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In this paper, a novel control framework for coordinated motion for kinematically redundant multi-
robot systems is developed. The framework embeds both tasks expressed as equality constraints and
set-based tasks, i.e., tasks expressed via inequality constraints, in a task-priority kinematic control
scheme. The effectiveness of the approach is experimentally demonstrated on two different multi-arm

systems. The first system, aimed at operating in household tasks, is composed by two arms mounted
on a mobile holonomic base, the second system is mounted on an aerial vehicle and is conceived to
perform inspection and maintenance tasks.

1. Introduction

Many robotic tasks require the adoption of multiple robotic
units. Notable examples are multi-arm systems, either ground-
fixed or mounted on a mobile base (wheeled or aerial), and
fleets of mobile agents. Thus, the coordinated motion con-
trol of the involved robotic agents for the execution of com-
plex tasks has become subject of active research since many
years.

When dealing with multiple robotic systems, proper han-
dling of kinematic redundancy is needed to achieve safe and
robust mission accomplishment, especially in environments
co-habitated by humans and robots. Redundancy resolu-
tion methods have been widely studied since decades, both
at kinematic and at dynamic level (Hollerbach and Ki Suh,
1987; Khatib, 1987). The classical approach is to exploit the
system redundancy to perform multiple tasks arranged in a
hierarchy with decreasing priority order (Nakamura et al.,
1987; Siciliano and Slotine, 1991). In (Chiaverini, 1997) an
approach that avoids algorithmic singularities has been pro-
posed, then extended to handle multiple tasks in (Antonelli
et al., 2008) with the Null Space based Behavioral (NSB)
approach. It has been widely adopted both for manipulators
and mobile robots (Antonelli et al., 2010). More recently,
it was extended and experimentally validated to aerial ma-
nipulators in Baizid et al. (2017) and Muscio et al. (2018) to
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achieve coordination between an aerial vehicle and a 6-DOF
arm.

However, in the above mentioned contributions, the mis-
sion for the robotic system is specified by a set of tasks de-
fined in terms of equality constraints. On the other hand,
several tasks related to the safety of the robotic systems (e.g.,
joint limits avoidance) and/or of the surrounding environ-
ment and humans (e.g., virtual walls), can be more conve-
niently expressed via inequality constraints (hereafter sez-
based tasks), i.e. the value of the task function has to be
kept in a range of values.

Handling of inequality constraints has been tackled in
different ways, e.g, a widely adopted approach transforms
inequality constraints into equivalent equality constraints or
potential functions. In Escande et al. (2014) both equality
and inequality constraints are solved by resorting to a hier-
archical multiple least-squares quadratic programming (QP)
problem. d QP-based algorithms represent an effective and
powerful tool to tackle high-dimensional control problems
for complex articulated systems (e.g., control of humanoid
robots). However, since the solution is computed in an it-
erative way, a suitable strategy should be devised to tackle
task switching, i.e. inserting and deleting tasks in the hier-
archy and consequently changing the priority levels among
them. In Azimian et al. (2014), the transformation of the in-
equality constraints into equality ones is achieved via slack
variables. In Simetti et al. (2013) smooth potential fields
are used to represent the set-based objectives and activation
functions for an underwater vehicle-manipulator system, but
strict priority among the tasks is not ensured, due to the pres-
ence of smoothing functions introduced to avoid discontinu-
ities. In order to overcome these drawbacks, in Moe et al.
(2016), a method that directly embeds set-based tasks into a
singularity-robust multiple task-priority inverse kinematics
framework, based on the NSB paradigm, was introduced and
experimentally validated for a fixed-base manipulator with 7
DOFs. A recent extension on stability proof for the tracking
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problem has been presented in Arbo and Gravdahl (2018).
The use of control barrier functions is proposed in Notomista
et al. (2020) and in Basso and Pettersen (2020). More re-
cently, set-based task-priority inverse kinematics has been
proven to be effective on a dual-arm aerial manipulator in
Cataldi et al. (2019).

In this paper, starting from the approach developed in
Moe et al. (2016), a control framework for coordinated mo-
tion of a kinematically redundant multi-robot system is de-
veloped. The overall mission of a robotic system composed
by subsystems (agents) is defined via a set of elementary
tasks, arranged in a suitable priority order, classified in terms
of their cooperative nature and their functional role. In de-

tail, three different classes of tasks are defined (non-cooperative

tasks, requiring loose and tight cooperation), depending on
how they affect the motion of multiple robotic subsystems.
Then, the tasks are grouped into three categories, depending
on their functional role: safety, operational and optimiza-
tion tasks (Di Lillo et al., 2018). Safety tasks are aimed
at avoiding damage of the system and/or of the surround-
ing environment, and, thus, a higher priority with respect to
the other tasks is usually assigned; safety tasks are set-based
tasks activated only when the corresponding value exceeds a
pre-defined activation threshold. Operational tasks, usually
expressed as equality constraints, are those strictly required
to achieve the assigned mission. Finally, optimization tasks
are aimed at optimizing various indexes (e.g., dexterity for a
robotic arm) useful to improve overall quality of the mission
execution.

The adopted approach is a kinematic control scheme, i.e.,
the set-based task-priority inverse kinematics algorithm is
used to compute the motion references for the low-level mo-
tion controller of the single robotic agents of the system. The
choice of this approach is due to the specific features of many
commercially available robotic systems, that do not provide
torque interfaces, as those considered in the experimental
study carried out in this paper. For a deep and complete
comparison between torque-based and kinematic control ap-
proaches the interested reader is referred to Nakanishi et al.
(2008).

The developed control framework is tested on two multi-
robot systems, both involving a dual-arm system but address-
ing quite different environment to indirectly prove general-
ization of the proposed approach. The first system is an
aerial dual-arm aerial manipulator, mounted on a multi-rotor
vehicle, designed for inspection and maintenance tasks. The
second system is a dual-arm mobile manipulator with holo-
nomic mobile base operating in a domestic scenario.

In sum, a first contribution of this paper is the definition
of a framework for coordinated control of multi-robot sys-
tems, based the approach developed in Moe et al. (2016),
in order to solve the specific challenges related to multiple
robotic systems, mainly related to design of the tasks and the
hierarchies. Another contribution is the implementation and
evaluation of the approach on two largely different robotic
systems, which cover two separate domains (wheeled and
aerial), so as to demonstrate the generality of the proposed

concept. Moreover, the implemented task hierarchies are
quite rich, so as to demonstrate the effectiveness of the ap-
proach in realistic and non-trivial use cases.

2. Set-based Task-Priority Inverse Kinematics

In this Section, the set-based task-priority approach to
kinematic control of robotic systems is reviewed. For a de-
tailed description of the approach, the reader is referred to
Moe et al. (2016).

A task for a robotic system is defined as a function of the
system’s state, x € R", where n is the number of Degrees of
Freedom (DOFs), as

o= fi(x) eR", ey

where m is the number of task variables. The mapping be-
tween the task velocity 6 and the system velocity { can be
expressed via the (m X n) task Jacobian matrix, J ;, as

. _ 0f ()
6= It

0 =8 @

Given a desired task trajectory o ,(#), the corresponding ref-
erence system’s velocity, ., can be computed by resorting to
a Closed-Loop Inverse Kinematics (CLIK) algorithm (Chi-
averini, 1997):

£, =T (6,+A5), 3)

where J ; =J Z(J v ) Z)_l is the Moore-Penrose pseudoin-
verse of the task Jacobian, A € R™ "™ ig a positive-definite
matrix of gains, and 6 = f,(o4, ) is the task error.

In the presence of under-actuated systems, the system ve-
locity can be partitioned into controlled and non-controlled
velocities as

‘= [g] . 0

The non-controlled variables can be taken into account in (3)
as in Baizid et al. (2017)

Cep=d) (04 + A8 7,8, ®)

where J, and J, are the task Jacobians referred to con-
trolled and uncontrolled variables, respectively.

When the number of system DOFs, n, is larger than the
task dimension m, the system is redundant with respect to
the task and multiple tasks can be commanded simultane-
ously. In order to solve the potential conflicts that could arise
among the tasks, a common solution is to define a priority
among them and compute the reference system velocity that
fulfills the task hierarchy at best, removing from the solu-
tion the velocity components of the lower-priority tasks that
conflict with the higher priority ones. In this way, the opti-
mal execution of the primary task is ensured, while all the
lower-priority ones are executed only for those components
that do not affect the higher-priority tasks.
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In order to combine a hierarchy of 4 tasks, it is neces-
sary to assign h levels of priority (hereafter indexed by the
integer i), from the primary one (i = 1) to the lowest prior-
ity one (i = h). Then, the reference system velocity can be
computed recursively as in Siciliano and Slotine (1991)

h

Crn= Z(JiNﬁl)T("’i,d +A;6,-J,¢_1), (6)
i=1

where N ;“ projects a vector onto the null space of the
augmented Jacobian matrix, obtained by stacking all the task
Jacobian matrices from task 1 to i, i.e.,

A _ [T T T
Ji _[Jl I Ji] ’ N
and is defined as
NA=T-INHTA, (8)

with N, 6‘ = I (the identity matrix of suitable dimensions),
¢o =0, (the (n x 1) null vector), and {; is the velocity con-
tribution of the i-th task in the hierarchy.

The above-described method has been developed for tasks
characterized by a specific desired value, o, (e.g. the de-
sired end-effector position), hereafter mentioned as equality
tasks. Recently, in (Moe et al., 2016), this framework has
been extended to handle also set-based tasks, in which the
task value has to be kept in a certain set of values delim-
ited by two activation thresholds: a lower threshold (o, )
and an upper threshold (o, ). The key idea is to consider a
set-based task as an equality-based one that can be inserted
or removed from the hierarchy depending on the operational
conditions. In fact, a set-based task has to be activated when
its value is near one of the activation thresholds, while it has
to be deactivated when the solution (6) that does not contain
it pushes its value toward the valid set. Once activated, a
set-based task is inserted in the task hierarchy as an equality-
based task with desired value equal to a predefined safety
threshold (o, or o ), as shown in Fig. 1.
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Figure 1: Evolution of a generic set-based task, highlighting
the activation thresholds (o,, and o,,) and the safety thresh-
olds (o,, and o)

au

Since a set-based task can be either active or inactive,
a system with g set-based tasks is characterized by 29 pos-
sible combinations of set-based tasks being active/inactive,
referred to as modes of the system. The algorithm devel-
oped in Moe et al. (2016) is in charge of switching between

modes to fulfill the equality tasks while ensuring that the
set-based tasks are not violated. The modes are sorted by
increasing restrictiveness: the more set-based tasks are ac-
tive in a mode, the more restrictive it is. Hence, in the first
mode, no set-based tasks are active, i.e. only equality tasks
are considered, while in the 29-th mode all set-based tasks
are active.

More details about the activation/deactivation algorithm
can be found in Di Lillo et al. (2020).

3. Framework for cooperative multi-robot
systems

When a robotic system is composed by multiple subsys-
tems (or agents) that are required to cooperate to achieve
common mission goals (e.g. multi-arm systems for cooper-
ative manipulation/transportation of objects, fleets of coor-
dinated mobile robots), the set-based kinematic control ap-
proach has to be suitably enriched to take into account the
different ways in which the robotic agents composing the
system interact.

The developments reported in the following extend some
basic concepts related to coordinated control of cooperative

manipulators, that can be found, e.g., in (Caccavale and Uchiyama,

2016), to general multi-robot systems.

Let us consider a robotic system composed by N sub-
systems, each having n; (i = 1... N) DOFs. The entire
system’s state is represented by the vector stacking the state
variables of all the subsystems

x=[T I L kLT er, ©)

where n = 21111 n;. A generic m-dimensional task function
o, depends, in general, on the state of the agents composing
the multi-robot system

10)

o, =f(x1,%x,....%Xp),

or only on the state of a subset of agents. The assigned target
value for the task o, ; = f;(t, x1,X;,...,xy) can depend
on the state of (a subset of) the other agents as well.

The task Jacobian matrix is composed as:

_[of:0 0f)

0x4 0x,

afS(‘x) c Rmxn
0x

. (1D

X
in which the i-th block represents the derivative of the task
function with respect to the state variables of the i-th sub-
system.

In order to devise a general framework for multi-robot
systems, three possible levels of cooperation between sub-

systems required for the accomplishment of a task o, are
defined:

e non-cooperative tasks
e tasks involving loose cooperation

e tasks involving tight cooperation.
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In the following, the three levels are defined with reference
to two agents, labeled by the subscripts i and j, respectively,
for the sake of clarity. The extension to the case of three or
more agents is straightforward.

A task does not require cooperation among subsystems
(non-cooperative task) if its actual value depends on the state
of only one subsystem

o, = fi(x), (12)

and its target value does not depend on the state of the other
agents. Thus, the corresponding velocity commands com-
puted via (6) do not affect the state of the other agents. Ex-
amples of tasks belonging to this class are joint limits or ob-
stacle avoidance for a single agent.

A task requires loose cooperation between two subsys-
tems i and j if its actual value depends on the state of i, but
its target value depends on the state of another agent j, i.e.,

Oy = fs('xi) A o-x,d = fd(t’ xj)~ (13)

In other words, while the task is determined by the state
of the corresponding agent (e.g., the end-effector pose of
a robotic arm is determined by its joint variables), the tar-
get value depends on the state of other agents (e.g., when
one robot is equipped with a camera required to keep in its
field of view a reference point on another robotic system).
Thus, coordination between the agents is achieved only via
the target value in a master-slave fashion. In case of non-
cooperative tasks and tasks involving loose cooperation, the
Jacobian matrix has non-zero elements only in the columns
corresponding to the ith subsystem

s.=|o . L%

x axi

. O]. (14)

The task requires a tight cooperation between the sub-
systems i and j if its actual value depends on the state of the
two subsystems

o, = fi(x;,x;). (15)

Thus, the task requires intrinsic coordination between the
agents. In this case, the Jacobian matrix has non-zero ele-
ments in the blocks corresponding to the involved subsys-
tems

J -lo s )

x T ox; 0x;

. 0|. (16)

This is the case in which multiple robots have to operate co-
operatively to reach a common goal, e.g. the cooperative
transportation of an object.

It is possible to additionally categorize each level of co-
operation depending on the functional role of the task, ob-
taining three groups: safety, operational and optimization
tasks. The level of priority of each task in the overall mis-
sion hierarchy can be related to both the functional role and
the level of cooperation required for the task. The priority
level among the functional roles is, then, usually set as

Table 1
Priority of tasks depending on the functional role and the re-
quired level of cooperation.

Functional role | Level of cooperation | Priority
Tight 1
Safety Loose 2
None 3
Tight 4
Operational Loose 5
None 6
Tight 7
Optimization Loose 8
None 9

1. Safety tasks, which include those tasks aimed at avoid-
ing damages of the system and/or of objects and hu-
mans in the surrounding environment. They are all
defined as set-based tasks and activated only when the
corresponding value exceeds the pre-defined activa-
tion thresholds, with higher priority with respect to
the other tasks.

2. Operational tasks, i.e. those tasks strictly needed for
the accomplishment of the assigned mission.

3. Optimization tasks, whose goal is to adjust the config-
uration of the system so as to keep the system far from

singularity as well as unsafe configurations. They strongly

depend on the system peculiarities.

Within the same functional role, it is necessary to set further
priorities among the different levels of cooperation, obtain-
ing the overall hierarchy summarized in Table 1.

In the following, the framework is used to design the
kinematic control of two mobile robotic systems: a dual-arm
aerial manipulator and a dual-arm wheeled manipulator. In
both cases, the cooperative agents are manipulators mounted
on a moving base, but the challenges to be tackled are dif-
ferent, in terms of mission goals and requirements.

4. Kinematics of dual-arm mobile robot

The framework described in Section 3 can be re-arranged
to the case of a robotic system composed by a mobile base
characterized by ny = 6 DOFs and two manipulators, each
characterized by n, DOFs (x = L,R).

Therefore, the system’s state is described by the vector:

T
x=[p$ by qf qﬁ] eR”, a7

where y = ny+ny +ng, py is the position of the mobile base
in inertial frame, ¢y, is the platform orientation, expressed,
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e.g., in Euler angles, g and gy are the joint positions of the
left and right manipulator, respectively. The system velocity
vector is
4T T |

¢=|ob ¢y af qf] ewr, (18)
where vy is the linear velocity of the platform, ¢y is the
derivative of the Euler angles, related to the angular veloc-
ity, ¢;, and gg are the left and right arm joint velocities, re-

spectively. The Jacobian matrix of a generic task ¢, can be
expressed as

base left arm right arm
—
J. = 0f(x) of(x) df(x) df(x) e
opy Iy aqr. Iqg
—_———————— — ] —
mxny mxny, mxng

19)

where the contributions of the mobile base, the left and
the right arms to the task velocity with their dimensions are
highlighted.

Let us define six frames of interest for the tasks Jacobian
matrices definition conducted in the following Section

o the fixed inertial frame F;

o the mobile base frame Fy,, attached to the center of
mass of the mobile base;

e the left arm base frame F L.B>

e the right arm base frame F g p;

e the left end-effector frame, F L.E>
o the right end-effector frame, F g g.

The transformation matrix that expresses the homoge-
neous transformation between frame Fy and Fy is T § €
R*4 and it is composed by the rotation matrix Ry, € R¥3
and the position vector p{ € R?. In the following, the su-
perscript will be omitted when a quantity is expressed in the
inertial frame.

5. Definition of tasks
5.1. Safety tasks

Joint limits (m = 1): upper and lower limits have to be
placed on each manipulators’ joint subject to mechanical lim-
its. The task function is the value of the i-th joint variable:

OLjointi = 9L, » OR joint,i = 4R,i » (20)

while the task Jacobians are given by

base left arm right arm
—~ = r & ~ A~
Tijoini=[ Oy 0 = 1 e 00, ]

i

21
base left arm right arm
~ = = % ~
JR,joint,i = [ OnV OnL 0 - 1 0]
i
(22)

the task is non-cooperative, since the task function and its
desired value do not depend on the state of the mobile base
or the other arm.

Virtual wall (m = 1): a virtual wall could be placed in order
to limit the arms’ workspace in such a way to avoid collisions
and/or singular configurations. The task function is defined
as (x=L,R)

Owat = A (P, — P1) 5 (23)

where p:’g is the position of the considered end effector with
respect to its base frame, and

(P, — p1) X (p3 — py)
[l(pr — p) X (p3 — pDII

is the outer normal unit vector of the plane determined by
the three points p;, p, and p;. The task Jacobians for the
left and right arm are given by

A= (24)

left arm

base right arm
—_—
= ~T yL.B
I wan = [ 0, -aJ I pos 0, ] (25)
base left arm right arm

~T yR.B
IR wanl = [ Onv OnL - JR:pos] ) (26)

where J©B and JRB are the position Jacobian matrices of
L,pos R.pos

the left and right arms, respectively, expressed in their base
frames. The task is non-cooperative, since the task and its
desired value do not depend on the state of the other agents.

5.2. Operational tasks
In this paper, it has been assumed that a typical task in-
volving a mobile dual arm manipulator requires to assign:

e the pose of the end effector of one of the two arms (in
the following, for the sake of simplicity, it has been as-
sumed the left one) in the inertial frame (global pose),
expressed as a function of the mobile base pose and
the arm joint variables;

o the pose of the second end effector (in the following,
for the sake of simplicity, it has been assumed the right
one) constrained, e.g., by assigning the relative pose of
the two end-effectors expressed in the arm base frame
(Relative Pose) or by equipping it with a directional
sensor whose orientation with respect to the other end
effector has to be kept fixed (e.g. by keeping the first
end effector in the Field of View of a camera mounted
on the second end effector).

Di Lillo et al.: Preprint submitted to Elsevier

Page 5 of 15



Set-based Kinematic Control of Multi-robot Systems

Of course, such a selection is not to be considered exhaus-
tive, since new tasks could be defined in order to face differ-
ent ways of assigning a coordinated motion (Caccavale and
Uchiyama, 2016).

Global pose (m = 6): the task is the vector stacking the
position, PLg- and the unit quaternion, Q.- (Roberson and
Schwertassek, 1988) of the left end effector with respect to
the inertial frame

PLE
Oglobal = . (27

L.E

The position vector p; g can be written as

PLE=DPv+ RVPX,E

(28)
R, ;= RyRY

LE”’

where p g and RV = RV RLB are the relative position
and orlentatlon of the frame FL E w1th respect to the frame
Fy, expressed in frame F),. The time derivative of (28) is
then given by

PLE =Py — S(Ryp) oy + Ryp

(29)
(DLE = Oy + va

LE

where S(-) is the skew symmetric operator performing the
cross-product (Siciliano et al., 2009) and p and coLE are
the relative velocities of 7 g with respect to the frame Fy
expressed in frame 7y, which can be rearranged as the stan-
dard manipulator differential kinematics. Taking into ac-
count (29) and the relationship between the mobile base an-
gular velocity and the derivative of its Euler angles, oy =
T(d)v)d)v (Siciliano et al., 2009), the global pose task Jaco-

bian can be expressed as:

base & leftarm  right arm
——
ngobal = [ Jinerlia],L 06><nR ] (30

where O, is the (a X f) null matrix and

I =S (RVP]Y )T(Py) Rpp Jr

Jinertial,L = ];411)305 (3 1)
05,5 T(¢y) Ry g JLZOri
where 1,4 is the (a X f) identity matrix while J 11:’1];305 and

J E’B. are, respectively, the position and orientation Jaco-
,OT'1

bian matrices of the left manipulator expressed in its base
frame (Siciliano et al., 2009). This task requires tight coop-
eration between the mobile base and the left arm, as 6,4,pq
depends on the state of the two agents and J o, has non-
zero elements on both the blocks of the two subsystems. It is
worth noticing that this task has also a non-cooperative for-
mulation, in which the reference is expressed in one of the
arm base frames and the inverse kinematics solution involves
only that arm. In such case the jacobian matrix is composed
as:

LB R.B

JL pos JR pos
Jpose,L = LB |’ Jpose,R = RB |’ (32)
L,ori R,ori

When dealing with mobile manipulators, it is often use-
ful to weight differently the motion contribution of the mo-
bile base and of the arms. This is usually achieved by using
the weighted pseudoinverse of the Jacobian matrix, defined
as

77wyt

global (J globat W™ o

(33)

global global ) ’

where W is a positive definite diagonal matrix of weights
that can be split into three diagonal matrices

Wbase OnVXnL OnVXnR
W = OnLXnV WL OnLXnR € R”XM’ (34)
OnRan OannL WR

where W, gathers the weights of the DOFs of the vehicle,
W, and W the ones of the two arms. It is worth noticing
that WR does not actually play any role in the computation

of J! alobal 35 the columns of J g4,

arm JOlIltS are null.

In this work, the user-defined weights in W, and W,
are heuristically selected in such way to always penalize the
base movement. The behavior that we want to have is that the
robot makes use mostly of the arms to reach a target location,
until the end-effector reaches a virtual wall that surrounds
the arm base frame. When this happens, the corresponding
high-priority task gets active, stopping the arm motion and
the robot is forced to use the base to move toward the desired
location, despite of the relative weighting between the base
and the arm joints.

Relative pose (m = 6): the task function is the vector stack-
ing the position and orientation of the left end effector with
respect to the right one

| corresponding to the right

O = | PREPLE] (35)
R.E
QL,E

where pi’g and plﬁ’g are the position of the left and right
end-effectors, respectively, expressed in a common reference
frame (the left arm base frame), and Q 1s the unit quater-
nion expressing the orientation of the left end-effector with
respect to the right one. The expression of the relative Ja-
cobian without considering the mobile base is (Jamisola and
Roberts, 2015)

I rel fixed = [ Tﬁ g .Q]]: g II: B QE]}; ﬁ B ROXML*MR
(36)
where:
4 Y
Y
O3z I 053 RY
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and J E’B, J E’B are the position and orientation Jacobian ma-

trices of the left and right arms expressed in their base frames.

The Jacobian of the relative pose task is then composed as

base left & right arms

— = —~
Jrel = [ 06><nv Jrel,ﬁxed ] . (38)

Clearly, this task requires tight cooperation between the two
arms.

Field of View (m = 3): Directional devices or sensors mounted

on the end effector of the right arm, such as a laser or a cam-
era, do not need to constrain the whole end-effector orienta-
tion, but only the outgoing unit vector, which is required to
point toward a target location. By defining the task function
as the outgoing unit vector of the right end effector expressed
in the inertial frame

orov = Rrg €3, (39)

T

where e; = [0 0 1] , the task Jacobian, without consid-

ering the mobile base and the left arm, can be computed as

R,B
Jrrov = =S(6pov)I g - (40)
In the case of a dual-arm manipulator, the desired value for
the task function could be the unit vector

PLE — PRE

OFOVd = | 41)

|PL,E - PR,E“ ,
representing the direction from the right end effector to the
left one. The Jacobian of the field of view task is then com-
posed as

base left arm right arm

3%
Jrov = [ O3y Osun, Jrrpov] € R . (42)

Clearly, this task requires loose cooperation between the two
arms, as 6ggyq depends on the state of the other arm and
J oy has only one non-zero block.

5.3. Optimization tasks

Manipulability (m = 1): This task is aimed at ensuring
that the system’s configuration is far from kinematic singu-
larities. To define the task function, the usual manipulabil-
ity measure for a robot manipulator defined in Yoshikawa

(1985) as w(x) = \/det(JerTn) could be adopted, where

J , is the following Jacobian

Jm — Jinertial,L ) (43)
J inertial, R

The Jacobian matrices in J , have been computed by resort-

ing to the International Standard of Units to avoid numerical

issues (Lin and Burdick, 2000), in particular lenghts in me-

ters and angles in radians, and then normalized in order to

make the measure of manipulability independent from units.
Given this assumption, the measure of manipulability is con-
sidered unitless in the following. The task function is

Oman = W(x) >0, (44)

and the corresponding Jacobian is

base left arm right arm
——t =
Jw(x) oJw(x) oJw(qy) Jdw(x)

I man = [ ] = RIXﬂ;

opy oy aqy, oqg
45)

This task requires tight cooperation between the two arms
and the base. It is worth noticing that this kind of task can
be considered both at a low priority level as a an equality-
based task and at a high priority level as a set-based task,
as done, e.g., in (Di Lillo et al., 2019). In the experiments
described in the following sections we consider it as a low-
priority optimization task, aiming at maximizing its value
as much as possible given the execution of all the higher-
priority ones.

Mobile base configuration optimization: This task is aimed
at assigning a particular configuration of the mobile base
with respect to an auxiliary frame, F 4, suitably defined. The
mobile base configuration optimization task value can be de-
fined as

A
_ | LoPy
opt

— N e R(mp+mo)><1 , (46)
L,®%

[0

where pé and ¢$ are the position and orientation of the mo-
bile base frame with respect to the auxiliary frame, L, €
R™>3 and L, € R"*3 are matrices that suitably select the
components to constraint.

The Jacobian of the task, without considering the two
arms, is

LR, 0, 3

Opx3 LR, T(dy)

J e RUMptmoXny. (47)

opt, base =

The optimization task Jacobian is then composed as

base left & right arms
Jopt = [ Jopt, base O(mp+m0)><nL+nR ] (48)

Center of mass (m = 2) This task is aimed at ensuring that
the Center of Mass (CoM) of the dual-arm system is as much
as possible aligned with that of the mobile base, in such a
way to avoid to destabilize the motion. The task function is

AR
[V )]

Ocom = ; (49)
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where c}: (x = x, ) is the component of the position of the
CoM of the system composed by the two arms along the x
axis of frame Fy,

n \"%
v_ 2 L10L1 T Z MR OR j,x (50)
*x mL + mR ’

C

where my_; and myg, ; are the masses of the links of the left and

right manipulators, respectively, and O\R],j ,, are the x

\%
OL,i,* s
component of the CoM of the i-th link of the left manipulator
and the j-th link of the right manipulator, respectively, ex-
pressed in the frame F,. Finally, m; and my are the masses

of the two manipulators. The task Jacobian is given by

base left arm right arm
—_— T
T com = [ 0”v JI(EOM JEOM ] € R>. (51)

where J« cop (*=L,R) is given by
A\ n, (&) \% n, (&)
e Dty duy Fey Zilidas

J*,CoM =
(mp +mg)y/cV? + c;’z

(f)

(52)

(f)

with _] and j, ! are the contributions of the first and sec-

ond row, respecnvely, of the Jacobian J, relative to the joint
velocities up to the link i. This task requires tight coopera-
tion between the two arms.

6. Experiments on an aerial dual-arm
manipulator

The task-priority control scheme described in Section 2
has been applied to a mobile manipulator composed by an
under-actuated multirotor aerial platform, characterized by
4 DOFs, and two anthropomorphic arms, each with 4 DOFs.
The system and the coordinate frames described in Section 3,
is shown in Figure 6.1. In the following, two different exper-
imental case studies are presented: the first one, firstly pre-
sented in Cataldi et al. (2019), requires a loose cooperation
of the arms while no cooperation is required in the second
case study. A video showing the execution of the operation
is provided as supplementary material for the present paper.

6.1. Anthropomorphic Dual Arm

The manipulator integrated in the aerial platform is the
anthropomorphic, compliant and lightweight dual arm pro-
posed in (Suarez et al., 2018a), whose main parameters are
summarized in Table 2. The arms are human-size, where the
upper arm (from shoulder to elbow) and the forearm (from
elbow to wrist) link lengths are 25 cm, whereas the separa-
tion between the shoulder joint of both arms is 30 cm. Each
arm, equipped with three joints at the shoulder and one at
the elbow, provides 4 DOFs for end effector positioning in a
human-like kinematic configuration.

J”}«;lili’ﬁa
Figure 2: Dual-arm aerial manipulator and considered coordi-
nate frames

Table 2
Main specifications of the anthropomorphic dual arm.

Total weight 1.3 kg

Max. lift load per arm 0.3 kg

Upper arm/forearm lengths | 25 cm
Separation between arms 30 cm
Shoulder pitch range + 90 deg
Shoulder roll range [-30, 120] deg
Shoulder yaw range + 90 deg
Elbow pitch range + 135 deg

6.2. Aerial Platform
The aerial platform is an hexarotor manufactured by Drone

Tools', whose main specifications are summarized in Table
3. The hexarotor integrates an Intel NUC computer board, an
Ubiquiti 5.8 GHz wireless link, along with the manipulator
and the batteries. The arms are supported by a frame struc-
ture attached to the legs of the landing gear, in such a way
that the effective volume of operation of the arms is maxi-
mized, avoiding collisions with the landing gear or the pro-
pellers (Suarez et al., 2018a). The configuration in Figure
6.1 corresponds to the nominal operational position, while
in the take-off and landing the arms rotate + 90 deg around
the shoulder roll joint (Suarez et al., 2017).

6.3. Hardware/Software control architecture

The low level control of the aerial platform is based on
an integral backstepping algorithm including the dynamic
model of the system, the compensation of both the arms’
movements and the interaction wrenches with the environ-
ment (Suarez et al., 2018b). It has been built in a PixHawk
autopilot board running the PX4 flight stack, that communi-
cates with the Intel NUC computer board through a serial in-
terface and the MAVROS protocol. The on-board computer

Uhttps://www.dronetools.es/
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Table 3
Main specifications of the aerial platform.

Total weight 9 kg

Max. flight time (nominal load) | 15 min

Max. payload 2.5 kg
Batteries 6S, 7000 mAh
Batteries weight 4 kg

executes three main software modules: the UAV Abstraction
Layer (UAL), the dual-arm control program and the aerial
manipulator control module, which implements the inverse
kinematics methods detailed in Section 2. The dual arm con-
trol program is developed in C/C++ and it is built around
the Task Manager, where the functionalities of the manipu-
lator are implemented in such a way to command the joints
to track the references received from the aerial manipulator
controller.

6.4. First case study

In the experiments the actual position of the vehicle has
been obtained via a motion capture system (VICON), while
its orientation is measured by the Inertial Measurent Unit
and the joint positions are provided by the servos. In the
following, the implemented tasks are detailed and classified
into the categories proposed in Section 3.

According to the assigned mission, the left arm is com-
manded to track a desired trajectory, while the right arm is
in charge of moving a camera, attached to its end-effector, in
such a way that its outgoing vector is aligned with the out-
going vector of the left arm’s end-effector. At lower priority
two optimization tasks are implemented, i.e., the center of
mass, aimed at ensuring that the center of mass of the dual-
arm system is, as much as possible, aligned with that of the
aerial platform, in such a way to avoid to destabilize the flight
and reduce the power consumption, and the manipulability
of the arms. For preserving the system integrity, safety tasks
are implemented as set-based tasks: the joint limits for all the
arms’ joints, virtual walls between the two arms and between
the arms and the vehicle.

The overall implemented task hierarchy is composed as
follows:

1. Joint limits on the four joints of both arms (safety, non-
cooperative, 8 tasks, m = 1 each);

2. Virtual walls between the arms (safey, non-cooperative,
2 tasks, m = 1 each) and between the arms and the
aerial platform (safety, non-cooperative, 2 tasks, m =
1 each);

3. Global pose of the left end-effector (operational, tight
cooperation, m = 6);

4. Field of view for the right end-effector (operational,
loose cooperation, m = 2);

5. Center of mass (optimization, tight cooperation, m =
1);

Table 4
Task gains for the experiments on an aerial dual-arm manipu-
lator

First case study Second case study

Task Gain Task Gain

Joint limits 2 Joint limits 2
Virtual walls 2.5 Virtual walls 2.5
Glob. position 351, Glob. position 351,
Glob. orientation | 715 Glob. orientation 71,
Field of view 0.6 Position (right ee) | 35 I,

Center of mass 1 Center of mass 1
Manipulability 20 Manipulability 20

6. Manipulability of the system (optimization, tight co-
operation, m = 1).

All the chosen task gains are reported in Table 4.

Itis worth noticing that, since the aerial platform is under-
actuated, among the triplet of Euler angles representing its
orientation, only the yaw angle, y~;, is a controllable vari-
able, while roll and pitch angles, @y and 9y, are considered
as intermediate control inputs for position control. Thus, by
rewriting the vector x in terms of controllable and uncon-
trollable variables as follows

Dv
Xe 4% 2
x = , X, = , X, = ,
Xy q. Iy
qr

the kinematic inversion has been performed as in (5), where
the controlled and uncontrolled Jacobian matrices have been
obtained as detailed in Section 5, by suitably selecting the
columns relative to controlled and uncontrolled variables,
respectively. More details on the kinematics of the dual-arm
aerial manipulator can be found in Cataldi et al. (2019).
Figure 3 reports the experimental results. It is clear that
the left end-effector successfully follows the desired path.
The results of the field of view task of the right end-effector
is reported in the plot as the misalignment between the out-
going vectors of the two end-effectors. It is clear that it con-
verges to zero, meaning that the left end-effector is eventu-
ally kept inside the field of view of the camera mounted on
the right one. During the experiment two joints of the right
arm reach the imposed limits, and the corresponding safety
tasks get active and stop their motion in order to respect the
constraints. Regarding the two optimization tasks placed at
a lower priority in the hierarchy, the misalignment between
the center of mass of the dual-arm system and the vehicle
slowly decreases, while the system manipulability measure
increases as much as possible given the fullfillment of the
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Figure 3: Fist case study. Left: left end-effector actual (solid blue) and desired (dashed-red) path; Center: right arm joint
positions with the corresponding limits (red lines); Right: field of view of the right end-effector, center of mass of the system,
manipulability measure of the left arm. The red background highlights the activation of a set-based task.

higher-priority tasks. The virtual wall tasks and the joint
limits of the left arm are not shown for sake of brevity, as
they never activate during this experiment.

6.5. Second case study

In this second case study, a desired position and orien-
tation trajectory is planned for the left end-effector, while a
desired trajectory only for the end-effector position is spec-
ified for the right arm.

The same optimization and safety tasks of the previous
case study have been implemented, obtaining the following
hierarchy:

1. Joint limits on the four joints of both arms (safety, non-
cooperative, 8 tasks, m = 1 each);

2. Virtual walls between the arms (safey, non-cooperative,
2 tasks, m = 1 each) and between the arms and the
aerial platform (safety, non-cooperative, 2 tasks, m =
1 each);

3. Global pose of the left end-effector (operational, tight
cooperation, m = 6)

4. Position of the right end-effector (operational, non-
cooperative, m = 2);

5. Center of mass (optimization, tight cooperation, m =
1);

6. Manipulability of the system (optimization, tight co-
operation, m = 1).

Figure 4 show the experimental results, and it can be seen
that both the end-effectors successfully follow the desired
path. Regarding the safety tasks, the third joint of both the
right and the left arms get active during the motion fulfill-
ing the imposed constraints. This time, given the specific
trajectory chosen for the experiment, the tasks regarding the
virtual walls between the two arms get active for both the
end-effector, keeping the distance between them at the im-
posed minimum (red horizontal line in the plot). It is worth
noticing that the two virtual wall tasks refer to the same vir-
tual wall that is placed between the arms. The center of mass
task value correctly decreases until # = 50s, then it starts in-
creasing due to the activation of the virtual wall tasks. The

same happens for the manipulability task, that increases until
the activation of the higher-priority task forces it to decrease
and eventually converge to 4 - 1073,

7. Experiments on a wheeled mobile
manipulator

The chosen robotic platform is the Kinova Movo, a mo-
bile robot manufactured by Kinova” equipped with two 7 DOF
Kinova Ultra lightweight robotic Jaco? arms. The mobile
base is equipped with four Swedish wheels thus making the
robot holonomic, and linked to it there is a prismatic joint
that allows to change the height of the torso and, thus, the
vertical position of the two-arm system.

Based on (17), the state of the system can be customized
s:

&

s=1[pT @ ¢T TTeng (53)
by 9, 4R ’

T
where py = [x y z] is the vector containing the x, y
position of the mobile base in inertial frame and the z po-
sition of the torso joint, @ is the platform orientation in the
horizontal plane, q; and gy are the joint positions of the left
and right manipulator, respectively.

The frames of interest, defined in Section 6.1, are shown
in Figure 5. For the considered system, the matrix Ty, can
be computed via measurements provided by the localization
system, that makes use of odometry and a compass for posi-

tion and orientation estimation. In the matrices TXB, TK B’

the rotation matrices RY RK B and the first two elements

LB’
of the position vectors, namely pKB and p;’,B, are constant,
while the third components depend on the position of the
prismatic joint at the torso. Finally, the matrices Ttg ngg
can be obtained by expressing the kinematic chain of the ma-
nipulators as Denavit-Hartenberg parameters and then com-
posing the transformation matrices of all the frames from the

base to the arm end-effector.

2www.kinovarobotics.com/en/products/mobile-manipulators
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Figure 4: Second case study. Top left: left end-effector actual (solid blue) and desired (red-dashed) path; Top center: right
end-effector actual (solid blue) and desired (red-dashed) path; Top right: right arm joint positions and corresponding limits (red
lines); Bottom left: Left arm joint positions and corresponding limits (red lines); Bottom center: distance between the two end-
effectors and the virtual wall placed between the arms, the red line expresses the minimum distance imposed by the corresponding
set-based tasks; Bottom right: center of mass position and manipulability measure of the left arm. The red background highlights
the activation of a set-based task.

end-effector initial position is

T
—z O global, pos = [0.66 0.15 0.85] m

with an orientation

T
Oglobal, ori — [0 —0.7071 0.7071 O] .

The desired global position and orientation is given as a con-
stant reference to the left end effector and it is chosen to be
behind the robot, with an orientation of —90 deg around the
y-axis with respect to the initial orientation (see Fig. 6).

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

In the following, the results obtained by applying two
different task hierarchies are discussed, aiming at highlight-
ing the contribution of the task categories in the overall mo-
tion of the system.

T

Figure 5: Frames of interest for the wheeled dual-arm mobile
robot

A typical domestic use case scenario has been consid-
ered, in which the robot has to bring a tray in a desired loca-
tion holding it with two hands.

The platform frame of the robot is initially centered in 7.1. Safety + Operational tasks

In this subsection, the proposed control scheme is im-
T plemented by considering only safety and operational tasks
Pvini = [0 0 0-2] ’ (global and relative poses) in the hierarchy composed as fol-

lows:

while holding a 40 cm-long tray with both hands. The left
1. Limits on three joints of both arms (safety, non-cooperative,

6 tasks, m = 1 each)
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rdes

Figure 6:
frame.

Initial configuration and desired left end-effector

Table 5
Task gains for the experiments on a wheeled mobile manipu-
lator

First case study Second case study

Task Gain Task Gain
Joint limits 1.5 Joint limits 1.5
Virtual walls 1.2 Virtual walls 1.2
Rel. position 31, Rel. position 31,
Rel. orientation 41, Rel. orientation 41,
Glob. position 031, Glob. position 031,
Glob. orientation | 0.7 I; | Glob. orientation | 0.7 I,
Base optimization 0.8

2. Virtual walls around the base frames of both arms (safety,

non-cooperative, 12 tasks, m = 1 each)
3. Relative pose (operational, tight cooperation, m = 6)
4. Global pose (operational, tight cooperation, m = 6)

The chosen task gains are reported in Table 5.

The experimental results in Fig. 7 show that both the
global and relative position and quaternion errors reach a
null steady-state value, meaning that the left end-effector
reaches the desired location, while keeping the relative pose
with respect to the right one at a constant value. Regarding
the global pose error, the initial high error is due to the fact
that the reference is not a smooth trajectory, but a constant
point expressed in inertial frame. The limits imposed by the
safety tasks are not violated during the entire experiment.
However, it can be noticed that several safety tasks become
active during the motion and that they get stuck at the de-
sired safety thresholds (red horizontal lines in the plots): the
second and fourth joints of the right arm, the wall on the z
direction of the right arm base frame and the wall on the x
direction of the left arm base frame.

7.2. Safety + operational + optimization tasks

It is worth noticing that the steady-state configuration
reached in the previous case study, shown in Fig 8, has three
active set-based tasks and it is quite unnatural, with the tray
on the right side of the robot body and not aligned with
it. To avoid such unnatural configuration, an optimization
task is designed aimed at adjusting the position and the ori-
entation of the mobile base, in order to keep the absolute
position of the dual-arm system (Caccavale and Uchiyama,
2016) (e.g., the mid-point between the two end-effectors)
aligned as much as possible with the x axis of the mobile
base frame during the motion, resulting in a more natural
steady-state configuration.

Based on the task presented in Section 5.3, the auxiliary
frame F 4 has been centered in the mid-point between the
two end-effectors, as shown in Fig. 9, while the task func-
tion has been customized by setting the following selection
matrices:

1 0 0
L= L,=lo o 1|, (54)
0 1 0

. . .o A
The desired mobile frame position has beensetas L, Py gos =

T
[_0_7 0] m, while the desired orientation is set as ngq =

0, making the mobile base frame centered and aligned with
the auxiliary one, as shown in Fig. 9.

In the Jacobian (48), the contribution of the velocities of
the arm joints in the motion of F 4 has been intentionally
ignored, because the arms are used to fulfill the operational
tasks at a higher-priority in the hierarchy.

Therefore, the following hierarchy has been implemented:

1. Limits on three joints of both arms (safety, non-cooperative,

6 tasks, m = 1 each)
2. Virtual walls around the base frames of both arms (safety,
non-cooperative, 12 tasks, m = 1 each)
Relative pose (operational, tight cooperation, m = 6)
Global pose (operational, tight cooperation, m = 6)
5. Base configuration optimization (optimization, loose
cooperation, m = 3).

B w

Figure 10 shows the time histories relative to the opera-
tional tasks errors, the safety task values and the optimiza-
tion task error. It can be noticed that the optimization task
error reaches a null-steady-state value, while all the safety
tasks are kept inside the assigned boundaries and the opera-
tional tasks are effectively accomplished. Noticeably, in this
case, due to the effect of the optimization task that moves
the mobile base in order to center and align the tray with the
mobile base frame, the steady-state configuration (shown in
Fig. 8.b) has all the safety tasks deactivated, resulting in a
less constrained system and in a more natural posture.

8. Conclusions

In this paper a novel task-priority kinematic control frame-
work for coordinated motion for kinematically redundant multi-
robot systems has been proposed. The frameworks has been
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Figure 7: Third case study, safety + operational tasks. From top-left to bottom-right: global pose error; relative pose error; left
and right arm joint positions together with the imposed safety thresholds; left and right arm pose expressed in their base frames
together with the safety thresholds imposed by the virtual wall tasks. All the safety tasks are respected, the red background

highlights the activation of a set-based task.

Figure 8: Left: steady-state configuration for the hierarchy
containing safety and operational tasks. Right: steady-state
configuration for the hierarchy containing also the optimization
task. The tray is centered with respect to the robot body,
resulting in a more natural posture.

Figure 9: Mobile base configuration optimization task frames
and variables

conceived to include both tasks expressed as equality con-
straints and set-based tasks, i.e., tasks expressed via inequal-
ity constraints. The effectiveness of the approach has been
experimentally demonstrated on two multi-arm systems aimed
at operating in different scenario. Future work will be de-
voted to the inclusion of tasks involving physical interaction
with the external environment, e.g., to execute assembly op-
erations and/or human-robot interactions, as well as to a fair
and deep comparison between the proposed approach and
the QP-based strategies.
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Figure 10: Third case study, safety + operational + optimization tasks. From top-left to bottom-right: global pose error; relative
pose error; left and right arm joint positions together with the imposed safety thresholds; left and right arm pose expressed in their
base frames together with the safety thresholds imposed by the virtual wall tasks; optimization task error. The red background
highlights the activation of a set-based task. All the safety task are respected and the optimization function aligns the center of
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