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Current projects, Perception and Manipulation + Kinematics Groups

IMAGINE: Robots Understanding Their Actions by Imagining
Their Effects
H2020-ICT-2016-1-731761

SOCRATES: SOcial Cognitive Robotics in The European Society
H2020-MSCA-ITN-721619

I-DRESS: Assistive interactive robotic system for support in dressing
PCIN-2015-147

Roblnstruct: Instructing robots using natural communication skills
TIN2014-58178-R

RobCab: Control strategies for cable-driven robot for low-gravity simulation
DP12014-57220-C2-2-P

Cloth manipulation learning from demonstrations eI‘C

ERC Advanced Grant (ERC-2016-ADG-741930) RRAIAEA

European Research Council
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Constraint FUnctional Languages
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efficiency and durability of PEM fuel cells
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Unmanned
Aerial
Manipulators
(UAM)

Aerial Robots

Goal: Autonomous operation

Challenges

o cpu B




Tasks Control Perception

e State estimation
e Target detection

* Navigation
* Manipulation

e Joint positions
e Joint velocities
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Perception

Outline

- Robot state estimation
- Visual servo control
- Task control

- Conclusions







Robot state estimation Target Setup Design Experiments Remarks  1/34

Where am 17?

—
»

* position
Robot state 4+ velocity
* acceleration

Goal

State estimation methods

Full
trajectory 7}

Accuracy Sliding
Current window

estimate

(VI-O,VI-SLAM)

Simple
algorithms

Complexity/Resources

Target: UAM platforms

* Light-weight and low-cost sensors
* Limited CPU
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System setup

* Light weight, low cost
Visual-inertial 4 Account for system dynamics
* Register gravity vector

» Accelerometers Setting A

* Gyroscopes * IMU
* SC: 2D linear vel.

* SC: Sonar range

IMU

Smart { 2D raw optical tlow

camera 4« Height (sonar)
(SC) » 2D linear velocities Setting B
* IMU
IR . LA * SC: 2D opt. flow
Ranger Height * IR range
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Design

Simplicity vs. Performance: What's the trade-oft”

Benchmark
Kalman filter
variants
(B1) / \ (B3) (B4)
Extended (EKF) Integration approx.
VS. (taylor, quaternion)
Error-State (ESKF)
(B2)

ESKF: Orientation error definition
(global, local)
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Filters (B1)

* Extended Kalman Filter (EKF): Direct estimation of x;

-
—> Tt = [Pt Uy (q¢ Qpt wbt}

e Error State Kalman Filter (ESKF):
- T
r, =x D ox r=|p v q a, wy

:5p ov 00 Jdap owy

—> Ox }T

(B2) ESKF: Orientation error definition

global error (GE): q; = 0q ® q

local error (LE): q; = q ® 0q
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Continuous system kinematics

kAt = f(x,u) (nonlinear)
flx,u) |
(k—1)At Discrete system kinematics

L ~ F:Bk_l Bu/lt

(B3) Taylor series with different truncation grade

1
F =A%t — Py~ T+ AN+ §A2At2 4o+

(B4) Quaternion integration

QOF: qr ~ qi_1 ® q(wi_1/\t)
QOB: qx ~ qx—1 @ q(wrAt)

Ql: g ~=q1® (q(wm) s {

1
—ANAY



Robot state estimation

Target

Setup Design

Experiments Remarks
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Simulations
Setting A
e IMU

e SC: 2D linear vel.
 SC: Sonar range

X, Y and Yaw
non observable:
Odometer

Acc. Biases

observabillity
depending on

platform tilt

Ang. Vel. Bias

Velocity Position

Orientation
(Euler)

A

B

C

A

D

(Yaw) observable
after long period!

1 1
0 10 20 40 o0
T T T T T T T
; e Attt oSN B —
TJ e 9] Bttt et PPN e R : e
> wn L
R S R
20m ‘
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Simulations
Setting B
e IMU

 SC: 2D opt. flow
* IR range

Estimation error after 10min flights of 500m in straight line

Filter Variant

- _

=
o 2 KF\| EKF | EKF | EKF | EKF | ESKF | ESKF | ESKF | ESKF [ESKR | ESKF
Eg‘u‘? F'1 F' F'1 Fy F'a F F'1 F' Fy F3 F'q

g QOF | QOB | Q1 | 01 | O1 | QOF | QOB | Q1 Q1 Q1 || QOF

O IE || LE | LE | LE | LE | GE | GE | GE | GE | GE | LE
x [m] |10.54 110.48 | 10.30 | 10.26 | 10.26 | 10.58 | 10.37 | 10.13 | 10.12 | 10.12 | 10.38
y[m] |11.13]11.07 [1085|10.81 | 10.81| 11.00 | 10.82 | 10.55 | 1058 |10.58/| 10.91
z[mm] (\7 /| 6 7 6 6 T 7 7 7 \ 7 / 7

Root Mean Squared Error (RMSE) over 20 experiments
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Real robot experiments

Setting A , Setting B

p — 5 . .
e TR : ) 2 ° , _ : y
(J:)\IMU ' RToFranger k'
N °
~___~~~Smart camera : 0 rangw

* Accelerometers * Accelerometers

e (Gyroscopes : * (yroscopes

2D linear velocities : * 2D raw optical flow

 Ranger (sonar) :  Ranger (IR)
Control loop

with a nonlinear
tracking controller on S&(3)
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Setting A

Indoor

Outdoor

0.5m error after 2min flight (avg.)
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Setting B Research stay at UPenn

\ | = v .
—_ - > -,‘. ‘\6 - > _—
- L
e
= y - A

Error analysis

— 0.25 .
- £ 0.2 o TS |
< 1 - R
= 0.1 ik
0.05 1
0 [ 1 <
Traj. A Traj. B
2 traj. with 25 runs each.
10 min flight
(full battery
discharge)

-1 () | 2 3

RMSE (m) [0.47 0.67 0.035]
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State estimation remarks

* Light-weight, low-cost sensors and low-complexity algorithms

e Benchmark of Kalman filter variants:

» All filters perform equally (@100Hz)
» Acceptable errors for autonomous navigation

Performance

EKFE wevvveennnnn ESKF, N=3, Q1

Santamaria-Navarro, A., Sola, J., and Andrade-Cetto, J., High-frequency MAV state estimation using low-
cost inertial and optical flow measurement units, 2015 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), pp. 1864-1871, Hamburg, Germany.

Santamaria-Navarro, A., Loianno, G., Sola, J., Kumar, V., and Andrade-Cetto, J., Autonomous navigation
of micro aerial vehicles: State estimation using fast and low-cost sensors. Submitted to Autonomous
Robots.



2

Perception
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Principle
Multi-

Camera

Image plane

Objective: drive the robot using visual information

|

Reduce the error between current and desired points of view

_ _od * Position-based (PBVS)
e(?) S.(t) ° i * Image-based VS (IBVS)
e=—-Xe=-)\J U * Hybrid VS (HVS)

6DOF camera vel. 1 = —\J Te
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Schemes
Desired __[pose-space | PBVS: Position-based visual servo
POSE control U AM {Cdpc,cdRc} )

Clac-—--"mmmmmmme i C
* \\ II

Pose Image Visual
estimation features system

Desired Feature- space|
features { control

s ={u,v} s = {u®, v}

)= ]

current desired

HVS: Hybrid visual servo

and control
features A

Pose Image Visual
estimation| ™ features | system

} IBVS: Image-based visual servo
I Image | Visual
features | system

Desired
pose — Hybrid J
PBVS + IBVS
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IBVS: Image-based visual servo

* Image Jacobian depends on focal length

‘O=-\NJ e

l J=1[J,..J " (n features)

_@ 0 @ UL —(1 + u?)
0 @@ (1+ v?) —uv
l

UIBVS: Uncalibrated image-based visual servo

vV
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Uncalibrated image-based visual servo (UIBVS)

* Drawing inspiration on EPnP and UPnP algorithms

Set 4 control points (CP) as a basis of the target frame

Target pose = 3D coordinates of CP in camera frame
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* Each target features * Perspective projection

as a function of CP equations
—

Max =0 2D-3D correspondences
-
12 unknowns ® = |T1, Y1, 21/Q, ..., T4, Ya, 24/ Q]

l SVD

x = Bu ft: Eigenvector of
l null eigenvalue of M ' M

Solve for avand (3

Distances between CP must be preserved (+6 constraints)
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* Uncalibrated image Jacobian

_ 2 2 2 -
—1

O Mo Hx Ly — My I, Hy
Btz afBu? ap? ap? [
J, =
J 2—|—O{2 2
. Bu.  afu? ap? ap? pz -

J=1[J'..J"

6DOF camera vel. 1 = —AJTe
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lm /s;rad/s]

lm /s;rad/s]

Simulations

(real experiments results are shown in Task Control section)

Camera velocities during a servo task
subject to white noise ofimm in the focal length

PBVS

= — Uz
\ —/Uy
3 v
%‘L =uvZz
n —We
B

Focal length variations
become undesired

camera velocity references
for PBVS and IBVS
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Initialization error in camera focal length

Noise-free 20% of error
140+ .""}F‘ ---PBVS | 100 ! /" ---PBVS
vl — IBVS ! — IBVS
]_ ]
00 . l--umsvs|| | x| UIBVS
180 \ — 150}
% 200! \1‘ ?‘z x Desired
" RA
‘2 220+ 2200+
?‘ A
240
280+
250 300 350 400 250 300 350 400 450
u[pixels] u[pixels]

With a wrong initialization 20%
PBVS and IBVS are unable
to reach the desired configuration
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Visual servo remarks

 New uncalibrated image-based visual servo method (UIBVS)

Target features parameterized with CP coordinates
Method to recover CP 3D coordinates and focal length
New calibration-free image Jacobian

Robustness w.r.t. focal length noise and wrong initialization

Santamaria-Navarro, A., Grosch, P., Lippiello, V., Sola, J., and Andrade-Cetto, J. Uncalibrated visual
servo for unmanned aerial manipulation, 2017 IEEE/ASME Transactions on Mechatronics (T-MECH),

22(4), 1610-1621, 2017.

Santamaria-Navarro, A. and Andrade-Cetto, J. Uncalibrated image-based visual servoing, 2013
International Conference on Robotics and Automation (ICRA), pp. 5227-5232, Karlsruhe, Germany.
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Kinematics

Cam. Robot platform arm

vel ‘ ‘DOFS e=[v] w' .T}T

We need the robot Jacobian to map velocities
from camera to joint frames

Bone breaker 1:20 (FADA-CATEC) Kinton 1:10 (IR1)
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* Platform under actuation: Remove uncontrollable DoFs o

Yo = JrE
Uncontrollable
¢ split (gyros read.)
’190 — J J@ — p @ﬂc —ij')
Joint
references

Weighted pseudo-inverse to distribute motion

e.g.
* Platform: large displacements
* Arm: precise movements
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Task Control

Tasks
* Navigation

. —>»  UAMs are usually redundant (>6DoF)
* \isual servo

6DoF<|

We can define a set of different tasks
and set priorities according to mission phases

Task
combination
methods

e Hierarchical control laws (x2)
e Optimization-based approach



Task Control Kine. Tasks Hierarchic Ctrl.  Optim. Remarks 24/34

Tasks
e Collision avoidance (obstacles or self-collisions)

—

* Visual Servo
- Global end effector tracking: PBVS using global coordinates

Local end effector tracking: IBVS or UIBVS
Keeping target in camera FoV: HVS o = e; e

 Arm CoG alignment with platform gravitational vector
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* Reach a desired arm configuration

o= (v =7 "Ai(y — )

current 7Y desired ’Yd

* Maximize manipulability index

Manipulability .- =4

* Minimize velocity of specific joints
* Limit platform accelerations

* Reduce forces on platform horizontal plane
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Hierarchical task control (HTPC)

* Assign priorities with the null space projection technique

* Dynamic change of task priorities

Classical HTPC  collaboration with FADA-CATEC and UNINA
Exact tracking of the primary task while minimizing secondary task error

Null space projector

—_——
s JT = + ~ T
P — JO AQO'Q -+ (JlN()) A10'1 — J0|1w
N
Can lose rank Requires orthogonal

(algorithmic singularities) + or independent tasks

HTPC decoupling algorithmic singularities

Tracking of components that do not conflict with the primary task

p — JJ_AO&() -+ NOJfLAlffl —70|1w



Task Control Kine. Tasks Hierarchic Ctrl. Optim. Remarks 27[34

Classical HTPC

Tasks

e HVS

« Arm CoG
alignment

* Desired
arm cfg.

e.e. position error (op) e.e. orientation error (oy) Camera FoV error (of)
. . . —— . 15 . . . — . 0.2 . . . ——

=
W

Plugging
[m

O

)
()
—_
)
—
ot
DO
)
\)
ot
(V)
)
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HTPC decoupling algorithmic singularities

Tasks: UIBVS + arm CoG alignment + desired arm cfg.

Linear Cam Pose Error

v
- 0 — 3
il
1
0 20 40 60 80 100
Angular Cam Pose Error
1.‘ ""';
| 0-
—:.-_0.5 l".
0!
0 20 40 80 80 100
Arm CoG in Quad. frame
0 ( ‘(I( :',
:'20 —( ‘H( l'!l
=-40
60 . i
0 20 40 60 80 100

Arm joints error wrt desired positions

ONLY VISUAL SERVO TASK ACTIVE
. {

40 60 80 1007

0 20



Task Control Kine. Tasks Hierarchic Ctrl.  Optim. Remarks 31/34

Remarks on task control

* Two configurations: onboard camera and camera at the end effector
e Task and constraints designed for UAMs

e New Task control architectures for UAMs

Santamaria-Navarro, A., Grosch, P., Lippiello, V., Sola, J., and Andrade-Cetto, J., Uncalibrated visual servo
for unmanned aerial manipulation, 2017 IEEE/ASME Transactions on Mechatronics (-MECH), vol. PP, num.
99, pp. 1-1.

Rossi, R., Santamaria-Navarro, A., Andrade-Cetto, J., and Rocco, P., Trajectory generation for unmanned
aerial manipulators through quadratic programming, 2017 |IEEE Robotics and Automation Letters (RA-L +

ICRA), vol. 2, num. 2., pp. 389-396.

Lippiello, V., Cacace, J., Santamaria-Navarro, A., Andrade-Cetto, J., Trujillo, M. A., Esteves, Y. R., and
Viguria, A., Hybrid visual servoing with hierarchical task composition for aerial manipulation, IEEE Robotics

and Automation Letters (RA-L + ICRA), vol. 1, num. 1, pp 259-266.

Santamaria-Navarro, A., Lippiello, V., and Andrade-Cetto, J., Task priority control for aerial manipulation,
2014 |EEE International Symposium on Safety, Security and Rescue Robotics (SSRR), pp. 1-6, Toyako-cho,
Hokkaido, Japan.
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