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A new form of consider covariance analysis suitable for application to square-root infor-
mation filters with a wide variety of model errors is presented and demonstrated. A special
system formulation is employed, and the analysis draws on the algorithms of square-root
information filtering to provide generality and compactness. This analysis enables one to
investigate the estimation errors that arise when the filter’s dynamics model, measurement
model, assumed statistics, or some combination of these is incorrect. Such an investiga-
tion can improve filter design or characterize an existing filter’s true accuracy. Areas of
application include incorrect initial state covariance; incorrect, colored, or correlated noise
statistics; unestimated states; and erroneous system matrices. Several simple, yet practical,
examples are developed, and the consider analysis results for these examples are shown to
agree closely with Monte Carlo simulations.

I. Introduction

HE field of estimation addresses the question of how to form the best possible estimates of a system’s
Tstate given the available, imperfect models of that system. For most applications, it is equally important
to determine the statistical uncertainty of the estimates. The Kalman filter (KF) family of estimation
schemes, including its various extended, square-root, and unscented formulations, generates both optimal
state estimates and their error covariances, or an equivalent. These methods lend themselves naturally to
the study of estimation uncertainty by means of covariance analysis.

In covariance analysis, the covariance properties of the estimation error provide information about the
filter and its accuracy. For example, one can examine the observability of particular subsets of states,
or determine which measurements are most critical to filter performance. The covariance produced by
a filter, however, is only a reliable metric of estimation error if the filter’s model perfectly describes the
true underlying system. When mismatch occurs between the filter model and the “truth” model, a more
specialized alternative known as consider covariance analysis can sometimes provide valuable insight.

A consider covariance analysis allows one to “consider” the effects on estimation accuracy that result
from certain types of mismatch between a filter’s system model and the “truth” system. One can study the
effects of model mismatch by computing the true covariance of the error between the filter’s estimates and
the “truth” states, which is distinct from the filter’s reported covariance. The true covariances provide a
metric for the accuracy of estimates produced by the mismodeled filter. In the context of this paper, the
following definition for the phrase “consider covariance analysis” is adopted: A consider covariance analysis
examines the errors of a filter that is based on an incorrect system model, specifically by computing the
“true” error covariance as dictated by an assumed “true” system model. Note that the analysis is inherently
hypothetical because it requires one to assume a specific “truth” model that may have errors of its own.
The true covariances that the consider covariance analysis computes are relative to that assumed “truth”
model. They are true in the sense that if the given filter were applied to a system with the proposed “true”
system model, then the errors in the resulting estimates would have those covariances. While some consider
analysis methods compute true covariance directly, others produce some equivalent from which covariance
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may be calculated, such as the matrix difference between the true and filter-reported covariances. Some of
this paper’s references prefer the name “sensitivity analysis”, because such methods enable one to explore
the sensitivity of a filter to various kinds of model error. Still others employ the generic name “covariance
analysis” regardless of whether the filter model is assumed to match the true system model. Both alternate
names refer to analyses that fall within this paper’s broad definition of consider covariance analysis.

Consider covariance analysis is a flexible tool that can be applied in different ways depending on the
source of the filter model errors. Errors in filter models may occur unintentionally, especially in situations
where the dynamics or disturbances are only poorly understood. They may also be intentional, as when a
reduced-order filter or simplified equations are employed to mitigate computational burden. In the latter
scenario, consider covariance analysis is an important step in the design process that indicates whether the
suboptimal filter performance is likely to be acceptable. Different candidate filters may be evaluated and
compared.

When model errors result from high uncertainty in the dynamics, the practitioner typically knows that
model errors are likely, but he or she does not know exactly what they are. Consequently, there is no
single “truth” model standard with respect to which filters may be analyzed. A common application of
consider covariance analysis iteratively evaluates proposed filters, seeking one that is insensitive to changes
in the uncertain system parameters. Such a filter is generally suboptimal for any particular realization of
the “true” system, but maintains acceptable performance characteristics over the range of possible “true”
systems.™2 Similarly, an outer Monte Carlo analysis may be wrapped around a consider covariance analysis
to characterize the performance of a single proposed filter over some statistical distribution of hypothetical
“truth” models. Alternatively, consider analysis can compare the relative magnitude of different potential
error effects, so as to develop an error budget or investigate discrepancies in solutions obtained from multiple
sources.>* A final suggested application relates to multiple model filtering. This filtering approach assumes
that the true system model is unknown and forms estimates as a weighted sum of the estimates corresponding
to a set of candidate models. The philosophical similarities between consider covariance analysis and multiple
model filtering hint at the possibility of using the former as a tool in the analysis or design of the latter.
The exact form such an analysis would take is unclear.

Many previous consider covariance analyses are narrow in scope, and address only a few particular classes
of filter model errors. One of the simplest forms of consider analysis focuses on filters with unmodeled con-
stant random biases, particularly dynamics model parameter biases or measurement biases.®”” Another very
simple analysis treats incorrect covariances of the process noise, measurement noise, or initial estimate.”
Some less narrow efforts draw on both of these simple analyses to examine the effects of unmodeled coloring
of the process noise or other unestimated dynamically-varying disturbance states.'® 2 This type of error is
often encountered in the context of intentional model simplification and reduced-order filtering. Finally, a
few works investigate the case where both the noise covariances and some or all of the state-space system
matrices used by the filter are incorrect.'® 17 These sources do not explicitly allow for situations where some
elements of the “truth” state vector are unestimated, although an experienced analyst could modify the
algorithms to accommodate that case.

Algorithms that handle a subset of error classes can be useful, but a general approach that can simul-
taneously study all of these errors is preferable. Such general consider covariance analyses are available
in Refs. 2,18,19. These algorithms, which are implemented in the covariance domain, augment the state
vector of a traditional Kalman filter and perform several additional intermediate calculations. All of the
previously-mentioned error classes can be studied, including incorrect process and measurement noise covari-
ances, incorrect initial estimate covariance, unestimated random biases or dynamics, and erroneous system
matrices. Notably, none of the previous consider covariance analyses is able to directly handle the situation
of cross-correlated process and measurement noise. The single exception is Ref. 17, which suggests how
such an analysis might be performed but does not derive the equations for that case. Many of the more
general versions of consider analysis could, however, incorporate the analysis of non-independent process and
measurement noise with some additional pre-processing steps.

None of the general consider analyses operate in the information domain or directly analyze a square-root
information filter (SRIF). Square-root information filtering is theoretically equivalent to traditional Kalman
filtering under the correct assumptions. The SRIF, however, is preferred in some applications that require
good numerical properties or an infinite initial estimation error covariance. Of the aforementioned consider
covariance methods, Refs. 11,12 are the most capable analyses in square-root information form. Neither
of these works can study systems where the unestimated states have dynamics with a non-invertible state
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transition matrix, and they do not develop the algorithms for incorrect system matrices.

This paper presents a new discrete square-root information form of generalized consider covariance an-
alysis. The following contributions are made: First, this paper’s analysis is the most general consider
covariance analysis for square-root information filters, and a single unifying framework encompasses filters
with all the error classes discussed above. Second, the algorithms are demonstrated using simple numerical
examples. These examples are selected to illustrate the application of the new analysis to various types of
filter errors. Consequently, the inexperienced practitioner does not have to derive non-obvious implemen-
tation steps independently. As an added benefit, the examples highlight some situations in which consider
covariance analysis may prove useful, such as when a mismodeled filter behaves in a counterintuitive way.

Note that this paper restricts its focus to consider analysis. This paper does not address consider filtering,
which adjusts the filter estimates based on the consider covariance calculations.2’ 22 It is beyond the scope
of this work to define or develop the various reasonable classes of consider filters for this new framework.

Readers not familiar with the square-root information filter may struggle with this paper’s consider co-
variance analysis, because of its heavy dependence on SRIF techniques. The generality and relative simplicity
of this approach may outweigh such difficulties for many kinds of model error analyses. References 11 and 23
are recommended to the interested reader for gaining familiarity with SRIF methods.

The remainder of this paper is organized as follows: Section II briefly reviews a simple example of consider
covariance analysis to illustrate the basic concept. Section III presents a special consider form of the state-
space system upon which this paper’s algorithms operate. In Section IV, the consider analysis algorithms are
developed. Section V demonstrates how some useful example problems can be translated into the consider
form of Section III, and the consider algorithms are validated for these examples by Monte Carlo analysis.
Conclusions are drawn in Section VI.

II. Introductory Example

This section’s simple example illustrates the principles of consider covariance analysis in a more traditional
form. The goal of this example is to help the reader to grasp the “big picture” of consider analysis before
moving on to more complicated systems and algorithms.

The estimation scenario of interest is a basic static system with a batch measurement equation given by

y=Hzx+v (1)

where x is a static vector that is to be estimated, y is a vector of measurements, H is the matrix relating
the measurements to the unknown « vector, and v is the measurement noise. The measurement noise has
been incorrectly assumed to have covariance P,,,, whereas the true measurement noise covariance is given
by E[VVT] =P,.
The standard weighted least-squares solution to the static batch problem of Eq. (1) is well-known; it
takes the form
&= (H'P,LH) H'P Ly (2)

vva
where the measurements have been weighted by the inverse of the assumed noise covariance P,,,. The
estimation error in this case is

H'PLH) H'Ply — o

(HPy,
(

H'P L H) H'PLL (Ho+v) — =

vva vva

(z—=)

(HP; H) ™ H"P\v (3)

vva vva

The expression for estimation error in Eq. (3) can be used to derive the estimation error covariance, which
should be small if & is a good estimate of x:

vva vva vva vva

E[(-% —x) (- w)T} — (H"P;LH) " HPL L B[] P H (H'P, L H) (4)

In Eq. (4), it has been recognized that covariance matrices are symmetric so that there is no need to write
P T in place of P,,L. Note, () refers to the transpose of the inverse of the matrix in question.
At this point, the distinction between covariance analysis and consider covariance analysis can be demon-

strated. A traditional covariance analysis would assume that the batch estimator’s model of measurement
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noise covariance, P,,,, was correct. It would then use this assumed value in Eq. (4) to compute the estima-
tor’s assumed estimation error covariance, Py.q:
_ -1 _ _ _ -1 _ -1
Pﬁmll = (HTPuulaH) HTPuvla‘PVVLIPl/VlaH (HTPVl/laH) = (HTPllulaH) (5)
The covariance P, is useful in its own right. It gives an indication of how accurate the estimate & is expected
to be, given correct assumptions about the measurements. It is not, however, the true covariance of the
estimation errors. The true covariance P,, is computed by a simple form of consider analysis, substituting
the true measurement noise covariance P,, into Eq. (4) to form
_ -1 _ _ _ -1
befb = (HTPuulaH> HTPUl/laPVVPuu]ZlH (HTPVulaH) (6)
This expression does not simplify in the same way as Eq. (5). It provides a metric for the actual level of
error expected from the batch least squares problem in the presence of incorrectly modeled noise.
Note, it is possible for P,, to be greater than P,.,, less than P,.,, or to have some components that
are greater while others are less. The definitions of “greater” and “less” relate to the positive definiteness

of P,y — Pyza- For example, if P,,, = pP,, for some positive scalar p, then P, — P, is positive definite
if p < 1 and negative definite if p > 1.

III. Consider System Formulation

One of the primary challenges in deriving highly general algorithms for consider covariance analysis is
that different kinds of filter model errors enter the system equations in different ways. This section presents
a new standardized system formulation for consider analysis by which all the discussed varieties of filter
modeling errors can be represented. The consider algorithms derived in Section IV manipulate this standard
set of equations. Therefore, any system that can be cast into this framework can be analyzed using the
general algorithms of Section IV, without further customization.

It may be difficult to see how an arbitrary problem can be rewritten in the defined consider form. In
order to bridge this gap between theory and practice, Section V casts several simple yet widely applicable
examples into this section’s standard form.

The consider form defined here must represent both the “true” behavior of the system and the filter’s
estimate of that behavior. To that end, this new system form must have three mathematical components.
First, it must have state-space models of the system’s dynamic behavior and of the measurements that
are to be used for estimation. Second, it must have a complete statistical description of the process and
measurement noise, including any correlation between noise components or between noise at different times.
Finally, it must have initializations of both the state estimate and the uncertainty in that estimate.

Before any consideration of consider covariance analysis, the square-root information filter assumes that
the system dynamics and measurement models are given by:

Tipy1 = Pprxy + Lppwy (7a)

Y = ka(l:k + v (7b)

In these equations, xj, is the state vector at discrete sample time k, @y, is the state transition matrix from
sample k to sample k 4 1, wy, is process noise, and I';, is the process noise influence matrix. The vector
y,, contains the measurements that apply at sample k, Hy, is the measurement sensitivity matrix, and the
measurement noise vector is given by v;. The measurements are assumed to have been normalized such that
Vi is a zero-mean, identity-covariance, white, Gaussian random vector:

Elvi] =0, E[vwvi] =Ry =1, Elvprf] =0 VE#j (8)

Such normalization is always possible via suitable transformation of raw measurements,?® and it is a prereq-
uisite for the standard form of the square-root information filtering algorithms. The Gaussian process noise
wy, is also zero-mean and white, with nominal covariance given by

Elwywi] = Qg (9)

Process noise and measurement noise are further assumed to be uncorrelated with each other.
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According to standard SRIF nomenclature, the filter’s process noise information equation, which encap-
sulates the information about the process noise statistics in a convenient form, is given by

R pwwk Wk = —Vyk (10)

where v, is a zero-mean, identity-covariance, Gaussian random vector, and R i is related to the nominal
process noise covariance according to
-1 -T

wakafwwk: ka (11)
The notation “R” is used throughout this papter for all square-root information matrices. This differs from
the standard notation of Ref. 11, which uses “R” for square-root information matrices. The symbol “R” is
reserved for the measurement noise covariance in the present paper, consistent with Eq. (8). The square-root
information filter’s estimate and covariance are initialized at k = 0 by assuming the standard a priori state
information equation: -

R ez0To = Zo — Vo (12)

In this equation, v, is a zero-mean, identity-covariance, Gaussian random vector, and the information state
Zo parameterizes the initial state estimate according to the equation

Ty = R pa020 (13)

The matrix R fzz0 1S the square-root information matrix for the initial state estimate; it is related to the
initial estimation error covariance by

R}zlmoR;:;l;o = Pjewo (14)
The overbar notation employed in Egs. (12)-(14) and throughout this paper designates a priori estimates or
the matrices and vectors associated with those estimates. Likewise, the notation “~” will be used to denote
a posteriori estimates and quantities.

The matrices @y, I'ty, and Hyj, are specifically the versions of those system matrices assumed by the
filter’s model. They may differ from the “truth” system matrices @, Iz, and Hi. In many cases, however,
the two sets of matrices will be identical. In the remainder of this paper, the symbols &, I, and Hy will be
used for both the filter and “truth” system whenever the corresponding matrices are the same. Likewise, the
covariance and square-root information matrices Q s, Ryk, ﬁfmo, R fwwks Rpvur, and R faa0 are specifically
the versions of those matrices used by the filter. The filter’s measurement noise covariance and square-root
information matrices Ry, and Ry, are always assumed to be identity matrices. The “truth” covariance
and square-root information matrices are designated by Qr, Rk, Pzz0, Ruwwk, Ruvvk, and Razo. Except
where they differ or could potentially differ, the symbols for the “truth” matrices will be used.

The consider system form allows the user to describe a large variety of modeling errors within a common
framework. It does this by keeping track of the true statistics of the system uncertainty. Uncertainty can
arise from the correctly- or incorrectly-modeled process noise, measurement noise, or initial estimation error
covariance. Additional sources of uncertainty include errors in the matrices that specify the dynamics or
measurement models used by the filter and unestimated biases or time-varying disturbances. All of these
sources of uncertainty, with the exception of any deterministic unestimated biases, are contained in the
components of a single “consider state vector” x.,. The consider analysis computes the contribution of
T, to the true estimation error covariance by tracking its covariance and the sensitivity matrices that
specify how it enters the filter equations. All stochastic contributions are contained within this single vector.
Therefore, the analysis does not have to additionally compute any cross-correlations, and computationally
efficient techniques can be applied to the statistical calculations.

The consider system begins by defining perturbed versions of the filter’s dynamics and measurement
equations:

Try1 = Prrxr + Dppwy + Deck ey + ok (15a)

Y = Hppr + Hepep, + byk (15b)

The matrix I, describes the influence of the consider state vector on the filter’s dynamics model, and the
matrix H,; describes the influence of the consider state vector on the measurements. Another difference is
the presence of the bias vectors b,y and byy. These are deterministic non-zero values that disturb the system
from what the filter assumes. They may be time-varying, but are not driven by stochastic noise. In many
cases, these biases are zero and can be neglected in the equations.
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Equations (15a) and (15b) represent the consider generalizations of Eqgs. (7a) and (7b). The generalized
dynamics in Eq. (15a) simply adds the two new terms Icp@cp, and b, to the right-hand side. The generalized
measurement equation (15b) replaces the zero-mean, identity-covariance measurement noise vy, with the sum
of the two terms Hyp@cp, and byy. All of the random part of the “truth” measurement noise is modeled within
Hcka'?ck.

The vector of consider states, ®, is defined differently for each individual system depending on what
types of modeling errors are present. It has its own dynamics model given by

Lekt+1 — Dorep + LeckWeg (16)

In Eq. (16), @, is the state transition matrix for the consider state vector dynamics. It need not be invertible
or even square, as the number of elements in x.;, may change. The matrix I..; describes the influence of
the driving consider process noise vector wey on the consider state vector .. Without loss of generality,
both w¢;, and the initial consider state x.q are constrained to be zero-mean, identity-covariance, Gaussian
random vectors, wg, is a white noise sequence, and ., is uncorrelated with that sequence.

By means of the consider vector x., it is possible to represent process noise and measurement noise
with statistics that do not conform to the filter’s assumptions. The noise intensities may be different from
the nominal values, the process and measurement noise may be correlated, or the noise may be colored, i.e.,
correlated with noise at other times. Noise terms with non-zero mean values can be modeled by proper use
of the bias vectors b, and byy.

In place of Eq. (10), the consider analysis models the process noise statistics using the following square-
root, information equation:

wawkwk = *chkwck - bwk (17)

In this equation, Sy,ck is a sensitivity matrix, and b,y is a bias. Note how Eq. (17) replaces the simple noise
term v, of Eq. (10) by the sum of the terms Sycp®cp, and byg. This replacement enables the consider
process noise model to be non-white, biased, or correlated with the measurement noise. It also allows the
“truth” process noise covariance to differ from the filter’s assumed value.
In the same way, the initial state information equation of the consider analysis differs from the filter’s
Eq. (12):
Rf$z0m0 =Zzo— Sa:cOwCO - ch (18)

That is, v,0 of Eq. (12) is replaced by S'moazco + b.y. The bias by and sensitivity matrix Syco model the
manner in which the “truth” initial mean and covariance of the state differ from the filter’s assumed initial
mean and covariance.

In summary, the consider model is a generalized form of the filter model. It consists of Eqgs. (15)-(18).
The consider state dynamics model, Eq. (16), is a completely new equation. All of the other consider model
equations are generalizations of the original filter model equations, Egs. (7), (10), and (12). An important
feature of Eq. (16) is the complete flexibility with which ®.; can be defined. In particular, ®.; can be
non-square and can have a non-trivial nullspace, e.g., columns of zeros. This feature allows components of
x;, to be white noise, as would be required to reproduce the original filter model.

The consider covariance analysis is driven by a simple philosophy: In each filter equation, replace the
filter’s simplistic random terms with the “truth” random terms from the consider analysis. This has been
done explicitly in consider model Egs. (15b), (17), and (18), and implicitly in Eq. (15a). The same philosophy
carries over to the square-root information equations that are recursively updated by the consider analysis.
At each sample time, the filter forms the state information equation

RewkTk = 2k — Vak (19)

In the consider analysis, the simplistic random term v, is replaced by a more complicated expression related
to the history of the consider vector .. This expression’s “truth” mean and covariance replace the zero
mean and identity covariance of v, in the consider analysis covariance calculations. These calculations are
given in detail in Section IV.

IV. Consider Analysis Algorithms

The consider covariance analysis algorithms presented here largely follow standard SRIF procedures.
They differ from standard filtering equations in that they keep track of some additional sensitivity matrices
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and perform a few extra factorizations. The analysis performs the original SRIF calculations and appends
new calculations that capture all the model error effects. In most cases, only minimal modification is
necessary from the original filter implementation. All the derivations in this section assume that the system
has already been placed in the consider form defined in Section III.

A. Initialization and First Steps

The first part of the consider analysis requires several special initialization steps. After initialization, the
analysis can proceed recursively with a generic form for each dynamic propagation and measurement update.
The analysis is presumed to start from the state information equation, Eq. (18), repeated here:

7zfa::rOwO =ZzZ0— S’chwCO - BCO (20)
A measurement is assumed to be available at time k = 0, as per Eq. (15b):
Yo = Hyowo + HeoZeo + byo (21)

Per standard square-root information algorithms, the measurement update proceeds by rearranging and

stacking Egs. (20) and (21).
foxO Ty = 2 Teo — bCO (22)
Hyo Yo

byo
Standard orthonormal /upper-triangular (QR) factorization is used to compute an orthonormal transforma-
tion matrix Ty such that:

0

chO
Ho

ﬁfza;o

Ty
Hyg

where ﬁ.’pm(} is a square, upper-triangular matrix. The matrices fo and ﬁmo can be computed using the
“qr” function that is discussed in the Appendix. The input to this function will be the block matrix on the
left-hand side of Eq. (23), and the Ty matrix will be the transpose of the function’s “Q” matrix output. The
function’s “R” output will be the entire block matrix on the right-hand side of Eq. (23).

The matrix To effectively compresses all the information about the state xq, both the a priori infor-
mation and measurement information, into the block Rmo After computing TO, every term in Eq. (22) is
premultiplied by this transformation to accomplish the measurement update. The resulting block matrices
and vectors are renamed for convenience to obtain the new, updated information equation:

7/?\fzm() 2O §ch BCO
_ - o — 24

The new vectors Zg, 2.0, b007 and b, and the new matrices cho and S,.o are the results of this premul-
tiplication. Note that 2zg, cho, and b 0 all have row dimensions of n,, the number of elements in . The
bottom rows of this block equation contain information about the measurement residuals. For purposes of
this derivation, only the top rows are necessary to continue the analysis. They comprise the a posteriori
state information equation at k = 0:

Ruz0To = 20 — Szc0Teo — beo (25)
So far, the analysis looks exactly like the measurement update for a square-root information filter, except
that the term (Smomco + 1300) takes the place of the previous zero-mean, identity covariance error term

V,0- A naive approach might continue along these lines, performing dynamic propagation and measurement
update steps that keep track of the sensitivity matrices that multiply the consider state x..

This approach is not sustainable, however. Successive dynamics and measurement equations introduce a
dependence on the consider state vector at times k£ = 1,2, 3, ... without eliminating the dependence on the
consider states at previous times. Neglecting any deterministic biases b.j, the error term would expand so
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that the information equation at time k£ would become

~ o~ ~ ~

Roak®k = 2k — [Spcop Seerp - Seck) : (26)
Lk

The sensitivity matrix blocks §mj7k would be recursively computed at each stage of the analysis.

There are two problems associated with this result. First, the large block sensitivity matrix that multiplies
the augmented vector of consider states keeps growing as k increases. Eventually, this may cause computer
storage problems. This long vector of consider states is unnecessary, because only a subspace of that vector
has any effect on the estimation covariance. The dimension of this subspace is less than or equal to n,, the
dimension of the state . In other words, it is theoretically possible to represent all the parts of the error
term that actually affect uncertainty with a vector that is the same length as xy.

A second difficulty with Eq. (26) is that the consider analysis would require one to compute the covari-
ance of the vector containing x.g, ®cq, ..., Tep. This computation is not easy. The initial covariance of
o is constrained to be the identity matrix, but the covariance of each successive x.; must be found by
propagating the previous covariance through the consider dynamics equation. Additionally, the cross-terms
of the covariance matrix, of the form E[mckxcﬂ, would need to be computed at each step. It is preferable
to represent the error term in the information equation in a way that makes these covariance calculations
trivial.

After recognizing the weaknesses of the preceding naive approach, one might be tempted to try to reduce
the size of the error term by employing the consider dynamics equation, Eq. (16), to write each consider
state x¢j, in terms of the consider state at the initial time, ®.y. This new strategy, however, introduces the
consider process noise wg;, at successive times, so that the information equation at sample time k& would
become
Teq
Weo

~ ~ ~ ]

Rauuk®Tr = 2k — [ch(),k S.'tch,k T S.muck—l,k (27)

Weg—1

This result is superior to Eq. (26) when it comes to covariance calculations: Each of the elements of the
right-most vector has zero mean and identity covariance, and its elements are uncorrelated:

[wCOT wed - 'wc;ffl]TNN(O,I) (28)

In other words, the covariance of the entire vector is the identity matrix. However, this form of the analysis
still has the problem of the growing dimension of its block sensitivity matrix. Furthermore, the calculations
necessary to map the consider state back to sample k = 0 are nontrivial; they take the form

k k-1 /k—j—1
Lek+1 = H (bck:—j Lco + Z ( H (bck—i) Fccju’cj + Fccku}Ck (29)
7=0 j=0 =0

In light of the difficulties associated with these two naive approaches, a transformation has been intro-
duced to achieve two important goals: A minimal-length error effects vector in the information equation and
simple statistical properties of that vector. The operations described are computationally similar to some
of the orthogonal transformations performed in Ref. 11 to reduce the dimensions of some sensitivity matrix
blocks, but with additional statistical benefits in the present formulation.

One version of this transformation applies only at sample k = 0. It starts with the information equation
error term Syo®cq, where oo ~ N (0,I) by construction. Recall that the entire error term can be represented
by a vector with dimension less than or equal to n,, whereas x.q has dimension n,.y, which may already
exceed this minimum necessary length. An orthonormal transformation of the vector x.q is performed to
separate it into two parts: One part, o, that has an effect on the information equation for xo, and one
part, B, that has no effect on the information equation at the current sample time. Conceptually, these
newly-defined “error effects variables” bear some resemblance to those of Refs. 12,17, although the exact
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definitions and implementation details are distinct. The present transformation is accomplished by means
of LQ factorization, which is analogous to QR factorization except that it decomposes a given matrix into
a product of a lower-triangular matrix with possible columns of zeros and an orthonormal matrix. More
information_about the LQ factorization is given in the Appendix. The LQ factorization is applied here to
the matrix Syqo:

§xc0 = [Sa:ao 0] CO (30)

in order to compute the right-hand-side terms as per the Appendix. In this equation, the computed Syq0 is
lower-triangular with at most n, columns. The computed matrix Cy is orthonormal with n,. columns and
rows. The matrix Cy transforms x.q to yield

] e &

Note, if ngeo < ng, then By will be an empty vector because there is no way to produce an o with fewer
elements than (. It is sometimes convenient to define [Loo Lgo] = Cf, so that

w0 =CE 5] = o 3] = e o

As Cy and its inverse Cj are both orthonormal, transformation of . by either of these matrices preserves
its property of identity covariance. This result will be important for calculation of the consider analysis
covariances. One can now use Egs. (30) and (31) to rewrite the state information equation, Eq. (25), so that

§xco is replaced by the potentially lower-dimensional sensitivity matrix S;qa0.
RzszO = 20 - S:ccOch - lA’cO
Z0 — [Sa,aO O] CO:BCO — beo
~ o 7
=2z0—|S 0 —-b
0 [ xal ]|:/30:| cO

= 20 — Sza0o — beo (33)

The final line of Eq. (33) is the generic consider analysis form of the a posteriori SRIF information equation.
It will be used throughout the remaining analysis.

B. Main Algorithm

At this point, it is desirable to shift away from derivations specific to a particular sample so that the full
consider analysis can be developed in a manner analogous to mathematical induction. To that end, assume
that Eq. (33) is available for some generic sample time k:

~ ~

Rzak®r = 2k — Szak0tg — bey (34)

Note that the previously derived Eq. (33) can be recovered by plugging in k& = 0. Assume also that x., is
related to oy, and 3, by some transformation of the form:

Lo = [Lak Lﬁk][g:] = Logoy + LgiBy, (35)

T
where the vector [ag BE] has zero mean and identity covariance. Note, however, that @, is not required to

have identity covariance for k£ > 0, and consequently it is no longer required that [Lor Lgi] be orthonormal.

To complete the consider covariance analysis algorithm, it is necessary to develop dynamic propagation
and measurement update steps that transition these equations from sample k to sample k + 1. Initialization
of the mathematical induction occurs at sample k = 0 because Eqgs. (33) and (32) constitute Egs. (34)
and (35) when k = 0 in the latter equations.
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The development starts by rewriting the dynamics, measurement, and process-noise information equations
in terms of the o, and B, vectors instead of x.j. First, the system dynamics and measurement equations,
Egs. (15a) and (15b), become

Tpy1 = <I>szck + kawk + F;E,;k [Lak Lﬁk] |:gk:| + bwk (36&)
k
Y, = Hypxp, + Hey, [Lak Lgk] [gk:| + by (36D)
k
Next, the consider dynamics of Eq. (16) can be written as

o Xk

Tepi1 = Pek [Lar Lﬁk]|:ﬂk:| + LeckWer = [®ckLar  PexLpr  Teek]| Bi (37)
k
We

Because the consider process noise we;, is independent of the consider state at time k, the augmented
right-most vector in Eq. (37) is zero-mean, identity-covariance, and Gaussian:

ay
B, | ~N(0,D) (38)

Weg
Finally, the process noise information equation, Eq. (17), now takes the form

1873

By

Dynamic propagation proceeds as usual for a square-root information filter, except that in place of the
information equation error vector v, one manipulates the terms involving o, B, and be,. Asin astandard
SRIF, the propagation solves the dynamics equation, Eq. (36a), for x; and substitutes this expression into
information Eq. (34). The result is stacked together with process noise information Eq. (39) to yield:

o) =[]

SwekLak chkLBk |:Oék:|
(Smak - Rmrkq);k}rrckLak) (foxkq);]:FxckLﬁk) ,Bk

R fwwkWi = —Swek [Lak Lﬁk}[ } — byk (39)

Awawk 0

~

~Raak®i Uk Raar®yy

bwk:
. ek 40
[bck - chk(bfklbxk‘| ( )

Propagation is completed by using QR factorization to compute an orthonormal transformation T that
triangularizes the block matrix on the left. This operation yields the relationship

wawk 0

~

7éu}wk szk+1:|
= 41
|: 0 Rx:ck+1 ( )

Thy1

where the square, upper-triangular matrices Rwi and ﬁmkﬂ and the geneLaI matrix ﬁwmkﬂ are also
computed by the factorization. Thus, left matrix multiplication of Eq. (40) by Ty1 yields:

[wak szk+l:||: Wi :| _ |:zwk:| o |:Swo¢k Swﬁk:| |:ak:| o |:l_7wk :| (42)
0 Razk+1 ][ Trt1 Zi+1 Seak  Szpr ] B bek+1

The vectors z,; and Zj41 are the standard SRIF a priori information vectors th:it result from trazlsforming

the first term on the right-hand side of Eq. (40). The sensitivity matrices Swak, Swgk, Seak, and Szgr come

from transformation of the large block matrix on the right-hand side of Eq. (40). The vectors b, and bej41
are biases obtained by transforming the right-most term of Eq. (40).
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In Eq. (42), the upper blocks relating to process noise are required for consider analysis of a smoother for
the given system. Consider analysis of a smoother can be accomplished by extending the present techniques,
as is done in another paper by the authors.2* For the remainder of the filter analysis derived here, only the
lower blocks of Eq. (42) are retained:

Ruwkt1Thi1 = Zhi1 — [5'mk gxﬁk]{gk} — bekt1 (43)
k

This equation is just the consider version of the a priori state information equation at sample k£ + 1. Note
that its error vector is still written in terms of a and 3, rather than o1 and B, 4.
The measurement update step at sample k + 1 closely resembles the procedure of Section A, except that

T
the composite random vector {ag ,@;f wcﬂ appears instead of &y 1. After stacking a priori information

Eq. (43) and the measurement equation, one obtains an analog of Eq. (22):

|:R:c;ck+1:|wk+l _ [Zk+1]

Hyp1 Yi+1
— — a —
_ |: Szak S:rﬂlc 0 :| Bk _ |:bck+1:| (44)
(Hok11®crLak)  (Hop+1®PerLpr) (Hewg1Teck) w F byrt1

ck

The top line of this equation is just Eq. (43). The bottom line is a modified version of measurement Eq. (15b)
at sample k 4 1. In this measurement equation, x.,; is replaced by the expression on the extreme right-
hand side of Eq. (37). As in the k = 0 case, the orthonormal transformation matrix T k+1 is computed via
QR factorization of the block matrix on the left, such that

— ~

~ Rmzk+1 Rm:karl
T = 45
o { Hypia } [ 0 #)

where the additional factorization output ﬁzzk+1 is square and upper triangular. Left matrix multiplication
of Eq. (44) by Ty+1 yields:

|:R:r:vk+1:| Ty = |:2k+1:| _ I:@xak szﬁk *S:chk:| g: _ |:bck+1:| (46)
0 Zrk+1 Srak Srﬁk Srwck brkJrl
Cc

Equation (46) is a transformed version of Eq. (44) in the same way as Eq. (42) is a transformed version of
Eq. (40). Therefore, the various new vectors and matrices on the right-hand side of Eq. (46) are computed
from the corresponding terms in Eq. (44) in a manner analogous to the Eq. (42) derivation. The lower
blocks of Eq. (46) are related to measurement residuals. Neglecting these, the a posteriori state information
equation at sample time k + 1 is given by

ay
Rack+1%h41 = 241 — [Seak  Sepr Sewer]| B | — bek+1 (47)
Wer

Recall that the main algorithm derivation began with Eq. (34), the a posteriori state information equation
at sample k. The current information equation is not yet in the same form, however, because it depends on
the three vectors ay, B, and wej, rather than the single vector ax11. At this point, an LQ factorization

T
can be applied to transform the composite vector [a% ﬁ;f wcﬂ and its coefficient matrix in Eq. (47).

This process will yield the desired a;41 as a component of the transformed vector and S;qr+1 as the only
non-zero block of the transformed matrix, similar to the technique used in Egs. (30)-(33) for sample k = 0.

The recursion process also requires an updated version of Eq. (35) that applies at sample k 4+ 1. This
new equation will express Tcgyq as a linear combination of a1 and a newly-defined B, ;. It will be
derived from the consider state dynamics using the dynamics form in Eq. (37). The derivation also uses an

T
LQ factorization that transforms the vector o} ﬁg wcﬂ . It is convenient to LQ factorize the relevant
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coefficient matrices from Egs. (47) and (37) simultaneously. The required LQ factorization computes another
orthonormal matrix Cy41 such that the following relationship holds:

ga:ozk ga:b’k gwwck:| |:S:Eak:+1 0 0
= C 48
|:(I)ckLak SopLpr  Teck Lok+1 Lgg+1 0O bt (48)

The input to this LQ factorization is the block matrix on the left-hand side of Eq. (48). The upper block

T
row is the coefficient of [a;f B wcﬂ from Eq. (47), and the lower row is the coefficient of the same

vector in Eq. (37). In addition to Cyy1, the square lower-triangular matrices Syai+1 and Lggy1 and the
general matrix Lqyr+1 are outputs of the factorization. The orthonormal matrix Ciyq is used to define a
transformation of variables from the vector at sample k to a different vector that will apply at sample k + 1:

&1 (877
Brti| = Crv1| By (49)
Yi+1 Wey

T
where [ag 41 B 1 TE +1] ~ N (0,1) because the orthonormal transformation preserves the vector’s iden-

tity covariance.
When this transformation is applied to the consider dynamics equation by substituting Egs. (48) and (49)
into Eq. (37), it yields

(893 (8 92
Tepi1 = [PerLok Perlpr Teer)| Br | = [Lok+1 Lprs1 0]Crit| By
Wey Wey,
o
=L L 0] Ny L X+ (50
= |Lak+1  Lgr+1 Bis1| = [Lakt1 Lpkt1] By (50)
V41 *

The final result is a copy of Eq. (35), referenced to sample k + 1 instead of sample k. Likewise, one can
substitute Eqgs. (48) and (49) into Eq. (47) to get

ay
RIGIkJrlwarl = 21€+1 - [S:cak Sxﬁk Szwck} /gk - b6k+1
Wey
(6773
=241 — [Spakt1 0 0]Chi1| By | — bers1
Wep
41 R
=211 — [Seartr 0 0] By | — berta
Yk+1
= Zp+1 — Szak+10%k+1 — bert1 (51)

The final line of Eq. (51) is a copy of Eq. (34), referenced to sample k + 1 rather than sample k. At this
point, the algorithms have come full circle and the dynamic propagation from k + 1 to k£ + 2 can commence.

C. Consider Covariance Calculations

One of the distinguishing features of the SRIF as opposed to the Kalman filter is that the filter does not
compute its own covariance estimate at each step. Whenever the covariance is needed, however, it can be
reconstructed from the square-root information matrices. This paper’s consider covariance analysis operates
in the same way; at any point the analyst may compute both the filter’s presumed error covariance and the
true covariance of the estimation error. More generally, the quantity of interest in a consider analysis will
be the matrix mean square error (MSE), which consists of a covariance plus a rank-one term due to biases.
These calculations can occur at the a prior: or a posteriori stages of the analysis with equal simplicity.
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To compute covariance, one starts with the a priori or a posteriori state information equation, both
repeated here for convenience:

Roak®hk = Zk — [Spak—1  Supr— 1][ak 1] — bey (52a)
IBk 1
Raek®i = 2 — Spar0y — bex (52b)

.o .o . _ 5—1 — ~ S5—1 - .
The filter’s a priori and a posteriori state estimates are & = R, .z and & = R, 2, respectively.
Errors in the filter’s presumed covariances arise from the filter’s incorrect assumption that the errors in the
information equations have zero mean and identity covariance. Under this assumption, one can compute the
filter’s presumed covariances. They are

Proor =E [(@k — @) (Th — wk)T} = R B[Pkl Roi=Ro,.

T

R (53a)

zak ' Vrx

Progr = E[(ik —x) (B — xk) } kaE[Vszzk] mk* Rxxk xa:l;c (53b)

The true matrix MSEs of the filter’s estimates are only slightly more difficult to compute and require no
additional matrix inversions. Starting from Eq. (52a) for the a priori case, the true matrix MSE is given by

Pooi, = E[(fﬁk — k) (T — wk)T]
ﬁ;;kE [([Swak—l gzﬁk—ﬂ{g::] + I_)ck)

T
X ([Szakl Smﬁk1][g:j +bck> ] Ropuk

N ) st 1
“l (S Sl {5 os oL} | R
1

Szﬁk 1
+ Rw_wlkbCkbcka:pk
L i ST
:Rw_zk: [Szakfl Sﬁ”ﬁk 1] Sxak_l Rz$k+RzzkbCkbckRzzk (54)
zfBk—1

Likewise, for the a posteriori case, starting from Eq. (52b),
Pk = E[(ﬁ?k —xy)(&k — wk)T]
~ A T ~ T
Rma:k [(Srakak + b('k)(srozkak + bck) :| ;wk

= R.5SearElagal] STRIE + R

zxk

rxk bCk? b ICRZL’CEk‘

= R SﬁaksxakRzzk + R bCk bckR

zxk

zxk zxk (55)

Thus, the true matrix MSE calculations differ from the filter’s covariance calculations in that they are
weighted by a product of sensitivity matrices and may have an additional bias term. Note that in the
final lines of Eqgs. (54) and (55), the first term is the true estimation error covariance, and the second term
constitutes the bias effect. The sum of these two terms is designated “P,,” even though it is a matrix MSE
rather than a covariance. This non-standard notation emphasizes the fact that the consider quantities P
and P, are most directly comparable to the presumed filter covariances ﬁfmk and Pryp.

V. Examples

To demonstrate the capabilities of the proposed consider analysis and provide a degree of confidence
in the derived algorithms, several concrete examples have been developed. These examples were chosen
because they are sufficiently simple to explain, yet they address some realistic engineering problems. One of
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the biggest practical challenges of this paper’s consider covariance analysis is the process of rewriting each
problem in the defined consider form of Section III. Once the examples are in consider form, the analysis
algorithms of Section IV can be implemented.

The results of the consider analysis for each example are compared to the results of Monte Carlo simula-
tions. These simulations verify that the true matrix MSEs of the incorrectly-modeled filters are indeed those
predicted by the consider covariance analysis. The simulations also prove to be a useful debugging tool for
the code that implements the algorithms.

The remainder of this section is organized as follows: Sections A and B lay out the two examples, one
of mismodeled noise and the other with incorrect system matrices. Each section begins with a scenario
description and then shows step-by-step how to rewrite the given systems in consider form. The Monte
Carlo simulations are explained, and the simulation results are presented and discussed.

A. Example: Incorrectly Modeled Noise
1. Scenario Description and Consider Form Setup

The dynamics and measurement models for the first example are given by
Tht1 1 At||rg 0
= 56
|:'Uk+1:| [0 1 Lo T 2] (56)

yr=[1 1] m + (56b)

The states r, and vg are thought of as position and velocity for some one-dimensional motion, and the
sample interval At is assumed to be 0.5 s. The variables w; and v, are scalar process and measurement
noise, respectively, and yy, is a scalar measurement. The initial state estimate and initial state error covariance

are ,
_ ’]:0 3 ) Jr0 Orv0 10 0
To = = , Prwo=|"" = 57
0 |:1_]0:| |:1] w0 |:O'rv0 012)0 ] |: 0 5 ( )
The filter operates on measurements available once per sample interval At for a total of 50 s (100 discrete-time
samples).
One of the most practical uses for consider covariance analysis is to deal with the situation of incorrect

process and measurement noise covariances. Specifically, in this example the filter process noise covariance
Q1 and measurement noise covariance Ryj, are assumed to be

Qerk=1, Rp=1 (58)
The “truth” process noise covariance ) and measurement noise covariance Ry, are
Qr =0.25, Ry =225 (59)

Note that the “truth” process noise covariance is smaller and the “truth” measurement noise covariance
larger than modeled by the filter.

In this example, the system matrices @, I, and Hy, can be extracted directly from Egs. (56a) and (56b)
for both the filter and the consider form. The initial state square-root information matrix R,zo can be
computed from the initial estimation error covariance P, as in Eq. (14) by using Cholesky factorization
or some other standard matrix square-root routine. The initial information state zy can be obtained by
substituting the values for R,.o and &, into the inverse of Eq. (13). These calculations yield

Rerao = [1/ ﬁ ) /(2/5} .z = {31/ /\/150 (60)

The filter’s process noise information matrix R £,k is the inverse square root of @) ¢1; it can also be computed
by Cholesky factorization, but in this scalar case will just be 1/v/1 = 1. Likewise, the “truth” inverse square
roots for process and measurement noise, which will be needed later, are just Rywr = 1/v/0.25 = 2 and

Rove = 1/v/2.25 = 2/3.
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So far, the quantities defined or computed hold for both the filter’s equations and the system’s consider
form. In order to put each system into consider form, the user must correctly define the matrices I';cx, Pe,
Teck, Swek, Hep, and Spe, which appear in Egs. (15)-(18). One must also compute any deterministic biases,
but for this example there are none. Typically, the design of the matrices is not unique, as it depends on
the particular choice and ordering of elements of the consider state vector .

A rough procedure for transforming a given system to consider form is as follows: First, one defines
Zcp, so that it contains as elements all the sources of random uncertainty or modeling error in the system,
either directly or as some transformed version. Particular care must be taken in defining the initial x.q in
a way that also includes initial estimation uncertainty. In addition, it must have zero mean and identity
covariance. Next, one writes the equations that describe the dynamics and statistics of the uncertainty
components contained in x.;. This step typically involves designing the matrices ®.; and T, as well as
precomputing any deterministic bias disturbances. Third, one specifies how the uncertainty enters the system
dynamics and measurements by creating the matrices I',.r and H.;. Finally, one writes expressions for the
sensitivity matrices Syer and Syeo that determine how the consider state vector ., influences the filter’s
process noise equation and its initial state information equation. Although all of these steps are necessary
to define a consider system, it may not always be convenient to perform them in this order. Trial and error
may help to determine the most useful of the system description alternatives.

All of the errors in this example are related to noise statistics, and the only additional uncertainty that
must be captured by the consider vector x.; is the correctly-modeled uncertainty in the initial estimate.
One suitable definition is

Vo
waowo k=0
Lep = RVI/OI/O (61)
{wk} k>0
Vi

where the premultiplication at time k£ = 0 by the various square-root information matrices constrains &g to
have identity covariance.

Based on this definition, the consider dynamics equation can be constructed. The first component of
T is related to uncertainty in the initial estimate; it does not enter the system directly at any later times
and thus has no dynamic behavior to describe. The process and measurement noise elements, wy and vy,
are zero-mean white stochastic random variables. They do not have any true dynamics because samples at
different times are uncorrelated. Thus, @i is an appropriately-dimensioned matrix of zeros for all samples
k. Note that ®.y will have fewer rows than columns in order to omit the component of x.q related to initial
estimate uncertainty from all later x.;, consider states. Even though the dynamics of w; and v are trivial,
the consider dynamics equation is used to describe their “truth” statistical behavior by means of the I..p
matrix, which applies both at £ = 0 and later sample times:

-1
0 0.5 0
Do = | Jwwk+l ] — { ] (62)

0 R i 0 15

No unestimated disturbances enter the state dynamics equation, so I..x is a matrix of zeros. In the
measurement equation, the matrix H.; is a block matrix which extracts the measurement noise component
of ey,

vv0
Hy = (63)
0 1] k>0

0 0 R,Ll=[0 0 15 k=0

The first component of x.;, (or the second component when k = 0) is the “truth” system process noise.
The consider analysis knows how the “truth” process noise enters the filter’s process noise information
equation, Eq. (17). It designs Syer to yield the “truth” process noise covariance, taking into account the
consider dynamics model:

[0 — (RrwwoRpwo) 0] =[0 —05 0] k=0
chk = (64)
[*wawk 0] = [*1 O] k>0
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Finally, the sensitivity matrix S,.o effectively contains the information about the way in which the “truth”
initial estimation error covariance differs from what the filter assumes. In this example, of course, there is
no difference.

chO = [(ﬁfszQ;le) 0 0] = |:

1 00 o} (65)

01 00

2. Monte Carlo Sitmulations

At this point, all the consider form matrices have been defined, and the algorithms of Section IV can be
applied to compute both filter and true covariances analytically. True covariance can also be estimated
numerically by means of Monte Carlo simulations. This technique computes sample mean and covariance
from a large number of simulated estimation errors, which can be thought of as samples of a random process.
As the number of trials increases, the estimated covariance approaches the true covariance. This paper’s
examples each use 5000 trials in their Monte Carlo simulations.

To implement the simulations, a “truth” model is created for the scenario based on the defined system
matrices and “truth” noise covariances. The “truth” model takes as inputs the initial state and histories
of measurement and process noise, which are constrained to have the statistical properties specified in
the example. It outputs a history of the state vector and a series of noisy measurements. None of the
“truth” model calculations use the special consider model form developed in the previous subsection. These
“truth” measurements are fed into the incorrectly-modeled filter, which outputs histories of state estimates.
By differencing the “truth” model’s states and the filter’s state estimates, a history of estimation error is
generated.

This entire procedure is repeated many times, each with different samples from the same “truth” distri-
butions of the initial state, process noise, and measurement noise. The result is a large number of estimation
error histories, each of which is an independent instance of the same random process. Sample means, covari-
ances, and standard deviations are computed at each time step, and compared with the analytical results
from a single run of the consider analysis.

The Monte-Carlo covariance matrices agree closely with the covariances computed by the consider an-
alysis. This result holds for the elements corresponding to both the position and velocity states, as well
as the cross-covariances of position and velocity. Additionally, 99% confidence bounds on the estimated
covariances have been computed, and it has been verified that the differences between the Monte Carlo and
consider analysis covariances generally fall well within the expected bounds.

To illustrate, Fig. 1 plots three related quantities: The standard deviations of error in the a posteriori
position estimates as computed by the incorrect filter, by the consider analysis, and by the Monte Carlo
simulations. In this figure, the circles representing the Monte Carlo estimates of standard deviations clearly
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Figure 1. Standard deviations of a posteriori position error for incorrect noise example.
follow the solid line of the analytical consider standard deviations. Both are greater than the filter’s computed

standard deviations by an approximately-constant offset after the filter reaches a steady state. This offset
represents the additional error one could expect in the estimates produced by a filter that used incorrect
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noise covariances as described. Note that the Monte Carlo 99% confidence bounds are not shown on the plot
because they tend to add clutter.

Although filter modeling errors in general are likely to increase the estimation error standard deviations
as shown in Fig. 1, this is not always the case. In some scenarios, the true covariance could actually be lower
than the filter’s computed covariance. This is in fact the case for the standard deviations associated with
the a priori velocity estimates for this example. The reason for this is simple: the “truth” process noise
intensity is lower than that assumed by the filter, so immediately after a dynamic propagation step the true
estimation error standard deviations are lower than those predicted by the filter. After each measurement
update, however, the higher-than-modeled measurement noise intensity reverses the situation so that the
true a posteriori standard deviations are higher than those of the filter. Even though the filter would have a
lower a priori velocity estimation error than predicted, its estimates would be computed based on suboptimal
filter gains. In other words, the true error would be lower than the filter predicts but not as low as it could
be with an optimal filter.

It is also important to note that while Monte Carlo simulations can yield the same covariance results
as the consider analysis and are conceptually simpler to program, they incur a far greater computational
burden. Each Monte Carlo trial must re-run the entire “truth” model and filter, and a large number of trials
may be required for sufficient accuracy. In contrast, the consider analysis runs just once, with only moderate
computational increase beyond that of a single filter run. The consider analysis also has no need to compute
the specific estimates associated with a particular measurement history realization, and so does not require
a “truth”’-model run to produce measurements.

B. Example: Incorrect System Matrices
1. Scenario Description and Consider Form Setup

The filter used in the second example is identical to that of the first example. As before, the dynamics and
measurement models are given by Eqs. (56a) and (56b), with the same position and velocity states ry and
vk, and time step At = 0.5 s. The initial estimate and covariance of Eq. (57) are also used, and the nominal
process and measurement noise covariances are those of Eq. (58). From these equations, the filter matrices
D, Trr, Hyp, 7_€fmo, and Ryywi can be extracted.

In contrast to the previous example, the “truth” process and measurement noise covariances are both
identical to those of the filter, such that @, = Q¢ and R, = Ry,. Once again, the filter’s initial covariance
?facm() is assumed to be correct.

The “truth” model system equations, however, have slightly different matrices than those assumed by
the filter, such that ®, # ®si, Iy # I'sx, and Hy # Hpp,. The “truth” dynamics and measurement models

are given by
re+1| _ [0.95 1.O01AE| 7y 0.1 66
|:’Uk+1:| |: 0 1 VEk + 0.9 Wk ( a)

ye = [0.95 1.05] E’j + v (66b)

The generalized consider system defined by Eqgs. (15a) and (15b) writes the “truth” system dynamics as

a perturbed version of the filter’s dynamics equation, and writes the “truth” system measurement model as

a perturbed version of the filter’s measurement model. To carry out this procedure for the current example,

one need only see what terms must be added to the filter system equations in order to make them equal the
“truth” system equations. Specifically,

xpi1 = Pprxy + Dppwy + (P — Pypr) g + (T — Dpi) wie (67a)

Y = kaa:k + v + (Hk — ka) Ty (67b)

The perturbation to the filter’s dynamics must next be written as a sum of a zero-mean stochastic
part, Iyex®er, and a deterministic time-varying bias part b,,. Likewise, the perturbation to the filter’s
measurement equation must be decomposed into a zero-mean stochastic part, H.x®c), and a deterministic
time-varying bias part byy.
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A significant difficulty for the current example arises because both perturbations depend on x;. This
state vector is driven by the stochastic noise wy, but has a time-varying, deterministic, non-zero mean due
to non-zero &y. The effect of the non-zero mean can be resolved by recognizing that x; can be written as

T = T, + Tpk (68)

where @ is the zero-mean, stochastic part of x; driven by wy, and xy; is the deterministic part of @;. The
component xpi, can be pre-computed for any sample k by propagating the filter’s initial estimate (which can
be thought of as xyg = Tg) through the “truth” dynamics equation while setting the process noise to zero.
In other words,

Tpp, = P 1 P2+ - - Pozyo (69)

The stochastic component &y, on the other hand, is initially drawn from a zero-mean distribution with
covariance specified by P,.o. It has dynamics modeled by the system’s “truth” dynamics equation:

Tir1 = Prxy + Lhwyg (70)

It is now possible to write the perturbation to the filter’s dynamics as a random part, (®y — ®si) & +
(Tx, — T'sx) wy, and a deterministic part, (P — @ sx) xpx. The corresponding random part of the measurement
model’s perturbation is (Hy — Hyy) &, and its deterministic part is (Hy — Hyi) Tpk.

The consider vector x.;, must capture the dynamical and statistical behavior of the random parts of the
system. In this example, those random parts include process noise, measurement noise, initial uncertainty,
and a copy of the random part of xj itself. A suitable choice for the consider vector is therefore:

RzinO
waOwO k=0
L RVVO 120}
LT = _ (71)
Tk
Wi k>0
Vi

As before, the consider vector at sample k& = 0 is defined such that it has identity covariance. In contrast to
the preceding example, the consider state at sample k£ = 0 has no more elements than the consider states at
all samples k£ > 0. With this definition of .}, one can write the matrices for the consider dynamics equation
for k > 0:

0.95 1.01At 0.1 0
®, T
o — | k0 lo 1 09 0
S 0 0 0 0
0 0 00
_ 00
P 0 1=1y (72b)
0 R}
vvk+1 0 1

Note how the consider dynamics matrices model the dynamic behavior of @y, the statistical relationship
between ), and wyg, and the covariances of wy and vg. This definition of the consider vector allows the
consider dynamics equation to model the “truth” system dynamics, which the filter cannot do with its
incorrect system matrices ® ¢, and I'y;. At k =0, the I, matrix is unchanged, but ®.; becomes

SR TyR-L. 0 0.95v/10 1.01v/5At 0.1 0

zx0 ww0
B — 0 0 ol = 0 V5 09 0 (73)
0 0 0 0 0 0 0
0 0 0 0

in order to transition from the original identity-covariance consider state vector at k = 0 to its new, non-
identity-covariance form for k > 0.
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In contrast to the previous example, I';.; is not a matrix of zeros, and b, is not a vector of zeros. The
matrix [k, in combination with the defined x.;,, specifies the random part of the perturbation to the filter’s
dynamics equation. This matrix is given by

—0.05 0.01A¢t 0.1 0
Teck = - - = 74
k= [(®r—®p) (Tw—Tp) 0 { 0 0 —01 0] (74)
for £ > 0 and by
S_ _ —0.05v/10 0.01v/5At 0.1 0
Toco = [(®0 — ®70) Ry (To = Tro) Rypuo 0] = _ (75)
0 0 0.1 0
for the special case of k = 0.
The deterministic disturbance b, can be computed in advance by employing the formula
bor = (Pr — Psi) Tor = (P — Ppr) Pr—1Pr—2 - - Doy (76)

where @ is the initial estimate [3 1]
Just as I’y models the sensitivity of the filter’s dynamics equation to x.j, the consider measurement
sensitivity matrix H.;, models the way in which x.; perturbs the filter’s measurements. Additionally, it must

include the effects of the correctly-modeled measurement noise v,. This matrix is given by

[(Ho— Hpo) Ry 0 Rk =[-0.05v/10 0.05v/5 0 1] k=0
Hy, = (77)

[(Hx — Hp) 0 1] =[-0.05 0.05 0 1] k>0

The effect of the deterministic part of x; on the measurements is the consider measurement bias by,
which is just
by = (Hy — Hyy) xor = (Hi — Hpg) Pi—1Pr—a - - Do (78)

The matrix S, selects the components of @, related to process noise. Because the “truth” and modeled
process noise are identical in this example, it is relatively simple:
[0 — (RfwwoRpwo) 0]=1[0 0 -1 0] k=0
chk = (79)
[0 —Rfwwr 0]=[0 0 -1 0] k>0

Finally, the matrix S,.o specifies that the initial estimation error covariance is correct.

1000}

Szeo = [-1 0 o]:{‘o 10 0 (80)

Likewise, the initial estimation error has a mean of zero, so the bias by is zero. At this point, the system
has been written in consider form, and the analysis algorithms can proceed in a standard fashion.

2. Monte Carlo Simulations

Once again, all elements of the Monte Carlo matrix MSEs agree closely with the analytical matrix MSEs found
by the consider analysis, and they fall within the computed confidence bounds. Figure 2, the Example 2
equivalent of Fig. 1, shows the root mean square (RMS) estimation errors for the a posteriori position
estimates. The close agreement between the solid curve and the circles in Fig. 2 shows the correctness of the
consider analysis.

Because this example includes biases, i.e. by and by, the matrix MSE is the consider analysis quantity
of interest. True error covariances could be computed, but they are less interesting than the matrix MSE
because they only constitute a portion of the total error.

In the incorrect noise example of Fig. 1, the estimation error standard deviations leveled off to a constant
value after some transient behavior. For this example, in contrast, the true RMS errors diverge steadily from
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Figure 2. RMS a posteriori position errors for incorrect system matrices example.

those reported by the filter. Because the filter is not modeling the correct system dynamics or measurements,
it is unable to maintain trustworthy state estimates.

This second example examined filter performance for a particular set of incorrect system matrices. Given
the possibility of uncertainty in the “truth” system matrices, a more valuable analysis might compute
the distribution of RMS estimation errors resulting from a chosen statistical distribution of system matrix
errors. Such results can be obtained by wrapping an outer Monte Carlo analysis around a consider covariance
analysis. Many different particular “truth” models would be generated for the given filter, and a consider
analysis of each case would produce the corresponding RMS estimation error history. The result would
be a Monte Carlo distribution of RMS estimation error histories. This distribution would characterize the
performance range of a given filter design. Significant computational savings can be realized from this
analysis approach. The consider covariance analysis that computes the true matrix MSE for each “truth”/
filter combination replaces a burdensome inner Monte Carlo analysis. Computational efficiency is thus
increased by two or three orders of magnitude. Additional savings are possible by optimizing the consider
analysis algorithms for this application. Many of the calculations are specific to the filter being analyzed
and are independent of the “truth” model. By performing such calculations only once rather than repeating
them for each Monte Carlo “truth” model trial, approximately 25% of the remaining computational burden
can be eliminated.

Note how this example and the preceding example are both linear, consistent with all of this paper’s
consider derivations. It should be possible, however, to extend these techniques to some nonlinear systems,
similar to what is done in Ref. 25. The obvious extension would use linearizations of the system dynamics
and measurement models. As in the case of an Extended Kalman Filter, such an approach should succeed
if neglected higher-order terms are sufficiently small.

VI. Conclusions

This paper presents a new form of consider covariance analysis that can be applied to square-root infor-
mation filters with many different forms of filter modeling errors. The analysis computes the true estimation
error covariance or the true matrix mean square error, whichever is most relevant. It is suitable for studying
filter design choices, for analyzing potential filter performance, or for calculating the uncertainty of previ-
ously computed estimates after a filter model error has been discovered. The new consider analysis begins
by casting each problem into a predefined general form. This problem form makes it possible for the key
algorithms to operate on a wide class of systems without customization.

Two specific examples demonstrate the power of the new method: One with incorrectly modeled noise
and the other with erroneous system matrices. For these cases, Monte Carlo simulations provide independent
verification of the consider analysis equations. Comparison of the resulting true and mismodeled root mean
square estimation errors illustrates several of the types of degraded filter behavior that can be studied in
this manner.
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Appendix: QR and LQ Factorization Calculations

One well-known technique for matrix calculations is QR factorization, which decomposes any given matrix
into a product of an orthonormal matrix “@Q” on the left and an upper triangular matrix “R” on the right.
Both orthonormal and triangular matrices have convenient theoretical and computational properties. Among
other applications, QR factorization is a central feature of the standard SRIF algorithms.

The LQ factorization is also exploited in this paper’s consider covariance analysis. It decomposes a given
matrix into a lower triangular matrix “L” on the left and an orthonormal matrix “Q” on the right.

The computational routines necessary to perform QR factorization are available in many software pack-
ages including MATLAB; they will not be discussed here. The less-common LQ factorization can be obtained
from a QR-factorization routine by implementing the following pseudocode, written with MATLAB-style
syntax:

function|[L,Q] = 1q(A4)

[ij:?'] =qr (AT)
Q=Q"
L=R"

end function

This algorithm yields a lower-triangular matrix L and an orthonormal matrix @) such that LQ = A for any
square or rectangular matrix A. Of course, this pseudocode assumes that the statement [Q), R] = qr(A)
produces an orthonormal matrix @ and an upper-triangular matrix R such that QR = A. The function “qr”
is standard in MATLAB.
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