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I. Introduction

Orbit determination, ground tracking, as well many other aerospace and non-aerospace appli-
cations, require very accurate estimates of system states paired with accurate characterizations of
the uncertainties associated with those estimates. Furthermore, this is often in the presence of non-
linear dynamics and nonlinear measurement models. Nonlinear Bayesian estimation techniques are
often applied, and due to constrained computational abilities, approximations to the true Bayesian
solution are often used. In doing so, a choice is made among the competing notions of computa-
tional efficiency and estimation performance. For example, the Extended Kalman Filter (EKF) is
relatively computationally simple but with the possibility of degraded performance in comparison to
the more computationally taxing Particle Filter (PF) [1]. Gaussian mixture models (GMMs) offer
a promising balance between these notions, garnering increased interest since the early 1970s [2]. In
fact, particle representations used within PFs may be considered to be a certain class of Gaussian
mixtures restricted to infinitesimal covariances [3]. This view of the GMM as a generalized version
of the PF introduces a key attraction for its use - that is, retaining the ability of a PF to represent
a wide class of probability density functions (pdfs) via a finite parameterization while also offering
potential for reduced dimension within its parameterization due to flexibility in sizing component
covariances. Additionally, algorithms utilizing GMMSs can be facilitated by intuition based on Gaus-

sian distributions and invocation of their associated properties. These strengths make GMMs an
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enticing option for any application relying on approximation of non-Gaussian pdfs. Thus, GMMs
have been used across many technical disciplines including target tracking [1] and collision prediction
[4, 5] within the aerospace community as well as clustering and Expectation-Maximization (EM)
within probabilistic learning [6].

The use of GMMs corresponds to representing probability density functions not by their first
two moments, or a collection of sigma points or particles, but rather by a collection of Gaussian
components. The aggregate pdf, given by Eq. (1), is simply a weighted sum of the individual

Gaussian pdfs.
N
px(x) = wiN(z:;Z;, P) (1)
i=1

Here, the number of components is denoted by N, individual weights are denoted by w;, and
individual Gaussian distributions parameterized by means &; and covariances P; are denoted by
N(x;&;, P;). A few comments will be provided for intuition concerning GMMs. Since the integral
of any pdf over its support must equal 1, the integral of each Gaussian pdf in Eq. (1) must also be 1.
The weight terms then, which must necessarily sum to 1 by the same property, represent the indi-
vidual probabilities contributed by each component in this summation relative to that contributed
by the remaining components. Considering the set of mixture components to be collection of prob-
ability entities which together represent an overall pdf, the weight of a component may be thought
of as the normalized probability of that entity. The means place the entities within the state-space,
and the covariances confine the entities about their means. The number of entities/components
can be increased by the action of splitting a single component into a set of multiple components
intended to approximate it, or decreased by merging a set of components into a single one intended
to be representative of the set. Adaptation via these two actions seeks to manage the priorities of
restricting component covariances for sufficient linearized estimator accuracy and limiting the num-
ber of components for computational feasibility. Effectiveness in managing these priorities relies on
intelligent execution of splitting and merging.

Due to the accumulation of nonlinear effects by dynamics and the accruement of measurements,
splitting is the more common action. Additionally, many splitting techniques have analogous merg-

ing counterparts. For these reasons, only the action of splitting is addressed in this work. Note



that splitting refers to choosing a direction along which a set of Gaussian components are placed
in a manner to reapproximate the original component as a mixture itself. This has been referred
to as a 1-D method [3], to which nearly all splitting schemes subscribe. Since prior uncertainty is
only reduced along the splitting direction, the scheme must often be recursively applied to address
other significant regions of the state space. Ref. [3] notes that 1-D methods are vulnerable to the
curse of dimensionality when strong nonlinearities exist only within a subspace of the support and
offers a method utilizing linear matrix inequalities to remedy this as well as consolidate splitting
and merging actions. Since nonlinear models from orbital motion and tracking sensors are relatively
tame, 1-D methods have nonetheless been useful.

The problem of designing a splitting routine requires answering two main questions: For the
current update, does the potential gain in performance by splitting warrant its additional compu-
tation? If so, in which direction should the split take place to result in the best possible estimator
performance? DeMars has done much work in answering these questions but with a philosophy more
tailored to the prediction or propagation phase [7]. This is a logical theme in much of the existing
literature [8],[4],[5], since orbit problems often involve periods of long propagation with sparse ob-
servations. Also, nearly all references [7],[9],[4] take the direction for splitting to be an eigenvector
of the prior covariance matrix, typically the one associated with the maximum eigenvalue. Since
this is essentially the dominant direction of prior uncertainty, these methods do address the priority
of constraining sizes of component covariances. A guiding principle of this work is the additional
consideration of the actual nonlinearities at play in the observation model. It is recognized that
the quality of reapproximation of the prior is not in and of itself the chief interest, which is rather
the quality of the filtered reapproximation with respect to the unknown true Bayesian posterior
solution. Any method offered under this principle must explicitly depend on some characterization
of the nonlinear measurement model, just as the Bayes’ solution does. An algorithm is submitted in
[10] that is tailored for use with a Sigma Point Filter with direct use of products from the Unscented
Transform, thus speficiying applicability to that case. The current work utilizes an EKF but does
not restrict to that case alone. The method in [11] employs statistical linearization, which is very

nice for capturing the effect of linear truncation on uncertainty but can also require significant com-



putation. Since the splitting scheme may be applied recursively until the splitting criteria deems no
further splits are necessary, a major desire for this work was computational efficiency. The Split and
Merge Unscented Gaussian Mixture Filter in [9] executed a nonlinearity check to refine the number
of components deemed applicable for splitting but still eventually took the direction for splitting to
be the principal eigenaxis of the prior covariance matrix. Full filters were developed in Ref. [9] as
well as in Ref. [3]. This work examines only the measurement update portion of the estimation filter
with extension to a full filter left to future work. Somewhat conversely to Ref. [9], the procedure
in [12] selected components to be split based on a function of uncertainty while the actual splitting
was applied in a direction based on nonlinearity. A treatment of the measurement update more
similar to the current work is that of [13], though there are significant differences in the derived
objective function and solutions provided. A feature in [9] is a means for numerical 5 (and thus
circumventing analytical) computation of the second order partial derivatives (Hessian). Finally,
the current work is an advanced effort in the line of [14] with key extensions including execution of
automated splitting and further development of Kullback-Leibler divergence (KLD) criteria. Simu-
lated examples are provided for demonstration of algorithm performance and illustration of benefits

associated with the choice of the chosen scheme.

II. Problem Formulation
In sequential state estimation, we may view any single measurement update as a parameter
estimation problem at that instant with all previous filter knowledge provided by the prior state
probability density function. The observation y accommodates a nonlinear transformation of the

state x.

T
E{GI) } = 01 xn
Note that the current work assumes scalar measurements and an error term resulting from a

zero-mean Gaussian distribution with variance 0%, denoted by N(0,0%). The notation N here is



overloaded in that it is used to indicate a Gaussian pdf for a random scalar (or vector) taking its
size from the mean argument in N. A priori knowledge of the state is:
x ~ N(z,P)

xz e R" (3)

P =0
The expression P > 0 indicates that symmetric covariance matrix P is positive-semidefinite. The
stated problem may represent treatment of the full filter in the case of a normally distributed prior
or treatment of a single Gaussian mixture component (which is initially normally distributed by
formulation). The update will be performed by an EKF, the most ubiquitous nonlinear filtering
scheme. As previously mentioned, determination of a reapproximation of the prior reduces to
prescriptions for how and when splitting into a Gaussian mixture should occur. Before these ideas

are developed, however, the concept of a measurement update for GMMs will be discussed.

A. GMM Measurement Update
Consider the task of updating a Gaussian mixture prior, as in Eq. (1), for the system formulated

in Eq. (2). It can be shown [15] that the MMSE (minimum mean square error) posterior is given

by:

N
Paly(@) = > wi N(a; &4, P) (4)
i=1
where
&y =& + Ki(y — i)

P' =P, - K;P,K}

Ki = PryiP,,; (5)
Zj:l Bjw;

52’ = N(y;giaPyy)
Examining Eq. (4), the updated pdf is simply a linear combination of the updated pdfs for each
component, where updates were performed using standard LMMSE equations shown in Eq. (5).

Due to nonlinearity in the observation model, terms ¥;, Py, and Py, ; cannot in general be



exactly computed using finite computational power and must be approximated in some manner
(i.e. Taylor series expansion for an EKF or stochastic linearization for a UKF, Unscented Kalman
Filter). Note that coefficients, the updated weights, for combining individual updates in Eq. (4)
rely on information from all components via the 8; terms in the summation for w;r. This property
subtly implies that the overall filtered solution does not result from isolated treatment of mixture
components, and it preserves the notion of the weights as (normalized) magnitudes of probability
contributions for each component.

Since examples and discussion in the current work utilize an EKF, a short review of the EKF

tool will be provided.

B. Summary of Traditional (First-order) EKF
In the first-order EKF framework [16], the observation function is represented by its linearized

form, resulting from truncating the Taylor series expansion about the prior mean after first-order

terms.
oh
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Terms H and y,,, are defined to be the observation function Jacobian evaluated at the prior mean
and the linearized observation model respectively. A Kalman filter may be applied for an optimal

solution to the linearized problem.
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where
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The estimated measurement using a priori state information and a 1st-order Taylor series expansion

of the observation model is denoted by %, .. The associated innovation, innovation covariance, and

Kalman gain are denoted by ¥ — 9, p» Warr, and Kgkr respectively.

C. Summary of Gaussian Second-order EKF
For the Gaussian second-order EKF [17], the overall update is designated to take the same

linear form.

T=T+ KSEKF(y - gSEKF)

Pt =pP— KSEKFVI/SEKFKS,TEKF (9)
Kprr = PHTVI/S‘;lkF

However, the observation model is effectively replaced by its second-order Taylor series expansion
rather than the linearized version, so estimated moments of the innovation process incorporate some

higher-order terms - specifically, those that are quadratic in the state.

_. Oh 1 _ 0%h _
e 2 h@) + 5| o —al+gle —a) g | le @+ e (10)
1
= h(Z)+ H[x — ] + 5[1- —Z|/"D[x — &) + €
Term D is defined to be the Hessian of the observation function evaluated at the prior mean. It can

be shown that in the presence of Gaussian prior distributions, innovation process terms reduce to

the following [18]:
Ysprr = E{ySEKF} = ]E{h(j) + H[:IU - i] + %[m - Q_E]TD[:C - i] + 6} = h(i) + %t’l“(DP)
W.
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D. Briefing on Information-theoretic Terms

Information theory provides additional mathematical structure for posing and solving statistical
estimation problems. Terms central to the developed algorithm will be defined and motivated here
for reference in later sections. For a continuous random variable, X, its associated differential

entropy (DE) is:

H(X) = - / px(@) In px () de
s (12)

= E{~In px ()}
where px is the pdf for X (with subscripts furthermore dropped) and S is the support for X.
Note that examples of random variables can be conjured such that the integral in Eq. (12) does not
converge but are not relevant to the current work. Also, the use of the natural logarithm defines
units of information to be nats rather than say bits from a base-2 logarithm. In the case that X

is a Gaussian random variable:

H(N(-;m,P)) f/SpX(a:) Inpx(x) de

(13)

%ln|27reP\
DE is often described as the average surprisal or unpredictability of a random variable and is
associated with uncertainty. This link with uncertainty is made very clear for Gaussians in Eq.
(13), where the DE in this case is simply a function of the volume of the covariance ellipsoid.

In comparing information content between random variables, or equivalently between their

probability density functions, a popular term is relative entropy / Kullback-Leibler divergence

(KLD).

(14)

p
=E,<Iln =
p{ q}

For purposes of this work, Eq. (14) represents the amount of information lost when pdf ¢ is used
to approximate the "true" probability density function p [19]. It can also be cast as the amount of
information gained when revising belief concerning the distribution of the probability of X from
q to p. The KLD is often invoked as a distance between pdfs although it is not a true metric as

evidenced by its failure to satisfy symmetry with respect to its arguments and the triangle inequality.



It does however satisfy non-negativity (which may be proved via Gibbs’ inequality), reaches 0 if and
only if the two distributions are identical, and is a measure. Note that for convergence of the integral,
p and ¢ must be defined over the same support and furthermore, as a matter of convenience, the
value of 0 InQ is evaluated to be 0 in Eq. (14).

Finally, a few comments will be made to connect these terms to a Bayesian framework and
demonstrate their relevance within a familiar setting. Disregarding for now the known Bayesian
solution, consider the problem of updating prior belief concerning a random phenomenon, X,
using available measurements. Prior belief is represented by pdf pyrior, and observational belief
is represented by likelihood function py. Intuitively, some balance must be made between fitting
beliefs defined by these two terms. It was observed in [20] that a solution purely tailored to fitting

prior belief may be posed as one that minimizes the information gain from pyior to p using:

. . T
Ppost = argmin {D g1, (p||Pprior)} = arg min {/ p(x) In 7])( ) d:c} (15)
P P s Pprior(T)

A solution only seeking to fit belief from measurements (denoted in general here as vector z) may

be posed as one that maximizes the expected log-likelihood using:

p

et = argmin {= [ (@) tn s (3la) d} (16)

A compromise between these goals is the following optimization problem:

ot =angnin { [ @) in P E o~ [ (o) i pu(ele) do (17)

p pprior(

It can be shown [20] that a unique solution exists (when restricting p to satisfy defined properties
of a pdf), and that solution is in fact Bayes’ Theorem:

pL (Z|(L’) Pprior (33)

Prost@12) = 0 L Z1E) b (€)dE ”

Furthermore, the author notes that in form (discounting the fact that the likelihood function is not

a true pdf), the optimization problem in Eq. (17) may be rewritten as:

Ppost = argmin { D1, (pl|pprior) + Drr(pllpr) + H(p)} (19)
p

with the nice formal interpretation of Bayes’ Theorem as minimizing an equally-weighted expression
of information divergences from prior and observational beliefs along with some function of posterior

uncertainty.



III. Development of the Splitting Scheme
In developing a philosophy for splitting, the effects both of prior uncertainty and nonlinearity
on the EKF solution must be somehow quantified and ideally minimized, or at the very least

significantly mitigated.

A. Splitting Direction

The governing idea for capturing nonlinearity in the current work relies on behavior of the
observation function Jacobian. In the case of a linear observation model, the Jacobian is constant
over the entire state space. In other words, the rate of change of the Jacobian with respect to the
state, meaning the Hessian of the observation function, is identically zero when & is linear in .
Large changes in the Jacobian then are associated with the significance of higher-order terms in the
observation function. The directional derivative evaluated at the prior mean, or the rate of change

of the Jacobian at & in direction , is a reasonable quantification of nonlinearity.

Vol (@)| -t M@+~ H@)

T a—0 (6%

(20)

The Taylor series for the Jacobian provided in Eq. (21) can be substituted into Eq. (20) to provide

Eq. (22).
H
H(z) = H(Z) 687 w—a]+ (21)
H(E) + a2 a+1a2a"LE| a4 .. - H(z)
VaoH(xz)| = lim z
T a—0 «

_oH (22)
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In order to quantify the magnitude of prior uncertainty for a specific direction, one may examine
the standard deviation of the state pdf when the prior is conditioned on all directions orthogonal

to that considered. It can be shown, as in the App., that this is the quantity given in Eq. (23).

(23)
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With both contributors to degradation of the EKF-solution quantified, the following cost function

is chosen for the current work.

2
J(@) = ||Vat ()| | o2
: (24)
_4"D"Da
- aTpP-la

As mentioned, a major benefit of this choice is the incorporation of both prior uncertainty and
nonlinearity of h in the choice of splitting direction. The form of J(&) may be thought of a means
for selecting directions with relevant prior uncertainty, in that a direction in which the filter is
significantly uncertain but along which the observation function is nearly linear will be given less
priority than perhaps a direction with less uncertainty but much more nonlinearity. J(@) similarly
may be thought of as capturing relevant nonlinearity.

Note that nonlinearity is evaluated only locally at the prior mean. Another scheme integrates
nonlinearity along each direction but does not result in an exact, closed-form solution for the cost
function like that which is provided here [11]. Furthermore, only eigendirections of the prior are
considered, a common trait in other methods [7]. Another advantage of the chosen cost function is
that it is not restricted to a certain estimator by formulation, as opposed to other schemes which
for example require terms used in an unscented Kalman filter [10].

The maximizer of the cost function in Eq. (24) is easily attained once it is recognized as
a Rayleigh quotient expression. The solution follows easily from a change of variables and the
Rayleigh-Ritz inequality.

P71 —_ P*T/2P71/2

(25)
v=P %4
0T PT/2DT DPY %y
J(v) = 26
(v) oTo (26)
The Rayleigh-Ritz inequality states:
Amin(PT2DT DPY?)0 v < w7 PT/2DTDPY20 < Moo (PT/2DT DPY?)0 v (27)

where Apin (PT/2DT DP'/?) refers to the minimum eigenvalue of matrix P7/2DT DP'/? and simi-

larly for the A.,;, term. Substituting Eq. (27) into Eq. (26) gives the following result.

Mnaz(PT2DT DPY )y Ty
vTv

J(v) < = Anae(PT/2DT DP/?) (28)
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Clearly then, the cost function is maximized when wv is taken to be the eigenvector associated with
the maximum eigenvalue of matrix P/2DT DP'/? (including the property that P is symmetric),

so the choice of a splitting direction is equivalent to an eigenvalue/eigenvector problem.

B. Splitting Criteria
A natural choice for a splitting criterion given the previous discussion utilizes the maximum of

the cost function associated with the potential splitting direction.
Amaz(PT/2DTDPY?) > 1 (29)

This would result in very few additional calculations in the event that splitting is deemed necessary.
The term 7 represents a threshold value.

The remaining options rely on comparison of the linearized EKF solution with a higher-order,
chosen here to be the second-order EKF, solution. Knowing that incorporation of the quadratic
terms in the SEKF appears within the innovation terms, one option for a criterion involves the

difference in innovation covariances.
tr(DPDP) > yHPH™ (30)

In this scenario, if the additional term in the SEKF is deemed to be large enough relative to the
term from the EKF (via some ratio 7), then splitting is chosen to occur. .
Another option that compares the EKF and SEKF solutions is the Kullback-Leibler diver-

gence between Gaussian posteriors approximated by both filters. 7 is used again to represent some

threshold.
Dk, (N(QSEKF7PSEKF) || N(iEKF7PEt<F) 2T (31)
where
a -+ A -+ 1 |PEJ’;(F|
Dy (N(wSEKF"IDSEKF) || N(wEKvangF) = i(lnﬁ -n
SEKF
. . -1 R -1
+ [mEKF - mSEKF}TPEt(F [wEKF - :BSEKF] + tT’(]D;;KFPEt{F )) (32)

A drawback for this method is that it does essentially require carrying the SEKF along with the EKF.

However, from Eq. (11), few additional terms are necessary, and this burden is much less than if
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the additional estimator were, for example, a sigma-point filter. The main advantage of this method
is that it provides a clearer representation of the loss of information associated with a linearized
solution. Starting from a Gaussian prior, the EKF framework results in a Gaussian posterior,
although the true conditional state pdf will not be Gaussian for general nonlinear measurement
functions. Eq. (32) is therefore a fitting quantity to represent the role that nonlinearities in h plays
in making the update to a Gaussian component differ from a Gaussian posterior. A KLD that is
above the threshold for splitting, signals significant failure in approximating the posterior solution as
Gaussian. When this occurs, the prior is reapproximated as Gaussian mixture model, components
then of the reapproximated prior will be more local and more suitable for an EKF solution and will

contribute to a Gaussian mixture approximation of the posterior.

C. Automated Splitting Using the Kullback-Leibler Divergence

As mentioned, the splitting scheme provided can be implemented recursively as an automated
splitting algorithm. The KLD was chosen as the splitting criterion for this purpose. The KLD lends
itself to evaluating the ability of a more easily attained pdf in approximating a more intractable
pdf and has for this reason been adopted by many machine learning and variational inference
applications [21]. Furthermore, the informational interpretation of the KLD better relates this
criterion to the purposes of probability and statistical inference rather than other, even normed,
functional comparisons such as the distance in Ly. This interpretation also translates well to merging
of Gaussian mixture components.

In the automated scheme, the KLD criterion for each component is weighted by the squared

EKF-updated weight for that component. The check then for each component, i, is:

(w+ )QDKL (N(:ﬁl, SEKF7P+ ) || N(ii, EKF7P+

) ; ; ) >T
v, EKF 1, SEKF 1, EKF -

(33)

The squared weights ensure effort is not expended towards splitting irrelevant components by
penalizing the KLD check for components that contribute little to the overall filtered mixture.
Recall that the weight of a component in the EKF-update mixture captures the relative contribution
of that component to the overall estimate (mean). Disregarding component weights can result

in expending much effort in splitting a component within a region of the state-space that has
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very little effect on the final solution. Use of the squared weights emphasizes this significance of
component contribution relative to the KLD term and was seen to result in better termination of
the splitting routine. Refinement of components then only occurs for portions of the mixture that
both carry significant information and are at risk for significant degradation of performance induced
by nonlinearities.

An important element in the design of an automated algorithm is the often overlooked designa-
tion of a threshold for its criterion. It is desirable for this threshold to be motivated by the logic of
the problem, appear intuitive to the user, and avoid significant added computations. Care must be
given in this case to resist explicit or implicit treatment of the KLD as a norm or metric since it is
neither. An initial thought might be to compare the ratio of the computed criterion in Eq. (32) with
an upper bound (or a percentage of an upper bound) for all possible values generated by Gaussian
distributions. Examining Eq. (32), however, it can be seen that this value can be arbitrarily large
with no upper bound.

Consider now two Gaussian random vectors characterized by the following first two moments:

Normal Distribution 1: u, )y

Normal Distribution 2: g + cX3v, 13

where v is some unit vector direction and scalars ¢ > 0, k£ > 1. Distribution 1 represents the
Gaussian second-order solution while Distribution 2 represents some departure from it parameterized
by scalars ¢ and k. Values ¢ and k may be selected by the user to represent some worst-allowable
solution. A computed criterion in Eq. (32) that meets or exceeds the KLD associated with this

scenario indicates a need for splitting. This worst-allowable KLD is given in Eq. (34).

Dicallp) = ({72 =+ fma = ma] Py fma — ] +r(PAP)) (3
:%mw—Mk—n+8m (35)

Only single component is considered here, so the squared weight term is 1. A computed criterion
greater than the KLD associated with the worst-allowable scenario indicates performance is poor

enough to warrant splitting. Note that this takes place between quantities of the same units (nats),
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and the check at each step is:

Dky, (N(:%SEKF’R;;KF)

|| N(& Pt ) >

EKF’) T EKF

(n(k — In(k) — 1) + k) (36)

M| —

A nice property of this threshold is its invariability to the specific solutions at each step so that it
can be precomputed and applied each time.

For more discussion on the user-defined values, a selection of k£ corresponds to a particular
decrease in uncertainty from the SEKF solution to the EKF solution where the EKF indicates
more confidence in its estimate than what is appropriate. Note that the additional positive term
in the innovation covariance for the SEKF ensures that the produced estimation error covariance
matrix is larger than or equal to that of the EKF. In the univariate case, a choice of ¢ corresponds
to displacement of the mean for Distribution 2 by a number of c¢-o’s from p in Distribution 1.
Similarly for the multivariate case, this corresponds to displacement of p to the c-o error ellipsoid
in the direction of v. This can be demonstrated using the fact (from the App.) that the magnitude

. . s . . . . . 1 .
of any vector to the c-o error ellipsoid for Distribution 1 in direction v is Tors—ig 50 displacement

of the mean to this ellipsoid in direction v gives pu + \/ﬁv for the mean of Distribution 2.

Carrying out calculations in Eq. (34) yields the same result.

IV. Simulated Examples

Three examples using range measurements , corresponding to the magnitude of state x with
h(zx) = VaTx, will be presented in order to exhibit beneficial properties of the automated splitting
routine for filtering purposes. All examples utilize the splitting libraries in [7] and are of the form
described in the Problem Formulation section for estimation of 2-dimensional position. This simplic-
ity facilitates visualization, not only for plotted figures but also for terms within the algorithm. For
example, the direction that maximizes only the nonlinearity term in Eq. (24) is always the direction
orthogonal to the prior mean (with only one of such directions possible in 2-D). This property can

be shown simply through eigenanalysis of the Hessian.

B 1 Tz T
D(Q)) = a‘:TijXQ — ( T )% (37)
DEEF=——_ -2 _ _0=0z (38)
Tz Tz



The Hessian is singular then with an eigenvalue of 0 and associated eigenvector in the direction of

the prior mean. Now let v be a direction that is perpendicular to the prior mean, meaning Z7 v = 0.

D(Z)v = —-0= v (39)

The maximum eigenvalue then is associated with this direction. Note that since the Hessian is
symmetric, this analysis for matrix DT (Z)D(Z) = D?(Z) yields the same direction but with a
squared eigenvalue. Now directions associated with dominant nonlinearity and uncertainty may be

easily identified for the subsequent examples.

A. Example I.

The first example validates use of the automated splitting routine for a classic GMM example
and begins to illustrate benefits for the approach derived. Fig. 1 depicts the true prior distribution,
likelihood information for the range measurement, and the Monte Carlo-computed true Bayesian
solution. Note that captions will list figures from left to right. The state components are initially
correlated as indicated by the slight tilt of initial covariance ellipses with respect to the coordinate
axes. The true solution is an example of what is called the "banana shape". The curvature of
this shape can never be captured by Gaussian-generated equiprobability contours, which are al-
ways ellipses. Note that the EKF solution does not explicitly assume Gaussianity, but that is the
usual representation considering only two moments are provided. Additionally from an information-
theoretic point of view, the Gaussian distribution is the pdf that maximizes DE when the first two
moments of the distribution are specified.

As expected in Fig. 2, the EKF solution fails to capture the basic shape of the true solution. For
the automated GMM-generated solution, first note that the algorithm reached the exit condition and
provided a solution; that is, splitting in the direction derived here resulted in a sufficient decrease
in KLD for the splitting criterion to signal a stopping point for all components. Second, the GMM
solution is closer to the desired banana shape, which speaks to the choice of splitting direction.
This “closeness” in matching the true posterior pdf is evidenced qualitatively in Fig. 2 and can be
confirmed by comparing KLDs between the true and approximated posteriors. Selecting KLD as

the measure, the use of an EKF as an approximating solution to the truth resulted in a loss of
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Fig. 1 True Prior, Measurement Distribution, and Posterior for Example I.

information of 1.0461 nats compared to 0.3813 nats with use of the GMM solution. In this example,
components were split into sets of 5 at a time using the splitting library within [7], and the final

number of components used in this case was 5 (meaning only one split was required).
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04 r {-04r
06 {-06t
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2 15 -1 -05 0o -2 -15 -1 -05 0

Fig. 2 EKF and GMM Posteriors for Example I.

To evaluate effectiveness of the choice of splitting direction with respect to a common solution,
the simulation was replicated but with the direction always taken to be that of dominant prior
uncertainty (principal eigenaxis of prior covariance).

The resulting solution in Fig. 3 is also feasible but requires a few additional components (9
rather than 5) for the same threshold. This is due to the fact that the standard method selects the
initial splitting direction to be approximately the horizontal axis. However, that direction actually

is associated with the least nonlinearity as noted in previous discussion. Maximum nonlinearity
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Fig. 3 GMM Posterior for Example I. Using a Standard Method

is associated with the vertical axis. The routine derived here neglects the axis in which there is
large uncertainty but no designated nonlinearity in favor of a direction that has low but present
uncertainty and maximum nonlinearity. In fact, the developed routine does first select the vertical

axis for splitting while the standard method opts for the horizontal axis and requires another split.

B. Example II.
The second example displays a scenario in which the advantage of the provided routine is
more pronounced. This setup follows that of the previous example but now with a greater prior

uncertainty and more distinctly no dominant direction of prior uncertainty, as depicted in Figure 4.
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-6 -4 -2 0 -6 -4 2 0 2 -1.5

Fig. 4 True Prior, Measurement Distribution, and Posterior for Example II.
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The resulting solution for the proposed algorithm is shown in Fig. 5, and Fig. 6 provides
the solution using the mentioned standard direction. The proposed algorithm exhibits significantly
better performance with fewer components (17 compared to the 33) for the same threshold. With no
clear direction of prior uncertainty, the derived routine is sensibly guided by nonlinearity while the
standard routine not only fails to adapt with nonlinearity but also begins with an entirely ambiguous

idea concerning prior uncertainty.
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0.4r

0.8

0.4 r

A02 L

-06

Fig. 6 GMM Posterior for Example II. Using a Standard Method
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C. Example III.

The final simulation is included to further motivate the use of Gaussian mixtures in a more
unique example and match the result from [14] using the automated version of the scheme. Now a
much larger range measurement is used with the prior in Fig. 7 to produce the true solution shown

there with virtually 2 blobs or bananas that are significantly separated.

5 5 5

Fig. 7 True Prior, Measurement Distribution, and Posterior for Example III.

The EKF solution shown in Fig. 8 fails to reasonably approximate the truth even beyond
displaying inadequate curvature.  Although the EKF solution here attempts to respond to the
much larger range measurement, it can never exhibit the bimodal nature of the true posterior pdf.
Inherent in discussion concerning contours of the pdf is the implication of the estimate that would
be provided. For example, it is easy to imagine that the expected value of the EKF solution in Fig.
8 would decidedly differ from that of the true pdf. The automated GMM solution, however, appears
to much more reasonably approximate the truth.

The GMM solution using the standard direction is shown in Fig. 9. Again, the performance
is visually degraded using slightly more components (25 compared to the 21 used in the solution

provided by the proposed scheme).

V. Conclusions
Gaussian mixture models offer a promising path towards a generalized particle filter with miti-
gated dimensional concerns. Improved online management of the number of components is a crucial

step towards that goal. The current work offers an adaptive algorithm for handling measurement
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Fig. 8 EKF and GMM Posteriors for Example III.

Fig. 9 GMM Posterior for Example III. Using a Standard Method

updates for splitting Gaussian mixture filters with the important consideration of the effects of both
nonlinearities and uncertainty in doing so. The adaptable schemes employs the difference between
first and second order approximations to detect nonlinearities, it also uses the Kullback-Leibler di-
vergence to detect when the difference between the two approximations is sufficiently pronounced
to merit a Gaussian component split. Examples are provided to demonstrate cases of observed ef-
fectiveness. The simulated examples show the improved accuracy of the proposed methodology over
existing schemes in representing the posterior probability density function with a reduced number

of Gaussian components.
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Appendix: Directional Variance
The directional standard deviation given in Eq. (23) will be derived. First, suppose direction
4 is an eigendirection of matrix P, that is, it is a principal axis of the covariance ellipsoid defined

by the locus of points satisfying the following:
' P lz=1 (40)

Notice that the quantity in Eq. (23) corresponds to the length between the origin and the surface
of the ellipsoid in the direction of ©. This may be verified by taking a point called * that lies on

the ellipsoid in direction @ and solving for its magnitude using Eq. (40).

1
R e =

41
aT P14 (41)

SIS

It must be shown that conditional covariance (conditioned on all remaining principal directions)
results in Eq. (40). Since 4 is a principal direction, which we can call direction 1 without loss
of generality, the conditional covariance is given by the well-known formula below for a Gaussian

distribution.
Py = Pl — PioPyy Py (42)

where the prior covariance is partitioned as

Pll P12
P= (43)

Py Py
Using block matrix inversion, the squared-value given in Eq. (23) may be expressed as follows.

1 1

aT P14

(Pt — PiaPytPor)™t x| |0
[1 0 0} (44)

* *

0

1
(P = PiaPyy' Py) !

= P;' — PiaPs,' Py = Py
Now, it only remains to be shown that the relationship holds when 4 is not a principal direction.

For this, an orthogonal change of basis is performed such that the first axis of the transformed basis
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is aligned with .

Z = Va such that Va = and VVT =1 (45)

0

It will be shown that the conditional variance for direction @, which can be calculated using the
traditional formula in the transformed frame, will match that provided by Eq. (23) in the original

frame. Moments for the transformed state are:

E{z} =Vz
(46)
E{[z - E{z}][z - E{z}]"} = vPV"
The result in Eq. (44) holds in the transformed frame as well, giving:
~ 1
Py = —
1
. 0
[1 0 0] Pt
(47)
0
B 1
- (Va)T(VPVTD)-Va
1 1

TWTVP-WVTVa a4l P-la

The result holds then for all directions in the state space.
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