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Introduction




Setup

« N UAVs: g = (p, 1) € (R? x 81)N

-0 )

0 1 Wy

* camera measurements =

(if (i,5) €€ ) - NP
5,—rrmr _grrcs | S8

¢ ||Pj —DP; v dij qj

* directed measurement graph
(i,j) €€ (j,i) € € ! | G2
* nO shared reference frame W W

« goal: decentralized localization with
correct scale as fast as possible
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Control and localization using local measurements

 formation control

Wz

—_——

Bi(@) =0B(q"),V(i,j) eE <= q=q"

« relative localization (in a common frame)

B,@ =Byla) Vi) eE=a=q EEEg

« [Anderson et al. 2008; Tron et al. 2015; Montijano et al. 2014, Zelazo

et al. 2014/2015]
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Bearing rigidity

» framework (~formation) =
- (measurement) graph ¢ + configuration q
 pbearing function associated to

Bg: (R3 x SHY s (59 Bs(q) = (Be, ...

o=t [ R[] e

[ bearing riaidity matrix ]

- let K be the complete graph, (G, q) is said to be
Infinitesimally bearing rigid (IBR) if [Anderson et al. 2008]

A _ A no need of a complete graph for
N(Bg(q)) = N(Bi,(q)) = control/estimation (O(N) vs O(N?))
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Null space transformations for IBR formations

e translation
e rotation around 7

* scaling
- one (at least) distance measurement

can fix the scale [Zelazo et al. 2014]
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Bearing-based localization

« B5(q) = const == if G is IBR, using q= k.Bg(q)" Bs(q)
- {ﬁsuN®wap+1N®t

q— [Zelazo et al. 2014]

b = b+ L




Bearing-based localization

+ B;(q) = const == if G is IBR, using ¢ = k. Bg(q)" Bs(q)
{ P=sUINQR(Y))p+1ly®t
q —
¢ Y+ 1N
» B5(q) # const == need feedforward 3; = B (q) [ 2

w )
- row block associated to edge (i, §)

[O Is— B8, I; - 8,67,

[Zelazo et al. 2014]

0

YR (p;— i) 0 —SB 0]

dij d’Lj
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Bearing-based localization

« B5(q) = const == if G is IBR, using q_kLBg( )'Bs(q)
{ P=sUINQR(Y))p+1ly®t
q%
¢ Y+ 1N

* B5(q) # const == need feedforward Bg = B“g“(q) | w )
- row block associated to edge (i, §)

[0 L-BuBL T B0
di; d:;

[Zelazo et al. 2014]

VIR (1 —bi) O —SBy 0]

* a metric information is needed to recover the scale

- one (at least) “special agent” measures its distance from a
neighbor [Schiano et al. IROS 2016]

- use the (already known) u to estimate relative distances
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Vision based reconstruction

e an inverse problem




Structure from known motion
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Structure from known motion




Effects of the camera/agent motion 1/2

 pure rotations are not informative ®%®




Effects of the camera/agent motion 2/2

* tfranslations along the projection ray are not informative
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Effects of the camera/agent motion 2/2

* tfranslations along the projection ray are not informative
* or poorly informative
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Distance estimation

- semi-globally exponentially stable observer for x:; = 1/d;;

L]
AN AN

B = =SB ;w; + (I3 — ,Bijﬁg;)uz'j@j — H(B,;; — B;;)
5(\7,3 _ _X’Lj zngzj o auzg (I3 o /87,3/61])(/37,] - /67,])

where u;; = ZRj(%' - %‘)Uj — Uu;
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Distance estimation

- semi-globally exponentially stable observer for x:; = 1/d;;

L]
AN AN

Bi; = —SBw; +[(I3 — 5@55)“@ i — H(B;; — Bi;)
5(\733' — —ifgug ij O‘“g(Ii% - Bijﬁg;)(ﬁij - /Bz'j)

_ 1

where u;; = Rj(%' - %‘)Uj — Uu;

« observer convergence rate depends of

Nij = Uz;(fs — IBij/Bzz;')uij

R. Spica, P. Robuffo Giordano, F. Chaumette, "Active Structure from Motion: Application to Point, Sphere
and Cylinder." IEEE Trans. on Robotics, vol. 30, no. 6, pp. 5434-5440, 2014.

e
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Distance estimation

- semi-globally exponentially stable observer for x:; = 1/d;;

L]
AN AN

Bi; = —SBw; +[(I3 — 5@55)“@ i — H(B;; — Bi;)
5(\733' — —ifgug ij O‘“g(Ii% - Bijﬁg;)(ﬁij - /Bz'j)
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where u;; = Rj(%' - %‘)Uj — Uu;

« observer convergence rate depends of

)\z’j — uz; (Ig — ,BU,BZ;)UZ] ‘[uw — arg max{)\ij (’U,Z])}J

R. Spica, P. Robuffo Giordano, F. Chaumette, "Active Structure from Motion: Application to Point, Sphere
and Cylinder." IEEE Trans. on Robotics, vol. 30, no. 6, pp. 5434-5440, 2014.
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Distance estimation

- semi-globally exponentially stable observer for x:; = 1/d;;

L]
AN AN

Bi; = —SBw; +[(I3 — 5@55)“@ i — H(B;; — Bi;)
5(\733' — —ifgug ij O‘“g(Ii% - Bijﬁg;)(ﬁij - /Bz'j)

_ 1

where u;; = Rj(%' - %‘)Uj — Uu;

« observer convergence rate depends of
)\z’j — uz; (Ig — ,BU,BZ;)UZ] ‘[uw — arg max{)\ij (’U,Z])}J

- convergence of Xi; to x:i; can be detected by measuring

[ LN 2 "
By = 1 [ IByr) = By(r)Idr =0 & %y = xi = 0

R. Spica, P. Robuffo Giordano, F. Chaumette, "Active Structure from Motion: Application to Point, Sphere
and Cylinder." IEEE Trans. on Robotics, vol. 30, no. 6, pp. 5434-5440, 2014.
N
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Distance estimation

- semi-globally exponentially stable observer for x:; = 1/d;;

L]
AN AN

Bi; = —SBw; +[(I3 — 5@55)“@ i — H(B;; — Bi;)
5(\733' — —ifgug ij O‘“g(Ii% - Bijﬁg;)(ﬁij - /Bz'j)

7

where u;; :[Rj(wj — wi)}uj —u; nhot known in general!

« observer convergence rate depends of
)\z’j — uz; (Ig — ,BU,BZ;)UZ] ‘[uw — arg max{)\ij (’U,Z])}J

- convergence of Xi; to x:i; can be detected by measuring

[ AN 2 N
By = 1 [ 1By(n) =Byl dr =06 Ry = xiy =0

R. Spica, P. Robuffo Giordano, F. Chaumette, "Active Structure from Motion: Application to Point, Sphere
and Cylinder." IEEE Trans. on Robotics, vol. 30, no. 6, pp. 5434-5440, 2014.
N
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Relative orientation

* o common frame of reference

h Y;; = ¥; —; not directly known in general
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Relative orientation

* o common frame of reference

h Y;; = ¥; —; not directly known in general

 however for reciprocal links (i, 5) € £, (j,1) € £
- 5@' = _ZRj(wij)sz‘ = Yij = atan2(”/6ji X /5'@'3'”7 _/63;'/6]'2')

- By, 8,; can be exchanged over local communication
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Relative orientation

* o common frame of reference

h Y;; = ¥; —; not directly known in general

 however for reciprocal links (i, 5) € £, (j,1) € £
- /Bz'j - _ZRj(wij)ﬁjz’ = Yij = atan2(”/6ji X /32'3'”7 _/6;;2;'/6]'2')

- By, 8,; can be exchanged over local communication

* u;; IS known for reciprocal links and d;; can be estimated
for all these links ==  need at least one reciprocal link
(l.e. a pair of agents in mutual visibility)

distance K bearing-based

estimation localization
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Unconstrained active estimation

 the estimation of the formation scale is the primary task

]CV V; — v* 'u,zfu,T —
1; = — kx| Is = o )|V A

constant ||u; || projector excitation

T T
Vi = %uzTuz )\z'j — u@'j(I3 - ﬂijlgij)uzj

T PP <0 min A;; (worst case)
(m) e, (4,5)

- average consensus can be used to estimate A in a

decentralized way




Simulations of unconstrained active estimation

Active SfM optimization Random motion

¥

SfM error norm

active active
random random

R. Spica, and P. Robuffo Giordano, “Active Decentralized Scale Estimation for Bearing-Based Localization,”
In IEEE/RSJ IROS 2016, Daejeon, Korea, October 2016.
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Bearing-constrained active perception

« observablility maximization must be done while
maintaining a desired bearing (IBR) formation

{ - +[N (Bx, (q))]
wi — w,i
! }
formation control observability maximization
[Schiano et al. 2016] In the null space of

the bearing constraints




Null space motions A;; = u;; (I3 — 3;;53;;)ui;

e translation

ujj =0 = Aj; =0

e rotation around Z

ANij # 0

e scaling

wij || Bi; = Aij =0

<9 lagadic v
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Bearing-constrained active perception

» observablility maximization must be done while
maintaining a desired bearing formation

{ w; =u; + wS\Rq;TS(Pz' —p)

F
Wi = W; + Wy

A

. < T
Wy X k;\(E)(()(zU)‘A




Bearing-constrained active perception

» observablility maximization must be done while
maintaining a desired bearing formation

{ w; =u; + wS\Rq;TS(Pz' —p)

F
Wi = W; + Wy

A

. < T
Wy X k;\(E)(()(zU)‘A




Simulations of bearing-constrained active estimation

Active SfM optimization Formation control only

active active active
not active not active . not active

R. Spica, and P. Robuffo Giordano, “Active Decentralized Scale Estimation for Bearing-Based Localization,”
In IEEE/RSJ IROS 2016, Daejeon, Korea, October 2016.
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Wrapping up

e We obtained

- correctly scaled decentralized localization of the agents
- decentralized maximization of distance estimation performance
- active perception coupled with bearing formation control

* Oopen points
- localization performance also depends of formation rigidity
{Aij} U eigs(Bg (9)BE (g)")

- estimating a single metric scale (not multiple distances) would
guarantee consistence with the bearing measurements

- trajectory planning could improve performance (non myopic)




Vision-Based Model Predictive
Control of Quadrotor UAVs

Bryan Penin, Riccardo Spica, Paolo Robuffo Giordano
and Francois Chaumette
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Context

» visual control in minimum time considering

- guadrotor dynamics (under-actuation)

- limited actuation (force/torque) and field of view (possibly relaxed)
« partially known state (e.g. target dimension)

- structure from motion to estimate the state

- observability is an additional objective/constraint
- online reactive re-planning (MPC)
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Context

e visual control in minimum tim
- guadrotor dynamics (under-actuation)
- limited actuation (force/torque) and field of view (possibly relaxed)
« partially known state (e.g. target dimension)
- structure from motion to estimate the state

- observability is an additional objective/constraint
- online reactive re-planning (MPC)
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Optimization problem

* objective ufgi)ﬂT T
e constraints s.1.

- current robot state
(from vision + IMU)

-targets in the camera
limited field of view

- desired robot state xt+T)=x"

- quadrotor full
nonlinear dynamics

- limited control inputs u(s) €U, Vs € t,t + 1)

(propeller speed)

X(t) = X

B.(s) e A Vselt,t +T]

X = h(X? u’)




Optimization problem

e Objective min T
: . w(s)F___infinite dimensional
- current robot state

(from vision + IMU)

-targets in the camera
limited field of view

X(t) = X

B.(s) e A Vselt,t +T]

- desired robot state xt+T)=x"

- quadrotor full . nonlinear differential
guac . {X = h(x, ’u,)]k . .
nonlinear dynamics equality constraints

- limited control inputs u(s) €U, Vs € t,t + 1)
(propeller speed)

* no analytic solution — numerical optimization
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Numerical formulation

« differential flatness
- for quadrotors [Mistler et al. 2001]

X = (P,v, R,w), u=(f1, 2, f3, fa) o) lq)_l
§:<p7¢)7w:(p(4)7¢) (C g(k—l—l))

* trajectory parametrization
n —t
s(s) = ijl[Bj,d (°+ )]pj] Vs e [t,t+T]
B-spline basis functions limited number of
sufficiently smooth to control points to be
guarantee continuity of X numerically optimized
T & lagadic =




Overall architecture

optimization problem (o = (p, p, b, B, %, ¥))

min T
y 22 ,...pn,T

st oy (t) =00 =07 (X,
oy (t+T)=0"=¢."(X*),
B.(s) e QVse [t,t+T],i=1,...,N,
u(s) eU, Vs € [t t+T],

numerical resolution takes 4t, = 40 ms
visual measurements (— x; ) available every §t,,, = 80 ms

IMU odometry and a nonlinear trajectory tracker [Lee et
al. 2010] to track the generated optimal trajectories

 online re-planning to cope with uncertainties




Online re-planning




Online re-planning

tr + 0t

U + (5tp
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Online re-planning
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Online re-planning

X, | =
_____ S T SR 4
N i
- s
te  tr + 0t ty + Oty
sz 1 < 2
min o> {p; = pj |
Dq yeee Pn j=1
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Online re-planning
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Online re-planning
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Online re-planning
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Simulation results

Vision-Based Minimum-Time Trajectory Generation
for a Quadrotor UAV

Bryan Penin, Riccardo Spica, Paolo Robuffo Giordano, Francois Chaumette

B. Penin, R. Spica, P. Robuffo Giordano, and F. Chaumette, “Vision-Based Minimum-Time Trajectory
Generation and Control of a Quadrotor UAV,” In IEEE ICRA 2017, Singapore, May 2017, under review.
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Conclusions

* We generate minimum time trajectories considering
- full underactuated dynamics (no near-hovering)

- system limitations in terms of
* propeller thrust
« camera field of view

« future work
- speed up optimization with C++ implementation (NLOPT)
- real experiments
- relax visibility constraints introducing “blind” phases
- Introduce additional constraints (e.g. active estimation)
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