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example, sharing common objectives, bidirectional flow of information, capability to learn from
each other, and availability to mutual training. Moreover, there is a widespread feeling in the
research community that probably Humans will not accept Robots as trustable Partners if they
cannot ascribe some form of awareness and true understanding to them. This means that, in addi-
tion to the incremental improvements of Robotic-Bodyware, there will be the need for a substantial
jump of the Robotic-Cogniware, namely a new class of Cognitive Architectures for Robots (CARs)
that match the requirements and specific constraints of Human—Robot Partnership. The working
hypothesis that underlies this paper is that such class of CARs must be bio-inspired, not in the
sense of fine-grain imitation of neurobiology but the large framework of embodied cognition.
In our opinion, trajectory/gesture formation should be one of the building blocks of bio-inspired
CARs because biological motion is a fundamental channel of inter-human partnership, a true body
language that allows mutual understanding of intentions. Moreover, one of the main concepts of
embodied cognition, related to the importance of motor imagery, is that real (or overt) actions
and mental (or covert) actions are generated by the same internal model and support the cognitive
capabilities of human skilled subjects. The paper reviews the field of human trajectory formation,
revealing in a novel manner the fil rouge that runs through motor neuroscience and proposes a
computational framework for a robotic formulation that also addresses the Degrees of Freedom
Problem and is formulated in terms of the force-field-based Passive Motion Paradigm.

1. Introduction

According to IFR (Internal Federation of Robotics)', almost 3 million robots are currently working in factories around the globe,
and most of them, for safety reasons, operate in isolation from human contact. We must also consider that there is a recent trend for
developing a new generation of collaborative robots (cobots), intended for direct Human—Robot interaction within a shared space;
however, this is a limited sector that covers less than 5% of the market and is strongly limited, at the moment, by a Cogniware
that is still in its infancy, although research in Cognitive Architectures for Robotics (CAR) is more than 40 years old. Technological
innovations, concerning perception, interaction, and manipulation, have made cobots at least safe machines with which humans can
interact with relative ease. But what about the real confidence that may allow a robust Human-Robot partnership? For example, in
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the EIC Work Programme 20212, one of the EIC Pathfinder Challenges is “Awareness inside”: the point is that having acknowledged
that “awareness” is much more than any sensorial sophistication and any Artificial Intelligence existing artifacts, it is stated that
“humans will not accept robots as trustable partners if they cannot ascribe some form of awareness and true understanding to them”.
This is the challenge that CARs for the next generation of Robots are facing, whether in industrial or in service-robotics, considering
that the traditional difference between the two markets is going to become narrower and narrower as the issue of Human-Robot
interaction, cooperation, and ultimately, partnership tends to gain center stage.

In particular, we suggest that a CAR should provide the robot with several crucial functional capabilities as the following ones:

Feasibility check of its actions before doing them
Understanding the consequences of its actions
Devising an action for hypothesis testing
Understanding the action of a partner

Guessing the intention of a partner

Imitating a partner

Interpreting a supervising partner feedback

Since it is quite natural to observe that also inter-human partnership requires the cooperating partners to share a similar set of
capabilities, we may postulate that, although Human and Robotic Cognitive Architectures may be different in many technical and
implementation aspects, they should also share a common set of basic computational features: trajectory formation, in the general
sense of conceiving and generating a large range of goal-oriented and expressive gestures, both overt (real) or covert (imagined), is
one of them.

Before focusing on the main topic of this paper, let us briefly outline the alternatives (originated from neuroscience, cognitive
science, but mainly from computer science and Al) that have been investigated, with different levels of detail, for characterizing and
developing cognitive architectures. A recent review [1] cites a very large number of proposals in the last forty years, most of them
conceived in the framework of artificial intelligence. An accepted taxonomy is articulated in three broad classes: symbolic (a.k.a. cog-
nitivist), emergent (a.k.a. connectionist), and hybrid. The majority of current approaches are hybrid, with a small group of emergent
architectures, frequently biologically inspired. However, a more specific dichotomy, for addressing the issue of Human—Robot partner-
ship, can be derived by attempting to answer the following question: Cognition is better described in terms of “Agent-Environment
Dynamics” or “Computation & Representation”? The former alternative, which can be labeled Implicit Cognition, leads to Reactive
Architectures: for example, Braitenberg’s “Vehicles” [2] or Brooks’ concept of “Intelligence without representation” [3] brilliantly
demonstrate that combining multiple reactive mechanisms can give rise to complex behaviors. Along the same line is also Chemero’s
emphasis on “Agent-environment dynamics” [4]. For reactive architectures, Cognition & Control are equivalent and both processes
occur simultaneously on a common Realtime Axis.

The alternative to Implicit Cognition is characterized by a separation of Cognition and Control, leading to families of Prospective
Cognitive Architectures, where control processes occur in real-time whereas cognitive processes develop behind as well as beyond
real-time. Along the same line we should also consider a further dichotomy between approaches, derived from Al and thus based on
symbolic representations (for example, Soar [5], ACT-R [6], and CRAM [7]), and formulations derived from Neuroscience, with an
emphasis on Embodied Cognition, such as neurorobotics [8], evolutionary robotics [9], morphological computation [10] or robotic
formulations [11,12] directly inspired by the Neural Simulation of Overt and Covert Actions [13-16]. In our opinion, such a bio-
inspired approach is more appropriate for the kind of robot-human partnership that we are focusing on in this paper.

Generally, the motivation and long-term advantage of a bio-inspired approach to the development of a cognitive architecture for
cooperating robots is that, as observed above, humans are not going to accept robots as trustable partners if they cannot ascribe some
form of awareness and true understanding to them: awareness is a prerequisite for the real and contextualized understanding of a
problem or situation and to adapt one’s actions (and their consequences) to the specific circumstances. Ultimately, awareness serves
the kind of coherent and purposeful behavior, learning, adaptation, and self-development we expect of intelligent systems, over longer
periods, to achieve social interaction and cooperative partnership. Understanding the flexible coordination of the multiple DoFs of
the human body, namely the purposive synergy formation that characterizes human gestures and actions, is one of the basic building
blocks of a cognitive architecture capable of purposive and efficient actions. This paper describes a computational formulation of this
motor cognitive process, starting from a historical background about multi-joint motor control. Thus, the paper is at the same time
a focused review on the convergence of motor control and motor cognition concepts in the last fifty years and a detailed algorithmic
formulation of the inner mechanisms of synergy formation, with novelty elements as regards the coordination of redundant degrees
of freedom and the simultaneous achievements of positional and pose targets.

2. Historical background about multi-joint motor control
The historical background about multi-joint motor control is characterized by the fact that until the ‘70s motor control was
focused on single-joint control paradigms, within a “reductionist” framework that ignored the “holistic view” implied by the Degrees

of Freedom Problem [17] or the Motor Equivalence Principle [18]. The first step towards the multi-joint paradigm was the discovery
of the Spatio-temporal invariants of 2D and 3D gestures:

2 https://eic.ec.europa.eu

93


https://eic.ec.europa.eu

P. Morasso Cognitive Robotics 1 (2021) 92-110

/]

Joint angle
deg

o 2

(=] (=)
>

n o
®

o

Joint ang.
P

erere
o tea.

o asseere,,

K

{

Hand speed

N A v :
0 E.;\_ ..z\...../ ..... - ]V\/V\[VW‘[WVWL M\/w\_ m

Fig. 1. Spatio-temporal invariants in trajectory formation. Panel A: Planar reaching movements between six target points; A, B, and C correspond
to three movement examples, characterized by the joint rotation patterns and the corresponding speed profiles of the joints and the hand; note the
invariant bell-shaped speed profiles. Panel B: Example of hand trajectories in three dimensions that maintain the same invariant features of planar
trajectories. Panel C: Three examples of continuous hand scribbles displayed as digitized trajectories, including the profiles of the velocity (V) and
curvature (C); note the anti-correlation of the two profiles.

+ The bell-shaped speed profile & isochrony of reaching movements [19]: Fig. 1A.
+ The anti-correlation of speed & curvature profiles of reaching and drawing [20]: Fig. 1C.
» The piece-wise planar organization of 3D arm gestures [21]: Fig. 1B.

This prompted the following questions about such Spatio-temporal invariants: where do they come from and how can we explain
them? Among the different explanations that were attempted we may quote the following ones:

» The 2/3 power law [22]: it was found that the velocity profile v(¢) and the curvature profile ¢(¢) are approximately related by the
following relationship: v(r) = y ¢(r)~!/3.

» The minimum jerk model [23]: it was shown that the recorded hand patterns can be characterized by a minimization of the hand
jerk (the time derivative of the acceleration profile).

» The VITE model (Vector-Integration-To-Endpoint) [24]: this is a synergy formation process that integrates over time a difference
vector, computed as the difference between the target position and the present position of the end-effector.

» The PMP Model (Passive Motion Paradigm) [25]: the model provides a force-field-based simulation model, capable to coordinate
implicitly the motion of the end-effector and the corresponding, redundant DoFs.

* Active Inference [26]: this concept rests upon the idea that the brain uses an internal generative model (similar to the PMP) to
predict incoming sensory data.

As better explained in the following, it can be shown that the PMP model explains all the others and provides a solid compu-
tational framework for both human motor neuroscience and humanoid robot cognition. The basic rationale of the PMP model of
trajectory formation is the same as the models of motor control based on a force-field approach, namely the idea that multi-joint
motor coordination is the consequence of force fields applied to an internal representation of the body, force fields that express goals,
intentions, environmental constraints, etc. This idea can be traced back to the EPH (Equilibrium Point Hypothesis) [27-29] and to
the Neural Simulation of both overt and covert actions [13].

The proposal supported by this article is that the PMP model can be the basic kernel of a Prospective Architecture for Human—
Robots partnership based on Embodied Cognition, Motor Imagery & Neural Simulation of Overt and Covert Actions, considering the
mounting evidence that generation, observation, imagination, and understanding of gestures share similar functional networks in
the brain. Moreover, also the main temporal aspects of synergy formation are shared by real and imagined actions, in particular the
Fitts’s law [30] and the two-thirds power law of real scribbles [31].
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3. Trajectory formation of the end-effector using a terminal attractor gradient descent

The trajectory formation mechanism of a reaching movement in 2D, based on a force-field model, can be represented by an
attractive, virtual force field F, centered in the target position P; and applied to the moving end-effector p(r):

F(t)=K (Pp — p(®)) )

. . . . . 1 0 X . . . . . .
If the matrix K is proportional to the unitary matrix (K = k[ 0 1]), the force field is isotropic with straight force lines; however,

we can also instantiate an anisotropic field, characterized by curved force lines, for example by inserting a rotation matrix: K =

cos(a) sin(a)

—sin(a)  cos(a)

object with a viscous coefficient B, the trajectory of the end-effector will be generated by integrating the following equation:
K(Pr = p(t))

p= — )

The trajectory will reach the target along a straight or a curved path, depending on the isotropic/anisotropic type of force field, with
a decreasing exponential speed profile, i.e. in an asymptotic way. In contrast, as shown in Fig. 1, human trajectories are characterized
by symmetric, bell-shaped speed profiles. The minimum-jerk model explains this kinematic feature as the result of an optimal control
mechanism that aims at minimizing the jerk of the movement while approaching the target. However, a simpler mechanism allows
to obtain the same result, without any optimization task: it consists of the non-linear modulation of the attractor force-field of Eq.
(2) by a command or gating signal I'(; ¢, T'), thus substituting Eq. (2) with the following one:
K(Pr - p(t))

p=I) ——F—— 3

I has a duration 7, a starting time ¢#,, and a profile that initiates with a null value and then diverges to infinity as the time
approaches the final instant or deadline: Appendix A1l provides a possible mathematical expression of I'. The idea is that to avoid the
asymptotic gradient descent of Eq. (2) it is sufficient to progressively boost the field intensity as the time approaches the deadline,
thus forcing the system to achieve the final equilibrium in the finite, prescribed time slot: this technique is called terminal attractor
dynamics [32] and was originally formulated for the quick recall of associative memories. Moreover, the rationale of this method did
find support in computational neuroscience: the I" function can be described as a kind of neural pace-maker [33], with a biologically
plausible implementation: the loop that links different cortical areas with the basal ganglia and then the thalamus, emphasizing the
well-established role of the basal ganglia in the initiation and speed-control of voluntary movements. A similar mechanism is also
found in the VITE model (Vector Integration To Endpoint) [24], where it is assumed that the synergy formation process integrates
over time a difference vector (DV), computed from the Target Position and the Present Position of the end-effector, multiplied by a
GO-signal that is quite similar to the I' function. The terminal attractor procedure can be applied both to isotropic and anisotropic
force fields, as shown by the simulations of the model in Fig. 2 that is carried out by integrating over time Eq. (3). All the simulations
presented in this paper were carried out using Matlab® (MathWorks), with the forward Euler method for integrating the differential
equations with a time step of 0.1 ms.

It is important to note (as shown by the figure) that the use of the terminal attractor mechanism for the force-field-based trajectory
formation model produces automatically a symmetric bell-shaped velocity profile without any need for an optimization process.
Moreover, this result depends very weakly on the intensity of the field, i.e. the value of K, because it is dominated by the I' -command.

], where « is the rotation angle of the field. By applying the force field to the end-effector, modeled as a point

3.1. Shape formation for general gestures

The model of trajectory formation described above is not restricted to simple reaching movements but can be easily extended to
more general gestures, like hand drawing or handwriting that are concerned with “shape formation”. The force-field-based approach,
timed by the non-linearity of the I' -command, naturally meets the need of compositionality that is essential for the construction and
editing of complex gestures, in a similar way to the problem faced by articulatory-prosodic patterns of connected speech [34]. More
specifically, it is easy to demonstrate that continuous, arbitrarily shaped trajectories, such as handwritten scribbles or cursive writing
can be produced by the simple superposition of sequences of reaching motions (or hand strokes) obtained by starting the I'-command
of the next stroke before the termination of the previous stroke. Fig. 3 shows a simple two-strokes example: the nominal target of
the first stroke is not reached due to the overlapping of the two strokes. The procedure can be iterated endlessly, demonstrating how
the discontinuous mental representation of a gesture, in terms of a sequence of virtual target points, is seamlessly transformed in a
smooth continuous gesture.

3.2. Shape formation and the power-law

The shape formation mechanism, based on the partial overlap of force-field driven hand strokes, provides a simple explanatory
framework for addressing the space-time invariance represented by the power law. We may consider that the trajectories of generic
human movements are characterized by a robust local relationship between the geometrical and temporal aspects, represented by the
curvature and speed profiles, c¢(r) and v(¢), respectively. As previously mentioned, a model that was proposed years ago for describing
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Fig. 2. Trajectory formation in two dimensions as terminal attractor gradient descent in a force field F that can be isotropic (panel A) or anisotropic

(panel B). Panel C is the block-diagram which corresponds to equation 3 and is used in the simulations: I'(t) is the non-linear command that forces
the gradient descent to equilibrium in finite time; “1/s” stands for integration over time; K = k[cos(a)

sin(a) — sin(a) cos(a)] , with k=1, a =0
(simulation of panel A), and a = —15 deg (simulation of panel B). Note that the bell-shaped speed profile (panel D) is an implicit side-effect of the
terminal attractor mechanism, represented by the block diagram of panel C.

such relationship is the so-called two-thirds power law: v(r) = y ¢(t)~!/3. The underlying rationale of this proposal is that such law may
be somehow wired in the motor control part of the brain, in some specific network, and thus what should be controlled by the brain,
to adapt the control mechanism to different circumstances, would be the activation of the network with appropriate modulation
of the gain y. The power law implies that the speed and curvature of a gesture cannot be controlled independently but the time
profile of one variable is inversely correlated to the other: the kinematic analysis of continuous gestures shows indeed that the peaks
of the curvature profile are invariably synchronized with the minima of the speed profile and the peaks of speed are synchronized
with the curvature minima. The power law can certainly explain such empirical results but they are also consistent with a much
simpler mechanism based on a straightforward generalization of the shape-formation model, exemplified in Fig. 3: the superposition
of overlapped strokes. Fig. 4 illustrates a movement that consists of the pseudo-repetition of six elliptical figures that are generated
by superimposing twelve overlapped curved strokes with target points alternated on the two sides of the elliptical set. If the recorded
patterns are plotted in a log-log scale we can verify the adherence to the pawer law; moreover, the bottom panel of Fig. 4 also
demonstrates the strong anti-correlation of the curvature and speed profiles. Thus, there is no need to support the idea that the brain
holds a special representation of the power-law as an internal control model because the same result is obtained by generalizing the
compositionality of the multi-stroke synergy formation based on force fields and terminal attractor dynamics.

4. The Passive Motion Paradigm: how the motor intention “pulls” the motion of the body

In the previous sections, we reviewed the empirical evidence about the Spatio-temporal invariances of human gestures and the
possible computational mechanisms that can explain them. However, this is not the end of the story because there is still a big question
to answer about all of this evidence: what does it tell us about the underlying multi-joint coordination that makes such invariances
possible? Answering this question is also a way to address the vexing question about the degrees of freedom problem: how can
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Fig. 3. Generation of continuous scribbles through the time overlap of subsequent curved strokes. In this example, the 1-shaped gesture is generated

by two curved strokes, attracted by target 1 and target 2, respectively, and synchronized by two I'-commands (I'; and I';), with a 50% overlap. The
figure plots the results of the simulation of the model in fig. 2C with a = —15 deg for the two strokes.
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Fig. 4. Iterated elliptical trajectories generated by a sequence of curved hand strokes: the target points are alternated on the left and the right of
the scribble, with a slightly randomized jitter. The I'-commands that drive each stroke have a 50% overlap between one stroke and the next one.
The curvature and speed profiles are anticorrelated; moreover, by displaying the simulated profiles with a log-log plot we obtain a regression line
with a negative slope close to -1/3, as suggested by the 2/3 power law. The figure plots the results of the simulation of the model in fig. 2C with

a = —15 deg for all the eleven strokes.

97



P. Morasso Cognitive Robotics 1 (2021) 92-110

Fig. 5. Anthropomorphic arm with 7 DoFs: 3 at the shoulder, 1 at the elbow, and 3 at the wrist. In the simulations /;, =0.5m, /, =0.5m, /5 = 0.24 m.

the brain choose coordinated multi-joint patterns that make possible the Spatio-temporal invariances observed at the end-effector
level? The proposed solution, outlined in this paper, starts from the observation that human posture is maintained by the equilibrium
between the length-tension properties of opposing antagonistic muscles; in single-joint motion control, this finding led to the idea
that movements result from a smooth shift of the equilibrium point caused by a change of the neural input [27,29], a.k.a. Equilibrium
Point Hypothesis (EPH).

The extension of this idea from single-joint to multi-joint movements was investigated later on, at the theoretical level [35] as
well as an experimental level [36]. However, this line of research did not provide any clue about the neural mechanisms capable to
provide this kind of multi-joint coordination. On the other hand, we believe that the ample literature about the central role of motor
imagery in motor cognition suggests that the EPH is more general than the direct consequence of the elastic properties of muscles: The
Passive Motion Paradigm (PMP) is the computational implementation of this idea [25]. PMP reverses the causality relation between
motor control (coordination of multi-joint movements) and achievement of the goal (reaching/touching/gesturing): the matter is not
to instruct the motor controller to “push” the end-effector to the target but to allow the goal to “pull” the overall kinematic chain,
allowing a “passive” rearrangement of the joint rotation angles, modulated by the virtual compliance of the joints. This idea is further
extended in the paper, as a novel development, with the goal to integrate into the same computational framework the treatment of
non-linear constraints, such as the joint limits, the bimanual coordination, and the coordination of positional and pose reaching.

In the rest of the paper, it is assumed that the anthropomorphic arm has 7 DoFs (Fig. 5): 3 at the shoulder (q;, ¢,, ¢3), one at the
elbow (g4), and three at the wrist (g5, g¢, ¢7). The DoFs are represented according to the yaw/pitch/roll convention, which associates
a specific rotation matrix to each joint (see Appendix A2). Although the illustrated simulations adhere to this convention for the 7
DoFs arm, the same computational model can be easily adapted to different conventions and additional DoFs: the main difference
would be the calculation of specific Jacobian matrices.

For illustrating the rationale of the PMP model, let us consider, for example, that in the case of reaching movements the goal is
to allow the position of the end-effector to achieve a target point P;- (three variables), coordinating the motion of the seven DoFs of
the arm. Thus, the degree of redundancy is four and for any reaching task there are co* possible solutions or none if the target is not
reachable because of the arm’s length or the limited RoM (Range of Motion) of the joints. In agreement with the moving equilibrium
point hypothesis mentioned above, the PMP mechanism does not pull the end-effector directly to the final target P, but to the moving
target point pr(¢), generated in agreement with Eq. (3) (see also the block diagram of Fig. 2C). Specifically, the block diagram of the
PMP model is articulated into two blocks, A and B as shown in Fig. 6.

Block A: it generates the smoothly moving target p;(r) through a virtual elastic force field F, proportional to the difference
between the final target P, and the current moving target p, (). The force field is driven by the 3 x 3 stiffness matrix K, that may or
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Fig. 6. Synergy formation for a multi-joint arm. The block diagram that implements the PMP model for a reaching movement (P is the final
target to be reached in 1 second after ¢ = 1)) is divided into two parts: module A generates the moving target p = p;(r) integrating the force field
Fr that attracts the moving target to the final target, gated by the I' command (corresponds to Eq. (4)); module B is the PMP model that attracts
the end-effector to the moving target with the force field F,; the force field is mapped into the corresponding torque field z, through the transpose
Jacobian matrix J, pT, is gated by the same I'-command, and distributed to all the joints through the compliance matrix C, yielding the array of joint
velocities ¢ that are mapped into the corresponding velocity vector of the end-effector p,, and then integrated, closing the loop (corresponds to Eq.
(7)). Panel C shows the time course of the distance from the target of the moving target (blue line) and the position of the end-effector (red line).
Panel D plots the evolution of the seven DoFs of the anthropomorphic arm. In both plots the I'-command is saturated (ideally, it can diverge to
infinity) and scaled to fit the figure; this command allows the implicit synchronization of the two parts (A and B) of the synergy formation process.
Panels C, D plot the results of the simulation of the model in panels A-B with K, =1, K, =50, and C = I,.

may not include a rotational component; moreover, the field is gated by the I'-command to induce a terminal-attractor dynamic. In
summary, block A of the PMP model is described by the following equation:
{FT(t) = K, (P — pr()
T Fr@m) @
T="8
Block B: it generates at the same time the trajectory of the end effector p,,(r) and the coordinated joint rotations of the arm

q(t). The virtual elastic force field F, attracts the end effector to the moving target py. Again, this field may or may not include a
rotational component according to the choice of the stiffness matrix K,. Thus, in the PMP model, there is a concurrent “double pulling
force”: from the moving target to the final target (F;) and from the moving target to the moving hand (F),). The latter force field
is transformed into the corresponding torque field (z,) to be applied to all the joints of the kinematic chain by using the transpose
Jacobian matrix of the kinematic chain:

z,=J,T F, ©)

This equation maps generalized forces from the end-effector space (a.k.a. task space) to the joint space and must be employed
together with the following companion equation that maps generalized motion in the opposite direction (from the joint space to the
task space):

Pee=Jpd 6
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The two equations, taken together, express the invariance of the virtual elastic energy stored in the kinematic chain. In summary,
the block B of the PMP model is described by the following pair of equations:

{Fp(t) = Ky (pr(®) = pee®)
7,(0) = J,TF,(0)

{q‘ = CT (1) D
Pee =), 4

The basic PMP model described above is used by numerical integration of Eqs. (4) and (7). The simulation of Fig. 6 shows that
the virtual torque field 7, distributes incremental rotations to the seven joints of the humanoid kinematic chain through the 7 x 7
Compliance matrix C. In the simplest case, the matrix is proportional to the unitary matrix and this means that all the joints respond
to the virtual torque vector with an equal gain: decreasing the compliance parameter of a joint relative to the others means that such
joint yields with smaller speed and such reduction is automatically compensated by an increase of the other joints. Moreover, the
diagram shows that the torque field is gated with the same I'-command that also affects the force field driving the moving target,
thus providing a robust and implicit synchronization of the two processes (blocks A and B). In particular, panel C of Fig. 6 shows that
the distances from the final target of both the moving target and the end effector smoothly vanish in synchrony with the 'command;
moreover, panel D shows the coordinated joint rotation patterns generated by the integration of Eq. (7). In the simulations K; = 1
and K, = 50.

The Jacobian matrix for the position of the end-effector is defined as follows:

ap
J,=— 8
LY ®
For an anthropomorphic arm with 7 DoFs, this is a 3 x 7 matrix. The appendix shows how it can be calculated explicitly in
real-time or approximated by a multi-layer neural network, trained by utilizing backpropagation. Fig. 6 refers to a reaching example,
where the target is located at a distance of 1.04 m from the initial position of the end-effector, and illustrates the smooth inter-joint

coordination induced by the I'-command.

4.1. Bimanual coordination

The crucial synchronization effect induced by the I'-command is further illustrated if we consider bimanual reaching, i.e. a task
in which the two end-effectors are supposed to reach the assigned target points at the same time, independent of the initial positions
of the two hands and the positions of the targets. This includes also the special case that the two target points are coincident (see
the example of Fig. 7). For bimanual reaching, the PMP model employs two copies of the A and B modules: one copy (A,, B,) for the
right arm and another copy (A;, B;) for the left arm.

It is important to note, as an element of flexibility of the PMP model, that although in the default situation the two pairs of models
may correspond to two identical arms, it is quite possible to apply the same computational formulation also to the case in which the
two robotic arms are different, either for the geometrical parameters or the number of DoFs. This means, for example, that although
the B modules of the two arms are formally identical, the corresponding Jacobian matrices may be different. In all the cases, the
same I'-command can allow the two arms to synchronize their reaching actions, as shown by the graph of the figure that plots the
concurrent smoothly decreasing distances of the two arms from the corresponding targets.

4.2. Avoiding the joint limits, i.e. enforcing the RoM

As a further extension of the force-based PMP model, we may consider Fig. 8 that illustrates how the block-diagram implementing
the PMP model, which includes modules A and B, can be extended by integrating a mechanism (module C) for avoiding joint rotations
beyond the mechanical/physiological joint limits, thus generating coordinated motion patterns that satisfy the RoM of all the joints.
This mechanism is force-based as well and exploits the redundancy of the arm. The idea is to represent the joint limits not as
geometrical constraints to the kinematic equations of the arm but as generalized repulsive forces to be summed to the attractive
forces associated with the selected target points. In this manner, the redundant DoFs of the arm will be coordinated implicitly, in
such a way to achieve, at the same time, the reaching part of the task and the RoM avoidance subtask. In particular, let us suppose
that the RoM of each joint is characterized as follows:

Amin <g< Dmax (9)

The following torque applied to each joint will keep the joint angle away from the joint limits:

(4=4max) —(9=min)
Trom = —Kpom|e 24 —e M (10)

where Ag = (4,05 — 9min)/ 7+ Kropr is the gain of the repulsive torque and y is the normalization factor for the RoM of the joints. This
virtual torque is plotted in panel D of Fig. 8: the torque amplitude is close to zero in the central part of the RoM and sharply diverges

when the joint angle approaches the joint limits on either side. In the simulations Kg,,, = 1 and y = 50.
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Fig.7. Bimanual synergy formation obtained with two instances of the PMP model (one for the left arm and the other for the right arm), synchronized
by the same I'-command: this command induces the two end-effectors (p, and p,) to reach the corresponding targets (P, and Py,) simultaneously,
independent of the initial distance. The top panel plots the distance from the target for the two hands of both the moving target and the corresponding
end-effector.
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Fig. 8. Extension of the basic PMP model (modules A and B) to include a module (panel C) that generates a virtual torque vector zg,,, that keeps
each joint away from the specific join limits; module A corresponds to Eq. (4), module B to Eq. (7), and module C to Eq. (10). Panel D plots the
variation of the torque in the range of motion of the joint. Panel E plots the time course of the amplitudes of both torque vectors. Panel F shows the
time course of the seven joint angles. In the simulations K; = 1 (module A), K, = 50 (module B), K,,, = 1 and y = 50 (module C), C = I.
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The figure shows a simulation of this extended PMP model. In particular, the block-diagram is quite similar to the one of
Fig. 6: block A is the same (Eq. (4)), block B is extended, with the addition of block C which generates on-line z,,, through Eq. (10),
and is mathematically represented by the following pair of equations that extend Eq. (7):

{F,,(t) = Ky (pr(1) = pee(t))
7,() = J,TF,(t)

{q’ = CT(0)[1,(t) + Trom] (11
ﬁee = Jp q

Panel E of the Fig. shows the time course of the amplitude of the two torque vectors, coordinated by the common I'-command;
panel E plots the evolution of the 7 joint angles, smoothly coordinated in such a way to guide the hand to the designated target
while keeping each joint angle inside its RoM. Note that the final positional error (i.e. the magnitude of the Ap vector) is small in any
case, but the final value of the magnitude of the rg,,, vector is far from neglectable and, in any case, is larger than the initial value.
This means that in the course of the reaching movement the joint synergy is evoking a push-away response, from a subset of joints,
inducing automatically an increase of the target-reaching pulling torque z,,. It is also worth considering that, despite the redundancy
of the arm, there is no need to subdivide the whole set of joints in Controlled and Uncontrolled Manifolds because all the joints share
the common force field. The uncontrolled manifold concept [37] is one of the different approaches proposed for solving the degrees
of freedom problem. It is based on the idea that, for any task, the brain should focus on the subset of DoFs that are more important:
the PMP model can implicitly achieve the same effect, without an explicit selection of the crucial set.

5. Extending the Passive Motion Paradigm to the pose of the end-effector

For some tasks it is sufficient to specify the position or the trajectory of the end-effector, say the palm or the fingertip, in three
dimensions. This task can be fully described in the Euclidean space. In other tasks, this is not sufficient because it is necessary to
specify not only the position of the end-effector but its pose as well. This is a problem that involves rotations in three dimensions
and cannot be analyzed in the Euclidean space, mainly because rotations are non-Euclidean in nature. Thus, if we consider gesture
formation in full generality, i.e. with a position and a pose target to be reached concurrently, we need to fuse a Euclidean and
non-Euclidean sub-task.

In the case of position targets, the error vector that supplies the force field at the basis of the PMP model is the standard vector
difference Ap, between the target position and the current position of the end-effector. In contrast, in the case of pose targets there
is the problem of parameterizing rotations, which may be handled in different ways, with different metrics: rotation matrices, Euler
angles, quaternions, exponential map, Rodrigues parameters, etc. [38,39].

In this section, we describe the extension of the PMP model to the pose of the end effector, with the requirement of synchronizing
the two reaching subtasks. In particular, the pose is expressed in terms of both the rotation matrix and Rodrigues parameters as
explained in the following. With the 7 DoFs anthropomorphic arm, given the array of joint angles g = [¢;, ¢, ... ¢;], the pose of the
end-effector can be calculated online with the following equation, where the seven 1-DoF matrices are defined in Appendix A2:

ee = [rij] = Ri(a1) Ry(a2) Rs(q3)Ra(d4)Rs(ds) Re(d6) Ry(47) (12)

The pose can also be represented by a single, unique rigid rotation of the end-effector that allows reproducing the given pose from
the reference frame of the environment. Such rotation is identified by the rotation axis or unit-vector « and a rotation angle # and is
represented by the so-called Rodrigues vector [40]°:

R

0
Pee = o1 02 3] = tanz 4

R, and p,, are equivalent and it is possible to transform one into the other and vice versa according to the following pair of
equations:

X 1+(pf - P —)p§ 2(P5P2 —2p3) i 2(P1P3+P2))
Ree = ——F——=——=| 2(mr+r; L—py+p5— 05 2(pap3 — 11 (14
L+ri+0+0 2(p1p3 = 12) 2(p2p3 + 1) 1—ﬂf—P§+P§

p3 = (ra —rp) /(147 +ryp+r33)
{p=(riz=r31)/(L+riy +ry+r33) (15)
pr=(rsy—rps) /(147 +ryp+733)
This pair of equation is the basis for configuring a block diagram for achieving a pose target similar to the block diagram in
Fig. 6 for achieving a positional target, which included two modules: a module A, for generating a moving target aimed at the final

target, and a module B, for pulling the end-effector toward the moving target and distributing the action to the redundant set of joint
rotations by means of the Jacobian matrix J,. These two modules are re-labeled A, and B, for distinguishing them from the new pair

3 It is worth considering that, by definition, the magnitude of a Rodrigues vector is the tangent of half the angle of the unique finite rotation that
corresponds to a given pose.
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Fig. 9. Extension of the basic PMP model (modules A, and B, focused on positional reaching) to handle pose reaching (modules Ao5. and Bjo), in
addition to handling the joint limits as well (module C). The same I' command synchronizes the three subtasks (positional reaching, pose reaching,
and RoM maintenance): the integration of the three processes is achieved by combining the three torque fields (z,, 7,,,,, and 7g,,), plotted in panel
F. Panel E shows that the two targets (positional and Pose) are reached smoothly and simultaneously as a result of the smooth coordination of the
7 DoFs. In the simulations K| = 1, K, =50, K5 = 1, K, = 15, Kg,,, = 1 and y = 50 (module C), C = I,.

(Apose and Bpoqe) which has the purpose to control the pose of the end-effector to reach the final pose. The rationale of the new block
diagram is the same, namely it is based on force-fields and terminal attractor dynamics, with the following differences: i) the metrics
for expressing error vectors and distances is not Euclidean but spherical; ii) the Jacobian matrix for mapping joint rotations into pose
modifications is different (J » instead of J p) and calculated in a different way, as shown in the Appendix. Fig. 9 shows a combined
block diagram that links the four modules mentioned above, for the concurrent achievement of positional and pose target, plus the C
module for the concurrent avoidance of joint limits. The integration of the three subtasks is implemented in a linear way, by adding
up the corresponding torque fields in the joint space, whereas the synchronization is assured by the non-linear gating action of the
I'-command.

5.1. Block Apgge

The starting point is the definition of the target pose to be reached at the end of the pose reaching sub-task: in Fig. 9 it is expressed
as the Rodrigues vector I1,, which can be derived from the final desired rotation matrix by using Eq. (12) followed by Eq. (15).
Also the moving pose target is represented by a Rodrigues vector p1(#): in analogy to the positional part of the A}, block the moving
pose target is generated by integrating over time a virtual force field driven by the “pose error” A(r) = I — p;(¢) and gated by the
I'-command according to the following equation:

@ (1) = K, (Tl — pp(t
{ .;(z)r(t)q);((t) r—pr(®) (16)
B

The initial value of the Rodrigues vector p(t,) is derived from the corresponding values of the joint angle vector ¢(zy) by applying
Eq. (12) and then Eq. (15).

5.2. Block By,
The second part of the PMP mechanism for pose reaching (module B, of Fig. 9) integrates the force field generated by the
difference between the moving target-pose and the current pose. This module, in analogy with the module B,,, uses a Jacobian matrix

for two purposes: i) mapping the 3D virtual force field ®, into the corresponding 7D field 7, and ii) mapping the joint velocity
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vector ¢ into the corresponding time derivative of the Rodrigues vector p,.. In summary, this block is described by the following

equation, which is analogous to Eq. (7) of the module B,:

{‘D,,(I) =K, (;’r(t) — Pee() an
Tpose(t) = J,," @, (1)

As shown in Fig. 9, there is also the crucial, final step of combining the different torque fields (z, from the Module B, 7,
from module B, and 7g,,, from the Module C), gating the combined field with the I'-command and distributing the action to the
different joints via the compliance matrix C:

{q' =TC)[7,(t) + Tpose®) + Trom (D] (18)

/)eez']pq.

This computational framework allows to further expand or specialize the set of additional constraints that may characterize a given
task in a particular environment. In all the cases, a given constraint should be expressed as a torque field, using a corresponding
Jacobian operator, and combined linearly in the joint space. Panel D of Fig. 9 shows the joint rotation patterns generated by the
combined PMP model, clarifying the fact that inter-joint coordination is rather complex; panel E shows that both targets are reached
simultaneously, with a smooth unimodal decrease of the distance (note that the distance from the positional target is expressed in
meters whereas the distance from the pose target is expressed in degrees); panel F shows that such smooth coordination is obtained
by a complex time course of the three torque fields.

The detailed calculation of both Jacobian matrices is reported in Appendix A2. As already mentioned, all the simulations presented
in this paper (Figs. 2-4, 6-9) were carried out using Matlab® (MathWorks), with the forward Euler method for integrating the
differential equations with a time step of 0.1 ms. In summary, the following parameter values were used:

* K, = 1: Gain for the generation of the moving positional target

* K, = 50: Gain for attracting the end effector to the moving positional target

* K; = 1: Gain for the generation of the moving pose target

* K, = 15: Gain for attracting the pose of the end effector to the moving pose target
* Kgom = 1: Gain for the generation of the repulsive torque from the joint limits

+ y = 50: Normalization factor for the repulsive torque from the joint limits

+ C = I;: Compliance matrix for the distribution of effort to the DoFs.

Such values were found empirically and the robustness of the model was tested by verifying that the performance of the simulated
models was hardly affected by a +50% variation of the parameters.

6. Discussion and conclusions

In this paper, a bio-inspired model of gesture formation is proposed that bypasses the indeterminacy of the degrees of freedom
problem by employing an attractive force field to the target: this internal perturbation is propagated to the redundant set of joints
of the body schema, thus distributing a coordinated set of motion patterns, coherent with the goal of the action. We showed that
this computational concept can be easily extended in many ways, in agreement with the general view about biological motion as the
result of the internal simulation of the body model under the action of motor imagery [41].

In general, this is an approach that allows avoiding the introduction of ill-posed, inverse computational problems like inverse
kinematics and inverse dynamics that typically require the use of optimal control formulations [42]. The force-field-based proposed
approach, alternative to optimal control, is based on the idea that the internal simulation of covert actions is performed by the same
neural mechanism normally involved in overt actions [43]. This approach is also linked to the still-influential tradition underlying
the Ideomotor Theory, proposed by William James in the 19th century and recently revisited [44], namely the concept that the ‘idea’
of an action, i.e. the predicted/desired sensory consequences of covert action, applies as well to goal-directed overt actions and is the
internal mechanism that ultimately generates it through the simulation of an internal model.

The robustness of this computational mechanism is that the internal simulation of the body model under the action of multiple
virtual force fields is always possible, whatever the degree of redundancy of the body schema and the additional constraints that are
specifically dependent on task and environment conditions. Even if the task is over-constrained and no solution exists, the internal
simulation generates smooth movements and although the final state, achieved at the end of a gesture, maybe short of the planned
goal, the error is informative from the cognitive point of view: it can be used for re-planning the course of action, for example by
breaking down the overall action in a sequence of sub-actions, driven by appropriate sub-goals.

As regards the additional constraints or sub-tasks that may be integrated into the formulation of an action plan, in the previous
section we addressed, in particular, the sub-task of avoiding the joint limits. Another multi-joint coordination synergy was investigated
for whole-body reaching while standing [45], namely a double task that requires i) to reach the designated target and ii) to maintain
the projection of the center of mass of the body inside the perimeter of the support base. In this paper we showed how to integrate
positional reaching with pose reaching, using Euclidean and non-Euclidean metrics at the same time. The power of the approach is
that the different sub-tasks are force-field based and the corresponding force fields may be defined in different reference spaces (e.g.
joint space, hand positional space, hand pose space, environment space, tool space, etc.) and thus the proposed system of gesture
formation is generally multi-referential. The integration of the sub-tasks is carried out in the joint space by mapping the task-related
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force fields into the common joint space, through the corresponding Jacobian matrices, and then adding the different virtual torque
patterns. While the integration of the sub-tasks is carried out by a linear superposition, their synchronization is obtained by the
non-linear gating of the I'-command.

One of the novelties of the proposed model is the performance of soft body gestures that involve both arms, with different
positional and pose targets: such smoothness is characteristic of the elegant sequences of actions in Taichi Chuan, in contrast to the
jerky movements of many industrial robotic systems that are quite inappropriate to inspire confidence in human partners instructed
to cooperate with robots. In comparison with industrial robots, the current models of cobots present in the market have significantly
reduced the operational speed, as a crucial requirement to improve safety. However, safety is a very general concept that implies
general cognitive issues on both the human and robot side and is likely to take advantage of the present and future advances in
artificial intelligence principles and applications [46-49].

However, cognitive robotic architectures for Human-Robot partnership are still in their infancy as is the software technology
of present cobots which is mostly focused on ergonomics, in the sense of safety of the Human-Robot interaction and shared-effort
collaboration for reducing work-related musculoskeletal disorders [50]. Human—Robot partnership requires the integration of the
individual partner’s intentions into a shared action plan, which may involve continuous negotiation of intentions based on a reciprocal
understanding of actions: this implies not only channels of explicit/implicit communication, but also the capability to access and/or
anticipate the partner’s internal states and intentions during a cooperative task. In humans, this issue has been the subject of several
recent studies also related to the meaning of biological motion [51-55]. In general, we may define an action as a goal-directed
sequence of bodily movements initiated, monitored, and fine-tuned by what may be called a motor intention. More specifically, we
should also consider the distinction [56] between basic actions, i.e., actions aimed at the achievement of an intermediate/immediate
goal, and non-basic actions, whose goal is farther away in space and time. In any case, a module of trajectory/gesture formation that
mimics the biological counterparts seems to be crucial for motor intentions, internal simulation of actions, and embodied cognition,
including a mechanism of episodic memory [57,58].
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Appendices

Al. Gamma function I' = (t;¢,, T)
to: Initial time instant
T: Duration of the function

t: Time
& : Normalized time (& = t_%)
é E=68 — 1584 + 10£3
r=—4° — T
T—¢ {5:3054—6053+3052f°r0<’ fo <
[=0for0> t—ty>T (A1)

A2. Explicit calculation of the Jacobian matrix related to the arm position

Fig. 7 shows the kinematic model of an anthropomorphic arm, with 7 DoFs: 3 at the shoulder (g;, ¢,, g3), one at the elbow (g,),
and three at the wrist (g5, g4, g7). The DoFs are represented according to the yaw/pitch/roll convention, that associates a specific
rotation matrix to each joint:

+c¢; -s; O
q, (shoulder yaw) R = |+s, +c O (A2)
0 0 1
+c; 0 +s,
@5 (shoulder pitch) R, =| 0 1 0 (A3)
-5y 0 +4c
1 0 0
g3 (shoulder roll) Ry =0 4¢3  —s3 (A4)
0 453 e
1 0 0
gy (elbow roll) R, =10 +cq;  —s4 (A5)
0 454 ey
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+cs =55 0
gs (wrist yaw) Rs =|+ss +cs 0 (A6)
0 0 1

qe (wrist pitch) Rg=| 0 1 0 (A7)
-s5¢ 0 +cg
1 0 0
g; (wrist roll) R; =10 +¢;  —s9 (A8B)
0 +s7  +c

For all the equations above ¢, = cos(q,), s, = sin(g,) (x : 1...7).
The position of the end-effector P can then be written as follows:

> N 2 3 i , =2 , =3 ,
P= RIRQR3{VL2 + Ry [Vz,3 + R5R6R7V3,P] }; Vi, = [por]; V3= [001,] Viap= [0015] (A9)

where [, I,, I; represent the length of the humerus, forearm, and hand, respectively. The Jacobian matrix can then be expressed as
follows:

0P
J,= i EARAARALARAR (A10)
and we can derive the explicit expression of the seven columns of the matrix:
dP OR, =) S =, _OR, __sl - 0]
Ji= s 6—R2R3{V]2 + R4[V23 + R5R6R7V3~P] } with=—=L = |+¢; =5 0 (Al1)
q1 q1 : ’ ’ qi 0 0 0
= [—s 0 +¢]
aP 0R, = - , . OR, 2 2
b= ST =R, a_R3{Vlll + Ry, + RsRoRoV;, | | with 2=l0 0 0 (A12)
q2 U5} ) _ 0o -
L=< )
oP OR;3 [ -, 02 =3 . OR3 0 0 0
Jy= = Rlea—{VLz + R4[V23 + R5R6R7V3P] } with=—= =10 —s;  —c, (A13)
6 S ' , Golo 4 -s
L 3 3
- 0 0 0
. OR, T~ - JR
Jy = S—P = R1R2R3{Vll.2 + # [st + R5R6R7V33J,] } with # =0 -5, —q (A14)
ta 4 4 0 ey -5y
9 ; 1 r_2 ORs 307 ORs _—Ss —Cs 0]
JS = a— = R1R2R3{V1’2 + R4 V2.3 + 0_R6R7V3,P }Wlth a— = +CS —S5 0 (AIS)
9s L ds ] 4ds
o 0 o
ap _l 2 .3 IR, [=s¢ 0 +c
Jg = 0—_R1R2R3{V12+R4 Vys+Rs —2RyV 4 p }w1th—= 0 0 0 (A16)
e ’ o aqﬁ —c 0 —s
=% 6
d 1_; -1 [ 2 0R; 3 ] oR; K 0 0]
Jy= o= RIR2R3{VL2 +Ry|Vayy+ RsRs =V }with Z=0 - o (A17)
q7 L q7 ] a7 0 +c —s
L 7 7

A3. Neural network approximation of the Jacobian matrix related to the arm position

Both the Jacobian matrix J, and its transpose, which are key elements of the block diagram of Fig. 7 for carrying out the internal
simulation related to synergy formation, can be implemented with the exact, explicit formula of Eqs. (A10)—-(A17), a solution that is
rather biologically implausible but directly practical for robotic applications. An alternative is to approximate it with a neural network,
trained with a dense training set obtained with a babbling procedure that includes the following steps: i) generation of pseudo-random
motion sequences; ii) storage of proprioceptive-exteroceptive measurements, namely the joint rotation angles (O@), r=1...N)and
the corresponding positions of the end-effector (ﬁ(r), r=1... N); iii) using the training set for tuning the connection weights of the
network. Apart from biological plausibility, the neural approach can make sense also in the robotic case because it can compensate
for model and sensory inaccuracies.
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Fig. Al. Feedforward Neural Network, trained for implementing the forward kinematic transformation of the anthropomorphic arm of Fig. 7,
mapping the input array of joint angle in the corresponding position of the end-effector in 3D space.

The simplest neural model is a feedforward network, with an input layer (with 7 units, one for each DoF), one or more hidden
layers, and an output layer (with 3 units, for the three coordinates of the end-effector). More complex input or output coding schemes
can be employed but this an implementation detail beyond the scope of this analysis. For simplicity, let us suppose that there is a
single hidden layer and then we can write the equations of the ANN that approximates the direct kinematic equation from the array
of joint angles O to the position of the end-effector P as follows:

7
hy =X wi g
z; =g(h;) (A18)
P = Z;:l I/ij Zj

where (¢g; i =1...7) is the input vector and (p, k = 1,2,3) the corresponding output vector of the ANN; » is the number of hidden
neurons and, for each of them, 4; is the net input and z; the output variable, respectively; w;; & W, are the connection weights
from input to hidden neurons and from the hidden to output neurons, respectively; the hidden neurons are non-linear and g(.) is the
input-output transformation, typically a sigmoid function; the output neurons are linear. Eq. (A18) corresponds to the block diagram
of Fig. Al.

To clarify the figure, if we apply to the network, trained with the standard back-propagation algorithm, an input vector that
corresponds to a given configuration ¢ of the arm, the produced output will be a good approximation of the corresponding position p
of the end-effector: in other words, the trained network represents the forward kinematic transformation of the robotic arm. Moreover,
it is possible to demonstrate that the same network, with a small modification, can be used as well to represent both the Jacobian
and transpose Jacobian matrices (J, » and J, pT) that allow mapping generalized velocities (p = J, G) or generalized forces (z = J, pTF ).
To demonstrate this statement, let us apply the chain rule to the generic element of the Jacobian matrix as follows:

6pk " ()pk aZj ah] i s
Jy=[Ja] = ka:a_q,.zga_zja_hja_qi:;%"g(hj)w” (A19)
For each neuron of the hidden layer, g’(h ;) is the slope of the sigmoid function, for the net input h ;» determined by the current
array 4 of joint angles: this slope, which represents the ‘gain’ of the jth hidden neuron, has a maximum value if the argument of the
sigmoid (i.e. ;) is in the middle of the range and vanishes to zero for values away. The components of the velocity vector of the
end-effector can then be calculated by the following equation:

7 7 n n 7
Pk = Z Jyidi = 2 < Wi g/(ilj) wij>qi = Z Wi g/(i"j)(z Wj; ‘L‘) (A20)
i=1 i=1 \j=1 =1 i=1

This is equivalent to the network equation of the block diagram of Fig. A2-A, namely a network that uses the same connection
weights of the network A1 with the difference that the ‘gain’ of the hidden neurons is not computed in relation with the input vector
to network A2-A but is inherited from the network Al:

) H; (A21)
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A g'(hy) B g'(ky)

@

Fig. A2. Panel A: Use of the forward kinematic network of Fig. Al for computing the Jacobian matrix that allows mapping the speed of the joint
vector into the corresponding speed vector of the end-effector. Panel B: Use of the same network in the opposite direction, thus computing the
transpose Jacobian matrix that allows mapping the force field applied to the end-effector into the corresponding torque field to be applied to the
joints.

A similar result can be obtained as regards the mapping of the generalized forces r = J ,,T F that reverses input and output vectors
to the Jacobian operator:

3 3 n n 3
RDRIUEDY <Z w; g (hy) ij>Fk =Y w g’(%)(Z Wy, Fk> (A22)
k=1 k=1 \j=1 j=1 k=1
This is equivalent to the network equation of the block diagram of Fig. A2-B:
3
Q; = Zkfl Wi Fi
— o
¥; =g (k)2
T, = Zj:l wU‘PJ

(A23)

Consider that this an unconventional use of a standard multilayer feedforward neural network, whose connection weights are
meant to be strictly unidirectional. In this case, the weights are used bidirectionally: in the standard direction, for approximating
the Jacobian matrix, and in the opposite direction for the transpose Jacobian. The equations above, analyzed for simplicity in the
case of a single hidden layer, can be easily generalized to networks with multiple layers, similarly applying the chain rule. Such
bidirectionality is the crucial trick for solving the degrees of freedom problem of a redundant anthropomorphic arm.

A4 Explicit calculation of the Jacobian matrix related to the arm pose

The pose of the end-effector is implicitly stored in the rotation matrix of the hand R,,, related to the environment reference frame.
It is a function of the 7 DoFs of the arm:

R, = ["[/‘] =R, (171)R2(02)R3(43)R4(¢I4)R5(qs)R(,(%)R7(lI7) (A24)

This matrix can also be represented in terms of the Rodrigues vector:

(rya=raa)/ (147 +rpp +733)
p=|(ri3=r31)/(1+r +rp+r33) (A25)

(rat =ri2) /(L + iy +rpp +733)

The pose Jacobian (a 3 x 7 matrix) is defined as follows:

J
) 1

7=\ (A26)
dq 7

From Eq. (A25) it is possible to derive the three rows of the matrix:

dr32_dr23
Joo % 0T 37123 oy 9y O3
U= %~ Tartrp+ 2\ o 0 0
q rtrntrss (14 4y tras) q q 4
oy ory) N
Jo=% — 9o _ r3=ra) oy 9y s (A27)
27 0q T N4y ey 2\ o 0 0
q 02433 (14ry+ryp+r3) 4 4 q
ory orpy
Joo 9 - 0 "0 21712 oy 9y O3
37 9 T Tt 2\ o 0 0
q TR (I +rop+ry) 4 q 4
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Let us consider that each row is a 7-element array:

J. = [92L 9o1 9p1 dp1 9oy 9p1 Opy
1
9 7] 9 9 7] 9 9
Jzzﬁﬁﬁﬂﬁﬂﬁ (A28)

o= |9 0 oms 903 9my ops oms

Defining the following variable, which is a function of the current angular configuration

D@ =1+ry +ryp+rsy (A29)

we can express the generic elements of Eq. (A28) in the following manner:

9p1 _ L Orsp  Ora3 | raaros [Ory g Orm gy Ors
qu D ;qk qu D? ;qk ng (?‘Ik
pp _ L 93 9rai | _ maTra (9 oy 9rap y Irs3
da — D | og 9qx D | og; 94 + 94y (A30)
Opy _ L Oy Orip|  rahip [Ory gy Orm gy Ors
oqy D | ogy L D? 9. Jg 9qy

Thus, in order to compute the Jacobian matrix we need to know the nine elements r;; that can be simply extracted from R,, (Eq.
(A24)) and the following 3 x 3 x 7=63 elements:

o
0gy

0Qk:|ij

(A31)

which expresses the ij component of a matrix .S, = :;TR’ one for each DoF of the arm. These matrices can be computed as follows:
'k

OR  OR, R -s; —¢; O
Si(g)==—=—R, Ry Ry Rs Rg R; with— =|+¢;, -5, 0 (A32)
oq  Oq 94,
0 0 o
IR oR, IR, [—s, 0 +c|
S,(q) = 9 - RIW R; R, Rs Rg R withT =0 0 0 (A33)
2 2 Pl 0 -5
oR JR JoR [0 0 0]
S3(q) = Frole R/ R, 6_3R4 Rs5 Rg Ry with 6_3 =10 —s3 —c3 (A34)
2 a3 %o +e3  —s3]
OR JR OR 0 0 0]
Sy@)= = =R Ry R3a—4 Rs Rg Ry with—2 ={0 -5, —¢, (A35)
94 4a 4a 10 4c; =54
—s —c 0
oR oR 3 5
Ss5(q) = IR _ R, R, RyR,— Rg Ry with = =|+4¢5  —s5 0 (A36)
9gs 9gs ds
0 0 0
- 0 +c
R oR 6 6
Se(q) = IR _ R Ry Ry Ry Ry —2R, with—L=[0 0 0 (A37)
N : T 0qg 996
—c 0 —s¢
IR OR 0 0 0
S;(q) = <= =R, R, Ry RyRs Ry —~ with—- =|0 —s; —¢ (A38)
0q; : g7 0q;
0 +c¢; -5

This completes the explicit algorithm for the real-time computation of the pose Jacobian and transpose Jacobian matrices, used

by the block diagram of Fig. 9. Also in this case it is possible to approximate the exact calculation of the Jacobian matrices by means
of a neural network approximation, with a network trained by means of back propagation.
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