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A Lagrangian Inspired Polynomial Kernel for Robot Dynamics Identification
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Abstract—In this paper, we propose a novel kernel for the
identification of the inverse dynamics of robotic manipulators
based on Gaussian Process Regression. The proposed kernel,
called Lagrangian Inspired Polynomial (LIP) kernel is based on
two main ideas. First, instead of directly modeling the joint
torques, we model as GPs the kinetic and potential energy of
the system. To this aim, we prove a polynomial characterization
of the kinetic and potential energy and we define a polynomial
kernel that encodes this property. Second, we derive the GP
prior on the joint torques by leveraging on the knowledge of
Lagrange’s equations and by applying the properties of GPs
under linear operators. We validated our method on a Franka
Emika Panda robot, a 7 DOF cobot. The collected results
show that the proposed method outperforms state-of-the-art
black-box estimators based on Gaussian Processes in terms of
prediction accuracy and generalization.

I. INTRODUCTION

In many robotics applications, control performance
strongly benefits from the presence of accurate models.
Inverse dynamics models expresse joint torques as a function
of joint positions, velocities and accelerations, and they are
crucial in several control problems, such as high-precision
trajectory tracking [1], [2] and contact detection [3]-[5].

Learning the inverse dynamics in a black-box fashion
represents an appealing solution. Differently from traditional
model-based approaches [6]-[9], black-box solution learn in-
verse dynamics models directly from collected data, without
the need of prior knowledge of the physical system.

Several black-box methods have been proposed, for in-
stance relying on deep neural networks (NN) [10]- [11], [12]
- and Gaussian Process Regression (GPR) [13], see [14]-
[17]. Despite their ability to approximate even complex non-
linear dynamics, black-box methods typically exhibit low
data efficiency and poor generalization properties: obtained
estimators perform well only within a neighborhood of the
training trajectories, and require a large amount of samples
to generalize.

Several works tried to improve generalization by embed-
ding insights from physics as a prior in black-box models
[18]-[21], so that physical properties are embedded in the
model. In this context, GPR is an attractive regression
framework since prior on the physical properties can be
encoded through a proper definition of the kernel function.
In this manuscript, we propose an inverse dynamics GP
estimator based on a novel kernel defined starting from the
laws of Lagrangian mechanics, with the aim of improving
generalization and data efficiency.
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Typically, when GPR is applied to the inverse dynamics
identification, each joint torque is modeled with a distinct
independent Gaussian Process (GP). This choice simplifies
the regression problem but ignores the correlations between
the different joint torques, which instead are present as
explained by the Lagrange’s equations, possibly limiting
generalization and data efficiency.

In contrast, we propose a multi-output kernel function,
named Lagrangian Inspired Polynomial kernel (LIP), which
correlates the different joint torques by exploiting Lagrangian
mechanics. Our method is based on two main ideas: first,
we model as GPs the kinetic and potential energy of the
system. Driven by the fact that the kinetic and potential
energy are polynomial functions in a suitable input space,
we derive two polynomial kernels that encode this property.
Second, inspired by the fact that Lagrangian mechanics
derives the dynamics equations as a linear transformation
of the Lagrangian function, we obtain the torques GPs by
applying a set of linear operators to the GPs of the potential
and kinetic energy.

Our contribution is twofold. First, we derive the LIP
kernel, a multi-output kernel which encodes the symmetries
typical of Lagrangian systems and the polynomial nature of
the kinetic and potential energy. Second, we compare the
performance of the LIP model against baselines and state-
of-the-art algorithms on a real Franka Emika Panda. The
collected results show that the LIP estimator outperforms
state-of-the-art black-box GP estimators, obtaining better
generalization performance. This fact confirms that encoding
physical properties in black-box models is a promising
strategy to improve model accuracy and data efficiency.

The paper is structured as follows. In Section[[T| we provide
a review of robot dynamics and GPR theory. Section
presents our proposed kernel. First, we derive the GP prior
for torques from the GP prior for energies by utilizing the
principles of Lagrangian mechanics. Then, we present the
polynomial kernels that we exploit to model system energies.
Section outlines the experiments on the Panda robot,
while Section |V| concludes the paper.

II. BACKGROUND
In this section, we describe the inverse dynamics identifi-
cation problem, and we concisely review GPR.

A. Inverse dynamics

Consider an n-degrees of freedom (DOF) manipulator
composed of n + 1 links connected by n joints. Let g; =
[qg,...,qf]T €R" and 1, = [Ttl,...,Tt”]T € R" be the



vectors collecting, respectively, the joint positions and gener-
alized torques at time ¢, where ¢! and 7; denote, respectively,
the joint position and the torque of joint 7. Moreover, we
denote with g; and g; the joints velocity and acceleration.
In the following, we will denote explicitly the dependence
on t only when strictly necessary. The inverse dynamics
identification problem consists in identifying the map that
relates q:, q:,q: with 7, given a dataset of input output
measures . Under rigid body assumptions, the dynamics

equations are described by the following matrix equation

B(q)G +clq,q) +g(q) +T7 =, (1)

where B(q) is the inertia matrix, while ¢(g,q) and g(q)
model, respectively, the fictitious forces and gravity. Finally,
T is the torque due to friction and unknown dynamical effects

[2].

B. Gaussian Process Regression for multi-output models

GPR is a principled probabilistic framework for regression
problems that allows estimating an unknown function f :
R™ — RY given a dataset of input-output observations & =
{X,Y}, composed of the input set X = {x;...xn} and
the output set Y = {y1,...,yn}. We assume the following
measurement model

yi = (i) + e,

where e; is a zero-mean Gaussian noise with variance
Y, € R¥ x RY, i, e; ~ 4(0,%,). We assume that

i=1,...,N, )

3., is a diagonal matrix, namely, X, = diag(o? ,...,02,),
where in denotes the variance of the noise affecting the
i-th component of f. By letting y = [y],... ,y%]T and
e=le],.. .@MT we can write
Y1 f(w1) el
y=|:|=| : |t |=/X+e O
YN f(xn) en

where the noises eq, ..., ey are assumed independent and
identically distributed. It turns out that the variance of e is
a block diagonal matrix with equal diagonal blocks, namely

Y. =diag(Te,, ..., Bey ),

)y Hen

with X, =3, = ... =3,

The unknown function f is defined a priori as a GP, that
is, f ~ GP(m(x),k(x,z')), where m(-) : R™ — R? is
the prior mean and k(-,-) : R™ x R™ — R%* ig the prior
covariance, also named kernel. The kernel k(-,-) determines
the covariance between the values of the unknown function
at different input locations, that is, Cov[f(xp), f(xz4)] =
k(xp, :nq). For instance, in the scalar case (d = 1), a common
choice for k(-,-) is the Square Exponential (SE) kernel,
defined as

ksp(z,z') = A Iz 51 )

where A and ¥ are the kernel hyperparameters.
Under the Gaussian assumption, the posterior distribution
of f given 9 in a general input location « is still Gaussian,

with mean and variance given by the following expressions:

Elf(z)|2] = m(z) + Kox(Kxx + Ze) (y — mx),

(5a)
COV[f<$)|9] = k’(l?, SC) — K:cX(KXX + Ze)_lKXm,
(5b)
where K,x € R4 is given by
Kox =K%, = [k(a:,ml), ce, k(a:,:cN)] , (6)
and K x x € RVXAN g the block matrix
k(w1yw1) k(wlva)
Kxx = : : . (N
k(xn,x1) k(xn,zN)

See [13] for a detailed derivation of formulas in (3). The
posterior mean (3a) is used as an estimate of f, that is, f =
E[f(x)|2], while (5b) is useful to derive confidence intervals
of f .

When GPR is applied to inverse dynamics identification,
the inverse dynamics map is treated as an unknown function
and modeled a priori as a GP. The GP-input at time ¢ is
x: = (q:, g+, gt), while outputs are torques. The standard
approach consists in defining the GP prior directly on the
inverse dynamics function, by assuming its n components
to be conditionally independent given the GP input x;. As
a consequence, the overall inverse dynamics identification
problem is split into a set of n scalar and independent GPR
sub-problems,

yi = fH(xe) + e

where the i-th torque component f? : R3® — R is estimated
independently of the others as in (8) with d = 1 and y =
yi=[yi...y4]T . being y! a measure of the i-th torque at
time ¢.

Observe that the conditionally independence assumption
is a strong approximation, which might limit generalization
and data efficiency. As described in the next section, we
propose a multi-output GP model that naturally correlates
the different torque dimensions, thus obtaining the following
generative model,

Yy = f(x1) + ey,

with f : R3" — R”, where n is the number of DOF of the
considered mechanical system, y, € R”™ is the vector of
torque measurements at time ¢ and e; € R™ is the noise at
time ¢ modeled as in Sec. The estimate of f can now
be computed as described in Sec. with d = n.

III. LAGRANGIAN INSPIRED POLYNOMIAL KERNEL

In this section, we derive the Lagrangian Inspired Poly-
nomial (LIP) kernel. We model the kinetic and potential
energies as two different GPs and derive the GP prior of the
torques exploiting the laws of Lagrangian mechanics and the
properties of GPs under linear operators. First, in Section [[IT{
we introduce a polynomial characterization of the system



energies and we accordingly define two polynomial kernel
functions. Then, in Section we derive the inverse dy-
namics GP-models from the GPs of the kinetic and potential
energies.

A. Kinetic and potential energy polynomial priors

Let 7 (q, q) and 7°(q) be the kinetic and potential energy
of a n-DOF system of the form (I). We model I (q,q)
and 7'(q) as two independent zero-mean GPs with kernel
functions k7 (x, ') and k7 (z, '), where & = (q, q, §), as
defined in Section

Before deriving the kernel functions k7 and k7 adopted
as model prior for  and 7°, we introduce some useful
notations. Let g’ and ¢’ be the vectors containing the posi-
tions and velocities of the joints up to index 4, respectively.
Then, assume the considered system to be composed of N,
revolute joints and NN, prismatic joints, with N, + N, = n.
We denote with I, = {ry,...,rn,} and I, = {p1,...,pN, }
the sets containing the revolute and prismatic joints indexes,
respectively. We introduce the vectors q. and g5, containing
the cosine and sine of revolute joint positions, and the vector
gy, containing the prismatic joint positions. By ¢4, ¢ and qg
we denote the b-th element of q., g, and g, respectively.
Next, let I? (resp. I;,) be the subset of I,. (resp. I),) composed
by the indexes lower or equal to 7 and let us define the vectors
q., q, (resp. q,) as the restriction of g, g, (resp. gp) to I}
(resp. I;). To conclude let g.s, be the vector concatenating
the b-th elements of g, and g, that is, g.s, = [¢%, ¢?]T.

We continue our analysis by considering first the design
of k7 and then the design of k7.

1) Potential energy: The following proposition establishes
that the potential energy is polynomial w.r.t. the set of
variables (g, gs, g,), Which is function of g.

Proposition 1: The potential energy 7°(q) is a polynomial
function in (g, gs, gp) of degree not greater than n, such that
each element of q., g5 and g, appears with degree not greater
than 1. Moreover, for any monomial of the aforementioned
polynomial, the sum of the degrees of ¢% and ¢° is equal or
lower than 1, namely, it holds

deg(q?) + deg(ql) < 1. (8)

To comply with the properties introduced by Proposition
we define the k7 (x, x') kernel as the product of N,.+ N,
inhomogeneous polynomial kernels of degree 1 [13], namely

=TI k¥ (@essr ai) TT B (), ©)

bel, bel,

kaw

with the general inhomogeneous polynomial kernel of degree
p defined as kﬁ)(m,m’) = (&TS,x2’ + opr)P, where X,
and oy, are the hyperparameters.

2) Kinetic energy: The kinetic energy is the sum of the
kinetic energies relative to each link, that is, I (q,q) =
i1 Ji(g,q), where J;(q, q) is the kinetic energy of Link
1. The following proposition establishes that ; is polynomial
w.r.t. the set of variables (., g%, q},, "), which are functions
of ¢* and ¢".

Proposition 2: The kinetic energy of the i-th link 7;(q, )
is a polynomial function in (qc,qs,qp,qz) of degree not
greater than 27 + 2, such that each element of q’, gi, q;
and ¢" appears with degree not greater than 2. Moreover, in
each monomial, the sum of the degrees of ¢° and ¢” is lower
than or equal to 2, namely

deg(q?) + deg(ql) < 2.

To comply with the constraints and properties stated in
the above Proposition, we define the k7 (x, x’) kernel as the
product of ¢ inhomogeneous polynomial kernels of degree 2,
and 1 homogeneous kernel of degree 2, namely

(10)

g 2
K (x,@') = képL(q " -

IT 57 (aes als,) -

bell

(1)

H kpk qp? qp

bEIi

where the homogeneous polynomial kernel of degree p is
defined as the inhomegeneous one but with o, = 0.
We finally define kinetic energy kernel as k7 (z, ') =

Zz 1k"z/(w33)

B. From energies to torques GP models

GPR cannot be applied directly on I and 7/, as these
quantities are not directly measured. However, starting from
the prior on the two energies, we can derive a GP prior for
the torques leveraging on Lagrangian mechanics. Lagrangian
mechanics derives the inverse dynamics equations in (I
(with 7 = 0) as the solution of a set of differential equations
of the Lagrangian function & = 7 (q,q) — 7(q) [2]. The
i-th differential equation of (I) is

17 (0F\ 0%
(o B S 12
dt (aqz) ag (12)

where ¢, %, and 7! are, respectively, the i-th component of
q, g, and 7. Exploiting the chain rule, equation (I2) can be
rewritten as

2y . 2% N\ 0¥
3 . Y o
<5Qi8dj 7 94iog 1 ) g’ -

j=1

It is convenient to introduce the linear operator &;, that maps
< in the left-hand side of , namely = ¢%. In
compact form we can write T = 9% = [£,.Z ... ,Z]7T,
which defines the linear operator & mapping & into 7.
Since we modeled I and 7 as independent GPs, & is a
GP itself. The sum of two independent GPs, indeed, is a still
a GP, and its kernel is the sum of the kernels [13], namely,

Z ~GP(0, k7 (z,2)),
K (x,2') = k7 (@,2') + k7 (2, ")

(14a)
(14b)

Moreover, note that the inverse dynamics map is the result
of the application of the linear operator & to the GP defined
in and modeling &. As the GPs are close under
linear operators [22], also the inverse dynamics is a GP in



our setup. In detail, it turns out that 7 ~ GP(0,k" (x,2’))
with the multi-output kernel &7 € R™*™ defined as

GG k? (z, ') @G k7% (x,2')

kT (, wl) = )
GG k7 (z, ) C. 8 k7 (z, )

(15)
where &/ is the same linear operator as &; but applied to the
input variable x’. We refer the interested reader to [22] for
a more detailed discussion on GPs and linear operators.

To summarize, the LIP kernel consists of the multi-output
torque prior k7 expressed in (T3, where k¥ is defined in
(T4B) and k7 and k7 are the polynomial kernels presented
in Section

IV. EXPERIMENTAL RESULTS

We tested proposed estimator on a Franka Emika Panda
robot, which is a 7 DOF manipulator with only revolute
joints. We compared the performance of the LIP model with
those of three different state-of-the-art GP-based estimators.
Two of them are obtained with the standard approach,
namely modeling joint torques as independent GPs. One
is based on the Square Exponential (SE) kernel in @) ,
while the other one is based on the GIP kernel presented
in [18]. The third solution, instead, exploits the multi-output
kernel presented in [20], hereafter denoted as LSE. The LSE
estimator models directly the Lagrangian function, instead
of modeling the kinetic and potential energy separately. The
Lagrangian is modeled using a SE kernel defined on an
augmented input space obtained by substituting the positions
of the revolute joints with their sine and cosine. All the
considered estimators have been implemented in Python,
using the functionalities provided by the library PyTorch
[23]. The hyperparameters of all the GP-based estimators
have been optimized by marginal likelihood maximization
[13]. In order to compensate the friction affecting the real
system, we integrate the considered estimators with a GP
model linear in the features ¢ and sign(q).

On the real Panda robot, we collected joint positions,
velocities, and torques through the ROS interface provided
by the robot manufacturer. To mitigate the effect of mea-
surement noise, we filtered the collected positions, velocities,
and torques with a low pass filter with a cut-off frequency
of 4 Hz. We obtained joint accelerations from joint velocities
by means of acausal differentiation.

We collected 10 training and 16 test datasets, following
different sum of sinusoids reference trajectories. In detail,
each dataset is obtained imposing to the ¢-th joint a trajectory
defined as

N
<~ a b
qi(t) = Z m sin(wylt) — m cos(wylt),  (16)
=1

with wy = 0.02 rad/s, while a and b are sampled from
a uniform distribution ranging in [—c¢, ¢], with ¢ chosen
in order to respect the limits on joint position, velocity
and acceleration. The test datasets has a wider range of
frequencies, Ny = 100, than the training trajectories, Ny =

joint 1 joint 2
. T _
c 0.1 B * *
SE  GIP LSE LIP SE GIP LSE LIP
joint 3 joint 4
X 14 * i *
i T &= %,
2 ey o=
- +
SE GIP LSE LIP SE GIP LSE LIP
joint 5 joint 6
.| TE %
*lit=¥
: Tl
c
SE GIP LSE LIP SE GIP LSE LIP
joint 7
< = =
ulo- *
(%)
z *
=

T T T T
SE GIP LSE LIP

Fig. 1: Box plot of the torque nMSE obtained with the experiment on the
PANDA robot described in section

50, to stress the generalization properties. All the generated
datasets are composed of 500 samples, collected at a fre-
quency of 10Hz. The GP-based estimators are learned in
each training trajectory and tested on each and every of the
16 test trajectories. Figure [T] reports the distribution of the
normalized Mean Sqaured Error (nMSE) for each joint, on
the test datasets. The nMSE is defined as

N
WMSE(y,§) = D — i)/ Var(y),

where y is the vector of measures and ¢y contains the
corresponding estimates. The estimator with the LIP kernel
predicts the joint torques better than the other GP estimators
on each and every joint, which proves the advantages of our
approach.

V. CONCLUSIONS

In this work we presented the LIP kernel, a novel multi-
output kernel designed to model the kinetic and potential
energy of robotics systems. Leveraging on the laws of
Lagrangian mechanics and on a polynomial characteriza-
tion of potential and kinetic energy, the proposed kernel
provides black-box inverse dynamics models which respect
the symmetries imposed by the Lagrange’s equations, while
improving generalization and data efficiency. The method
has been validated on a real setup involving a Franka
Emika Panda robot. The collected results showed that it
outperforms state-of-the-art black-box estimators based on
Gaussian Processes in term of accuracy and generalization.
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