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Abstract

This paper proposes a data-driven framework to learn a finite-dimensional approximation
of a Koopman operator for approximating the state evolution of a dynamical system under
noisy observations. To this end, our proposed solution has two main advantages. First, the
proposed method only requires the measurement noise to be bounded. Second, the proposed
method modifies the existing deep Koopman operator formulations by characterizing the
effect of the measurement noise on the Koopman operator learning and then mitigating it
by updating the tunable parameter of the observable functions of the Koopman operator,
making it easy to implement. The performance of the proposed method is demonstrated on
several standard benchmarks. We then compare the presented method with similar methods
proposed in the latest literature on Koopman learning.

1 Introduction

Directly dealing with complex nonlinear dynamical systems for model-based control design has remained a
challenge for the control community. One long-standing solution to this problem has been to use linearized
models and the associated vast body of knowledge for linear analysis. Linear control theory is a very rich and
well-developed field that provides rigorous control development with methods for stability and robustness
guarantees. Lyapunov showed that for a linearized system that is stable around an equilibrium point,
there exists a region of stability around this equilibrium point for which the original nonlinear system is
also stable |A.Lyapunov| (1992)). Recent advances in data-driven methods have spurred new and increased
research interest in machine learning (ML) based methods for deriving reduced-order models (ROM) as
surrogates for complex nonlinear systems. This has also led to the adoption of these methods for developing
control and autonomy/automation solutions for robotic and unmanned systems. Examples include learning
dynamics using deep neural networks (DNNs) Murphy (2002)); |Gillespie et al. (2018), physics-informed
neural networks (PINNs) Raissi et al.| (2019), and lifting linearization methods such as Koopman operator
methods |[Mezi¢| (2015)); [Proctor et al.| (2018]); Mauroy & Goncalves| (2016)). Lifting linearization allows one
to represent a nonlinear system with an equivalent linear system in a lifted, higher-dimensional, space. It
is, however, typically difficult to find an exact finite-dimensional linear representation for most nonlinear

systems. Further, the Koopman operator focuses on non-autonomous systems: ‘fl—f = f(z,u,t).

This poses a challenge for the control design of dynamical systems in the choice of a sufficient basis function
necessary for the lifted system to be linear and exact. Extensions to such systems require truncation-based
approximations, and the finite-dimensional representation is no longer exact. To this end, various eigen-
decomposition-based truncations are proposed. In |Lusch et al| (2017) the authors proposed using deep
learning methods to discover the eigenfunctions of the approximated Koopman operator, and [Yeung et al.
(2019); |[Lusch et al.| (2018); Han et al.| (2020); Bevanda et al.[(2021) employed deep neural networks (DNNs)
as observable functions of the Koopman operator, which are tuned based on collected state-control pairs
by minimizing an appropriately defined loss function which is also referred as the deep Koopman operator
method (DKO). Recent work such as [Hao et al.| (2024) has extended the DKO method to approximate
nonlinear time-varying systems. Similar to the Koopman operator Koopman| (1931)); Koopman & Neumann
(1932), extending dynamic mode decomposition (EDMD) Williams et al.| (2015) lifts the state space to a
higher-dimensional space, for which the temporal evolution is approximately linear [Korda & Mezi¢| (2018)).
These methods rely on a set of measured output variables that collectively define some nonlinear representa-
tion of the independent state variables. Establishing a sufficient set of these observable functions remains an
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active area of research. Further, real-world noisy measurements impose additional challenges. Additionally,
for most practical systems, it is also critical to find computationally feasible approximation methods for
extracting finite dimensional representations.

Related work. While Koopman-based methods have been proven to be effective in learning dynamics
from a system’s input-output (state) data pairs. However, in practical real-world applications, the output
measurements are noisy and can result in biased estimates of the linear system. Even if the noise of the state
variables is assumed to be uncorrelated, the nonlinear transformations in the observables may lead to complex
noise-influence correlations between the noise-free states and the transformed observables. Several methods
are proposed to solve the measurement noise issue. One solution |Sotiropoulos.| (2021) is to directly measure
the states and the observables, this, however, may not always be possible. Noisy measurements are also
shown to further complicate the anti-causal observable problem when dealing with the lifting of controlled
systems |Selby| (2021). In other approaches, authors in [Dawson et al.| (2016); [Hemati et al.| (2017)) introduce
total least square (TLS) methods in DMD, in [Haseli & Cortés| (2019) the authors propose a combination
of the EDMD and TLS methods to account for the measurement noise, and in |Sinha et al.| (2020); |Wanner,
& Mezid| (2022); [Sinha et al.| (2023)) the authors propose to solve the EDMD with measurement noise as a
robust Koopman operator problem which is a min-max optimization problem.

This paper extends the DKO method to the scenario where the system state data is corrupted by unknown
but bounded measurement noise. As already discussed, this creates the challenge of generating additional
noise transformations impacted by the DNN-derived basis functions of the deep Koopman operator. This
leads to distortion of the noise, and the properties of the measurement noise and associated correlations may
not remain the same after lifting. The contributions of this work are that we first propose a data-driven
framework to learn the deep Koopman operator from the system states-inputs data pairs under unknown
and bounded measurement noise, and then we provide numerical evidence that our proposed method can
approximate the system dynamics with reasonable accuracy adequate for control applications.

This paper is organized as follows. Section [2] states the problem. Section [3] presents the proposed algorithm
and its theoretical development. The numerical simulations and comparison of the algorithms are shown in
Section [d] Finally, Section [5] concludes the paper.

Notations. We denote || - || as the Euclidean norm. For a matrix A € R™*" || A ||r denotes its Frobenius
norm, A’ denotes its transpose, and A' denotes its Moore-Penrose pseudoinverse.

2 Problem formulation

Consider the following discrete time-invariant system:

z(t+1) = f(x(t),ut), =(0)given, (1)

y(t) = (t) + w(t), (2)

where ¢ = 0,1,2,--- denotes the time index, x(¢t) € R™ and u(t) € R™ denote the system state and
control input, respectively, y(t) € R™ denotes the measured state, w(t) € R™ corresponds to the unknown

measurement noise, which is assumed to be bounded (i.e., || w(t) |< W), and f: R™ x R™ — R™ denotes
the nonlinear dynamics mapping which is unknown.

Suppose an observed system states-inputs trajectory from time 0 to 7' denoted as:

€= {(ytvut)atzovla2"" 7T}' (3)

One approach to approximating the unknown dynamics f in Eq. using £ is through the deep Koopman
operator (DKO) method. Specifically, an estimated dynamics model &(t+1) = f(&(t), w(t), 8) is introduced
with #(0) = (0), where &(t) € R™ represents the introduced system states. The function f is constructed

based on the Koopman operator theory, as described by:

g9(2(t +1),0) = Ag(2(t), 0) + Bu(t), (4)
&(t+1) = Cg(#(t+1),0), (5)
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where g(-,0) : R — R" is typically represented by a Lipschitz continuous deep neural network (DNN) with
a known architecture and tunable parameters 8 € R?, while A € R™*" B € R"™*"™ C € R™*" are constant
matrices. Here, Eq. with r > n represents the dynamics evolution in the lifted space R", and Eq.
defines the mapping between the lifted space R” and the original space R". By integrating Eq. (4)-(5), the
deep Koopman operator dynamics can be expressed as follows:

P

a(t+1) = f(@(t),ult), 0) = C(Ag((t),0) + Bu(t)), #(0) = 2(0). (6)

The problem of interest is to determine the constant matrices A*, B*, C* and the optimal parameter 8*
using the noisy trajectory £ in Eq. such that, for any 0 < ¢ < T — 1, the following approximation holds:

g(yt+179*) = A*g(ytaa*) +B*ut’ (7)
iy = C g(Yi41,07). (8)

For notational brevity, we define the set of A*, B* C*, 6* satisfying Eq. — as the Deep Koopman
Representation (DKR), which will be referenced throughout this paper.

K={A",B",C",0"}. 9)

3 Main Results

This section first outlines the main challenges and key ideas underlying the proposed approach, followed by
the presentation of an algorithm to achieve the DKR in Eq. @D

3.1 Challenges and Key ldeas

To achieve the DKR, one natural approach is to minimize the following estimation errors using £ in Eq. :

T-1
* * * % : 1 £ 2
A 7B uC 79 = arg A,I.g}g,e ﬁ ; ||wt+1 - f(yt7ut7 0)” : (10)

A fundamental challenge in solving Eq. arises from the fact that the true system states x; are unknown
in our problem setting.

To address this challenge, we propose an alternative minimization problem to Eq. . To proceed, for any
0 <t<T -1, we first introduce the notation:

Ti1 = fze,ur,0) + & = C*(A*g(z,0) + B uy) + &
and _ B o _ B
Yir1 = f(ye,u,0%) + € = C*(A"g(ys,0%) + B*uy) + €,

where f and f are introduced DKO dynamics achieved using the noise-free and noisy trajectories, respec-
tively, based on the same function g(-,6). The terms € and € represent the estimation errors that arise
from solving the following optimization problems:

T-1
Ax Dk Yk 0% . 1 £
ATB OO —arg iy o 2 levn = flanun O (1)
and
1 T—1
A* % Yk pFk 3 f 2
A", B*,C",0 —argA’Ig}g’eﬁ ; lyerr — fye, we, 0)|7 (12)

Then, by expanding the error function in Eq. using the introduced f and f, and applying the triangle
inequality, we obtain:
|@et1 — f(:ct,ut,H) + f(a:t,ut,e) - f_(yt,ut,é*) + f(ytvutae_*) —Yt1 T Y1 — f(yt,ut,9)||2

R 5 _ _ B - (13)
< w1 — Flyeue, 0))1? + | F (e, ur, 0) — Flye, ue, 07) || +[|&]1 + ||&].
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Note that €; and €; are typically small positive constants. For a detailed analysis of these estimation errors,
we refer to the existing work (2024). Removing the constant terms from the upper bound derived
in Eq. , we formulate the following loss function to achieve the DKR in Eq. @:

T-1

Z(” Yt+1 — fA(yt’Utae)Hz + Hf(xt,utaé*) - f(yt;ubé*) HQ) (14)
t=0

Ls(A,B,C,0) = %
Eq. proposes a method to minimize the upper bound of the error function in Eq. , as opposed to
minimizing the error directly. This minimization problem is split into two components. First, given a noisy
trajectory &, the goal is to determine a dynamical model that approximates the relationship between y;, u;
and y4+1 as stated in Eq. . The second component focuses on minimizing the norm difference between
the model f(y;,u, 6%) from Eq. and f(x;, us, %) from Eq. (11). The key challenge in solving Eq.
lies in quantifying the difference between the two models, f(x¢, us, 0*) and f(yq, u, 6*).

Remark 1 Note that, in contrast to the conventional error function of |41 — f(yt,ut,O 2 = ||ysy1 —
w1 — fysue, 0))12 < [y — F(y, we, 0)]12 + |wii1||?, the proposed loss function in Eq. substitutes
the constant term |wyy1||? with the discrepancy between the system dynamics, |f — f ||>. This formulation
allows for further minimization by tuning @, thereby enhancing robustness and stability in estimation.

3.2 Algorithm

We now introduce an algorithm to solve Eq. utilizing the noisy data from Eq. . We start by
addressing the first term in Eq. 7 for which we define the following loss function:

T-1

1
L;1(A,B,C,0) = ﬁ(z lg(yi+1,0) — Ag(y:,0) — Bur|® + [lys11 — Cg(yer1, 0)[%), (15)
t=0

where the first and second parts of Ly 1 represent the estimation errors in the lifted space, as described in
Eq. )7 and the original space, as outlined in Eq. 7 respectively.

If the matrices A, B, C are known, the optimal 8* that minimizes L ; can be directly obtained using the
gradient descent method. However, when these matrices are unknown, an alternative iterative approach
can be employed. At each iteration k, the relationship between the constant matrices and the given 8, is
first established based on the trajectory & with the initial parameter 8y. Once this relationship is identified,
the gradient VgL 1(0)) is computed, enabling the application of the gradient descent method to iteratively
update 0.

To this end, we first introduce the following data matrices formed from &:
Y = [yanla e >'!JT—1} S RnXT7 Y = [y17y27 e 7yT] S RnXTaU = [U’Ouulu e 7,U‘T71] S R’mXTa
Gy = [g(yoaek)vg(ylvgk)a T 7g(yT—179k)] € RTXTvc_;k = [g(ylrgk)vg(y279k)a T 7g(yTa0k)] € R,

(16)
It leads to the following compact form of Eq. using given 0y:
1 = G _ _
L11(A,B,C) = 57(1Ge — [4 B] | T 15+ ¥ - CGul?), ")

If the matrices G € R™*T and S € RU+m)xT in Eq. (17)) are with full row ranks (i.e., are right-invertible),

then the parameter 8 can be updated using the following rule:

t
A* * . = G

(A7 Bi] = are iy Ly = G |G 9

C; = arg mé'an’l = YGL, (19)

0k+1 = Ok — OlkVQLfJ(AZ, BZ, C;, gk), 00 given, (20)
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where £ = 0,1,--- denotes the iteration index, and the step size oy satisfies the standard conditions for
convergence: Ek o0k =00 and Y 2 a? < co. Note that the matrices A%, Bj, and C; remain constant
while computing VoL 1 (A}, B, C}, 6},), which is given by:

1T

VoLy, 1(Akv Bka Cm Or) = ( Vog(Yit1,0k) — szag(ytv Ok))/(g(yt-i-lv 0r) — A’};g(yt, 0r) — Biéut)
t:O

H

/
*(C;:Veg(’ytﬂﬂk)) (Yt+1 — Crg(Yiy1,641)).
(21)
To minimize the second part of Eq. ., which quantifies the discrepancy between the two models,
f(:ct,ut,e*) and f(yt,ut,O*), we observe that this difference arises due to the measurement noise wy.
To systematically characterize this discrepancy under w;, we define the following loss function:

Ly2(60 Zmax”f (@1, ue, 0%) — Fly, u, 0) |2
(22)

X(Z lg(z:,6%) — g(y:,0)| + [A*, B*] - [A*, B*] |} + | C* — C*|1}).
t=0

Here, we assume that the matrices A*, B*,C* and A*, B*,C* are computed using the same procedure in
Eq. . 19) with the same g(-, @) applied to noise-free data and noisy data, respectively. Since the system
state x; in Eq 1.) is unknown in our problem setting, we define G and G as data matrices according to
Eq. 1.D for a given arbitrary 8. The matrices [A* _*] and C* are then computed based on 6 following
Eq. —, respectively. To determine the optimal 6* that minimizes Ly 2(6), we present the following

theorem.

Theorem 1 If the unknown measurement noise ||w;|| is bounded by wpmar and g(-,0) is a Lipschitz con-
tinuous function, then the optimal 0* that minimizes the following loss function will also minimize Eq.

Ls2(0) = 5 (1G] [G]) 7 I G+ 1A BIR 1e 3 +16 1)

+IHGG) T EI C 7] G I )

(23)

Proof of Theorem [1] is given in Appendix. Based on Ly ; in Eq. and ]:f’g in Eq. , one have the
following loss function:

Ls(0) = 5(1G ~ 4% B |G [+ Y - GGI) + Laf0). (24)

At any iteration k, the proposed algorithm begins by computing the matrices [AZ, B;] and C’,’; using Eq.
—. Subsequently, gradient descent is employed to update @y to find the optimal 8* that minimizes
the objective function in Eq. .

Remark 2 Note that by following the definition of Moore—Penrose inverse (i.e., for any D € R™*™ with
G
U
in computing the gradient of Lf(0). One way to address this issue is to utilize the relation JpK~' =

L9y K)K ™!, where K € R™*™. This approach enables gradient computation involving matrix inverses
in a more manageable form.

/
full row rank, Dt = D'(DD’)~!), the inverse terms (Fﬂ { ] )~! and (GG')~! may pose challenges

To sum up, we have the following Algorithm [I] which is named as deep Koopman learning with the noisy data
(DKND) in the rest of this paper.
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Algorithm 1: Deep Koopman learning with the noisy data (DKND)

Input: Y, Y, U in Eq. QD
Output: A*, B*, C*, 0*.
Initialization: Set the learning rate sequences {Oék}i(:o and terminal accuracy € > 0, build DNN
g(-,0) : R" x R? — R" with nonzero 6 € RP.
for k=0,1,2,--- ,K do
Compute [AZ,B;] and C_’; by solving Eq. and Eq. respectively, and construct the loss
function L(0) in Eq. with 6.
Update the 8y, using the gradient descent: 011 = 0 — VoL (0k).
Stop if L(0)) < € and save the resulting A}, B}, C;, and 6y, as A*, B*,C*, and 6*.
end

4 Experiments

In this subsection, we first demonstrate the performance of the proposed algorithm by analyzing the es-
timation errors between the predicted system states and the true noise-free states across four benchmark
dynamics: one 2D simple linear discrete time-invariant dynamics:

0.9 -0.1 0 1
Ti41 = 0 0.8 Sct+ 1 Ut, Lo = 0]’

cartpole (z; € R* u; € R) and lunar lander (z; € RS u; € R?) examples from the Openai gym [Brockman
et al. (2016), and one real-world example of unmanned surface vehicles (z; € RS u; € R?), of which the
details can be found in [Li et al.|(2024). Then we compare the proposed algorithm with related methods.

Experiment setup. In this experiment, we first gather noise-free state-input pairs D = {(x, u)}7_o from
the aforementioned four examples, where u; represents randomly generated control inputs drawn from a
uniform distribution bounded between —1 and 1.Subsequently, we introduce three types of bounded mea-

surement noise: Gaussian noise (w&) with mean p = 0 and standard deviation o = 2, Poisson distribution

(w}’) with an expected separation A = 3, and uniform distribution (w{) generated from the open interval
[—1,2). To ensure bounded noise, we apply a clipping procedure to the measurement noise. These noise types
are added to the system states to yield noisy measurements. Specifically, we denote the noisy measurements
under Gaussian noise as y& = x; + w. The corresponding dataset, denoted D¢ = {(y&, u;)}L ), is used
for the experiments. To facilitate training and testing, we allocate 80% of DY to train DKND (denoted as
Dﬁam), reserving the remaining 20% for testing (denoted as DS ;). For performance evaluation, we compute
the root mean square deviation (RMSD) over the test dataset DS ,:

1 .
RMSD(Dy) = | D, @ — Flyeue, 67|12,

DG
Ditsi (ye,u:)€DE ,

ooty and f represents the estimated dynamics
obtained from the proposed DKND method. Additionally, we compare the performance of DKND against
three baseline algorithms: DK, which solves Eq. using noisy measurements y;, DMDTLS from |Dawson
et al.| (2016, and the multilayer perceptron (MLP) approach. To fairly evaluate the algorithms, we assign the
above methods with the same DNNs structure, training parameters (e.g., learning rate, training epochs, etc.),
and training and testing datasets. To mitigate the influence of random initialization of DNN parameters, each
gradient-based method is run for 10 experimental trials. The average RMSD and their standard deviations
are reported in the tables over these 10 trials.

where |DE,| denote the number of data pairs (y;, u;) in DS
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Figure 1: Prediction errors over testing data for linear dynamics example.

100

RMSD Methods 2D example Cartpole Lunar lander | Surface vehicle
Gaussian proposed | 0.1963+£0.0002 | 0.3705+0.0027 | 0.4007+0.0004 | 0.3059+0.0091
Hoise DK 0.2149+0.0106 | 0.560440.0037 | 0.47304+0.0051 | 0.3068-+0.0027

MLP 0.2118+0.0016 | 0.398740.0006 | 0.465040.0027 | 0.2960=+0.0030
DMDTLS 0.2483 29.9163 0.6836 2.1779
- Wmaz = 0.8 Wmaz = 1.0 Wmaz = 1.0 Wmaz = 1.0
Poisson proposed | 0.4431+£0.0018 | 0.6975+0.0025 | 0.8269+0.0029 | 0.7642+0.0031
Hoise DK 0.4707+0.0206 | 0.799640.0075 | 0.856540.0031 | 0.7768+0.0013
MLP 0.464440.0011 | 0.6808+0.0017 | 0.832940.0019 | 0.7727+0.0009
DMDTLS 0.4709 3.7518 0.9268 2.0631
- Wmazr = 1.2 Wimaz = 1.3 Wimaz = 1.5 Wimaz = 1.5
Uniform proposed | 1.4471£0.0089 | 2.1534+0.2912 | 2.122440.5110 | 1.75414+0.0177
Hoise DK 1.7493£0.1877 | 2.3839+0.1021 | 2.6577+0.0422 | 1.57124+0.0264
MLP 2.328740.0236 | 4.0224£0.0035 | 4.86124+0.0037 | 1.7127+0.0248
DMDTLS 27.2598 39.2297 286.4929 24.2376
- Winaz = 9.3 Wnazr = 1.2 Wnazr = 8.2 Wynar = 1.2
Table 1: Averaged RSMD over training data.

RSMD Methods 2D example Cartpole Lunar lander | Surface vehicle
Gaussian proposed | 0.2074+0.0008 | 0.3974+0.0076 | 0.4877+0.0185 | 0.4539+0.0661
Hoise DK 0.212440.0072 | 0.6190+0.0088 | 0.8433+0.0737 | 0.5642+0.1301

MLP 0.37214+0.0311 | 0.8757£0.0172 | 1.9348+0.1598 | 0.7048+0.0581
DMDTLS 0.2514 28.3258 0.6551 2.4107
- Wmaz = 0.8 Wimaz = 1.0 Wimaz = 1.0 Wmaz = 1.0
Poisson proposed | 0.4551£0.0014 | 0.711840.0030 | 0.8268+0.0255 | 0.9456+0.0485
Hoise DK 0.47844+0.0211 | 0.8281£0.0088 | 1.0857+0.1158 | 1.0846 +0.1584
MLP 0.488840.0053 | 1.0596£0.0429 | 1.8316+0.1631 | 0.9229+0.0612
DMDTLS 0.4709 4.4250 0.8958 3.3943
- Wmazr = 1.2 Wimaz = 1.3 Wmaz = 1.D Wimazr = 1.5
Uniform proposed | 1.4832+0.0117 | 2.1362+0.2796 | 2.3323£0.6968 | 2.2739+0.1600
Hoise DK 2.07524+0.2770 | 2.3234£0.1033 | 3.0809+0.0639 | 3.9145+0.6408
MLP 2.683540.0831 | 4.8319+0.0939 | 6.2894+0.1411 | 3.1910 +0.4081
DMDTLS 26.7608 40.9191 288.2916 24.6145
- Wnazr = 9.3 Wnazr = 7.2 Wnazr = 8.2 Wnar = 1.2

Table 2: Averaged RSMD over testing data.
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Figure 2: Prediction errors over testing data for cart-pole example.
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Figure 3: Prediction errors over testing data for lunar lander example.
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Results analysis. As presented in Tables the proposed DKND method achieves smaller average
RSMD and standard deviation on testing data when compared to other methods, even as the complexity of
the dynamics is increasing. Specifically, when the noise follows a uniform distribution and w; grows larger,
the gap in RSMD between the proposed DKND and DK methods becomes more pronounced. It is important
to note that the RSMD for all gradient-based comparison methods over the training data does not show
significant differences. This can be attributed to the fact that their training processes are terminated at the
same terminal accuracy. Figs. display detailed estimation error plots across the testing data, with shaded
regions indicating the variability across 10 trials. Due to space limitations, additional experimental details,
such as the generation of measurement noise, the structure of the DNNs, and the training parameters, are
provided in the Appendix.

5 Discussion and conclusions

In this paper, we have introduced a data-driven framework called Deep Koopman Learning with Noisy Data
(DKND) to address the challenge of learning system dynamics from data affected by measurement noise.
By learning dynamics, we refer to estimating dynamics where, given y;, us, the output of the estimated
dynamics, @41, approximates the true system state x;1; with reasonable accuracy. The key contribution
of this work lies in modifying the existing deep Koopman framework by explicitly characterizing the noise
effect on the learned representation in Eq. @ and mitigating it through tuning the DNN parameters to
minimize Eq. requiring only that the measurement noise be bounded. We evaluated the proposed DKND
framework on datasets with three different types of measurement noise, using examples including simple 2D
dynamics, cartpole, lunar lander, and surface vehicle systems. Our results demonstrate the robustness of
DKND under different types of measurement noise compared to related methods.

Limitations. Since the formulation presented in this paper only addresses the scenario where the measure-
ment noise is bounded, the effect of this bound on the performance of the proposed approach is not formally
investigated and remains an open question. Due to the non-convex nature of DNN optimization, the DKND
framework is inherently limited to achieving local minima. Future research could explore several aspects,
including the design of optimal control strategies based on the learned dynamics and the measured system
states.
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A Appendix

A.1 Proof of Theorem [l

Before presenting the proof, we introduce the following notions. Define dg; = g(y:,0) — g(x,0) as the
difference between the DNN g(-, 0) evaluated at the observed noisy system state y; = ; + w; and the true
system state x;. Next, we introduce the following data matrices:

AG = [69076917 : adgT—l] S RTXTvAG = [69175923 e 769T] € RTXT?
G'x = [ ('1:07 )a (1’170)a e 7g($T71,9>] S RrXTa
33 = [ (.’131, )a (.’1}279), T 79(337“,0)] € RTXTv (25)
X = [xg, @1, ,xr_1] € RV X =[x, 20, - -, 7] € R™*T
[w07w1;' . wT*l] ER”Xvaz [wl7w27"' ,'UJT} ER”XT?

For brevity, we omit the iteration index k, as the constant matrices of f and f are assumed to be computed
using the same function g(-, 0). Utilizing Eq. and Eq. , we obtain:

Y=X+W, Y=X+W, G=G,+AG, G=0G,+AG. (26)

We now proceed by minimizing Eq. (over the noise-free trajectory) with respect to the dynamics
matrices. The solution to this problem is analogous to the one derived in Eq. (L8)-(19) (over the noisy
trajectory). By utilizing the notations introduced in Eq. , the following results can be obtained through

a reformulation of Eq. —:
T
C* = XG]. (28)

We then expand Eq. — using Eq. and the definition of the Moore-Penrose inverse. This results
in the following expression:

[A*, B*]
-o.[f] - ¢
-osalf P
— (G [S} —[(G — AG)AG' + AGG/, AGU'))( {S] [S} - [ ae- c_;%fcl;r nee 7A(§; i
N, — M,
(29)

and C* =XGl = (Y - W)(G - AG),

= (Y -W)(G-AG)'((G-AG)(G - AG))™, (30)

= (YG' — (Y + W)AG' - WG))(GG/ + (-G + AG)AG’ - AGG)T,) ™",

N, P M.,
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_—.. =&l [G][Gc
Note here that [A*, B*] = G U ( U [U
formula to Eq. —, that is, for given invertible matrix P € R™*™ and column vectors m,v € R", if
1+ v P~1m # 0, the following holds:

/
] )~! and C* = YG/(GG')"!. Applying Sherman-Morrison

P lmy' P71
P Nl=p - ————
(P +mv) 1+vP-im
Using this formula, we derive the following results:
[A*, B*] = [A*, B*] + (N,P! — [A*, B )M, ,P ' (I, 4, + P7'M,,) "} = N,P~! (31)
and B - o o o o
c*=C*+(N,P!'-C""M,P (I, +P'M,)' -N,P . (32)

Here, we recall the dynamics difference Ly 2(6) defined in Eq. given by:

Ly 2(0) 7max leg x:,6") —g(y. 0)|* + |[A*, B*] - [A*, B*]|l}. + |C* — C*||%).

By following Eq. ( , L 2(0) becomes

1 - A * * — — - - N P vk
L;2(0) :ﬁ H}l‘zx(ll (N, P t— [A*, B*])M,,P I(Irer +P 1Mw) '-N,P! ||%“ + || (N, P '-C )

T—1
'wa)_l(IT + 13_11\71117)_1 - wa)_l H% + Z ||g(:nt,§ ) (yt7 )” )
t=0
(33)
To proceed and for clarity, we define 6g;"** = g(x+ + Wimas, 0) — g(x+, 0) and
AGmam — [69671(11' 5gma;v7 . 5gmaw] RTXT AGmam — [69171(11? 6gmaz7 . 5gmaa:] RT‘XT’
Wmam = [wmam; Wmazx, """ 7wmam] S RW/XTvaax =X + Wmam-
Accordingly, we define the following matrices under the maximum measurement noise:
Nmax = [( max)AG;nax + AémaIG/a AémaxU/]a
Nmax = (Yma;v + Wmam)AG:naI WmamG/a
Mo — | (AGuw —G)AG],,, — MGG ~AGye, U’ (34)
maxr — _UAG_;naz 0 )
Mae = (=G 4+ AG 142)AG,, .. — AG 102G

Then, by applying the triangle inequality and utilizing the fact that g(x,0) is Lipschitz continuous with
Lipschitz constants L, and Ly, where L, denotes the Lipschitz constant of g with respect to & and Ly
denotes the Lipschitz constant of g with respect to 8, the function Ly 2(6) can be expressed as:

1 o

ﬁ(” (NmaxP_l - [A*7 B*])MmazP_l(Ir+m + P_leam)_l - NmaxP_l ||%‘
+ || (Nmamlsil - é*) V mazl_)il(]:r + Pilear)il - 1Q'maxl_)71 ||%‘

Ly2(0) =

+ Z ||g xta (:Bt +wmaza )H2)
72T(|| Niao P71 [F + 11 TA", BT E) | Miae P74 E] (L + P Minaz) ™ 1 F + | Nowaa P |7
+ (| Nipae P E + 1 C*F) [ Minao P 2] (T + P Miae) ™ 7 + | Nao P17 +TLY),

(35)
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where L, = V2maz{Ly, Ly}. Observing that the upper bound in Eq. 1j contains complex terms ||
(Lrsm + P Mppar) ™t [|% and || (I, + P7*M,0.) 7! ||%, which complicate the minimization of the upper
bound by tuning 8, we propose an alternative approach. Instead of attempting to find a solution that makes
| (Tgm +P " Mypae) ™ 3= 0and || (I, + P~ M,n4.) " [|5= 0, we aim to achieve || P™'"M,,q, [|7= 0 and
| P~'M, 0z ||%= 0 such that || Ly + P ' Mye) ! |2= 7 +m and || (I, + P"'M,0.) 7t |2= 7, and
then proceed to minimize the remaining terms. Thus, we define the upper bound of Eq. as:

Lys2(0) =%( | Nonae P % + 1 TAS BT F) | Mo P! 1] P Miae |7 + | Nowae P71 (1 F
+ (| Nowao P7HE 4+ [ C* 1F) | Mo P [EI P Mo [F + | Nonao P71 |7 +TLY) (36)
<o (I N NP4 1 (A7, BT 1) | Mo [0 P 5+ | N [ P
+ (| Nonaz I P7HE +11C*1E) | Miaz |51 P IE + | Noaw |2 P[5 +TL).
Here, using the the Lipschitz continuity of g and Eq. , one obtains:
| Ninaa I < (I G 7 + | G I3 +(TLowmas)+ || U |E) (T Lawimaa)?,
I Mo 7 < 2 G 7 +2 1 U 7 HT Latwmaz)*NT Latmaa)?, (37)

(
<(
l Nz H% <Y H%‘ +(Twma:v)2)(Twamax)2 + (Twma:rr)2 | G ||%7
| Myaa H% < (2 H G ”% +(Twamaw)2)(Twamaw)2-

Finally, using Eq. and removing the constant terms while merging the repeated terms from Eq. (36)),
the resulting loss function is expressed as:

A

1 — _ A* * _ D— %
L 2(6) = ﬁ( IP=HE (G IE+ 1A BTIE) N G HE + 11 G )+ I PHENC* IE] G % )

(38)
Note here that the minimization of Eq. is not equal to the minimization of Eq. but they share the
same optimal solution. |

A.2 Simulation details

In this subsection, we provide the simulation details regarding the experiment in Section 4

A.2.1 Computation resource and training parameters

2D dynamics \ Cartpole \ Lunar lander \ Surface vehicle
Optimizer Adam
Accuracy (e) le—4
Training epochs (5) led
Learning rate (o) le—5
The number of data pairs (T) 500 | 600 | 1600 \ 600
Compute device Apple M2, 16GB RAM

Table 3: Training parameters.

A.2.2 DNNs architecture

The DNN architectures of method DKND and DK used in this paper are presented in Table [d] We refer
to https://pytorch.org/docs/stable/nn.html for the definition of functions Linear(), ReLU() and we
denote layer® as the i-th layer of the DNN and Linear([n, m]) denotes a linear function with a weight matrix
of shape n x m. Since for the DKND and DK methods, the input of its DNN observable function is the
measured state y, and the input of the MLP method is a stacked vector of [y;,u;]’ we show the DNNs
structure of the MLP method in the following table.
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2D dynamics Cartpole Lunar lander Surface vehicle
layer! type | Linear([2,512]) Linear([4,512]) Linear([6,512]) Linear([6,512])
layer? type ReLU() ReLU() ReLU() ReLU()
layer3 type | Linear([512,128]) | Linear([512,128]) | Linear([512,128]) | Linear([512,128])
layer® type ReLU() ReLU() ReLU() ReLU()

layer® type

Linear([128,4])

Linear([128, 6])

Linear([128,4])

Linear([128,10])

Table 4: DNN structures of DKND and DK.

2D dynamics Cartpole Lunar lander Surface vehicle
layer! type | Linear([3,512]) Linear([5,512]) Linear([8,512]) Linear([8,512])
layer? type ReLU() ReLU() ReLU() ReLU()
layer? type | Linear([512,128]) | Linear([512,128]) | Linear([512,128]) | Linear([512,128])
layer? type ReLU() ReLU() ReLU() ReLU()

layer® type

Linear([128,4])

Linear([128, 6])

Linear([128,4])

Linear([128,10])

Table 5: DNN structures of MLP.

14




	Introduction
	Problem formulation
	Main Results
	Challenges and Key Ideas
	Algorithm

	Experiments
	Discussion and conclusions
	Appendix
	Proof of Theorem 1.
	Simulation details
	Computation resource and training parameters
	DNNs architecture



