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In this document, we provide some materials to verify the robustness of the results described in the main
text. In particular, we discuss the effects of modeling differently the actuator dynamics (Section 1), we report
the predictions of the models in the horizontal plane (in the absence of gravity, Section 2) and we depict the
predictions of the models when the endpoint is given (Section 3). Finally, we consider possible variants for
the inverse optimal control method (Section 4). This document essentially illustrates that the conclusions of

the main text do not critically depend on the choices we had to make.

1 Sensitivity of the effort model with respect to the actuator dy-

namics

The effort model (cost Cg, see the main text) can be sensitive to the model of the actuator dynamics.
Intuitively, the effort cost aims at representing the amount of neural command that eventually generates the
movement of the limb. In the main text, we used a simple model assuming a mechanical actuator, in which

the torque acceleration is directly controlled, namely:

1st actuator dynamics F=p . (1)

This is a simplification because in reality the relationship between the neural inputs and the torques produced
at a joint is a rather complex dynamical process. A classical yet simple model of torque generation is given

by the following 2nd order linear low-pass filter:

2nd actuator dynamics T=(e—T)/o1

e=u-efor <2)

In the above equation, € can be thought as a quantity similar to the electromyographic activity and the con-
stants o; denotes time constants characterizing the muscle contraction process. Note that the dimensionality
of the optimal control problem (OCP) is not increased in this case: we simply switch from a direct control
of the joint torque accelerations to a control of torques through a delayed dynamical process. A fundamen-
tal difference between Equation 1 and Equation 2 is the presence of tuning parameters in the latter one.
Standard values for the time constants are about 40 ms for the fast arm movements we consider. Another
crucial difference is related to the influence of gravity. The first model suggests that keeping a constant arm

posture (Tgray = constant) is costless (i.e. it can be achieved with g = 0, that is no effort). In contrast,



the second model states that maintaining a fixed posture has a cost related to the magnitude of T4ray (i-e.
p = constant). This difference is not innocent and suggests that the optimal solutions for vertical movements
may differ a lot, as we will illustrate below. A common strategy to circumvent this potential issue is to apply
the so-called separation principle. This principle allows to solve the optimal control problem without static
forces (here gravity) and then to compensate for them during movement execution [1]. However, this is
somewhat problematic for inverse optimal control because some models are not compatible with this specific

assumption. Working in the horizontal plane obviously removes this type of issue (see Section 2).

Both previous models of the actuator dynamics neglect the agonist/antagonist nature of muscular system.
It is possible to model this, up to a significant increase of dimensionality and number of tuning parameters.
This dimensionality augmentation is obviously detrimental to the inverse optimal control (both in terms of
speed and accuracy of the inner loop, solving direct OCPs). In the simplest case, let us consider a pair of

agonist /antagonist muscles at each joint. We follow [1] and, therefore, we consider the following actuator

dynamics:
3rd actuator dynamics i =p(Tin — Ti2) + Gi ,i € {1,2}
T;; =log(1l + exp(heyj))/h 4,7 € {1,2} 3)
dij = (Gij — Ozij)/O'Z'j , 1,7 € {1,2}
€ij = (pij — €i5)/0i; 4,5 € {1,2}
The state vector is now 12-D and defined as: x = (01,02,01,0, a11, a1a, o1, a2, €11, €12, €21, €22) | and

the control vector becomes 4-D: u = (pu11, ft12, ‘LL21,M22)T. The first line of Equation 3 states that the net
shoulder and elbow torques (71 and 79) result from the difference between the tensions exerted by antagonist
muscles (T;; and Tj2, ¢ = 1..2). The factor p is used to convert muscle tensions to torques and is considered
constant for simplicity. The separation principle is also applied, meaning that dynamic and static torques
are separated. Essentially, this implies that gravity cannot not influence movement planning, because the
gravitational torques are just added a posteriori to compensate the presence of gravity during execution. The
remaining equations describe the dynamics of the 4 muscles (2 at each joint). The subscript ij denotes the
muscle j at joint ¢. The function z — log(1+exp(hz))/h is a smooth function (approximately) returning zero
for negative inputs and identity for positive inputs (h is a constant). This emulates the fact that muscles can
only pull. The parameters o;; and d;; are constants determining the response time of each muscle. For our

simulations, parameters are the same as in [1].

Figure S2 illustrates the sensitivity of the effort model to the different models of the actuator dynamics. In
general, the separation principle is required to get realistic trajectories, similarly to what was also observed
for the minimum torque model in the main text. However, using the separation principle was impossible
in our case because this assumption is incompatible with other models that really exploit gravity during
trajectory planning (e.g. the energy model). Therefore, it turns out that assuming actuator dynamics given
by Equation 1 is a reasonable choice to approximate the effort model and to permit us using the inverse
optimal control method. Figure S2 shows that even the best variant of the effort model performs worse than

the hybrid model proposed in the main text.
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Figure S2: Influence of the actuator dynamics on the effort cost. A. 1st actuator dynamics (Eq. 1), used
in the main text. B. 2nd actuator dynamics based on 2nd order low-pass filters (Eq. 2). The separation
principle is applied to remove the effects of gravity. C. 2nd actuator dynamics when the separation principle
is not applied. A strong influence of gravity is observable in this case. D. 3rd actuator dynamics (Eq. 3)
modeling a pair of antagonist muscles at each joint, using the parameters defined in [1] and the separation
principle.
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2 Predictions of the models in the horizontal plane

The previous section has illustrated that gravity may play an important role for some models. Moreover,
given that we do not model accurately the musculoskeletal system of the arm, it is useful to present the
predictions of the different models in the horizontal plane. A precise investigation of the role of gravity in

arm movement planning is out of the scope of the current study (but see [2, 3] for more detailed discussions).

Figure S3 gives the predictions of all models in the horizontal plane. It is interesting to note that the energy
and hybrid models are quite sensitive to the presence of gravity, notably with respect to the curvature of
hand paths.

To qualitatively evaluate the behavior of subjects in the horizontal plane, a control experiment involving two
subjects was performed. The main protocol was thus ported to the horizontal plane. Subjects were supporting
their own weight, that is, no manipulandum or any other device was used. The results are reported in Figure
S4. They revealed that subjects tended to produce straighter hand paths than in the vertical plane (although
some curvature was clearly visible from P1 and P4). Also, the endpoints seemed to be better discriminated
compared to what happened in the vertical plane. Both subjects exhibited similar behaviors, yet with
some differences possibly due, at least partly, to differences in anthropomorphic parameters and movement
duration. A visual comparison suggests that the geodesic, energy and hybrid models are quite congruent
with the experimental data. Other models seem to be discrepant with the data, such as the torque change or
angle acceleration/jerk models. Tt is noted that the torque model provides much more realistic predictions in
the absence of gravity (compare to Figure 7 of the main text), but still fails to predict the correct movement
direction from postures P2 and P3 (rightward while it is leftward for all subjects). Finally, the hand jerk
seems to be more plausible in the horizontal plane than in the vertical plane even though it is clear that
the shortest path was not the solution adopted by subjects in most cases. A complete quantitative analysis,

involving more subjects and similar to what we did in the main text, would be necessary to reach conclusions
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Figure S3: Predictions of the models in the horizontal plane when reaching to a horizontal bar. The hand jerk,
angle jerk/acceleration and geodesic models do not depend on gravity and just yield the same predictions as
in the vertical plane. The torque, torque change, effort, energy and hybrid models are theoretically gravity
dependent, although differences can turn out to be very small (e.g. for the torque change model).
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Figure S4: Typical raw data for two subjects when reaching to a bar in the horizontal plane. Five starting
postures were tested and 20 trials per starting conditions were recorded.

with a higher level of confidence. These preliminary results nevertheless suggest that the models we found

relevant in the vertical plane (i.e. hybrid or geodesic) may generalize quite well to the horizontal plane.

3 Models given the endpoints

In the reaching-to-a-bar paradigm, the endpoint is freely chosen by the subject. Even though we assumed
that the endpoint was automatically derived from optimal control, a strategy in which (1) an endpoint is
visually selected on the bar and (2) an optimal movement is planned toward that target might be possible.
Whatever the strategy used by subjects to select the endpoint, we can nevertheless compare the models when
the final point is given. To this aim, we used the data of the typical subject to define the endpoint associated
with each starting posture. We then computed the optimal trajectories corresponding to these point-to-point

reachings for the different models under consideration.

Figure S5 shows the performance of the various models when the endpoint is known. The hybrid model
still performs better than other models and reproduces well all movement conditions (Apaths = 82 cm2). The
geodesic model also replicates quite well the hand paths (Apagns = 106 cm?). This brief analysis demonstrates
that, if the two processes that we refer to as “target selection” and “trajectory planning” are separated, the
hybrid model matches the experimental data even more accurately. This figure also confirms that using a free
endpoint increases the differences between models’ predictions. For example here, the hand jerk, geodesic and
effort models predict similar hand paths whereas they were clearly distinguishable in the manifold reaching

case.

4 Considerations on the inverse optimal control method

4.1 Choice of the metric for the inverse optimal control method

The choice of a “metric” in the space of trajectories still remains under debate. This is nevertheless a crucial

choice to compare simulated trajectories with experimental ones and to measure the “degree of similarity”
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Figure S5: Predictions of the models given the endpoints. Data for the typical subject are illustrated. The
Apaths parameter is reported and quantifies the global discrepancy between the simulated trajectories and
the experimental one (average across starting postures). The hybrid model is the model obtained after the
inverse optimal control procedure for the typical subject.
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Figure S6: The two metrics under consideration. A. Metric 1, based on Cartesian and curvature errors of
the hand paths. This figure assumes that distance d is reported at time ¢t = argmax; d(¢) and that ¢; and
co are the distances to the straight lines at time ¢ = arg max; c(t). B. Metric 2, based on a statistical model
of the human trajectories. The first row shows the endpoint trajectories for all the movements starting from
posture P5 of the typical subject. The second row shows the result of fitting a Gaussian Mixture Model to
the data (both time ¢ and (z,y) coordinates, with K = 5 Gaussians). From this model, a metric is defined
via negative log-likelihood computations.

between them. This is especially important for inverse optimal control. In a recent review of models for the
generation of multi-joint movements, S. Gielen wrote [4]: “One such problem (not the least important) is
that it is not quite clear what metric to use to compare movements along different paths and with different
velocity profiles”. This metric function can be viewed as a fitting/error function to be minimized through
inverse optimal control rather than a metric in a strict mathematical sense. In the main text, we used a metric
based on the Cartesian and curvature errors of the hand paths. Alternatively, one can build a statistical
model of the experimental data and then compute the likelihood of the simulated trajectories gieven that

model, whose results are reported here. The two metrics are described hereafter and illustrated in Figure S6.



4.1.1 Metric 1: Cartesian and curvature errors

In the present study, the first metric function, denoted by ®,, was defined as follows:

(bl(q:; (t), qmeas (t)) - ECart + EC’urva (4)
where:
Ecart = max d(t),
where d(t) = d({@g(t), ya () }; {amees, ymeesy) )
Ecury = max c(t),
where  c(t) = |d*({af(0), A (0}: {sun 842 }) — ({2995 (1), 5705 (0)}; {ymens, symens ).

In Equation 5, (z%(t), y%(t)) and (z™?5(t),y™**(t)) denote the Cartesian trajectories of the finger corre-
sponding to state-space trajectories qf (t) and q™°**(t), respectively. When ¢ is not written explicitly then
the path rather than the trajectory is meant. The symbol s stands for the straight path connecting the
initial finger position to the final finger position of the corresponding finger path. The operator d(:;-) returns
the orthogonal distance from a point of the trajectory to the path of the measured trajectory defined in the
second argument. The operator d*(-;-) returns the signed orthogonal distance from a point of the trajectory
to the straight path connecting its two extremities (2nd argument), similarly to the definition of sIPC pa-
rameter (see the main text, but basically, a plus or minus sign is attributed based on the local concavity and
convexity of the path). In this way, if the experimental path is concave while the simulated one is convex,
then a larger error will be measured than if both paths are concave (to similar extent of curvatures). The
reason for including the curvature as a fitting constraint is the fact that curvature is a quite characteristic
feature of human movements and that considering Fcq,+ alone could advantage unrealistic paths oscillating
around the measured one. Therefore, both the endpoint position and the shape of the paths were taken into
account in the metric ®; (and they had comparable weights, both are simply expressed in meters). The first

metric is schematized in Figure S6A.

Note that, in the real simulations, the five starting postures were included in the fitting function, thus forcing

the inverse optimal control method to return a single parameter « for all the experimental conditions. The
5 5

complete metric & was thus ® = %Z‘Di,l = %ZEi,Cart + E; curv, the subscript ¢ denoting the starting
i=1 i=1

posture (P1 to P5).

The problem with metric ®; is that it may appear ad-hoc and based on some human intuition. We describe

in the next subsection an alternative method to define a relevant metric in the space of trajectories.

4.1.2 Metric 2: Likelihood estimations

Studies on Programming by Demonstration (PbD), in the field of robotics, make extensive use of statistical
models to describe human trajectories [5, 6]. Such methods also provide natural metrics in the space of
trajectories, via likelihood calculations. Here we use a Gaussian Mixture Model (GMM) to obtain a general

description of the experimental trajectories encapsulating all their essential features.



Let us represent a set of experimental trajectories in Cartesian space by the variables §; = {t;,z;,y;}, j =
1..N. This dataset contains N trials for a given condition and each observed trajectory &; is composed of
a temporal component t; (T time steps) and a spatial one (xj,yj). More precisely, we represent a single
trajectory by (t,z(t),y(t)) where (z(t),y(t)) are the coordinates of the end-effector in the Cartesian space
at time t. This representation includes both time and space in the model. Our aim is then to model the

experimental data with a mixture of K Gaussians of dimensionality D.

Given this GMM we have:

p(k) = (prior)
p(&lk) = N(fj;{ilm k) (conditional Gaussian pdf)
NI exp(—5[& — u] TS (€ — )
K
p(&) = D _pk)p(&lk) (total pdf)
k=1

The GMM is thus fully characterized by a set A = {7y, px, Ek}szl. The parameters of A were estimated via
the Expectation-Maximization algorithm, a local search method that guarantees a monotonic increase of the
likelihood of the training data [5]. Like most local optimization methods, this algorithm is sensitive to the
initial guess, and therefore, a suitable initial guess is desirable. Following [5], a k-means clustering technique
was first applied to the data and then, the Gaussian parameters were then derived from the clusters found

by the k-means method.

In the present work, we had N = 20, T' = 200, D = 3, and we chose K = 5 after visual inspection. A graphical
illustration of the GMM model obtained from this procedure is given in Figure S6B. We used the open-source
Matlab toolbox developed by S. Calinon [5, 6]. The negative log-likelihood of a simulated trajectory given
the latter model was eventually computed in order to measure the degree of similarity between simulated and
recorded trajectories. To give equal importance to every point, the sampling of a trajectory was performed

with respect to arc length and the time was then retrieved from it.

More precisely, we defined the second metric as follows:
Do(qq(t), A) = —log L{x7,(1), y5(t); M), (6)

where L is the likelihood of the optimal control trajectory {z7 (¢),y% (¢)} given the model .

As for metric 1, the complete metric ® used in the simulations was actually summed over all the initial
5 5
postures, that is: & = %Z@i,g = —%Zlog L(xf, (1), y5,(t); A).
i=1 i=1
The results of inverse optimal control using metric 1 were reported in the main text. The results with metric
2 are reported in Figure S7. Globally, the results agree with the ones obtained in the main text, and mainly

two costs are pointed out by the method: angle acceleration and energy.
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Figure S7: Inverse optimal control results for the 20 subjects using metric 2. A. Weighting coefficients, i.e.
elements of the vector a (normalized such that the sum equals 1). Each bar corresponds to one subject. B.
Contribution of each cost ingredient to the total cost, for each subject.

4.2 Choice of the re-scaling vector for the inverse optimal control method

The differences in the units of the measure for the combined costs require the use of a re-scaling vector
(denoted by r in the main text). This re-scaling vector is important to properly adjust the size-step along
each dimension of the search space. Several strategies may be used to get a suitable re-scaling vector. In the
main text, we evaluated the magnitude of the re-scaling vector from multiple simulations of point-to-point
movements using single cost functions and by measuring the corresponding optimal movement cost. Another
method suggested by a referee could be to determine r in the spirit of sensitivity analysis. More precisely,
one can compute numerically the gradient of the optimal cost C(a) (around some point «), by evaluating

partial derivatives:
a0  C(...,a4...)=C(..,a;+¢,...)

80@ e

, forie(l,...,8]. (7)

Evaluating this gradient is not trivial because the cost is implicitly evaluated along the optimal trajectory
q,(t), which depends itself on the parameter ce. More precisely, we have C(a, q},(t)). This method is local
but provides quite robust results for different points a. The results were in agreement with the first method
described above. Table S2 reports the re-scaling vectors obtained from this analysis. By computing the
gradient around the optimal cost combination found in the main text (a* being the a reported in Figure
5 of the main text), we could verify that the re-scaling vector we used agreed with the sensitivity analysis
approach. Comparing the three first columns of Table S2 indicates that the two methods globally match well.
The only exception concerns the coefficient corresponding to the torque component. This latter component
was of magnitude 10 up to the sensitivity analysis rather than 10* as we used in the main text. When working
at a totally different point, around a = (1,...,1), we found a very similar re-scaling vector, suggesting a
certain robustness of the results. We note that, given the dependence of r on the point a but also the initial
parameters of the optimal control problems (e.g. starting posture, movement time etc.), only an order of

magnitude can be reasonably obtained.
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Original values At a* (e =10"2) Ata* (e=10"%) Ata=1 (=102

Hand jerk 1.00 x 102 9.58 x 10! 8.62 x 10! 1.59 x 102
Angle jerk 1.00 x 10! 1.00 x 10! 1.00 x 10! 1.00 x 10*
Angle acc. 1.00 x 103 9.05 x 10? 9.90 x 10? 9.49 x 10?
Torque Chg. 1.00 x 102 1.59 x 102 1.04 x 102 4.30 x 10?
Torque 1.00 x 10* 1.28 x 10° 1.41 x 103 2.92 x 10°
Geodesic 1.00 x 10° 1.17 x 10° 1.17 x 10° 2.31 x 10°
Energy 1.00 x 10% 9.68 x 10° 1.13 x 10* 1.64 x 10*
Effort 1.00 x 10° 1.78 x 10° 1.63 x 10° 3.26 x 10°

Table S2: Re-scaling vector r. For columns 2, 3 and 4, the average values across the 5 starting postures (P1
to P5) are reported. Values were found to be quite consistent across different starting postures (same order
of magnitude). The only difference between columns 2 and 3 is the step size e used to evaluate the gradient.
The re-scaling vector has been normalized with respect to the angle jerk component. The vector a* denotes
the optimal weighting vector obtained from inverse optimal control (and, therefore, obtained when applying
the inverse optimal control method with the re-scaling vector given in the 1st column).
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