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Executive Summary

This document describegsign and testing of the farming ro{&R)manipulation functionalitiesn
particular,the developedmanipulationalgorithmsrepresent thelow-level builtin motion control
functionalities of thearming robot forcontrolling thebimanual systemboth in an uncoordinated
and coordinated wayo perform harvesting and pruning operationghile taking into account
kinematic and obstacle consinés and system redwtancy

Simulation and experimental resyltee description of which is given in Sectdprcan be found at
the following link:

https://tinyurl.com/canopiesd5-1-videos
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Abbreviations and Acronyms

FR Farming Robot

RGRBD camera Red, green, blue and depth camera
ROS Robot Operating System

HQP HierarchicaQuadratieProgramming
CLIK ClosedLooplInverseKinematics
DoFs Degrees of Freedom

DH DenavitHartenberg
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1 Duatarm farmingobot

1.1 Objectives

One of the objectives of the CANOPIES pr¢j@21]) is to devise a prototype of farming rob@R)
able to perform agronomic operationske autonomous orcollaborativegrape harvesting and
pruning.Toachieve this objective, thmodeling and planning of manipulator arms is required, while
consideringall constraintghe robot is subject toln this deliverable, we@rovide a comprehensive
description of themanipulation algorithmswve developed together with their experimental
validationsboth in simulation anch real field.

More in detai] constrained optimal inverse kinematic functionalitigsre implementedfor the
design of kinematic control strategies fmrcoordinatedandcoordinatedarm functioralitiesstarting
from representative task variablesonstraintsconsider for example selfcollision,environment
obstaclesgynamic and kinematic limjto the scopeSetBasedClosedLoopinverseKinematicgDi
Lillo, Arrichiello, Antonelli, & Chiaverini, 2048y Hierarchical Quadratic Programmifigscande |,
Mansard, & Wieber, 2014)pproacteswere investigatedo handle inequalities constraintsr the
mobile robot at hand These kinds of constraints appedor example,in the case of joint
configuration and velocity limits, atite proposed strategielsandle any number of tasks arranged
in priorities Furthermore, the overall framework can handle the online activation and deactivation
of extra degrees of freedagrtike the lift and yaw joints of the torso depending on tbatext the
case of both arms moving independently or cooperatively and thee@viibching from one modality
to the other according to the robot task.

1.2 Farming Robdtinematics

The farming robot is composed of a Abalonomic mobile base and an upper body with a torso with
2 DoFs (rotational yaw and prismatic lift joints) and twoimdators made each one of 7 rotational
joints.

Figurel shows thefarmingrobot structures andrames of interest for theverallrobotic platform,
namely theworld frameW, the base framés, the right endeffectorframe&, and left endeffector
frame& |, for which it holds:

pY =pf + RRDE

i=1,2 @)

R} = RYRE
Where’p?) is the vector that describes the position of the mobile platform with respect to the world
frame W, andRY is the rotation matrix that describes the orientation of the mobile platform with
respect to thesameframe.
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Figurel: Frames of interest for the robotic platform

Letus define the system state= [Pg OB q% q{ QE]T as the vector containing the position
and the orientation of the bad@s and¢g, respectively)torso, left armand right arnjoints (@, 4r.
and4r, respectively)and the system velocity vector gs—= [1'%: q% ar q @5, where the
first two components are thénear and angular velocitied the mobile baseFurthermore, we
introduce the vectodus = [q;l: QE QE}T, which gathers thgoints of theupper bodyof the
robot. In order to derivehe forwardkinematis of the robot, which relates system statg to the
position andhe orientation of the two enekffectors, the standard Denaviiartenberg procedure
wasapplied. Figure Zhows the DH frames on the left, and the corresponDidgarameters on the

Joint a alpha d  theta Joint a alpha d theta
1 0181 314 00 00 1 0181 314 00 00
T Ty 2 0203 314 00 157 2 0203 00 00 -157
3 013 -157 004 00 3 013 157 -0.04 0.0
4 00 157 00 00 4 00 157 00 00
5 002 -157 032 00 5 002 157 -032 00
6 002 -157 00 00 6 002 157 00 00
7 00 157 032 00 7 00 157 -032 0.0
8 00 157 00 00 8 00 157 00 00
9 00 00 00 00 9 0.0 0.0 00 00

Figure2: Left: The &mingRobot in the home configuration. Center: DH table of the left arm. Right: DH table of the ric
Angles are in radians and length in meters.

right of the farmingrobot prototype.
Concerning thermsdifferential kinematicshe velocity of theeft end-effector

T
Ve = |:p51 We

with ng and w}/}) the linear and angular velocity, respectivelgn be expressei virtue ofEq.(1)
as
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" s ~S(Rypg) RYFJE , (ar) RRJIE , (ar) Osxr '
v = I = W 18 W 1B 1
03x3 I35 RB ngon(qT) RB JS]:OL (qL) 0347

where S(-)is the skew symmetric matrix operator and

B . . , .
1 JgBl,pT(qT), ng,pL(QL) arethe Jacobiaarelatingtorso and left armvelociies, respectively
to the linear velocity of left endffector;

B B . . . .
i JEI,C)T(QT), ng,uL(QL) arethe Jacobiasrrelating torso and left arm velocities, respediye
to the angular velocity of left ereffector.

In the same waythe velocityof the right end-effector
wo— [T owr]T
Ve, = {pfz We, ]

can be expressed as

N | Iz —S(RYpg,) RYJIE, (ar) Osxr RYJIE , (qr) _
Ve, = Jpd = W 1B W 1B q
03x3 I3 Ry Jg . (ar) Osxr Ry Jg , (qr)
Bystackingogetherthe vectorsvy’ andv), it holds
W

Vg, ']”;’1
vV = = q=Jyq @
’Ug J’}’z

that representghe differential kinematicelationships thatelatesboth endeffector linear/angular
velocitiesto the system velocity vector.

1.3 Taskdescription
Ageneric taskes . for the farmingrobot can be expressed asfunction of the system state vector

JfL’ == f:i?(pBT qu‘ qT qL’ qff)

The relationship between the system velocity and the task velocity can be expressed in terms of a
Jacobian matrix

base torso left arm right arm
N N

. . _|9f.@) Of.(q) Of,(a) Of.(q) Of.(q)
o = Jo(a)q, Jo = { opp 0o dqr dqy, dqp

The columns of this matrix can be divided in bloEkeh block is related to a DoF of thaming

robot (e.g, the first six are related to the mobile platform) and describes the existing relationship
between the task velocity and the Bo€orresponding @ that block.Such adecomposition is
exploited in the following agronomic tasks in order to activate or deactwvate degrees of freedom
according to the context. For instan@ee might want to keephe base and/othe torso still in case
there is a human operator close to trabot.

8
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In the following, the considered tasks are describederms of Jacobian matricesd control
objectives Aiming at giving more flexibility to the system in termsefforming the needed
operations in different manners depending on the spegprational conditionsve have foreseen
two kindsof task to contral

The firstone is theduncoordinated motio#, in which the objective is to control the position and the
orientation of the two enekeffectors separatelyThe Jacobian of the task is thematrix that relates

the linear/angular velocities of the two eeffectors with the system velocity, and it e®nalready
defined inEg. B). The task value is the vector stacking the position and the orientation of the two
end-effectors:

— W -
Pg,

0.8 QE)
a',,{, = = (3)

w
(o Eo pEQ

I

w
[ Qe,

where Q?j; QEQ; are the unit quaternios expressing the orientatioof the left and right end
effectors, respectively.

The gcondtaskis thedcoordinated motios, in which the objective is tooopeativelymove both
the endeffectors in order to contrahe pose of thetabsoluteframet and the pose of thérelative
frameg (ChiacchioChiaverini, & Siciliano, 199€)accavale & Uchiyama, 201dpre in detaillet us
definethe absolute position and the absolute orientation as

pV = ap?l} +(1— a)pg
&
R} =RPRE o ((1—a)le, g,);

p)Y can be seen as the position of a pdietween the two enekffectors(witha = 0 it corresponds
to the left endeffector position, while witlhx = 1 it corresponds to the right ereffector position
anda = 1/2 represents the casehe control point is exactly in betwedhe two endeffectors.
Similarreasonings apply to the orientatipoonsidering thaﬁgi&((l —a)lg, g,) is the relative
orientation matrix expressing the orientationtbé right endeffector with respect to the left one,
parametrized with respect to thaxisanglerepresentation (only the dependenéypom the angle
V¢, & is highlighted)

Therelative position anthe relative orientatiorare defined as
p/¥ =pl —p¥

& _pé&a
Ry = REQ
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and they can be seen #%e positionforientation of the right endeffector with respect to the left
one. The corresponding task value can be expressed as:

pV
a
w
a
O, = |:0'i:| = %fv (4)
of

WhereQaW andQ?‘?l are the quaterniosextracted by the rotatiomatricesR}j" ande", respectively.
Figure3 shows a graphical representation of talesolute frame withv = 0.5 and of the relative
frame.

Figure3: a) Graphical representation of the absolute frame=(0.5); b) Graphical representation of the relative fréme- 0.5);
c) Graphical representation of the absolute frame=(0); d) Graphical representation of the relative frarfe= 0);
e) Graphical representation of the absolute frame=(1); f) Graphical representation of the relative frafme=1).

Finally, hetask Jacobian can be computedAbneida & Karayiannidis, 2019)

als 03 (1—a)l3 03
_ | 03 alj 03 (1—a)l3
Jo =17, o4 I3 03 o ©
03 —Ig 03 Ig
The parameter: can be used for modulating motion between the two -@figctors, spanning
from fully symmetric movements (= 0.5) to fully asymmetriones (v = 0 or = 1).
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2 Farming Robot Kimeatic Control

The upperbody of theFarmingRobot, made of theactuatedtorso, two arms and a mobile head,
provided witha built-in velocity interfacavhich allovs to send velocity reference commaradsigh
frequency (10812 to the robot Starting from the providethterface,a controlscheme has been
designed tamplementthe low-level control functionalitiementioned above sidepicted irFigure
4. In detall

91 the High Level Controblock is in charge ofmplementing the robot manipulation
functionalities as described Bection2.2 Based on the information coming from external
sensors €.g, cameras) and tasks to achieve, it generates desired\jelatitiesg,; and
configurationsy;

1 thesedesdred jointvelocities anctonfiguratiors are sent tothe IntermediateControl, made
of a controllerCand a prefilter Fwhosetarget is toachieve tracking of the referenceming
from the HighLevel ControlThe otiput of the IntermediateControlis fed into the velocity
controller provided byhe robot.

Perception Intermediate Control

——
High Level
Tasks
Control

Figured: Block diagram showing tisehematic of the robot control

Theideaunderlyingthe proposed scheme is thtite real joint \ectorg isnot fedinto the High
LevelControl in order to decouple thmontrol and robot dynamics.

2.1 IntermediateLevel Control

With reference to the scheme igure4, the Intermediate Controlsimplyadoptsa proportional
action © plus a derivative on&)(leading to the followingelocity referencédor the lowlevd built-
in controt

a, =4+ Ky(q;—q) ®)

where K, is a diagonal matrix gainhesimple structureof the adopted controllehas showedood
performancein terms of joint configuratiotrackingas highlightedby results reportedn Section
3.2.2 Therefore, for the sake of notati@mplicity, we assuntg =~ 4 in the following mathematical
discussion

11
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2.2 HighLevel Control

In the following, the control schemeénvestigated for providing th&rming robot with all the
manipulation functionalities are described. They areSheBasedClosedLoopInverse Kinematics
and the Hierarchical Quadratic Programming detailed in Se@idriand2.2.2, respectively.

2.2.1 SetBasel ClosedLoopInverseKinematics

Given a certain desired task vatug,, the system velocity vector that make the rolfalfil the task
can be computed by resorting to the Clodembp Inverse Kinemati¢€LIK) algorithr{Chiaverini,
1997)

q= Jl-(‘j'm,d'i‘Kx&a:) 1

whered, 4 is a desired task velocity be given as a feefdrward term ¢, = o, 4 — o is the task

error, K, is a positivedefinite matrix of gainand JL is the MoorePenrosepseudoinverse of the
task Jacobian matrix

Whenthe number of DoFs greater tharonesstrictly needed for the accomplishment of a certain
task, therobot is said to be redundant with respect to that task, and the additional DoFs can be
exploited to perform other control objectives simultaneouslyresolve the possiblconflicts that

might arise between the two tasks, a usual approach is to define a hieraechgiving more
importance to one task (which is called primary) over the other one (called secondary). The objective
is to filter out the velocity contributioof the secondary task that would affect the execution of the
primary one; in this way, the primary task is executed perfectly as long as it remains feasible, while
the secondary one is executed at bdtis is implemented by projecting the velocity ciition of

the secondary task in the null space of the Jacobian matrix of the primary one, achieving the following
solution:

qg=J(e,+Ké&)+Nq,

where N = I — J'.J is the null space projector arg is an arbitrary vector that can be used to
minimize or maximize a scalar valuesbiting

qo = ko (aeggq)f

whereky is a scalar gain and g) is a secondargbjective function.

Anotherpossibleexploitation is to define a second task with a specific desired value and compute
the solution that accomplishes both the taskshe same timeUnfortunately, this solution may not
exist due to the infeasibility of their simultaneous resolutAlgoin this caseit isthusnecessary to
define a priority between the tasks and compute the solution that achieves the primary one while
minimizes the error on the secondary oas;

q=q, + (JoN )T (624 + K62 — J2qy)

To safely control complex robotic system, several tasks are requiregéofbamed simultaneously.
Usually, they can be grouped into three categdiiad.illo, Arrichiello, Antonelli, & Chiaverini, 2018)

12
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1. Safety tasks
2. Operational tasks
3. Optimization tasks

To solve possible conflicts that may arise among tasks, a common approach is to assign different
priority levels among them, obtaining a hierarchy (as showigureb).

priority order

|
|

< ‘b"‘ :Nl SES
& = = b o) B
B B © R & 2 Z
. AV 72 = 2] 2
- < o 2] S =] =
< ) ] ] - -—

= =] i) Lz - |
- — foee - —_ =1 = eee =
. et o ‘ ~ ! o
: Sy ¢ N o S
-~ ) - =] o | o — -
= = 39 b = o =
> L — = N % &
. o < = = N N
7 7 @ £ =] = b=
Q = = -
«‘4 8 o] ——
o &5 T oy
o [ o] o
N S— :

Figures: Example of hierarchy with tasks grouped into three categBriesty is higher on the left andfsty task$ave higher priority
with respect to operational araptimizaion tasks.

For a hierarchy composed byasks, it is necessary to assigavels of priority, and sort them from
the primary onei(= 1) to the lowest priority one & h). Given this assumption, the reference system
velocity can be computegcursively agSiciliano & Slotine, 1991)

h
an = S (LN )60+ Ko — Tiq; 1) ®)
i=1
where N{! = I, 4, = 0, 4; is the reference system velocity that fulfils all the tasks from the first one
to the-th, andN{‘ is the null space projector of the augmented Jacobian matrix, obtained by stacking
all the task Jacobian matrices from task i:to
A T
JiA=1[Jg7 a5 ... J]

1

and it isdefined as:

N =1 (ghHtgd

)

The controlframeworkrepresented byeq.(8), like all the main redundancy resolution methdukss
been developed to handle equatpased tasks, i.econtrol objectives in which the goal is to bring
the task value to a specific one (e.g., moving the armeéfiedtor to a target position). However,
several control objectives may require their value to lie in an intervahb@ve a lower threshold
and below an upper threshol@hese are usually called dxtsed tasks or inequality constraimts
literature. Qassical taskriority frameworks haveeen extended to handle sbhased task§Simetti

& Casalino, 201§Moe, Antonelli, Teel, Pettersen, & Schrimpf, 2016¢ key idea is that a seased
task can be seen as a medionensional equai-based one which gets active or inactive depending
on its current valudt is necessary to set different reference values for eachastd task: physical

13
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thresholds oy (01,), safety thresholds os. < oar (057 > om), and activation thresholds

Cau = Osu — € (0qy = 041 + €). Figure6 shows alllte mentioned thresholds.
Active L Inactive o Active
Om Ts.1 Oa,l Oa,u Os.u OM

—> >

S &

Figure6: Activation and physical thresholds of alsated task

When the task value exceeds an activation threshataystbe added to the task hierarchy as a new
equalitybased task with desired value:

P Os,u lf o> Ta,u
d og; ifo<og

The task can be deactivated when the solution of the hierarchy that contains only the other tasks
would push its value toward the valid set. More specifically, it is ppssibheck whether a generic
solutiong makes a sebased task’4 go beyond the desired limit or not by evaluating its projection

in the task space. Defininky as the Jacobian matrix of;, if J 4g > 0 the solution would increase

the setbased task value, othersé if J 1g < 0 the solution would decrease it. In this way, can

be deactivated if

oA > 0qu N Jag <0
or
oA < 0g1 N Jaqg >0

2.2.2 Hierarchical Quadratic Programming
The other scheme investigated for the kinematic control of the farming lelietage that the
computation of the systemelocity vector can be seen as a Quadratic Programming (QP) problem

At the end of themplementation, his scheme was preferredth respect to the previous one since
from an implementation standpoinit allows to more easilyandle an arbitrary numbef equality
and inequality constraintsand obtained joint velocities are continugusnce constraints are not
inserted andemoved as in the previous schen@ven a taskr; with associated Jacobiah and
desired task velocity, 4, the problem to solvean be represented as:

. 1. .
min -4’ Qq + wl Q,w;
wi.g 2 ©)

s.t. d'l,d =Ji1g+w;

14
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If there are two task® be performed in a hierarchical mann#re solution an be computed by
solving two separate QP problems, in which the secoechas an additional constraint thakes
into accounthe solution obtainedby the first one

N S
min =" Qg + wj Q,ws
w?)q 2

s.t. 0949 =J2q + w2
o1a=J1q+ w]

wherew? is the solutiorof the QP problem reported i&g.(9).

The approach can be geralized for a hierarchy composedimrbitrarytasksby solving the cascade
of k QP problemsin which the level includes the solutions of the previo@® problems from 1 to
i — 1. The last QP has thus the following struct{igscande, Mandard, & Wieber, 2014)

i 1. .
min -4’ Qq + wi Q,wy
wr’c!q 2

st. ol , <Jng+w, <ol (10)

ehi<Tig+wr<6ly,  Viel... k-1

2.3 Implementedtasks

In this Section, the details about the tasks implemented for the CANOPIES robot are given. Each task
is expressed in terms of Jacobian matfixand task valuer, to be used together with a certain

desired task value .« for the SetBasedCLIK algorithnin Eq. (7) and in terms ofequality or
inequality constraints tbe introduced irthe i-th QP problenfor the HQP algorithrizq.(9). Each
constraint is expressed in the general fafpy = b, for equality ones and,q > b, orJ,q < b,

for inequality ones.

2.3.1 Kinematic limits and collision tasks

2.3.1.1 Joint position limits
Thistaskallows toconsiderthe physical joint limits in terms of positions when computing the control
signal The Jacobian matrig theidentity matrix

Jipp =1
Sincethe mobilebasehas virtually no limits and is handled by the navigation steelonly consider
the joint positionvectorof the upper bodydus = [q{r q'f qﬂ]T andthe task value is:
Tipl = 4quB
Regarding the @P formulation, he vector b, is obtained bybjpl = Kipl(Gmax — Fjp1)  or
bipl = Kipl(@min — Tipl) , Whered,in andq,,.. are vectors containing the minimum and maximum

joint values respectively, ardd;;,; is a matrix of gain©verall, this task introduces two constraints
in the QP problem

ijl (.'IUB S bjpl
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ijl QIJB 2 bjpl

2.3.1.2 Joint velocity limits
This task allows to consider the physical joint limits mdeaf velocities when computing the control
signal.TheJacobiamnmatrix is again the identity matrix

ijl =1
and the taskalue is the vector stacking the joint velocities of the upper body:
ol = quR

For the HQP formulatiovector b;,1 is obtainedasbjyi = i, Or bjy1 = g1,.x, Whichare vectors
containing the minimum and maximum joint velocitielsis task introduces two constraints in the
QP problem:

Jivl QUB < Qmax

ijl QIJB > Qmin
2.3.1.3 Virtual walls
This task allows to define virtual walls thgtoint belonging to the serial chain of the manipulators
cannotexceed.Given a certain poirf; belonging to the manipulator, the task objective is to keep
the distance betweethe point and a plane above a certain minimum threshd&fining ag!, p?
and p? as three points belonging to the plartiee task value islistancebetween the point and the
plane:

Oyw,i = ’ﬁ*T (p? - pl)
Wherer is the normal unit vector of the planeomputed as:
(p*> —p') x (* — p')
l(p* —p") x (p* — P

The task Jacobian matrix is defined as:

n =

AT
va;i =—-n Jp;i.

WhereJ , ; is the position Jacobian related to the pgimtRegarding the HQP formulatidhg b ;
vector is defined as:

bvw,’i. = kvw,i(dmin,i - va._i)

wherednin ; is the minimum distance that the poiptshouldkeepfrom the planeand#.. is a scalar
gain

A group of!. virtual wall task, associated with different poiptsthat have to be kept above a certain
distance from the same walan be groupedh a single task by stacking the correspondaxpbian
matricesJw; and vectorsby.;, obtaining:
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rJ vw,1
vw,2
J vw
-JVW,L

_bvw,l
vw,2

bvw =

_bV\.v,L
Overall, all these tasks introdutenequality constraints in the QP formulation:
va (IUB Z bvw

2.3.1.4 Seltcollisions

This task is aimed at avoiding collisions between the different parts of the robtiteiraanipulators

and the torso. The idea is to defifé points P,,; belonging to the two manipulators addpoints

Po.i belonging to the robot structure and define a constraint that keeps the distance between the
two points above a minimum threshaldin. Let us define théask value adistance between two
generic points as:

Oscil = Hpm,i - po,t”

TheJacobiammatrix can be expressed as:

o
Jsc.i..’. = _n'i,l']p:i
Where
-~ pm 'i_pol
n_ —_— — 31—
""’l Hpm,i_po.lH

is the unit vector connecting the two points ahgl; is the position Jacobian matrix of the paint
Theb. ;; element of the constraint is expressed as:

bsc,i,l = ki,l(dmin,i - Usc:'i._l)
and each one of the tasks impose a constraint in the QP problem such as:
Jsc,i,l QUB = bsc,i.,l

where only torso joints are considered sise#-collision are not affected by the mobile base degrees
of mobility. Theconstraints referring to the same point of the manipulator can be gathered in the
sameJacobiamatrix:

Jsc,i,l

SC,1,2
Jsc,i =

Jsc,i,O

and theb,. ; ; elements can be ghéred in the vector:

17
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bsc.i.O

In the same way, all the constraints referring to #igooints of the manipulator can be expressed
via theJacobiammatrix:

and the vector
bsc,l

b — | 02
bscﬁ,M
Overall, the taskimtroduce an inequality constraint that can be expressed as:
Jsc qup = bse

2.3.2 Operational tasks

2.3.2.1 Uncoordinated motion

This taslallows to setwo separate desired poses to the two esfflectors. The constraimhatrix is
the Jacobian matriX-, reported in Eq.Z) andalso the task valudas been already definedg. 8).
Regarding the HQP formulation, #hevector is expressed as:

LW w o W
Pz a Pera T Pe
b — Y| | i Qs
v = LW T p  —pw
P%d &o.d " o
“eyd Qc,

where the first termis the vector stacking the desired linear/angular velocities for the twe end
effectors, K, is a positivedefinite matrix of gainsp?id - p?; and p}g/g:d - p}g/‘; are the position

=W =W
errors for theleft and right eneeffectors,Q¢, and ¢, are the quaternion errors representing the
orientation errors of the two endffectors. This task introduces in the QP probléme following
equality constraint

2.3.2.2 Coordinated motion

This task allows to assign a despedition and orientation trajectories for the absolute and relative
frames described in Sectidn3. TheJacobiammatrix is reprted in Eq. §), and the task value is
expressed am Eq.(4). Regarding the HQP formulatjdheb,, of the constraintan be expressed as:
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. W oW
oY Pe.d — Pa
Wy Q
bo=| W |+ Ko w W
pr,d pr,d — Py
W ~
Wi d er

wherethe first termis the vector stacking the desired linear/angular fordbhsolute and relative

frames K is a positivedefinite matrix of gainsf?zﬂ}d -’ and Pm —p" are the position errors
~ W - € . . : ,

for the two frames Q. and Q. ' are the quaternion errors representing the orientation errofs

the absolute and relative framedhis task introduces in the QP problem the following equality
constraint:

Jaq:bo

2.3.3 Optimization task

2.3.3.1 Swivel angle

Thistaskaims at controlling thewivelangle of themanipulators which is defing as the angle
between the planédentified by thebase, the shoulder and the wrisita manipulatoand the plane
identified by the shoulder, the elbgwand the wrist(Jiang, 2022)The reason behind this additional
task isthat, since the robot isneantto work in cooperation with human farmexsontrolling this
anglein order to let therobot arms assuma configuration similar thuman ones would increase
the accetability of the pbot and the predictability of its motiorfigure 7 shows a graphical
representation of the swivel angle for the right manipulab®fining the position of thelbow agp.

, the position of thewrist asp,,, the position of theshoulder ag,, andthe following vectors:

a=1[0,01" b=p,-p. c=p,—p, d=p.—D,
the swivel angle cdme computed employing the followimglationship:

(axc)(bxd) )

¢ = sgn(a x b-¢) arccos (HaxCH 1bxd|
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Figure7: Graphical representation of the swivel angler theright arm
TheJacobiamatrixis defined ashe gradient of? with respect tathe joint variabley:

dy
Jsw =
dqup

whoseexpressioras furction of the joint vectohas been computed symbolically in MATLABItand
is not reportedherefor the sake of brevity.

This taskntroduces an equality constraint in the QP probbsn

sz C‘IUB - ksw (L,Od - (:0)

wherey¥d is a desired swivel angle valmd /., is a scalar gain

2.4 Kinematicsingularity handling

If the task Jacobiamatrix .J is singularthe reference velocity in outpuf Eq.(7) for the CLIK
algorithmand of Eq.(9) for the HQRalgorithmdiverges, potentially leading the system to instability

(D1 Vito, Natale, & Antonelli, 201 7This kind of situations are undesirable and need to be properly
handled or avoided to guarantee the safety of the operati®tegardig the CLIK algorithm, a
possible solution is to empl®@amped Leasbquare (DLS) pseudoinverse of the Jacobian matrix that
applies a damping factor only on the directions associated to the loss of mobility. Given the-Singular
Value Decomposition (SVD) lo¢ tJacobian:

J=UxVT =" siuwl

The DLS pseudoinver$é is computed as:

~ ~—1
JF_vEUT—v [So } Ut
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~—1
The diagonal elements of the mat¥k are:
~—1

_ s
Sii = 3
with:
0 if s; > s*
Ai = 1 (8 1\ ir o o o
A(Fcos(Zm)+3) ifs; <s

where A ands* express the maximum damping factor and the lower threshold on the singular values
to be tuned according to the specifigstem usedrigure8 showsthe evolution of the damping factor
A In function of thei-th singular value; of the Jacobian matrix

— A

8
Figure8: Evolution of the damping factor over the singular value

The DLSJ"can be theremployed inEq. 8) in place of thestandard pseudoinversé' to mitigate
the effect on the joint velodgs in proximity of a singulaonfiguration.

In order to have the santeehaviour whilemploying the HQP algorithm, it is necessary to manipulate
the @ matrix in the objective function to minimiireEq(10). Given the Singular Value Decomposition
of the task Jacobian matrix:

J=Uxzv?
The weighting matri& cancomputed as:
Q=V ASVT
where AS' is a diagonal matrix, whose diagonal elements are computed as:

B 0 if 8; > Ch
ASii = {A (3cos(Zm) + 1) ifs; <s*
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3 Validation

The control frameworkdescribed in the previous sections has been extensively validated through
simulationsand experiment®n several platformdn detail, the control strategies were tested on
three different platforms shown iRigureo:

1 Movo robot this is a dual arm robot, alreadyailable at the LAobotics laboratoryat
UNICLAMwith variableheight torso, two 7DoFs arms and omnidirectional mobile base. This
robot was selected for preliminary tests in the first part of the project since, apart the
rotational joint on the torsa has a similar kinematics to tRarmingRobot;

1 Tiago++based Farming Robot: the Tiago++ was adapted to be mounted on the mobile
platform by partner PAL, as part of the mitigation plan put in place by the Consortium because
of the delay in the deliveryf éhe Farming Robaprototype. The platform was delivered to
UNICLAM facilities at the end of June 2022;

1 Farming Robgprotype this is theFarmingRobot prototype equipped with scissors and two
finger grippers suitable to work on the experimental fieldetms of kinematics, the upper
body has, differently from the previous platforms, an additewolutejoint on the torso to
increase the workspace the robot. The platform was delivered at UNICLAM in the middle of
January 2023.

Figure9: The three platforms adopted to test the devised methodologies. Left: Movo robot, already av
the LAJRoboticslaboratory. Center: Tiago++ mounted on the mobile base. Right: First prototype
CANOPIB®&rmingRobot.

3.1 Simulations

This section reportthe obtainedsimulatveresults. In SectiorB.1.1, the Set-Basad CLIKalgorithm is
validated on the Movo robot, while in Sectior1.23.1.2.3 the HQP approachk validated on the
Farming Robomodel.

3.1.1 Setbased CLI¥alidation on the Movo robot

In the following, we report the results obtained in ttese of theMovo robot and CLIK algorithm
described in Sectio®.2.1 In order to validate the methodology in a complex case stuthpical
domestic use case scenario has been considered, in which the robot has to bring a tray to a desired
location holding it with two handsee, Figurel0).
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Themobile base frameB of the robot is initiallyplacedin:
ppjo =0 0 O.2]T m
with respect to the world fram@V while holding a 40 cAong tray with both handsThe task is

designed in terms of a coamdted motion withy = 0. The initial absolutpositionis:
pLy =066 0.15 085" m
with an orientatiorexpressed by the following quaternion:
Q¥ =[0 —0.7071 0.7071 0]"

The desiredbsoluteposition and orientation are given as a constaely arechosen to be behind

the robot, with an orientation 080 degeesaround they-axis with respect to the initiarientation

The reference for the relative pose task is set equal to the initial one, allowing it to hold horizontally
the tray.

In the follaving, the results obtained by applyitig followingtask hierarci are discussed:

1. Joint limitsupper/lower Imits onthe 2'9, 4" and 6" joints of both armsre set, being the ones
that have actual mechanical limits on the Movo robot.

2. Virtual wallssix virtual walls, forming a virtual box, are plaasmlind the base frames of both
arms

3. Coordinated motiona coordinated motion in terms of absolute/relative pgse- 0) has been
designedo make the roboitmove the trayto the desired location.

FigurelOshows graphical representations of the initial and desired absolute frame poses, the virtual
boxes around the arm base frames and the j@kén into consideration for the joint limitask

_‘Ares

a)
FigurelO: a) Graphical iresentation of the joint limits and virtual wall tasksGibdphical representation of the initial and desired
absolute frame configuration

Theobtainedresultsin Figurell showthat both theabsoluteand relative position and quaternion
errors reach a null steaebtate value, meaning that thieay eventuallyreaches the desired location,
while keeping the relate posebetween the two enekffectorsat a constant value. The limits
imposed by the safety tasks are not violated during the entire experirAddttionally it can be
noticed that several safety tasks become active during the motion and that theygdetastthe
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desired safety thresholds (rethshedhorizontal lines in the plots): the second and fourth joints of

the right arm, the wall on thedirection of the right arm base frame and the wall on:theéirection
of the left arm base frame.
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Figurell: a) absolute pose error; b) relative pose error; c) position of the lefifiectbr expressed in the arm base frame and the
limits imposed by the virtual wall tasks; d) position of tt eigd-effector expressed in the arm base frame and the limesed by
the virtual wall taskse) left arm joint positions and imposed limits; f) ) right arm joint positions and imposed limits.

3.1.2 HQPvalidation on the Farming Robot

In the following, we report the results obtained in the case of the Farming RobaharHQP
algorithm described in Secti@?2.2 In order to validate the methodologye report simulation of

the threetask categorieseparatelyj.e. the safety, operational and optimization taslescribed in
Section2.3,

3.1.2.1 Safety tasksalidation

This simulation is aimed at validating all the implemented safesksthy exploiting the HQP
approach A sinusoidabelocityis imposed to all the jointgnd it is implementeds an equality
constrant in the HQPrameworkwith J = I and each element of thé vector is composed as

predefined sinusoidal functionsThe overall task hierarchy taken into consideration for this
simulation is

1. Joint positiofvelocity limits: upper/lower thresholds ar@mposed forall the joint position
and velocity They are set in order to match the ael limits that the robot exhibits

2. Virtual wallit is a hoizontal plane placed at the mobile base height in order to avoid collisions
betweenthree points belonging to the manipulators and the mobile base. In particular, the
points are chosen as the elbgwhe wriss and the endeffectors and the minimum distance
that mustbe kept is set to 0.5m

3. Selfcollisionsavoidancethese tasks are insied to avoidcollisionsbetweenfour points of
the manipulatorsj6int 6, midpoint between joint 6 and joint 8, joint 8 and eaffector) and
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the closest point of the head, the closest point of the totle,mid-point between joint 3
and4, between joint 4 and @nd between joint 6 and 8, and the same four points (joint 6,
mid-point between joint 6 and joint 8, joint 8 and eeflector) of the other arm.

4. Sinusoidal joint velocity sinusoidal velocitf ¢ = 37 sin(Zt) is imposed to all the joints
of the two manipulators.

It is worth noticing thatthe desired joint trajectoriesof the lowestpriority task have been
intentionally chosen t@xceed the imposedinimum/maximum thresholds of thieigherpriority

tasks triggering the activation of the assat@d constraints. Figure 12 shows graphical
representations of the points taken into consideration for the-alfsion tasks andf the virtual

wall placedo avoid collisions with the mobile base.

a) b)
Figurel2: a) Graphical representation of the points taken into consideration for thelisibn tasks; b) Graphical representation of
virtual wallfor the correspondingask

Figure 13 and Figure 14 show the evolution of thgoint positions and velocitiesf the two
manipulatorsover time during the simulationThe reddashed horizontal lines represent the
minimum/maximum thresholdsand it is worth noticing that the control algorithm successfully
manage to make both the position and the velocity respect the constraRégiarding the virtual
wall task Figurel5 shows the evolution of the three distances for the two arms, and it is clear that
they neverexceed the imposed constrairitigure16 shows the results of the sadbllisions tasks.
Figurel7reports some snapshots of the first simidatin Rviz environment.
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Figurel3. a) and c):Joint positions over time and imposed minimum/maximum values flaftlzem; b) and d): Joint positions over
time and imposed minimum/maximum valuestfer left arm
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Figurel4. a) and c): jointelocities over time and imposed thresholds fotefie@rm; b) and d): joint velocities over time and imposed
thresholds for the right arm
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Figurel5: a) Distance between the three control poiotsthe manipulatorand the virtual wall placed on the mobile base follefte
arm; b) Distance between the three control points omtagipulators andhe virtual wall plaed on the mobile base for the right arm
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Figurel6: a) Distances between theo endeffectasand the closest poirtf the head and the torsb) Ostances between the end
effectorof one armandthe joint § joint 8 and engffectorof the other armc)Distances between the ewdfector of one arm and the
mid-point between joint 3 and joint 4, between jalr@nd joirt 6, and between the joint 6 and jointod the other am; d) Distancesf

the midpoint between joint 6 and joint& both the armsand the closest point of the head and the tos®istances of the mid
point between joint 6 and joint& one arm ad the joint 6, joint 8 and ereffector of the other arnf) Distances of the migoint
between joint 6 and joint & one arm and the migoint between joint 3 and joint 4, between joint 4 and joint 6, and between the joint
6 and joint 8 of the otherrm; g) Distances between the twoint 6 and the closest point of the head and the torgdDistances
between thgoint 6 of one arm and the joint 6, joint 8 and eeffiector of the other arni) Distances between theint 6 of one arm

and the midpoint between joint 3 and joint 4, between joint 4 and joint 6, and between the joint 6 and joint 8 of the othpr arm;
Distances between the two joBiand the closest point of the head and the torspDistances between the joBibf one arm and the
joint 6, joint 8 and enéffector of the other arrm) Distances between the joi&bf one arm and the migoint between joint 3 and
joint 4, between joint 4 and joint 6, and between the joint 6 and joint 8 of the other arm
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Figurel7: Shapshotof some robot configurations the secondsimulationcase study.

3.1.2.2 Operational tasks validation
This section shows two simulatsomimed atvalidating the implementation of theordinated and
uncoordinatedmotion tasks

In the first one, an uncoordinated motiordissigned for the two manipulator§hedesired position
for the left arm iset as

0.1 cos(1 — cos(§t))
it)

Py’ 4(t) = P (0) + | 0.2 cos(l — cos(ft))
J 0.05 cos(1 — cos(§t))

Wherep?f (0) is the initial position of théeft endeffector. The desired orientation is expressed by
the following rotation matrix:

Ry 4(t) = Ry (0)R(6(1), 0(t), (1))

whereR?l’(O) is the rotation matrix expressing the initial orientation of the left-effdctor and
R(o(t),0(t),1(t))is the rotation matrix obtaineffom a roltpitch-yaw rotationwith:

¢p=0 0(t)=—5(1—cos(3t)) ¢¥=0
Regarding the right arm, the desired egitkctor position is given as:

0.1 cos(1 — cos(5t))
Py 4(t) = e (0) + | 0.4 cos(l — cos(§t))
: —0.05 cos(1 — cos(’t))

where pg,g is the initial right engffector position. The desired orientation is expressed by the
following rotation matrix:

Ry, 4(t) = Ry, (0)R((1), 0(t), (1))

Where, as beforeR}ég(o) is the rotation matrix expressing the initial orientation of the right-end
effector andR(4(t), 6(t),+(t)) isthe rotation matrix obtaned from a rokpitch-yaw rotationwith

p=0 0=0 9(t)=—F(1—cos(ft))
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Figurel8 shows the position and orientation errors for the two asitéctors, andhey successfully

track the desired trajectory both in position and orientatiBigurel9 shows some snapshots of the
conducted simulation.
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Figurel8: a) Top: position error for the left arm; Bottom: orientation error for the left arm; b) Tsipoperror for the right arm;
Bottom: orientation error for the right arm

Figurel9: Snapshots of the simulation aimed at validating an uncoordinated motion

For the second simulation, a coordinated motion is designatidasystem in terms afbsolute and
relative posewith theparameterw set to 0.5.Thedesired absolute position is set as:

0.05(1 — cos(5t))
pZ})d(t) = 'pﬁ, + ] 0.1(1 —Ocoos(gt))

Wherepgf)o is the initialposition of the absolute framand the desired absolute orientationkispt
constant at initial valuéhe desired relative position is set as:

0.1(1 — cos(5t))
0.0 ]

0.1(1 — cos(Zt))

wherep% is the initial position of the relative frame, and the desired relative orientatexpressed
by the following rotation matrix:

w W pW

RT,d - RT‘,URT,?Q(t)
where R, is therotation matrix expressing the initial relative orientation, Rﬁio(t) is the rotation
matrix obtained from the following roll, pitch and yaw angles:
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p=0 0=0 v =—-%(1—cos(5(t)))

Figure20shows the evolution of thebsolute and relative configuration errpvghileFigure21 shows
some snaphots of the conducted simulation.
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Figure20: a) Absolute position and orientation errors over time; b) Relative position and orientation errors over time

Figure21: Snapshots of theoordinated task simulation

3.1.2.3 Optimization task validation

The following simulation has been cadrat to show the effectiveness of the implemented swivel
angle task Themanipulators are asked to keep the initial esftector configurations in terms of
position and orientation, while a smoottiesired trajectory for the swivel angles of the two
manipulators is given as referencetlte swivel angle tasktarting from the initial valseand ending

at a desired final value gfrad. Figure22 shows theswivel anglerror and for the two manipulators.

It is worth noticing that the error converges to zero, asatms successfully manage to generate an
internal motion that make theiswivel angle follow the desired trajectory while keeping the end
effectors still Figure23 shows some snapshots of thenulation.
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Figure22: a) Swivel angle error fdine left arm.b) Swivel angle error ftre right arm
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Figure23: Snapshots of thamulation aimed at validating the swivel angle task

3.2 Experiments

In this Section, we sho experimental results obtained employing thetBased CLIK algorithom
the Movo robot and employing the H@orithmon the Farming RobofThis choice is motivated by
the fact thatSetBasedCLIK algorithrhas been first implementednd testedon the only robotic
platform thatwas available in LA&bboticslaboratoryat UNICLANi.e. the Movo robot);only latet
the HQP control framework has been implemented and tested omidgo++based Farming robot
and finally on thé&arming Robgprototype.

Forallexperiments thatve show in Section, the use case scenadn example dfiarvesting motion,
obtained withone or two arms.

3.2.1 SetBased CLIK algorithm on the Movo robot

The first experiment is related tacaordinatedmotion executed withboth armswith the Movo
robot performedat UNICLAMT hereferences for the adolute and relative posdmve been
designed in ordeto execute a possible harvesting motidividing the overatiask in a series of
waypointsexpressed in terms of position and orientattorbe reachedyemploying a smooth
trapezoidal velocity proél

In particular, the first waypoinfor the absolute pose ishosen in order to reach a pggasp
configuration while thedesired relative pose is set to ketbye left endeffector below the right one

of aquantity that takes into account the length bktgrape to harvest. The second waypoint allows
the endeffectorsto reach the peduncle while keeping the relative pose constant with respect to the
first waypoint; thenpoth the endeffectors move to a preelease configuration close to the mobile
base,simulating the presence of a box in which the harvested grape has to be; filzaity, the left
end-effector reaches a predefined configuration, while the right one releases the.dgrmpre24
shows some snapshots of the conducted experiment.
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Figure24:Snapshots of the coordinated harvesting motiih the Movo robot

In the second experimemve show a possible harvesting motion obtaiaetloying only one arm,

i.e., in an uncoordinated manner. Also in this case, a proper sequence of waypoints in terms of
position and orientation for the right ereffector has been chosen in order teach apre-grasp
configuration,graspthe simulated peduncle, reach a pedease pose over simulated box and
finally release the grap€&igure 25 shows some snapshots of the conducted experiment.

Figure 25: Snapshots of the single arm harvesting matith the Movo robatRight arm is thactive arm, the left arm is kept still.

3.2.2 HQPcontrol framework on the Farming Robot

Experimens were carried outboth in the smailkcale vineyard plaed in 2021by partner
AGRIMESSINAthe nearby ofJNICLAM facilitiemnd in theCANOPIES experimental field in Aprilia,
Italy. As an exampldsigure26 shows two picturesone regardinghe Tiago++based farming robot
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in the UNICLAM smaltalevineyard(September 2022 and the Farming Roboprototype in the
Aprilia experimental field (Janua@p23).

Figure26: Left: Tiago+-based farming robot in the UNICLAM srsedlle vineyard. Right: the 1st farn
robot prototype in the Aprilia experimental field (January, 2023).

In the following, we sbw the results obtained during one of the harvesexgerimentsconducted
during the experimental campaign. In particular, we shbere results relatively to harvesting
operationsperformed both witha single arm and in a cooperativeal arm mode.

It is worth noticing thathe positionof the pedunclenas been obtained in retime by the actual
perception software developed by Up@rtner(Ciarfuglia, et al., 2028)hich make use dhe RGB
D camera mounted on the head of the robot (Ségure27). The desired right engffector position
and orientation trajectories are obtaindaly connecting a semseof proper waypoints through
trajectories characterized by a trapezoidal velocity profilee waypoints lisis the following(see
Figure28):

1 apre-grasp configuratioplaced at a predefinedistance from the point of the peduncle to
be grasped

9 agrasp configuration that allows twt the peduncle andraspthe grape

1 a prerelease configuration at a certain distance fromhb& placed on the mobilease

1 arelease configuration over the box

In the aforementioned experimentve refer to the case of an emdfector equipped both with
scissors to cut the peduncle and fingers to grasp the grape (to be delivered in springvkd23he
version of theend-effector mounted on the right arm of the ERedfor experiments is equipped by
fingers otty.
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Figure 28. Snapshis of the single arm harvesting operation. From the lebot in (i) initial configuration; (ii) prgrasping
configuration; (iii)grasping configation; (iv) release configuration.

Figure29 shows thedesired position/orientation and the position/orientation errors during the
experiment It is worth noticing that the peaks both position and orientation errors occwhen
there is a change of waypoints, and they are singplyto the fact thatwe set athresholdfor the
errors below which the waypoint is considered reach@dure30 showsthe evolution of thgoint
positionsread by the actual encodeoser time, together with the imposed limits.
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Figure30: a) joints 13 positions over time and imposed minimum/maximum limits; b) joiftpakitions over time and imposed
minimum/maximum limits

Figure31 shows theperformance of thdntermediateLevelController in Section2.1 designed for
the Farming Robagprototype. The erroris relative to theight armonly (other joints are kept still in
this experiment and shows similar results) endbtained ag,; — g (seeFigure4 and Eq. (§) It is
clear that the robot tracks thdesired joint positions weinough to successfully perform the task.
Finally, Figure32 shows some snapshots of the farming robot performing a harvesting operation
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Figure31: a) joints 13 position errors for the leievel controller during the experimeaj;joints4-7 position errors for the lovevel
controller during the experiment

Figure32: Snapshots of thiarming robot in acooperativeharvesting operationfop Left: arms in tl

initial configuration.Top Rightarms in pre-graspingposition. Bottom Leftarms in postgrasping
position.Bottom Rightright armin releasinggrape configuration.

4 Reference tdVebContent

Title
Simulations.mp4

Description URL
Video of the simulations described in
Section3.1.2

Laboratorgxperiments.mp4 Video of the experiments described in
Section3.2.1and Sectior3.2.2

Video of thefield experimentsdescribed in
Section3.2.2

https://tinyurl.com/canopiesd5-1-sim

https://tinyurl.com/canopiesd5-1-lab

FieldExperimentmp4

https://tinyurl.com/canopiesd5-1-field
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