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Nonlinear estimation scenarios often present challenges for current state-of-the-art filtering
techniques, potentially resulting in issues such as elevated computational costs and divergence
problems. This paper introduces a new and improved learning framework designed for a
neural-network-based Gaussian nonlinear filter, which demonstrates promising improvements
in terms of consistency and accuracy when compared to prior approaches and other Gaussian
filters. In this approach, a neural network is used to approximate a nonlinear measurement
update equation, while the estimated state uncertainty is characterized using two different
techniques: the unscented transform and Monte Carlo sampling. Testing is conducted using
the Lorenz ’96 equations and a linear measurement model, indicating better performance and
improved consistency in comparison to the Unscented Kalman filter and the Gaussian particle
filter. The performance of the filter is also evaluated under a nonlinear measurement model,
showing consistent results that suggest reasonable generalization capabilities.

I. Introduction

STIMATING quantities of interest from dynamic models and noisy measurements can be particularly challenging in
Enonlinear problems. If the system in question is linear and Gaussian, that is, linear dynamics and measurement
models driven by additive Gaussian noise, the optimal estimator is the Kalman filter [1]. In practice, most dynamics and
measurement models are typically nonlinear. In such cases, various adaptations of the Kalman filter exist to account for
the nonlinearities present in the models. The extended Kalman filter (EKF) is a widely used linearized filter for nonlinear
problems. The EKF linearizes the dynamics and measurement models using a first-order Taylor series expansion about
the current state estimate [2]]. However, neglecting higher-order terms in the Taylor expansions of the dynamics and
measurement models can lead to sub-optimal filtering performance. The unscented Kalman filter (UKF) addresses this
limitation by using the unscented transform [3]] to retain higher-order terms. Both filters assume a linear measurement
update equation based on the linear minimum mean squared error (LMMSE) formulation [[11 3].

Filters that incorporate the measurement in a nonlinear fashion typically aim to approximate the complete posterior
distribution. Examples of these filters include particle filters [4] and Gaussian sum filters [5]. These filters can sometimes
be more computationally expensive but can provide better accuracy when the dynamics or measurement models are
nonlinear. Rather than approximating arbitrary distributions, it is also possible to assume them to be Gaussian, thus
providing conservative approximations. The conservatism to this approximation comes from the fact that the Gaussian
distribution maximizes the entropy over all distributions with a given covariance [6} [/]].

Although assuming a Gaussian distribution can often result in a less accurate estimate, including the measurement
nonlinearly can generally lead to an improvement in the accuracy of the estimate. The Gaussian particle filter (GPF) is a
popular implementation for nonlinear estimation among Gaussian filters. This filter implements a re-sampling step of
the particles by making a Gaussian assumption, which allows for a more conservative distribution constraint while
preserving particle diversity [8]]. Other nonlinear filters under Gaussian assumptions include the Gaussian high-order
polynomial update filter, which approximates the posterior probability density function using polynomial functions of
a Gaussian random vector, accompanied by a polynomial measurement update [9]. Recently, neural-network-based
filters have been proposed to tackle nonlinear estimation problems. Yun and Zanetti [10] proposed a nonlinear estimator
(ANNF) that approximates the posterior distribution as Gaussian while using a neural network to approximate a nonlinear
measurement update equation.

The main contribution of this work is a new learning framework and training strategy for the nonlinear estimator
based on neural networks, resulting in a more consistent filter. By incorporating the diagonal elements and correlation
coefficients of the covariance matrix into the input vector of the neural network, an improvement in filtering performance
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is obtained. The proposed filter, referred to as CovNNF, is tested using the Lorenz *96 [11}12] model and evaluated
under two different uncertainty quantification (UQ) techniques.

I1. Bayesian Estimation with Neural Networks
Nonlinear filters aim to establish a nonlinear function with respect to the measurement, to map the prior state
estimate to the posterior estimate. Neural networks are known to be universal function estimators [13], making them a
valuable tool for learning this mapping. Consequently, the approach presented in this work involves leveraging the
function approximation capabilities of neural networks to accurately approximate the relationship between the prior
state estimate and the posterior estimate. Note that the most computationally intensive task (i.e. training the network) is
performed offline, making the filter computationally efficient for online use.

A. Learning Framework
Consider a system being driven by the following dynamics (f) and measurement (%) models:

X =f (Xk—1,1%-1) (D
Yi=hxe,wk), )

where x is the true state at time step k, x;_1 is the true state at time step k — 1, y is the measurement at time step
k, and n,_1 and wy represent uncertainty in the state and measurement respectively. Following the minimum mean
squared error formulation (MMSE) [1]], the linear measurement update equation is a function of the posterior estimated

state (£7_,) and covariance (P _,) from the previous time step, as well as the prior estimate (£; ) and innovations (vx)
at the current time step, where the prior estimate and innovations are defined as:

'f]; = f (x'\-]'(—_lron‘,)(l) ’ (3)
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with n, and n, representing the size of the process and measurement noise respectively. Being consistent with the
MMSE formulation, to approximate a nonlinear measurement update equation, the input to the neural network (iy) is
defined as:

new addition
——

i = [f;T diag [PJ,;_I]T corrcoef [PJ,;_I]T va]T, )

where diag [PZ_I] are the diagonal elements of the posterior covariance matrix at the previous time-step and
corrcoef [P;;_]] are the correlation coefficients of this matrix. This input vector represents all the non-redundant
information available at the time step k. It is important to note that the diagonal and correlation coefficients of the
covariance matrix are used as inputs to include all information without using the full matrix as an input. In previous
versions of this filter, the posterior estimated state at time step k — 1 was included in the input vector, but for this work,
including this state resulted to be unnecessary. Additionally, for the previous design, the correlation coefficients of the
covariance matrix were not included in the input vector. Instead, either the Cholesky factorization of the covariance
matrix or the diagonal elements of the minimum diagonal covariance matrix were used [[10]. These approaches yielded
filters that were either too smug or too conservative.

Rather than predicting the posterior estimate (which is unknown), the output of the network (o) is designated as
the difference between the prior estimate (£, ) and the true state (x) at the current time, i.e.:

O =X — X . 6)
With this, the posterior estimate is defined as:

£ =R +or. @)

B. Uncertainty Quantification
Since the network only outputs a correction to the prior estimate, different techniques can be used to quantify the
uncertainty in the posterior estimate for online use. Consider the network as a nonlinear function such that:

O = N(ik), (8)



with iy representing the input vector as defined in (), NV the neural network, and o the output vector defined in (6).
Calculating the probability density function of o, can often be intractable. Regardless, Monte Carlo (MC) methods can
best approximate this probability density function [14]. These methods involve drawing a large number (N) of random
samples from the known distribution of i) and then propagating them through the nonlinear function to obtain samples
from the distribution of 0. As the number of samples increases, the results converge to the true distribution of o4. To
use MC sampling to quantify the uncertainty in the posterior estimate, the following procedure is used. First, N samples
are drawn from the assumed Gaussian distribution of £;_,, such that:
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where the superscript in parenthesis represents the sample number. Next, each sample is propagated using the dynamics
model to obtain a set of prior estimates:
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where each 1]/((’ _) , represents a different process noise realization. The set of prior estimates is used to construct a set of
innovations:

Ne={ve—h (80w} oy = (g2 w) = n (g, w M) (12)
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with the variable w,((i) denoting different measurement noise realizations. With a set of posterior estimates at time step
k — 1 and set of prior estimates and innovations at time step k, a set of inputs to the neural network can be assembled.
The i-th sample for the set of inputs is given by:
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Notice that the covariance-related terms (the diagonal and correlation coeflicients) remain the same for all samples in
the set. The set of inputs is then propagated through the neural network to obtain a set of posterior estimates, where:
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Finally, the set can be reduced by calculating the sample mean and covariance, such that:
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where « is a constant slightly greater than one to account for the fact that the posterior covariance estimate is itself
arandom variable. Although effective, Monte Carlo methods are usually expensive, requiring numerous samples to
converge to the true distribution. In this sense, less expensive algorithms such as the unscented transform (UT) can
be used to approximate the first two moments of the probability distribution function of 0. In the UT, a small set of
so-called sigma points, chosen deterministically, are propagated through the nonlinear mapping. The statistics of these
propagated sigma points can then be used to estimate the nonlinear mean and covariance [3]]. To use the UT to quantify



the uncertainty in the posterior estimate, few changes have to be done to the procedure followed for MC sampling. First,
the posterior estimate and covariance are augmented to include the process noise and the measurement noise:
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where n, is the size of the state vector, Q and R represent the process noise and measurement noise covariances

respectively. To build the set of posterior estimates at time step k — 1, the following equations are used:

X0 =z, (22)
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resulting in a set of 2L + 1 sigma points. The scaling parameter A is defined as A = a? (L + ) — L, where @ and
are secondary scaling parameters and L = ny + n,, + n,. The superscript (i) denotes the i-th column of the matrix in
parenthesis. The parameter a controls the spread of points around £} , | and is typically set to a small positive value
(10™* < @ < 1), and « is usually chosen as 3 — L [3]. The set of posterior estimates at time step k — 1 is given by:

X = XDy, (25)

where the notation X" (a : b) indicates the selection of elements a to b of the vector X @) The set of posterior
estimates is propagated using the dynamics model to obtain a set of prior estimates at time step k, such that:

¢ (X;(’1 XDy +1:n,+ nv)) 26)
And the set of innovations is constructed as:
ND =y —h (X;(’), XD (ny 4y +1:ny +n, + nz)) . 27)

Once the sets have been obtained, the set of inputs can be assembled in the same way as in (14)) and propagated through
the neural network. Finally, the posterior estimate and covariance are calculated using a weighted average based on the
spread of the sigma points.
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A
(0)
Wy = ——, 30
" L+2a 50)
A
(0) 2
we' = ——+1—-a +p, 31
© T L+a B Gh
1
wih =@ = =1, 2L (32)

2(L+2)°

The constant 3 is used to incorporate prior knowledge of the probability distribution. Under the assumption of a scalar
and Gaussian prior distribution, 8 = 2 is usually regarded as optimal since it can cancel second-order error terms [15].
However, it is important to note that even for scalar priors, S = 2 may not always be optimal, as its effectiveness
highly depends on the nonlinear function (in this case, the neural network), so tuning 8 should consider both the prior
distribution and the function. [[16]



C. Online use

As discussed earlier, once the neural network has undergone offline training, it becomes suitable for online estimation.
By shifting the computationally intensive tasks to the offline phase, the trained model can be used efficiently for real-time
state estimation. The computational cost of a filtering algorithm during online operations plays a significant role in
achieving optimal performance and facilitating autonomous decision-making. A computationally efficient filter can
enable real-time data processing and help minimize bandwidth usage for effective communication [17]. In this regard,
the offline training of the network contributes to a fast and accurate filter when deployed for online use. To make use of
the trained neural network, the next algorithm can be followed:

Algorithm 1 Online state estimation using the trained neural network

1: Initialize state estimate and covariance ()23 Pg )
2. fork=1,2,...do
3: Draw 2L + 1 or N samples from the approximated distribution of (le , PL]) using the UT or MC sampling,

respectively:
YT = let() A+(2) s+ (N)
K1 = {xk—l e SRR R | }
4: Propagate each sample using the forward dynamics to obtain a set of prior estimates:
Y = lem () 2= 2= (N)
Xy = {xk > IR A }
5: Use the measurement at time k to form a set of innovations:
o= o)
6: Arrange the samples to create an set of inputs to the network where:
(i) _[o-@T o rpe 1T erpr 1T 01"
I =%, diag [Pk_l] corrcoe [Pk_l] Vi
7: Propagate each vector through the neural network to obtain a set of posterior estimates:
YT o le-( () £=(2) () 2=(N) , (N)
Xk—{xk to, X T +o, 7, K +0, }
8: Reduce the set to obtain a posterior estimate and covariance (ﬁz, P’,;) using the UQ technique selected.
9:  Update state for next iteration (£}_,, P} _,) < (£}, P}).
10: end for

Figure[T|shows a flowchart of the online state estimation using the trained neural network. The algorithm adheres to
a fundamental structure: initial samples are acquired, undergo propagation through the dynamics, and subsequently, the
neural network processes these samples to generate updated samples. These updated samples are then reduced to derive
a state estimate along with its corresponding covariance.

D. Filter Consistency
A filter is considered consistent when estimating a constant parameter if its estimate converges to the true parameter.
However, when estimating a dynamic state, it is not always possible for the estimate to converge to the true state. In such
cases, a filter is considered consistent if the following conditions are met [[1]]:
* The errors in the state estimate are zero-mean and have a magnitude that is consistent with the state covariance
estimated by the filter.
* The innovations, or the differences between the predicted and measured states, also have zero mean and are
considered white, meaning they are uncorrelated over time.
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Fig.1 Flowchart of the online state estimation algorithm using the trained neural network.

II1. Data Generation

Typically, training a neural network requires a large number of samples. In this case, since the nonlinear measurement
update equation is an unknown function, there is no way to generate training data that maps the prior estimate to the
posterior. However, the forward mapping, where measurements can be directly calculated from the state, is often known.
By using this known function to map states to measurements, it is possible to generate enough training data to train a
neural network offline to approximate a nonlinear measurement update equation.

In this work, the Lorenz *96 system is used to generate training data and, after training, test the network in an online
fashion. This system is widely used as a test case for new data assimilation and forecasting techniques [11}12], described
by a set of coupled ordinary differential equations that model the transfer properties of an atmospheric quantity. The
model accounts for advection, dissipation, and external forcing and is defined as follows [[10]:

d

Exi(t) =xi-1 (1) [xiv1 (1) = xi2(0)] = x; (1) + F, (33)
with the cyclic boundary conditions x_ = x,,_1, X9 = X, , X] = X,+1, and F representing the external forcing term. For
this work, a 4-dimensional vector is used, where x(¢) = [x (), x2(t), x3(t),x4(¢)]. The measurement model, used to
simulate possible measurements, is defined as a discrete linear combination of the elements of the state vector with odd
indices such that:

Y =Hxp+wy, H= (34)
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where w = [wg_ 1, wi 2] represents the measurement noise. The training data generation process, as illustrated in
Figure 2] involves propagating various trajectories over time. As the true state evolves through time, a prior estimate
is stored by randomly sampling a point from a Gaussian distribution with the true state as the mean and a selected
covariance. At each time step, the true state, prior estimate, covariance, and innovations are recorded.

For each trajectory, the true state was initiated at xo = [F, F, F + 0.01, F], bounded by an initial covariance of
Py = 1414x4. To choose the covariance of each point, the diagonal of the matrix was randomly chosen from a Gamma
distribution in the range of Py, = 107! and Ppax = 14. The upper value was obtained by calculating the auto-covariance
of one single trajectory, and the lower value was manually tuned until arriving at a satisfactory performance of the
trained network. After setting the diagonal of the covariance matrix, a random correlation matrix was generated by
using vine theory [18]], thus generating a full covariance matrix. Each trajectory was simulated for a duration of 40 time
units, with a time step of 0.5 time units, using a Runge-Kutta 4-5 integrator [[19]. Two measurements were obtained
per time unit using the measurement model outlined in (34). It is essential to note that both process and measurement



noise were assumed to be Gaussian, uncorrelated and white with zero mean and covariance matrices of Q = 10™%1454
and R = Iy, respectively. The forcing term was set to F = 14. This choice was informed by the observation that it
represents the minimal threshold for inducing chaotic dynamics in a four-variable state within the context of the Lorenz
’96 problem, thus yielding a more challenging filtering problem. In total, the model was simulated for 10° distinct
trajectories, resulting in a training dataset comprising 8 x 10* instances. This new data generation scheme results in a
reduced requirement for training points when compared to prior methods [10].
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Fig. 2 Training data generation. Figure adapted from Yun and Zanetti [10].

IV. Training and Testing

A. Training

The network architecture used for this work, depicted in Figure 3] consists of two hidden layers, each with 100
neurons and using a hyperbolic tangent activation function. The operations performed by the network are described by
the following equations:

a,(cl) = tanh {W“)ik +b,(<1)} ,
a? = tanh {waf) + b}, (35)

oy = W(”)a,(f) +b,(<0),

(

where a kl) € R'% are the neurons in the first hidden layer, W(!) € R1%0%16 j5 the matrix of weights for the first layer,

ix € R!6 represents the input and b,(cl) € R'% are the biases for the first layer. Similarly, a,(cz) € R'% are the neurons in

(2) c RIOOXIOO

the second hidden layer, W is the matrix of weights for the second layer, and b,(f) € R!9 are the biases for

the second layer. Lastly, o, € R* is the output of the network, and W(?) € R*<100 and b,(co) € R* are the weights and
biases for the output layer, respectively.

To facilitate the learning process of the network, the training data was scaled within a range of [—1, 1]. The mean
squared error loss function was used and an Adam-based [20]] optimizer was employed during training. The learning
rate was dynamically adjusted based on a specific function, which is illustrated in figure [d] thus eliminating the need
for manual tuning. To mitigate potential issues related to exploding gradients, the weights and biases were initialized
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Fig. 3 Network architecture used to predict the difference between the true state and the prior estimate. The
input is a 16-dimensional vector, and the output is a 4-dimensional vector.

using Xavier initialization [21]. The network was trained for 250 epochs with a mini-batch size of 2!°, resulting in 79
batches. It is important to note that two different networks were trained in order to understand the effects of including
the correlation coefficients in the input vector as described in (3)). The only difference in the second network is that the
correlation coefficients were not included in the input vector. To differentiate between the two trained neural networks,
the filter using the full input vector as described by (3)) will be referred to as CovNNF, and the filter using the neural
network without the correlation coefficients in the input will be referred to as ANNF2 (the "2" signifies that this network
mirrors the concept introduced by Yun and Zanetti [[10], but has improvements in the data generation and training
process).
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Fig. 4 Learning rate as a function of training epochs.

B. Testing

To test the trained network, an MC performance test was conducted. In this test, 1000 random scenarios following
the models presented in (33)) and (34) were simulated using the neural network filter as the online estimator. It is worth
emphasizing that, before feeding the input vector into the network, a scaling process was applied, utilizing information



derived from the training data. Additionally, the output given by the network underwent a descaling procedure to ensure
consistent units with the states being estimated. To set the initial conditions for each scenario, the initial state was
randomly sampled from a propagated true trajectory and the initial covariance was set to P = 10 I4x4. Just as with the
training data generation, each trajectory was simulated for a duration of 40 time units, with a time step of 0.5 time units,
obtaining two measurements per time unit. Both process and measurement noise were assumed to be uncorrelated,
white, and Gaussian with zero mean and the same covariance matrices used for the data generation. Throughout these
tests, the UT and MC sampling techniques were used to obtain the first two moments of the estimate undergoing the
nonlinear mapping characterized by the neural network. The trained model was also tested on a MC performance test
with a nonlinear measurement model to assess its robustness and generalization capabilities. The measurement model
used for this purpose can be seen below described as an element-wise operation [22]:

y-1
ik:%{lﬁL(%) }+wk, (36)

where y denotes the output of the linear measurement model in (34) without noise. In this equation, the second term
within the brackets is meant to be of approximately the same order of magnitude as the linear term to avoid problems
with numerical overflow [22]. The parameter y controls the nonlinearity of the model with y = 1 exactly corresponding

to (34).

V. Results

Figure 5] shows the training mean squared error as a function of the number of epochs for the two neural network
configurations: ANNF2 and CovNNF, the latter incorporating correlation coefficients into the input vector. No validation
data was used during training as overfitting could be easily detected while testing the neural network in the deployed
filter. From this figure it can be seen that the network with the correlation coefficients commences training with a
higher loss. However, it rapidly converges to and maintains a lower training loss compared to ANNF2 throughout the
entire training process. This observation strongly suggests that the incorporation of correlation coefficients provides the
network with valuable information, enhancing its ability to approximate a more accurate MMSE estimator. Nonetheless,
assessing the performance of the network during online deployment solely based on this figure and the final loss values
is somewhat limited. As mentioned before, to properly evaluate the performance of the network, different MC tests were
performed to evaluate the network on different trajectories that were not used during training.
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Fig.5 Training mean squared error as a function of training epochs for CovNNF and ANNF2.

A. Linear Measurement Model

Figure[6]shows 100 MC runs out of the 1000 total runs for ANNF2, with the UT as the UQ technique used. Similarly,
figure 7] presents the performance test results for CovNNF, also using the UT. For both filters, the UT parameters were
tuned to maximize consistency.
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Fig. 6 Performance test for the ANNF2 for 100 Monte Carlo runs.
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Fig.7 Performance test for the CovNNF for 100 Monte Carlo runs.
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A comparison between the results presented in figures[6]and [7] shows that both ANNF2 and CovNNF successfully
predict zero-mean error estimates, as indicated by the solid black line. However, it is apparent that the ANNF2 exhibits
a higher occurrence of MC runs surpassing the covariance bounds when compared to the CovNNF. As the measurement
model used (34) includes sparse observations, it is evident that the estimation error for the states that are not directly
measured is higher, as seen in both figures. Regardless, the results obtained with the CovNNF show that including
the correlation coefficients in the neural network can yield lower estimation errors and more consistent results. To
comprehensively assess the consistency of these filters, metrics such as the root sum squared (RSS) and root mean
squared error (RMSE) can be used. RSS, commonly used for filter consistency evaluation, is defined as the square root
of the trace of the covariance matrix, providing valuable insights into filter performance when states share similar orders
of magnitude [23]]. The formulas used to calculate the predicted and effective RSS are shown below.

N Nx
RSS Pred.(k) = ) é\ PRAAGLR (37)
j=1 i=1
N 1 Ny . . 1
RSS Eff.(k) = > N\ PN GRS AL (38)
j=1 i=1

where N is the total number MC runs and n, is the total number of states being estimated. This metric serves as a
quantification of the consistency of the filter. The objective is to minimize the disparity between the predicted RSS and
the effective RSS, with the aim of bringing both metrics as close to zero as possible. Figure([§]illustrates the temporal
evolution of both the effective RSS and the RSS predicted by each filter. In this figure, the unscented Kalman filter
(UKF), the Gaussian particle filter (GPF), and the bootstrap particle filter (BPF) are included for comparison purposes.
As mentioned previously, the UKF is a Gaussian linear filter, the GPF is a Gaussian nonlinear filter and the BPF is a
sequential importance resampling (SIR) filter. Just as with the ANNF2 and the CovNNF, the UT parameters in the UKF
were manually tuned until satisfactory results were obtained. For the GPF, the importance function was selected as the
predictive density and the filter was run with 1500 particles. To enable a fair comparison with the other Gaussian filters,
the prior estimate of the GPF was Gaussianized, yielding comparable results across all Gaussian filters. For the BPF,
1500 particles were used including a systematic resampling and regularization.
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Fig. 8 Effective RSS and predicted RSS for each filter tested as a function of time.

As mentioned before, a perfectly consistent filter should exhibit a match between the dashed and solid lines [23]].
Conservative filters have the solid bar above the dashed line, while smug filters have the solid bar below the dashed

11



line. As observed in the figure, the UKF, GPF, ANNF2, and CovNNF show consistent estimates, coherent with their
Gaussian assumption. The GPF, ANNF2 and CovNNF achieve lower RSS values than the UKF, attributed to their
nonlinear nature, in contrast to the linear update in the UKF. The green line represents results obtained using the BPF,
which also shows conservative results due to the regularization of the particles, but offers insight into the theoretical
best achievable performance. These results show the superior performance of the CovNNF over the ANNF2, GPF and
UKEF, more closely approaching the BPF results.

Table [T] shows the time-averaged RSS, displayed as mean values with their corresponding standard deviations.
This table reaffirms the closest proximity of CovNNF to the theoretical ideal represented by the BPF. Additionally, it
highlights its consistent performance by achieving lower RSS predictions and accurately aligning with the effective RSS
values, performing better than the ANNF2, GPF, and UKEF in this context.

Table 1 Time averaged root sum squared for each of the filters tested.

Filter Effective RSS Predicted RSS
UKF 6.1863 +£0.2699 6.2010 + 0.3030
GPF 4.1510 +£ 0.3467 4.7951 + 0.3259

ANNF2  3.4469 + 0.3542 3.5370 + 0.4385
CovNNF  3.0615 + 0.5055 3.0676 + 0.4093
BPF 1.4506 + 0.5545 2.0230 + 0.5883

Figure Q)illustrates the temporal evolution of root mean squared error (RMSE) for each filter, defined as:

(J) — ¢+ )
RMSE(k) = Z JZ () - 50 ] (39)
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Fig. 9 RMSE for each filter tested as a function of time.

Compared to the RSS, the RMSE provides a normalized error which can be interpreted more easily in order to
assess the accuracy of each filter. Similar to figure[8] the UKF exhibits the poorest performance among all the filters
studied, while the CovNNF approaches the BPF results the closest. These results suggest that the nonlinearities present
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in the neural network leads to improved filtering performance compared to other Gaussian linear and nonlinear filters.
Furthermore, using the inclusion of all information of the covariance matrix as part of the neural network input yields a
more consistent and accurate filter. Table 2] displays the time-averaged RMSE values for each filter, presented as mean
values with corresponding standard deviations.

Table 2 Time averaged root mean squared error for each of the filters tested.

Filter RMSE
UKF 3.0932 +0.1349
GPF 2.0755 £ 0.1733

ANNF2  1.7234 +0.1771
CovNNF  1.5338 + 0.2047
BPF 0.7253 + 0.2772

Taking into account the distinct nature of these filters, which handle operations either for a limited number of
sigma points or particles, it becomes important to quantify their operational speed for the evaluation of their online
performance. Particle filters are known to require more computational resources, a fact made evident in table[3] This
table presents the average run-time for the filters depicted in Figures [§ and [9] for a single propagation and update,
essentially one time step in the simulation. As anticipated, the UKF demonstrates the most rapid performance due to its
lower number of sigma points. On the other hand, ANNF2 and CovNNF operate at a slower pace but notably faster
than the implemented particle filters. It is important to note that run-time can be significantly affected by the specific
implementation, and the implementation used for this research did not aim to optimize the efficiency of these filters.
Notwithstanding, these results show that neural-network-based filters can provide a fast solution and surpass both linear
and nonlinear Gaussian counterparts in terms of efficiency and performance.

Table 3 Average run-time of one propagation and update for each filter.

Filter Run-time (s)
UKF 0.0014 = 0.0002
GPF 0.1091 = 0.0123

ANNF2  0.0109 + 0.0013
CovNNF  0.0101 + 0.0012
BPF 0.1675 + 0.0189

To validate the use of the UT, the same MC performance test was conducted for the CovNNF using MC sampling
to estimate the uncertainty. Figure [I0]illustrates the time-averaged RSS as a function of the number of samples in
MC sampling. From the figure, it can be seen that as more samples are added to the MC sampling, the filter becomes
more consistent as the effective RSS and RSS predicted by the filter begin to converge. The straight lines represent
time-averaged RSS obtained using the UT, as seen in table[T} The results obtained with MC sampling show that using
more samples can capture the nonlinearities in the neural network better than the UT, when estimating the first two
moments of the resulting set. While some performance might be lost using the UT, it is important to note that the
UT can run faster than MC sampling since less samples are being propagated through the dynamics, measurement
model and the neural network. The UT exhibits reduced run-time, approximately three times faster compared to the
optimal MC sampling (using 150 MC samples resulted in a run-time of 0.0323 + 0.0033 seconds), while maintaining
consistent results. This reduction in computational resources makes it an attractive option, over MC sampling, for
onboard applications [[L7].

B. Nonlinear Measurement Model
To test the robustness of the trained neural network and its ability to generalize to other measurement models, a
different MC performance test was conducted using the nonlinear measurement model described in (36). Figures[TT|and
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Fig. 10 Time average of the RSS as a function of the number of samples in MC sampling. Overlaid is the time
average of the RSS obtained using the UT.

[T2]show the performance test for the ANNF2 and CovNNF, respectively. Just as with the linear measurement model, the
UT parameters were tuned to maximize consistency. From these figures it can be observed that the CovNNF is capable of
generalizing better to a nonlinear measurement when compared to the ANNF2, even though both networks were trained
with the linear measurement model. The ANNF2 exhibits a more conservative behavior, as the predicted covariance is
higher than the variance of the estimation errors. This behavior suggests that using the correlation coefficients in the
input of the network can help generalize better to nonlinearities in the measurement and yield a more consistent filter.

10 [ i i —Sa.mple mean 10
Filter 30 ] f )
P‘ = Sample 30 r\f (TR T MR 3
l&g‘_' 0 % ) Ié\] 0
-10[ 110 r' LR Tt T
0 10 20 30 40 0 10 20 30 40
Time [t.u.] Time [t.u.]

3

10 20 30 40 0 10 20 30 40
Time [t.u.] Time [t.u.]

Fig. 11 Performance test for the ANNF2 for 100 Monte Carlo runs with y = 2.
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Fig. 12 Performance test for the CovNNF for 100 Monte Carlo runs with y = 2.

Deeper understanding of this behavior can be observed in Figure[T3] which shows the time evolution of both the
effective RSS and the RSS predicted by each filter.
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Fig. 13 Effective RSS and predicted RSS for each filter tested as a function of time with y = 2.

As observed earlier, it becomes apparent that RSS predictions of the ANNF2 show a conservative tendency when
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compared to its effective RSS counterpart. Conversely, the RSS predicted by the CovNNF more closely tracks its
effective RSS, indicating that the incorporation of correlation coefficients into the input vector contributes to the ability
of the filter to maintain consistency in the presence of nonlinearities within the measurement model. Furthermore, it
should be noted that the CovNNF consistently outperforms the UKF (which diverges due to the nonlinearity within the
measurement model), the GPF and the ANNF2, as it remains closest to the BPF. Table E| illustrates the time-averaged
RSS values, represented as mean + standard deviation. The results in this table provide further validation that the
CovNNF filter is the closest match to the theoretical best. Additionally, it demonstrates the CovNNF remains the most
consistent by achieving RSS predictions and effective RSS values that closely align, surpassing the consistency of the
ANNF2, the GPF and the UKF in this regard.

Table 4 Time averaged root sum squared for each of the filters tested with v = 2.

Filter Effective RSS Predicted RSS
UKF 7.2559 +£ 0.2275 8.4026 + 0.2832
GPF 47294 + 0.2597 5.3586 + 0.2313

ANNF2  4.1371+£0.2841 4.3300 + 0.3222
CovNNF  3.8292 +0.3200 3.8471 + 0.3801
BPF 1.6228 + 0.5410  2.2835 + 0.5634

Figureﬂzl shows the evolution of the RMSE with respect to time, defined in @, for each of the filters used. Similar
to figure[T3] it is evident that the UKF exhibits divergence when confronted with the nonlinear measurement model.
Additionally, the CovNNF maintains a slight edge in accuracy over the ANNF2 and the GPF. This indicates that, despite
the initial training with a linear measurement model, the network demonstrates reasonable generalization to the more
complex nonlinear measurement model. Table [5]shows the time averaged RMSE for each of the filters presented as
mean + standard deviation.

4.0

3.5 .
I— UKF GPF === BPF ANNF2 —COVNNFI:

Time [t.u.]

Fig. 14 RMSE for each filter tested as a function of time with y = 2.

Figure [I5] shows the time averaged RSS as a function of the parameter y in (36) using the CovNNF as the online
filter. As it can be seen, the filter performs well up to y = 3 where the predicted RSS matches the predicted RSS of the
GPF for y = 2. For values of y > 3, the performance of the filter degrades rapidly. Therefore, this figure shows a trust
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region where the neural network, which was trained using a linear measurement model, can be generalized to nonlinear
measurement models, yielding consistent results.

Table 5 Time averaged root mean squared error for each of the filters tested with y = 2.

Filter RMSE
UKF 3.6280 + 0.1137
GPF 2.3647 +0.1298

ANNF2  2.0685 + 0.1421
CovNNF  1.9146 + 0.1600
BPF 0.8114 + 0.2705

2F i
m=m CovNNF Pred. GPF Pred.
= u 1 CovNNF Eff. GPF Eff.
0 L L L
1 2 3 4 5
Y

Fig. 15 Time average of the RSS as a function of the parameter y. The yellow lines indicate the predicted and
effective RSS obtained with the GPF with y = 2, as shown in table E}

VI. Conclusions and Future Work

This work introduces an improved learning framework and training technique tailored to neural-network-based
Gaussian nonlinear filters. Notably, the incorporation of correlation coefficients into the input vector of the neural
network leads to the development of a more accurate and consistent filter. The proposed filter underwent training
utilizing synthetic data generated from the Lorenz 96 model and a linear measurement model. Its performance was
assessed through a Monte Carlo performance test, wherein two distinct uncertainty quantification techniques, the
unscented transform and Monte Carlo sampling, were employed to approximate the uncertainty in estimated states. The
results obtained from both methods were observed to be in agreement. Furthermore, the unscented transform showed
superior efficiency for online applications, reducing run-time by a factor of three when compared to optimal Monte
Carlo sampling.

In a comparative analysis against other filters, the proposed filter consistently outperformed the unscented Kalman
filter, the Gaussian particle filter and an improved implementation of previous work (ANNF2), offering results that
approached the theoretical best (as calculated from the bootstrap particle filter). To determine the robustness of the
trained neural network, the filter was evaluated using a Monte Carlo performance test with a nonlinear measurement
model. The filter exhibited good performance even in scenarios characterized by nonlinear measurement models. This
shows the ability of the filter to generalize effectively to more challenging problem domains. This new iteration of the
neural-network-based filter introduces a different perspective on achieving consistent estimation in nonlinear problems.
In the future, it would be intriguing to apply this methodology to real-world applications, thus providing further insights
into the performance of the filter in practical scenarios.
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