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ABSTRACT

This paper extends in two directions the results of prior work on generalized linear covariance analysis of
both batch least-squares and sequential estimators. The first is an improved treatment of process noise in the
batch, or epoch state, estimator with an epoch time that may be later than some or all of the measurements
in the batch. The second is to account for process noise in specifying the gains in the epoch state estimator.

We establish the conditions under which the latter estimator is equivalent to the Kalman filter.

INTRODUCTION

Reference 1 gave an overview of a comprehensive approach to linear covariance analysis, closely follow-
ing the approach of Refs. 2 and 3, and including references to earlier studies of this subject. The models
presented include both batch least-squares methods, which originated with Gauss,* and sequential estima-
tors, which were pioneered by Kalman.> Both batch least-squares estimation and Kalman filtering methods
produce the covariance matrix encapsulating both the expected errors of the estimated parameters and the
correlations among them. The number of parameters describing a dynamical system can be quite large,
and it is often impractical to solve for all of them, especially in real-time applications. “Consider covari-
ance analysis,” the subject of Refs. 1-3, treats estimators that solve for only a subset of the parameters,
but considers the effect on the covariance of the parameters that are not solved for. Our approach differs
from the Schmidt Kalman filter,® which takes the consider parameters into account in computing the up-
date gains, but updates neither their values nor their covariances. Our consider parameters, in contrast, are
completely ignored by the estimation algorithm. Their effect on the accuracy of the estimates obtained is
considered in the covariance analysis, though, accounting for their name. This treatment is very similar to
that described in Bierman’ and in Tapley, et al.> The method described here follows Refs. 1 — 3 and differs

from many other treatments in explicitly partitioning the errors into subspaces containing only the influence
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of the measurement noise, process noise, and a priori solve-for and consider covariances. McReynolds’
has also implemented such a partitioning in both batch and sequential filter/smoother error budget analysis.
Explicitly exhibiting the a priori component of the covariance is useful for observability analysis because a
priori information about states that are observable is “forgotten” as more data are processed.'”

The treatment of the batch estimation in Refs. 1-3 assumed that the estimator did not account for process
noise in computing the update gains, as is customary in batch least-squares estimation. The estimators
considered in this paper, which we call epoch-state estimators to distinguish them from the usual batch
estimators, take process noise into consideration. We show that the usual batch estimator is recovered when
process noise is ignored by the estimator. Process noise may or may not be included in the estimation
process, but it is always accounted for in the linear covariance analysis, as in Refs. 1 — 3, because it can
contribute to estimation errors whether the estimator knows about it or not.

We define the epoch time to be the time at which the a priori information is specified and at which the state
update is performed. The analysis of the batch estimator in Refs. 2 and 3 implicitly assumed that the epoch
time is prior to all of the measurements, which is the usual case, and which the term a priori implies. In this
case the a priori errors at the update time are uncorrelated with the process noise during the measurement
span. It is sometimes convenient to allow the epoch time to be later than some or all of the measurements,
though, and Ref. 1 considered this case. It continued to assume zero correlations between the a priori errors
and the process noise, however. It may be more reasonable to assume that the a priori errors include the
process noise accumulated between the beginning of the observation span and the epoch time, if the latter is
later than some or all of the measurements. This modifies the manner in which process noise appears in the
covariance analysis of the epoch-state estimator, and is the principal subject of this paper.

To make this paper self-contained and to establish notation, the first several sections of this paper contain
a review of the material in Ref. 1. We have, however, attempted to eliminate unnecessary duplication with
the earlier paper. We first consider the linear state dynamics models, and the partitioning of state errors into
those arising from a priori errors, from measurement errors, and from process noise. The dynamics does not
distinguish between solve-for and consider parameters, so this distinction is not made until we turn to the
processing of measurement information. The measurement update equations involve the projection matrix
onto the solve-for subspace, because the update does not affect the consider parameters. We then compute
the contributions from a priori errors, measurement errors, and process noise to the covariance matrix of

the full state. The measurement errors are uncorrelated with both the a priori errors and the process noise,



so the contribution of the measurement errors to the covariance can be defined unambiguously. However,
we now account for correlations between the a priori errors and the process noise, and we include these
correlations in the process noise part of the covariance.

We next discuss the selection of the update gains to minimize the covariance of the estimation errors at
the epoch time, taking into account a model of the process noise in the gain specification. We show that
our results recover the usual batch least-squares filter when the process noise is zero. If process noise is
not neglected, the epoch-state estimators fall into three classes: 1) when no measurements follow the epoch
time, the estimator can be operated sequentially, but the covariance analysis of Refs. 1-3 must be modified;
2) when no measurements precede the epoch time, the covariance analysis of Refs. 1-3 is valid, but the
estimator cannot be operated sequentially; 3) when some measurements precede and some follow the epoch
time, sequential operation of the estimator is precluded, and the covariance analysis of Refs. 1-3 must be
modified.

The sequential formulation of this epoch-state estimator has been applied to an analysis of satellite close
approaches.!! For this application, two filters are run concurrently, one constrained by the condition that the
distance of closest approach is greater than some effective hard body radius, and the other constrained so
that the closest approach distance is less than the hard body radius. The constraint is implemented using the
technique of Zanetti, et al.'> An epoch state filter with epoch time in the future is required because the time
of closest approach, where the constrained update is enforced, is in the future of all the measurements.

We close the paper by showing that the sequential epoch-state estimator is equivalent to the Kalman filter.?

and by presenting a summary and our conclusions.

MODELING APPROACH
General Dynamics Model

The state vector x is an n-dimensional vector of parameters that completely characterizes a system, in-
cluding both time-dependent and constant parameters. By assumption, the state vector evolves according

to
d

3 X)) = £(x(t), 1) + w(?) ()

where the dynamic noise w(t) is a Gaussian white noise process with mean and covariance given by

E[w(t)] =0, and E[w(t)w(r)"]=Q(t)d(t - 7), 2)



with E[...] denoting the expectation operator and 0,, denoting an n-dimensional vector of zeros. In the

covariance equation, () is the n x n dynamic noise spectral density matrix and §(¢ — 7) denotes the Dirac

delta, or unit impulse, function.
The true value of the state vector is never exactly known, but can only be estimated. The state estimate

3)

vector, X, evolves according to

4

The state error vector, given by

is assumed to always remain small. Then first-order linear error analysis techniques, as commonly found in

®)

an extended Kalman filter, give
d

where
oA(x().0)| ©

Formal integration of equation (5) gives

e(t) = o(t,t)e(t') + wq(t,t) @)

where e(t') the error vector at time ¢/, the state transition matrix, ®(¢,t'), is the solution of
d !/ /
D(t, 1) = A()®(t,¥) ®)

dt

©)

with the initial condition
®(t',t') = I,, = the n x n identity matrix,

and the random excitation vector, w,(¢,t’), is given by the formal integral
(10)

Wd(t,t/):/t, O(t, 7)w(7r)dT.

We will never need to evaluate this mathematically ill-defined integral, but we use it to formally compute
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covariances, which are the well-defined quantities of interest.

The state vector error at time ¢ can be written as the sum of three contributions: the error e,(t), due to an
a priori error at an epoch time ¢, the error e, (¢) due to noise in the measurements used for the estimation,

and the error e,,(t) due to dynamic noise.

e(t) = eq(t) +ey(t) + eu(t). (11)

Equation (7) can be used to propagate the components of the state error vector from the epoch time ¢, to

some other time ¢:

e,(t) = D(t, ti)eq(ts), (12a)
ey(t) = (L, ti)ey(ts), (12b)
ey(t) = ®(t,ts)ew(ts) + wal(t, ty). (12¢)

General Estimation Model

It is usually not necessary to produce estimates of all of the state parameters, but only of a subset of
ns solve-for parameters. The remaining n. = n — ng parameters are called consider parameters because
they are not estimated but contain uncertainties that must be considered in the error analysis. The solve-for

parameter vector s(¢) and the consider parameter vector c(t) are given by
s(t) = S(t)x(t) and c(t) = C(t)x(t) (13)

where the ns x n matrix S(¢) and the n. x n matrix C'(¢) are such that the matrix

S
M = (14)
C

is non-singular®. The inverse of M is partitioned into an n X ng matrix .S and an n X n. matrix C":

M= [S, é] . (15)

“Here and subsequently we suppress the time arguments where there is no ambiguity so as to simplify the notation.



The properties of the matrix inverse then lead immediately to the identities

SS=1,, CC=1I,, SC=0nxn, CS=0,xn., (16)

and

SS+CC = 1I,. (17)

In the usual case that the elements of the solve-for and consider vectors are merely selected and possibly
permuted components of the state vector, the matrix M is an orthogonal permutation matrix. In this case,
and in any case for which M is orthogonal, the matrices S and C are just the transposes of S and C,
respectively, which makes inversion of M unnecessary and simplifies many of the following equations.

It follows from equations (13) and (17) that

x(t) = S(t)s(t) + C(t)c(t). (18)

We also have an estimated value §(¢) of the solve-for vector and an assumed value ¢(¢) of consider vector.
Both are propagated by the dynamics, but only the solve-for vector is updated by the estimator. Relations
similar to equation (13) give the estimated solve-for vector and the assumed consider vector the in terms of
the estimate of the full state x(¢). Thus, the error vector can also be expressed in terms of its solve-for and

consider components as

es(t) =s(t) —s(t) = S(t)e(t) (19a)

ec(t) = c(t) — &(t) = C(t)e(t) (19b)
and

e(t) = S(t)es(t) + Clt)ec(t). (20)

The subscripts s and c are independent of the subscripts a, v, and w in the previous section. Both the solve-
for errors and the consider errors have contributions arising from the a priori estimate, the measurement
noise, and the process noise. We will avoid double subscripts, however.

An estimator produces its state estimates based on an a priori estimate at an epoch time ¢, and infor-

mation obtained from measurements obtained at discrete times t;. Let y; be an m;-dimensional vector of



measurement values obtained at times ¢;. Measurements are related to the state vector by the following
measurement model:

yi = hi(xi,t;) + vi, (1)

where v; is a Gaussian white noise process with mean and covariance given by
E[vi] =0, E[vivi]=R;, and E[v;v]] =0, fori# j. (22)

The functions h; are assumed to be known functions of imprecisely known arguments. Therefore, it is

possible to compute predicted measurements from
yi =hi(x; 1) (23)

where x; is the state estimate before incorporating the measurement information. Conversely, &j denotes
the state estimate at time ¢; including the measurement information.” A Taylor series expansion gives the

difference between the observed and computed measurements, or “o-minus-c,” to first order in e, as

r, =y;—y;, = He; +v; (24)

7

where the measurement sensitivity matrix H; is given by

~ Ohy(xy,t;)

H; .
! Oxi o=

(25)

This linearization is familiar from the extended Kalman filter. The o-minus-c before the update, r;, is
commonly referred to as the “innovation,” and the o-minus-c after the update as the “residual,” though this

terminology is by no means universal.

TWe use this notation in the sequel to denote a priori and a posteriori values of various quantities.



Epoch State Estimator

An epoch-state estimator produces an estimate by performing a single update at the epoch time ¢, based

on a single batch measurement y that combines the /N measurements y; made at various times. Thus,

Y1 yi ry
YN YN ry
The update is given by:
N
ST =8, +Kr=8§ +) K, (27)
i=1

where S is the a priori estimate of s(¢,) and K is a gain matrix consisting of a “row” of gain matrices for

each measurement, K;. Substituting equations (24) and (7), with ¢t = ¢; and t' = t., into equation (26) gives

r:ﬁe;+ud—|—v 28)
where
Hy Hi®(ty,t) ug; Hywg(ti,ts) Vi
H=| : | = : ,oug=| | = : ,ov=| 1|, (29)
Hy . Hy®(tn, ts) ugN Hywq(tn, ts) VN

The state estimates must be propagated from the epoch time ¢, to the measurement times ¢; in order to
compute the measurement sensitivity matrices H; by equation (25), and these are propagated back to the

epoch time to obtain the matrices H; ..

Since the estimation process does not alter the consider parameters, the estimation error after an update

is related to its value before the update by

N
el =e, + S, (ej* - es_*) =e, — S, ZKZ (Hi,*e*_ +v; + udi) , 30)
i=1

where S, = S (t«). Now equation (11) is used to partition the state error into a priori, measurement, and



process noise components:

N
ectk = (In - g* Z Ksz,*> e, (31a)

=1
N
ef =—5. K (31b)
=1
N
ehe = =5 Ky (3lc)
=1

COVARIANCE ANALYSIS

The function of an estimator is to produce an estimate §] given measurements y;. Error analysis, however,
does not actually compute an estimate, but determines how good an estimate would be produced in a given

situation. The covariance matrix of the estimation error, defined, assuming E [e] = 0, by
P(t.) = Ele(t:)e(ts)"], (32)

provides a statistical measure of the quality of an estimate at the epoch time ¢, of a given scenario!. The a
priori covariance is simply

P, =E|e;(e;)"] (33)

PP =El[el(e)"] =E[(ef. + e, +ep.) (e +ey, +ey,)"] (34)

This computation is complicated by correlations between e/, and e;f,. To see how these arise, consider a
time tg (not the epoch time) prior to the epoch time ¢, and to all of the measurement times ¢;. Equation (7)

relates the a priori error at the epoch time ¢, to the error at ¢y by

e*_ = q)(t*at())ea +Wd(t*7t0)' (35)

Reference 1 assumed that e is not correlated with e}

w«> DUt it is more natural to assume that e, is not

correlated with e

x> With the result that the second term on the right side of equation (35) will give rise

Ht should be kept in mind that if systematic errors cause E [e] # 0, then P(t.) will describe the mean square error matrix,
rather than the covariance.



to correlations between e, and e, unless the epoch time is earlier than all the measurement times.5 This
is where the “arrow of time” enters the picture. The a priori error e,  depends on the process noise in the
past of ¢, but not on process noise in the future. We will see that the correlations introduced only involve
integrals of the process noise power spectral density over the overlaps of the interval between ¢, and ¢o and

the intervals between t, and ¢;, so the time ¢y will not appear in our final equations.

The covariance matrix can be written as the sum of a priori, measurement noise, and dynamic noise

contributions. We include the correlation between e, and e}, in the process noise part, giving

Pt =Pl + P} +Pf,, where (36a)
P}, =E[eg.(e].)], (36b)
P, =Ele;(e)"], (36¢)
P, =E[eg.(ey.)7] +E[eg.(e5.)"] +E [eg.(e.)"]. (36d)

The a priori error is uncorrelated with the measurement errors because the a priori estimate is assumed to

contain no information from the measurements, even from those collected prior to the epoch time.

Substituting equation (31) into equation (36) now givesY

T

N N
Ph=I,- 8> KH.|P (I,- 5> KH., (37a)
N ) ~
P =S, <Z KZRZ«K;P> ST, (37b)
=1
N N N B
PH =5, Z KE [uguj] KFST - S, Z KE [ugw?(t,,to)] | I, — S, Z K H;,
ij=1 =1 Jj=1
~ N N
- (In - S, ZKZH,> > E [walte, to)uf;] KT ST
i=1 j

=1
_ N ~ ~ N N
=5 KT4KFST = 8. KE[ugwj (e, to)] — Y E [wa(ts, to)uf] KFST,  (37c)
i,j=1 i=1 Jj=1

$Correlations between e, and e, are absent in Refs. 2 and 3 because these references implicitly assumed the epoch time to be
prior to all the measurement times.

TWe use the notation ZLJ() =3, 27()
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where

Iy =E [udiu;lrj] + E [ugiwy (s, to)] Hi, + Hi «E [wa(ts, to)ude] ) (38)
We define the process noise covariance integrals

t;
Q*(ti,tj):/t D (ty, T)Q(T)PT (ts, T)dT, (39a)

J

Qsj = Qu(ts, t5), (39b)

the second of which, Q. ;, is the usual equivalent discrete-time process noise covariance for the transition
from time ¢; to .. In evaluating these and many subsequent integrals of process noise, care must be taken
to observe sign changes from reversing the direction of the integration, especially of integrals involving the
Dirac delta function. In particular, we note that Q. (¢;,¢;) is positive definite if ¢; > ¢; and negative definite
if t; < t;, assuming that the power spectral density Q(7) is positive definite. Using these definitions and the

relation ®(t;, 7) = D(t;, t.)P(ts, 7), we have

E [ugug] = HE [wq(ti, t.)wy (5, t.)] H
= H; / / (ti, T)Q(T)d(T — 7 )®* (t;, 7")drd7" HY
te Jt.

_Hi,* Q*,min(i,j) H;;* t* < ti, t* < t]

= HZ*Q*maxz]) HT t; <t*,t]’ < by, (40)

0 otherwise.

We also have

E [udiwg (t*, to)] = H E [Wd tz, t )Wd (t*, t())]
t* t*
=—H;. / / (te, T)Q(T)0(T — ") DT (t4, 7")drd7’
to t;

= (41)

_Hi,* Q*,i ti < t*-

This expectation is simpler than E {udiudﬂ because ¢t is less than ¢, and ¢; by assumption. We can combine

11



these to compute I';;:

_Hi,*Q*,min(i,j)H]"I,‘* fort, <t;, ti < L,
Hi,* (Q*,max(i,j) - Q*,i - Q*,j) HJ’I:* = - i,*Q*,min(i,j)H]"I;* for t; < t, tj <y,
I = (42)
—Hi,*Q*,jH;:* = _Hi,*Q*,min(i,j)H;:* for t; > ti, t; < ts,
_ i,*Q*yiHE* = _Hi,*Q*,min(i,j)H;'l:* for t; < t,, tj > ty.

Remarkably, I';; takes the same form for any ordering of ¢;, t;, and ¢,. Putting this together gives

N ks
Plo==8 KiH.Quuui)HLEKTST+> (S*KiHi,*Q*,i - Q*,iHE,*K?SE) , (43)
i,j=1 i=1

where k., is the index of the latest measurement time earlier than ¢, i.e. t, < t. < tj, 1. If t, <min(t;, tj),

then Q. min(i,j) 1s negative. The process noise component of the net covariance is always positive, however,
because of the process noise component in P,!, implied by equation (35). Equation (43) reduces to the form
in Refs. 1-3 when ¢, < ¢;; the second sum is identically zero, and all of the @, 1in(;,j) terms in the first sum

give positive contributions to Py, .

The state estimation errors propagate to any other time according to equation (12). Therefore, the various

components of the error covariances at such other times are given byH

Py(t) = ®(t, t.) PLO®T (¢, t.) (44a)
P,(t) = ®(t, t.) PL®T (¢, ) (44b)
Py(t) = ®(t, t.) PLOT (t,t.) + E[walt, t)wy (t, )]

+ ®(t,t.)E [(ef, + el ) Wi (t,t)] + {®(t,t.)E [(ef, + el )wh(t,t)]}" . (44c)

We find that
E[wq(t, t)wy (¢, t.)] = ®(t, t) Qs (max(t, t.), min(t, t.)) DT (¢, t.), (45)

IRemember that P}, contains the correlations with the process noise in the a priori error at time t..

12



and, with equation (35),

N N
E[(e), +ef)W](t,t.)] = <In -5 KH) E [Wa(te, to) Wy (t, 1)) — S Y KB [ugwi (t,£.)]
i=1 =1

[—Q*(t*, £) + 5. N, KiH; Q. (min(t., 1;), t)} (L)t <t

(46)
~8. 3N, KiH; . Qu(min(t, 1), ) @7 (¢, £.) t>ty,

where k. is the index of the earliest measurement time later than either ¢ or Z,, i.e. tp, 1 < min(t,, t) <tg 4

This gives
Py(t) = ®(t,t.) [P, — Qu(ts,t) + B(t, t.) + BT (t,t.)] 9" (¢, 1), 47)
where
~ N
B(t,t,) = 5, > KiH;,Q.(min(t.,t;), min(t, t;)). (48)
i=kt

Note that Q. (t., ) is positive if ¢t < ¢, and negative if ¢ > ¢,.

Formal Covariance and Delta Covariances

The estimation system does not take the consider states into account, possibly out of ignorance but more
likely by deliberate choice to simplify its structure, so it updates an ns-dimensional solve-for state error
vector. Denoting the a priori estimate of this state error vector at the epoch time by &,y and the updated

value incorporating all N measurements by &,,, we have in parallel with equation (30)

N N N
N = €yo — O K (Hiséypo + Vi + 1) = (In -3 KH) éo— O Ki(Vi+1g). (49
i=1 =1 =1

This equation lacks the projection operator onto the solve-for space, because the estimator only deals with

the solve-for parameters. In this equation

A~ A~

H;, = H;®(t;,t,). (50)

)

where H; is the m; X ns measurement sensitivity matrix with respect to the solve-for states, ®(;,t,) an
ng X ng transition matrix of the solve-for states, v; is a Gaussian white measurement noise, and 0g; i

defined analogously to equation (29). These are all the imprecise values modeled by the estimator, and are

13



** Of course, an

not assumed to be equal to the projection onto the solve-for space of their true values.
estimator that more closely approximates the truth can be expected to provide better estimates. The same
gain matrices appear in the equations for the true and formal covariances, however, because the true gain

matrix is the one provided by the estimator.

In addition to providing a solve-for parameter estimate, the estimator will also compute an ns; X ng

covariance matrix estimate, known as the formal error covariance,

Py =E [e.vély] = B + P + P 1)
Following a path parallel to that leading to equations (37) and (43) gives
N N T
Bl= 1., =) KiH..| Py (I, — Y KH, (52a)
Pl = Z KR;KTF (52b)
PJ* = - Z K; H’L *Q* ,min(4,5) HT KT + Z(Kzﬁz,*Q*,z + QA*,ZI:I:*K;F) (SZC)
i,j=1 i=1
In these equations P*IO is the a priori covariance, R; = E [V; V] is the measurement error covariance,
~ tL ~
Q(tnty) = [ (e )QNT (0 r)ar, 53
tj
Quj = Qultur ty) (53b)

with Q(T) an ns X ng power spectral density of the process noise assumed by the estimator. As was noted
above, none of these quantities is assumed to be equal to the projection onto the solve-for space of its

corresponding true value.

**In the same spirit, ®s5(t;, . ) and H.; in Ref. 1 can be replaced by @(ti, t.) and FAIZ-’*, respectively.

14



The formal covariance is propagated to other times by the analogs of equations (44a), (44b), and (47)

P(t) = Pa(t) + Py(t) + Pu(t) (54a)
P,(t) = ®(t, ) PLO (L, t.) (54b)
Py(t) = ®(t, 1) PLOT (L, t,) (54c)
P(t) = ®(t,t,)[PF, — Qults,t) + B(t, ) + BT (t, 1) D7 (¢, t.), (54d)
where
N
B(t,t.) = Y KiH;.Q.(min(t., t;), min(t,;)). (55)

The full covariance matrix is needed for computation, but in most cases we are only interested in its

solve-for part

Pu(t) = Efey(t)el (1)] = SPu(t)ST + SP,(1)ST + SP,(t)S™. (56)

This will generally differ from the formal covariance due to estimator mistuning and/or neglect of consider

parameters in the formal covariance. We express the difference as
Pys(t) = P(t) + AP, (t) + AP,y (t) + APy (1), (57)
where the delta covariance matrices are
AP, = SP,S* - P,, AP,=SP,ST— P, and AP,=SP,ST - P, (58)

The formal covariance matrices can provide either underestimates or overestimates of the errors, so the delta

covariance matrices can be positive or negative.

COMPUTATION OF THE OPTIMAL GAIN MATRIX

The optimal update gain matrix is chosen to minimize the post-update covariance at the epoch time. The

total covariance can be written, from equations (51) and (52) as

N N
Pyn =P+ Y KiWiKF > [KiHi,*(P*m —Qy;) + (Pyo — Q) HELKT | (59)
ij—=1 i—1

15



where

WZ] = ﬁl,*(PHO - Q*,min(i,j))ﬁj’{‘* + Rzéw =WZ=

Ji

The forward process noise covariance is defined as

A Q*,i t; <ty
EN
0 ti 2 t*a
and 0;; is the Kronecker delta
1 for i=j
51']' =
0 for i+#j.

We now define the symmetric matrix WN as an NV x N matrix of m; x m; blocks W;;:

Wi1 Wia ... Win
_ War Wa ... Way
Wy =
_WNl Wna ... WNN_

The inverse W& ! can also be written an N x N matrix of m; X m; blocks,

Wyl Wythe - Wy'lin
et Wytlar Wil - Wy'lan ,
W' ve WRve o [WR! ]

and the relations WNWNl = VNVJ#WN = [ imply that

> WylWilie =D IWx Wik = Sik L.

N N
J=1 J=1

(60)

(61)

(62)

(63)

(64)

(65)



Now equation (51) can be written by completing the square as

N

p*|N:p*\0_ Z( *|0 T Q*’L) 1% [W]Gl]l]H ( *|0 T Q*])
ij—1

N N N T
+ Z K; — Z(P*m —Q:k)ﬁi;r,*[wﬁl]ki] Wi; [Kj Z «[0 — Q*k Hk:*[WN lkj| - (66)

i,j=1 k=1 k=1

If A and B are real symmetric matrices, we say that A > B if the matrix A — B is positive semidefinite.

It is clear that
N

Pyn = Puo = > (Pyo = Q) HE Wiy Hw(Pyo — Q) (67)
ij=1

in this sense, with equality if the measurement gain matrix is chosen to be

Mz

T
I

We will use this gain matrix to achieve the minimum ]5*| N> Which can be expressed more compactly as
N
PN = Pyjo — Z Kj Hj«(Pio — Q) (69)
j=1

Batch Least-Squares Case

We want to show that our formulation reduces to the usual batch least-squares estimator if the assumed

process noise is zero. In that case

Wy = H, P*‘O Hf + R, (70)
where
ﬁl,*
H.o=| : (71)
E[N7*

and R is block-diagonal with the matrices R; along its main diagonal. The Sherman-Morrison-Woodbury

matrix inversion lemma'3 gives

~ ~ R ~ ~ ~ \—1 o
Wyt=R' - RH, (P‘1 +HFR™! H) HIR! (72)



or

N
(W'l = By "o = By Hiee | Pg + 3 HIL Ry Hi | HELRS 3)
j=1
Substituting into equation (68) with ij =0 gives
N -1
k=1

. oA oA -1
Now writing I,,, = (P;‘Ol + Z]kvzl HY, R Hk*> < [0 Dy Z] 1 HT R LA, ) and performing ap-
propriate cancellations gives

-1

N
Ki=|P+> Hf,R'H.| HLR (75)

which is just the usual result obtained by minimizing a quadratic loss function with weighted contributions

from the measurement innovations and the a priori estimate, as in Refs. 1 — 3.

Sequential Implementation

Inverting the very large matrix Wy is a formidable problem in the general case, and the Sherman-
Morrison-Woodbury lemma is not applicable if process noise is present. The inversion of this large matrix
can be avoided even when process noise is present by implementing a sequential estimation procedure. In
developing a sequential estimator, it will be convenient to denote the gain matrices by K, where the index
k is the number of measurements included in the update. The estimation errors after processing k — 1 and k

measurements are given by equation (49) as

é*\k:—l = ( N ZKz\k lH’L *) €40 — Z i|lk—1 VZ + udz) (76)

K k
€k = (Ins -> Ki|kHi,*> &0 — > Kin(¥i + ). (77
i=1

=1

For a sequential method, we need to be able to write

&uk = (In, — Ky Hp)8um1 — Kppp (Vi + Qap). (78)
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Substituting equation (76) into equation (78) and comparing with equation (77) gives the consistency re-
quirement

Kijp = (In, — KyppHyo ) K1 i < k. (79

It is not difficult to see that complete agreement among all the terms of equations (76)—(78) follows if the
gain matrices satisfy this condition. It is shown in the Appendix that equation (79) is always satisfied if the
estimator ignores process noise, but it can only be satisfied in the presence of process noise if Q*_z = QM
for ¢ < k, which means that ¢; < ¢,. We will thus assume that ¢, is in the future of all of the measurements,

which means that we can remove the arrow from every appearance of Q*_)Z in the following.

To make further progress, let 1W;, denote the matrix defined by equation (63), but only including k& mea-

surements. We write this in partitioned form as

5 Wi_1 Vi
We=| M, (80)
Vil Wi
where ) )
Wik
Way,
Vi = o (81)
 Wik—1)k |

Letting P*|k denote the formal covariance incorporating k£ measurements, equations (60) and (67) (with

equality) can be used to show that

k—1
Hk,*(P*\O - P*|k:—1>HI’qI:* = Z Wk’z[Wk_jl]zg ]"1]; = VkTWk_,llvka (82)
ij=1

from which it follows that

Wik — VEW, Vi = Hy o(Pojp—1 — Quie) HiE, + Ry (83)
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The standard equation for the inverse of a partitioned matrix gives

3 Wi — ViW vt U,
Wk—1: (Wi Wi Vi) k~ 7 (84)
Uy (Wi, = VEW Vi) ™!
where
Up = W, V(Wi — VEW Vi) ™! = =W Vi W e (85)

These relations give the gain matrix K, which is the only one needed for the sequential estimator, as

k k—1
Ky = > _(Pajo = Qua) HEIW, ie =D (Pro — @) HEIW, it + (Pujo — Qup) HEIW, ik
=1 =1

“ N N - R N “ N ~ N N N —1
= (Pyp—1 — Qui) HE W ke = (Pamt — Quie) Hiy | Hiu(Pujp—1 — Qo) HE + Rk]

(86)
The third equality uses, for ¢ < k,
_ k—1 _ _ k—1 _ ~
Wi ik = [Ukli = =D W G Vil Wy ke = =D W g Wik W, e
j=1 j=1
k—1 ~ _
==Y (Wi )i Hjs(Pajo — Q) HE W, ik (87)
j=1
and then
k—1 ~ . . ) ) )
> (Pajo = Qu) HE W i Hjs (Pujo — Q) = Pujo — Pupe, (88)
i,j=1

and the fourth equality uses equation (83). Equation (86) expresses Ky, in terms of only ]5*|k_1 and
quantities available at the measurement time ¢;. Completing the development of the recursive estimator

requires a recursion relation for P, ;. Using the consistency condition on the gain matrix, equation (79), in
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equation (69) gives
P,y = Pyo— Z Poo— Quj) = Puo — Kip Hi o (Pujo — Qure) Z Po— Quj)

= (In, — Ky Hie) | P — Z -1 Hjx(Pugo — Q) | + Ky Hisn Qo

= (In, — K Hiw) Pt + K He s Qe = Pagp1 — K Hio s (Prgp—1 — Q) (89)

It is not surprising that the final form strongly resembles equation (69) with an update from only the last

measurement and with P, _; as the a priori covariance.

Relation to the Kalman Filter

If we define

Poi =Pyt — Qus (90)

then equation (86) becomes
Kk\k :P*’kﬁlz*(ﬁk’*p*,kﬂ;*—I-Rk)fl (1Y)

and equation (89) becomes

N

P k1 = (In, — Ky Hy ) Pog 4 Qur — Quiprr = (I, — Kk H, )Pk + Qu(terr, te), (92

which are equivalent to the equations of the epoch-state estimator used by Montenbruck.'* It should be

pointed out, though, that ]5* & 1s not the covariance of any obvious error vector.

If we further make the identification

Py gy = ®(te, ty) P11 2™ (e, ) (93)

and use

Kb

(i)(t,a t) = Ci>(t/v 7_) (7_7 t)a (94)
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then equations (91) and (92) become

Ky = (ts, t1) Ky, 95)

and

Dyapr = @tk te) (Tny — K Hi) P @ (tegr, te) + @ (tegr, t) Qu(togr, te) @ (teg1, 1), (96)

where

Ky = Pk|k—1ﬁ/3(ﬁkpk|k—l HE + Ry)™t. 7

Notice that H, appears in these equations rather than H k% Equation (96) can be written as the usual

two-step Kalman filter process

Py = (In, — Ky Hi) Py (98)
. . R tht1 b N
P = @kt tr) Pe® (tega, th) + / D(tpy1, 7)Q(T)OT (thyr, T)dT, 99)
12

where the expression for the process noise follows from equation (53). It is now easy to recognize Pk‘k,l

and Pk‘k as the pre- and post-update covariances of the estimation error at the measurement time ty.

SUMMARY AND CONCLUSION

We have updated and extended previous work on consider covariance analysis to improve the treatment
of process noise when the update time is not prior to all of the measurements. Consider covariance analysis
treats estimators that account for only a subset of the parameters, possibly out of ignorance but more likely
by deliberate choice to simplify their structure. The covariance analysis, however, considers the effect on the
covariance of all the variables, including those ignored by the estimator. Our analysis explicitly partitions
the full covariance and solve-for covariance into three subspaces containing the influence of measurement
noise, process noise, and a priori errors, respectively. Explicitly exhibiting the a priori component of the
covariance is useful because a priori information about observable parameters is “forgotten” as more data
are processed, providing a useful test of observability.

We have found an expression for the gain of an optimal epoch-state estimator incorporating a model of
process noise, and showed that this reduces to the usual batch estimator if process noise is ignored when
computing the measurement update gains. Our formulation agrees with our previous analysis of batch

filtering methods if the epoch time is prior to all measurement times, but differs if the epoch time is amid
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the data or in the future of all data. If the epoch time is no earlier than the time of the last measurement
processed, a sequential implementation of the filter is possible, and we show that this is basically equivalent

to an extended Kalman filter.

APPENDIX: CONSISTENCY CONDITION FOR SEQUENTIAL IMPLEMENTATION

We will first show that the consistency condition requires that either the estimator ignores process noise
or that t; < t, for ¢ < k. We will use a very simple model with a one-component state vector and two scalar

measurements with £ 1 = HZ* = 1. The blocks

Wij = (P*\o - Q*,min(i,j)) + Riéij (100)
of W, are scalars, so we have
Wil= (101a)
L " wn
S 1 Way  —Wia
Wy (101b)

- WuWe - Wh Wi Wi
The gains are given by equation (68) as

= — 102
w 11 (1022)

_ (Pyo = Q) Waz — (Pujo — Q5) Wiy
W11 Wag — Wh

Poo— Q)Wit — (Pyo — Q7)) W
K2‘2:( |0 QQ) 11 ( \02 QJ) 12 (102¢)
Wi1Wao — W,

(102b)

The consistency condition, equation (79) then gives

(Pujo — Qu)[W11Waz — Wiy — (Pao — Qi) Wit + (Pygo — Qu1)Wia] =

Wii[(Pajo — Q1) Waz — (Pajo — Qra) Wia] (103)

A~ ~

Canceling the common term of (P*|0 - le)WH Waa from the two sides of the equation and rearranging
gives

[(Pujo — @)W1 — (Pyyo — Qi) W2l (o — Q. — Wig) =0 (104)
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The quantity in square brackets is certainly not zero, because there is nothing to cancel the term R; in W7;.

Thus we must have

0="Pyo— Q1 — Wiz =Q.1— Q) (105)

This equation is satisfied if either the estimator ignores process noise entirely or if ¢; < ¢.. In the latter case

it follows by by induction that we must have ¢; < ¢, for all ¢ < k.

The next task is to show that the consistency condition holds if le = Q*Z for i < k. We will show this in

the general case. Equation (68) gives, with the subscripting notation used for the sequential implementation,

k k-1
Ki|k:Z( o — Qs ) Hj Z 10— Qg VT Wi it (Pujo— Quege) HiE Wy s (106)
j=1 j=1

We use equation (84) and the Sherman-Morrison-Woodbury matrix inversion lemma write the upper left-

hand corner of Wk_ Lin the form

(Wit = W VE) ™ = Wi + W V(Wi — VEWL Vi)~ Ve WY

= Wil + W Vi W T Vie W, (107)
which is made up of the blocks
Wi i = WV Lo + IV Valy IV i [ViE Wi (108)
We also have
Wi ki = [UF)i = =W e ViE Wi (109)
With these substitutions,
k—1 A A . ~ k—1 A A .
K=Y (Pujo = Qu) HEIW, i + D (Pajo — Qup HE W Vi (W e [ViE W4 s
J=1 j=1

The first term on the right side of this equation is easily recognized to be Kj;_;. The sum over j in the
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second term can be written as

k—1 k—1
(Pajo = Qu)HE W Vi = D (Pao — Q) HEIWV jm [Viddm
j=1 7,m=1
k-1 i
- ( %[0 — Q* ]) [ k ll]ijmk
j,m:l
k—1
= (Pyjo — Q*»J) | 1]JmHm,*(P*\0 — Qum)Hy . = (Pyo — Pyp—1)Hj ., (111)
j7m:1

where equation (67) (with equality) gives the last line. Putting all this together gives

Ky = Kijjp—1 + (P*\o - P*\k_l)ffﬁ*[ng}kk ViE Wi - (P*|o - Q*k)ﬁg*[ng]kk ViEW i
k-1
= Dlk—1 — ( *lk—1 — Q*,k)HI;I:*[Wk_l] Z[Vk } [Wk 11]
7j=1
k-1

= Bylk—1 — ( *|k—1 — Q*k)Hk*[Wk kaWkJ Wk 1]

7j=1
= Kijjo1 — (Pt — Qui) HEIW Tk > Hew(Prgo — Q) HF LW 1
j=1
= [Tn, = (Papp—1 — Qo) HE Wi ik Hyo ] K1, = (Tn, — K ) K1 (112)

recognizing equation (86) in the last line. This is the desired relation.

REFERENCES

[1] F. L. Markley and J. R. Carpenter, “Generalized Linear Covariance Analysis,” Journal of the Astronautical
Sciences, Vol. 57, No. 1,2, Jan—Jun 2009, pp. 233-260.

[2] F. L. Markley, E. Seidewitz, and M. Nicholson, “A General Model for Attitude Determination Error Analysis,”
NASA Conference Publication 3011: Flight Mechanics/Estimation Theory Symposium, May 1988, pp. 3-25.

[3] F. L. Markley, E. Seidewitz, and J. Deutschmann, “Attitude Determination Error Analysis: General Model and
Specific Application,” Proceedings of the CNES Space Dynamics Conference, Toulouse, France, November
1989, pp. 251-266.

[4] K. F. Gauss, Theory of the Motion of the Heavenly Bodies Moving About the Sun in Conic Sections, Dover, New
York, 1963.

[5] R. E. Kalman, “A New Approach to Linear Filtering and Prediction Problems,” Transactions of the ASME —
Journal of Basic Engineering, Vol. 82, 1960, pp. 35-45.

[6] R. G. Brown and P. Y. Hwang, Introduction to Random Signals and Applied Kalman Filtering, John Wiley and
Sons, Inc., New York, NY, 3rd ed., 1997.

25



[7] G.IJ. Bierman, Factorization Methods for Discrete Sequential Estimation, Academic Press, New York, 1977.
[8] B.D. Tapley, B. E. Schutz, and G. R. Born, Statistical Orbit Determination, Academic Press, 2004.

[9] S. McReynolds, “Covariance Projection Methods for Estimators,” AIAA Guidance, Navigation and Control Con-
ference, No. A9635623, ATAA Paper 96-3739 in AIAA Meeting Papers on Disk, American Institute of Aero-

nautics and Astronautics, Inc., July 1996.
[10] P.S. Maybeck, Stochastic Models, Estimation, and Control, Vol. 1, Academic Press, New York, 1979.
[11] J. R. Carpenter, F. L. Markley, K. T. Alfriend, C. Wright, and J. Arcido, “Sequential Probability Ratio Test

for Collision Avoidance Maneuver Decisions Based on a Bank of Norm-Inequality-Constrained Epoch-State
Filters,” AAS/AIAA Astrodynamics Specialist Conference, No. AAS 11-437, Alyeska, AK, August 2011.

[12] R.Zanetti, M. Majii, R. H. Bishop, and D. Mortari, “Norm-Constrained Kalman Filtering,” Journal of Guidance,
Control, and Dynamics, Vol. 32, No. 5, September—October 2009, pp. 1458-1465.

[13] G. H. Golub and C. F. V. Loan, Matrix Computations, JHU Press, 3rd ed., 1996.

[14] O. Montenbruck, “An Epoch State Filter for Use with Analytical Orbit Models of Low Earth Satellites,” Aerosp.
Sci. Technol., Vol. 4, 2000, pp. 277-287.

26



