


Speed and separation monitoring

In this collaboration mode, the human can be
close to the robot, provided that the speed of
the robot is always such that the robot can

come to a complete stop before colliding with
the human.

Then:

= The closer the operator is, the slower the
robot must move

= A safety-rated device is needed to monitor
the distance of the operator from the robot

] Sicher begrenzte Geschwindigkeit
—| Safely Limited Speed

SCHUNK ¢ °
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Sensor technologies: light-based

= Used to monitor 2D areas

= Light curtains return whether one or more beam
has been interrupted

" Laser scanners measure the distance between B | |
the objects that fall into its sensing field ‘ g 1By A

Source: ABB

safely certified rabot

Link to the video: https://www.youtube.com/watch?v=2ad ol 4e)8
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https://www.youtube.com/watch?v=2ad_oI_4eJ8

Sensor technologies: vision-based

= Camera systems have long been used in various industrial sectors for monitoring tasks as well as
guality control measurements.

= For camera systems to be used in the field of safe automation, they must satisfy safety-relevant
specifications.

SafetyEYE

Warning zone S SafetyEY E

Detection zone

The first safe camera system
for three-dimensional zone monitoring

Robot

Envelope curve

https://www.pilz.com/en-INT/eshop/00106002207042/SafetyEYE-Safe-camera-system
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https://www.pilz.com/en-INT/eshop/00106002207042/SafetyEYE-Safe-camera-system

Sensor technologies: capacitive skin

Source: Bosch

Link to the video: https://www.youtube.com/watch?v=stFYQaHULLk
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https://www.youtube.com/watch?v=stFYQaHULLk

Speed and separation monitoring

distances veTh B

A\ —
£

vy(T, + T5)
D(to) —vg(Tg + Tg) —vy(Tr +Tg) = S

Vv, = robot speed

v, = human speed

- T = robot controller reaction time

Tz = robot stopping time

S = minimum separation distance

' D(t,) = separation distance at time t,

time
intervals TR T,g

TB +TB

Source: ABB Corporate Research
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Speed and separation monitoring

D(ty) — S

Vr < Uy

= y,isinthe order of 1.6 m/s
(walking speed)

= 7,in the order of 10 ms (reaction
time of the robot controller)

= Tginthe order of 1 s (braking time
of the robot actuators)

Paolo Rocco, Andrea Zanchettin POLITECNICO MILANO 1863




Safety as a motion constraint

Consistent with the speed and separation monitoring safety standard, we can think of
safety as a constraint for robot motion.

Distance > Velocity * StoppingTime

A

Safety constraints might
require the robot to slow
down on path

velocity
/

distance

[
»
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Safety as a motion constraint

A multi-body version of the safety constraints:

Ts =Tq+ S(Ty — Tq)

Va

T
('robst — Ts )

”Tobst — Ts” > 1y
”'r'obst — Ts”

distance velocity

Hrobst — TS”Q — 1y (Tobst — TS)T vs > 0,Vs € [07 ]-]
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Safety as a motion constraint

Safety constraints can be rewritten as follows:

2
[Tobst — Ts||” + Bs 4+~ =>0,Vs € [0,1]
A sufficient condition is the following one:

. 2
1 g Hrobst — Ts” +pPs+~v=>0

no longer linearins
dependsons

which can be split into two constraints:

v + ming “Tobst - TSHQ >0
B+~ + ming [|[Fopst — Ts||” > 0
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Safety as a motion constraint

Introducing the following quantities:

E — (Tob%t — Ta)T Ja .
i =
('robst — ra) Jb — (Tb — ra,) Ja,

: 1
£i = min, [[robst — 7| H

The safety constraints (for each link-obstacle pair) can be finally written in terms of a

linear constraint in the robot velocities.

tvliq < f;

Zanchettin and Rocco, IROS 2013
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Extension to generic obstacles

Generic obstacles, as human co-workers, can be considered as well:

O

Ta

Extension to an arbitrarily shaped obstacle can be obtained applying the inequality to all its points.
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Extension to generic obstacles

A sufficient condition is the following one

Tobst ]-

. ) 1
0 Es (Tobst) § < min || fi (obst)l| { } Vi opet € vert (O)

Meaning that we just need to:
» account for vertices (convex obstacles)

» compute the link-obstacle distance (e.g. using GJK)
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Prediction of human space occupancy

sssssss

Human workers moving in a robotic cell can be considered
as moving obstacles.

To predict their motion we can try to infer the occupied
space whilst the robot is stopping or slowing down.

[ B9 Sicher begrenzte Geschwindigkeit

The main building blocks of this motion prediction strategy
are:

SCHUNK °

1. kinematic model of human motion
2. reachable sets

3. swept volumes
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Prediction of human space occupancy

. . .. Human Skeleton
In addition to prediction of human occupancy, a clearance

factor can also be considered. distance

velocity
e

F 3

.
>

The clearance parameter allows to take into account both
robot and obstacle dimensions, sensor uncertainties and
ultimately an actual clearance.

Human Predicted Occupancy (Ts)

velocity - Ts
) distancez . ! :
Human Predicted Occupancy (Ts)
plus clearance
velocity - Ts
A

distances

n
>

F 3




Prediction of human space occupancy

Kinematic model of human motion:

1. walking kinematics: T =wvcost) y=wvsinl 0=w
an
| | ¢
2. arm kinematics: - L
Q3

p:[;t: y 0 p o Tight a!e_ft]T
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Prediction of human space occupancy

Unicycle Reachable Set: given the following velocity constraints

U < v < Um&:r le i: wmﬂﬂc

the reachable set of the unicycle can be conservatively represented by a circular

sector:
sin (w™* Ly
e angle: 5 =2cos ( )
V2 — 2cos (wmaTy, )
Yy
e radius: R = o™MaT ¢, R
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Prediction of human space occupancy

Arm Reachable Set: given bounds on torso and arms joint velocities, the reachable set of the
torso and upper limbs can be determined as:

g, = ttpa™” Pty = p Ttpp™ "

Then the following constraints are enforced:
—9 < a1 €160

i R
g — 2 6

Tar Qo 200109 4oy Do DBagao
—90 — = < 60 —
T T 9 TR0 ==t T o T R
20 < ay < 180
—-30<p <90
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Prediction of human space occupancy

Swept Volumes calculation:
1. consider each human limb in terms of its vertex set;

2. select the DoFs connecting the current limb to the world _—

frame; . O
translational sweep

3. for each selected DoF:

|. apply translational / rotational sweep according to
reachable sets:

Pinf < p < p°YP
@,
_|_

ll. update the vertex set;

4. compute the convex hull of the obtained set of points; rotational sweep
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Prediction of human space occupancy

Swept Volumes calculation:

2«
e the procedure is repeated for each 1.5 |
human limb (head — G, torso — R, upper
arms — B, lower arms —Y); T
N
. . . 0.5
e each limb is characterized by a
“clearance” parameter = a sphere of
corresponding radius is mounted on 0
each swept volume point; -0.5
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Safety-aware velocity scaling

maximize productivity

maxs,q 0 (minimize cycle time)
tviFi(q)qg < fi(q),Vi=0,....,n—1 safety constraints
J (q)qg = ox task (path) constraints
0<9<1 T At 5
z—1
Tka1 = Tk +At8k Y z (1) q(t)
EVALUATION OF " LP OPTIMIZATION 41'
PATH PRIMITIVES |z (7) ‘ ALGORITHM q(t)
Ragaglia, Zanchettin and Rocco, ICAR 2015 r"bSt!S
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Safety-aware velocity scaling

Prediction of Real-time PC
human’s motio for robot control Sarvelilance
- range camera
max c T S.t. Vo Workspace
-4 il S — surveillance
Ax <b

3

Industrial robot for

Industrial robot quality measurement
controller

TCP messages

Velocity
scaling
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Safety-aware velocity scaling
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Safety-aware velocity scaling: redundant dofs

In case of redundant degrees of freedom, the following optimization problem
maxs,g 0
tyi s (q)g < fi(q),Vi=0,...,n—1
J(q)q =dz

0<o<1

usually has infinite solutions in joint space.

The idea is to define an additional optimization layer to cope with null space velocities.

Zanchettin, Ceriani, Rocco, Ding and Matthias, IEEE T-ASE 2016

Paolo Rocco, Andrea Zanchettin POLITECNICO MILANO 1863



Safety-aware velocity scaling: redundant dofs
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Reactive constraint-based motion planning

So far we have modulated the robot velocity along the specified path,
consistently with this path.

A more general approach might be to rethink the trajectory generation,
simultaneously accounting for various constraints, including the speed and

sepation distance constraint.

This requires a sort of paradigm shift.
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Reactive constraint-based motion planning

Industrial state of the art
= all logics handled at programming level
" imperative motion programming (if-then-else)

* reduced reactivity (especially for real-time behaviour)

events

l handling logics

TrajGen

:> - (what if...?)
[ ] target
INSTRUCTION
STACK
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Reactive constraint-based motion planning

Our vision

" no need for logics
= declarative programming
" increased reactivity (especially for real-time behaviour)

constraints events

generates a reference
from current to target

—

A

INSTRUCTION ‘
STACK

state update
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Reactive constraint-based motion planning

>50ms ! <5ms Task constraints Workspace

- and requirements sensing

: Trajectory

I : generation Y

Target state Desired state Control
of motion B _/_\ of motion _ Reactive Po——
: =
: controller
Instruction : Actual state
stack : of motion

Zanchettin and Rocco, CEP 2017
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Reactive constraint-based motion planning

As an actual feedback robot As a trajectory generation algorithm

controller on top of an existing axis controller
Ey
Ek: f k Trajectory ’ fk
Trajectory generation ref T
+ k
g generation m};e fl T T, +1 X
T -+ — ™ \ = i qr41 ] Control
. trg / ) et REaekive LT B / m;ifl ch{Jenaé:gI\lfeer q i AXiS command
T k+1 || controller Control — > > k+1 _| Controller
command i Iy
A A b
x 3 ¥ Actual s]:ate
Ty : Actual state Direct dk of motion
. Direct of motion ;’i:k kinematics q z_l
Lk kinematics

Paolo Rocco, Andrea Zanchettin

Most common arrangement
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Optimization stages

. H . ref ‘ 2 H cof ‘ 2 > Cost metric: default
I?in Lh4+1 — Lp 0y Q. LTh+1 — Lp 'y Q . k
p trajectory tracking
At? —
Tisr = 2 + At Ty + —— (Jrdp + Tpuy d
2 ( ) > 2" order forward
Fpy1 = Jrqy, + At (quk + Jkuk) kinematics discretization
g™ < q, + Atq, + %mz up < g=vF
£ < 4+ At < 4 Joint-space (f§a5|b|I|ty)
- ) constraints
u%nf < up < usuP
— jmaz {_: i:k+1 <_: fmaz .
. — Task-space constraints
YV e SV, ‘U"?’f eV — >

Ex (r]) (ds + Atws) < £ (1) Safety Constraints

ql = @ + Aty

A2 — Joint references update
G = @+ argrT + 5 Uk

Paolo Rocco, Andrea Zanchettin POLITECNICO MILANO 1863




Reactive trajectory generation

External PC #1

CipaniNI

¢ | Skeletal
Tracking

CipeniI

F » Skeletal

e Tracking

o

inf sup =inf -

p™.p P B
ﬁtﬂ._f!l j"jmm-, T,

Sensor Fusion -
Linear Kalman
Filter

External PC #2

Swapt Volumes
Calculation

—

sup
H

Pre-programmed Task

mre f :I':‘-“Ef

qr'e_f

Trajectory Generation

Algorithm g’

E

x| & J

]

Forward Kinematics

= given a sequence of way points, a trajectory is computed that is collision free with respect to
obstacles and human workers
= the manipulator can deviate from the pre-programmed trajectory in order to enforce the safety

constraints

Paolo Rocco, Andrea Zanchettin

Ragaglia, Zanchettin and Rocco, Mechatronics 2018
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Trajectory generation algorithm
for safe Human-Robot Interaction
based on multiple depth sensor measurements

Matteo Ragaglia, Andrea Maria Zanchettin and Paolo Rocco

POLITECNICO
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Safety assessments

-

How dangerous is a robot?

Can we express its dangerousness
guantitatively?

Can we derive safety oriented control laws
from such safety assessments?

POLITECNICO MILANO 1863
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Danger field

//.\\
N\—"

Static: Kinetostatic:

A decreasing function w.r.t. Takes into account a velocity

the distance from the “source vector of the source of

of danger” danger as well

An instance of KSDF: DF(r.r,,V,) = ki Kallvell [y + cos Z(r = 7, v,)]
e — x|l Ir — r|?

POLITECNICO MILANO 1863
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Cumulative danger field

: 1 2 I
dt At + Bt+ C Mt* + Nt + P
CDF(r, ¥, Vi, Tip1,Vigl) = klf + koy v 3 dr+k2f ¢

0 Var? + bt +c o arr+bt+c o (ar? + bt + )32

A line integral of the elementary danger field

Paolo Rocco, Andrea Zanchettin POLITECNICO MILANO 1863



Cumulative danger field

Danger field induced by a 2 DOF robot: Danger field induced by a 6 DOF robot:

= Computable in closed form for the wire model of the robot
= Captures both position and velocity of the source of danger
= Captures the kinematic properties of the whole kinematic chain

Lacevic, Rocco and Zanchettin, IEEE T-RO 2013
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Safety field

From danger field to safety field

Reference frame local to the moving rigid body “source of danger”

Elementary Kinetostatic Safety Field (KSSF): @

SF(ry,r,v) = ||r; — 1’||2(7 —(ry —r,Vv)) &
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Safety field

Relative position v v

Relative velocity
Length of danger source

Closed form solution

< X X
NENENEN

Shape of danger source

CSF(r,v) = C12° + com + c3y° + cay + c52% + coz+

3 3 3
+ C7T " Vp + C8Y Uy + C92" U, + ... + C43

Coefficients are costant and can be computed off-line
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Cumulative kinetostatic safety field

CSF(r / SF(rg,r,v) dS

Closed form solution!

C’SF(I’ V) o 5 5 One triangle
: = C1X" + Co + C3Y~ + C4Y + C527 + Cg2+

3 3 3
T C7T Vp + C8Y Uy + C92" U, + ... + C43

= Constant coefficients, depending on the specific triangular surface

= Coefficients computable off-line

= rand v implicitly contain the information about the source of
danger absolute position and velocity
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Cumulative kinetostatic safety field

CSF(r Z CSFy(r

= Constant coefficients depending on the rigid body shape and size,

computable off-line M-esh of N
= No upper bound in the complexity of the triangular mesh of the triangles
rigid body

S F COMPUTATION TIME

Source of Danger | Mesh elements Time Online computation time
Box 12 1,53 us | does not depend on the
Robot link 10.662 1,41 ps complexity of the shape!
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Safety field based control

1 VCSF(
Wl CSF(r,v) [VCSE(

Evasive displacement Ap, =R

n sources of danger Ap, = 2?21 Apo,i
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Safety field based control

Xd TASK VELOCITY | AT I
5 _ COMMAND _’Sk > g
X
() |-
FORWARD
KINEMATICS

qo = Z kag,v (a)Ap
5 ~T—J'(q)J(q)

Control features
e (Obstacle avoidance based on
null-space projection

e Task can be temporarily relaxed to

avoid obstacle

Paolo Rocco, Andrea Zanchettin

m=1
SF > A,
Ay < SF < Ay Re very

Continuous Transition
1 1 #(SF-A)

2 2" %A

Ay < SF <Ay

A= (1+E)A
Ay =(1—-2)A

q = mly + [ —mJ' (q)J(q)]4

Parigi Polverini, Zanchettin and Rocco, RCIM 2017
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Safety field based control

- arm - human

‘SHOULDER L qO = ( + dy

; ELBOW L

¢ HAND L
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Safety field based control

Full body collision avoidance

Task is suspended and resumed
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