tracking, compliant interac-

tion, etc.)

e Optimal cooperative force distribution: optimally assign contact
force for each QM system to achieve the target behavior under uni-lateral /friction

contact constraint

e Individual QM system control: admittance force control with un-
known object stiffness with coarse-fine redundancy resolution

@ P P P P X P P P P P
SrE Gj@ g P s BT
9
T o P
[ wy m“g
trajectorytracking physical interaction peg-in-hole
Dongun Lee@RSS Multirobot Systems WS 7/16/201: [iNRoL
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Object Behavior Design Layer

individual QM system control

r
1
1

N d - ; 1
object Jo T optimal cooperative Fo.)[ stiffness Pi,i Qam 1
behavior force distribution model controller |
a

¢ Object behavior design: compute desired objeet wrench to produce
user-specific behaviors (e.g., trajectory tracking, compliant interaction).

e Object rigid-body dynamics:

translation
dynamics

MoPo + Mog = fo + fext
rotation ¥ Iyt + wo X IoWo = To + Text *

dynamics
V! external moment

e Compute object wrench F, = [f,, 7,], e.g., for impedance control:

fo= mog‘{'moﬁg_"D(pg — Do +K(pg _po))

To = —YWe — 0[Ry — RTY
© p» X P ® P K @ B P & =
P < P o >
L_ﬁ/}Q I s

. ) [
trajectory tracking hysical interaction peg-in-hole
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Optimal Cooperative Force Distribution Layer @

individual QM system control
Fommmmmm—mm————
1
1

- d - - 1
object Jo 18 optimal cooperative | Jo,i![ stiffness P2 [ QM ]
behavior force distribution model controller |

________________ a

e Optimal cooperative force distribution: optimally assign contact
force of each QM system to achieve the target behavior w/o dropping
the object (i.e., friction cone constraint). 2

& &
e Jacobian relation: %@
()
T

Fo=Jdofo, Jo€RE3N

desired object Wrench/’ force of all N QM systems

where f, = [fo.1; fo2; - fon] € B3 is all N QM systems’ EF forces.

e J, fat matrix with friction cone constraints = constrained optimization:

Illinfs’fn alfsT‘fs + a{zf,,?fn <+—— minimize internal force
Subj. to FO = Joan + Jons <« normaljtangential

decomposition

VIt fai > pfai i=1,2,---N

friction cone constraint

Dongun Lee@RSS Multirobot Systems WS 7/16/2015 | .' r:?.’ L

Admittance Force Control Layer "

&

|
|end-effecton

Imprecise position control of quadrotor = force control.

o

Robot-arm likely not backdrivable = admittance control. chet

Local object deformation model with unknown stiffness matrix K,:

fe,i = _Ko(Pe,i _po,i)

unknown stiffness

Taget position evolution: p¢; := k1 (fei — £2;) + k2 [ (fei — fE:)dE+ Do,

Lyapunov function for admittance-like force control

. 1.T 1. T T 1.T 5
V = gejes + geprkaKoesr +eeresr + 376p K.é,
errorin f4-tracking

Control generation equation
7L(A ¢) + mpB(r)Mg' (r)re = — fr —miBMg'fe + g1
.. . dB.
n(r) + melps — By — (e +e [ erdt)~

— (ep, €5, €5r) ultimately bounded even w/ unknown K, & 77, # 7.

. R )
integral error eg; = [ey dt + fy error in p¢-tracking

— Slower-quadrotor/faster-manipulator can be incorporated.

— Force sensing or estimator for force feedback.

Dongun Lee@RSS Multirobot Systems WS 7/16/2015 o
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Multiple Cooperative QM-System
force (y-dirction)
. . . L
compliant object pushing g,
o
S T
X
£
- R
time (sec)
force error (y-dirction)
202 —l, Y,‘g,u}
L
time (sec)
trajectory tracking with unknown added mass ajectory ertor
!
L £ o [Ip, 5]l
Sos
5
s > - G m = »
time (sec)
force
£ o
8 s /
e
y
h 5 % G % = %
time (sec)
force error
5 oo
Son
5 s m G = = %
time (sec)
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SmQT System: Modeling @

- Quadrotors (off-the-shelf) attached via spherical joints
?’ |- Multiple robots as distributed rotating thrusters |

- Increased payload/dexterity with over-actuation.

- Control design under range limit of spherical joints.

e Spherical joint limit constraints
p;;"Rg'Ricg —cos¢; >0

e Quadrotor attitude dynamics

Jiw; = —S(wi)Jiwi + T

control input

e Tool dynamics
Mé+C+G=U+F,

M(Ry, ;) € R6%9 : inertia matrix
C(Ry,wy) € RS : centrifugal/Coriolis term

e Tool control input

Dongun Lee@RSS Multirobot Systems WS 7/26/2015

G(Rp) € RY: gravity

pi €R3, 4 €R : joint center axis and motion range J; € R¥2 . inertia matrix tool dynamics
Ti = RY¥Rie3 € R® : quadrotor thrust in fixed frame wie R :angularvelocity
Ry, R; € SO(3) : tool and quadrotor attitude n ER3 : control torque

F.eRo

wo €R* :tool angular velocity

_ Ty AleRle;; Ro=_ [RU 0:|
U = RBT oo |T2| _ | AeRERoes 0 I
- T = B,_[ I I I ]
drotorth L] [ARERue: =g ; ;
e s R s S(r) Sa) - S

decoupled from

: external force

16
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Control Allocation with Spherical Joints

e Finding control I'; while respecting the spherical joint constraints

i %FTF
1.2, T €R3

subject to BI = R—lU <« - generate desired tool wrench

pr‘,; Z |1"1| COoSs ¢z

Generate desired tool wrench

?fully-actuated” iff rank(B) = 6 ” force-closure”
M Rj Ries
I 1 I

BT — [ N . ] A2Ry Raey
S(r} S(ra) S(rs) [Anﬂgﬂaca

[ 1 o[ 0 0 [I) f é

T |S(r) 1[0 SG2—-m) S(rz—mn1) 00 I

rank(B) =6 ¢ (r2 —71) X (r3 —71) #0 tool is in “force-closure” with I"; (Li at el. IEEE-TRA 2003)

Prop. 1: 6-DOF tool fully-actuated iff Prop. 2: For fully-actuated tool system,

at least three quadrotors are used with any desired tool wrench can be generated
their attaching points r; not collinear. under spherical limit, iff thrust actuations
constitute force-closure.

Dongun Lee@RSS Multirobot Systems WS 7/16/2015 | .' r:?.’ L
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S2QT System: Control Design
e Control objective . 7 2N o
. ——
s

(yy Roel) - (yd1 '7d)

¢ Kinematics relation Assumptions and limitations:
Y=o+ Rod = § =& + RoS(wp)d - Not fully-actuated, not in force-closure
consider as a virtual -dx (7‘2 - Tl) =0,7e~0

control -
e Lyapunov function - Tool 5-DOF actuation

1

2 2
1 T 1 LT . 1 T T it
Vi=ge e+ .-E=1 mié; & + Swp (Jo— ,-E=1 m;iS2(r;))wo + kr(l — 73 Roe1) !

enforce (wg, Roeq) = (0,vq) s
o

e Control allocation

o min_ 3(CTT1 +T4T2) Closed-form solution exists if
1,I'2€
subject to [ I I ] [Ale"Rles] _ [Fd] |Faz| < e1 +202

S(r1) S(re)| |XoeR¥ Rees My o= 1 — cos ¢iF2 B I‘?y -0

2 iz
cos? ¢;
pIT; > Ty cos¢; ¢i

= (y, Roe1) — (ya,v4) asymptotically

Dongun Lee@RSS Multirobot Systems WS 7/16/2015
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S2QT Preliminary Experiment @

drawer pushing teleoperation door closing teleoperation

Dongun Lee @RSS Multirobot Systems WS 7/16/201 NiRo
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Conclusion and Future Direction
e Control of physical interaction in/with multi-robot systems

— Decentralized: large number, loose coherency, local interaction

— Centralized: tight coherency, small number, central coordination
e Decentralized control of physical interaction

— Multi-UAV teleoperation: interplay btw collective and local control
— Multi-user haptics: high-level consensus + physical interaction

o Centralized control of physical interaction

— Nonholonomic mobile manipulators: behavior decomposition
— Multiple QM systems: complex dynamics and large-DOF
— SmQT system: multi-robot system as distributed actuators

e Future directions

— Almost fully-decentralized but still precise coherency?
— Physical interaction control fused with algorithms?
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