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A IEKS as a Gauss—Newton Laplace approximation

The present appendix shows that the iterated extended Kalman filter IEKS) yields a Gauss—Newton
Laplace approximation of the posterior distribution (recall Equation (6) from the main paper)
p(Y(T) [ £L(Y) =0, Lr(Y) =0, lo.n(Y) =0). (A.1)
Let § be the Dirac delta. Introduce the random variables Zy,, Zr, Zo.n as
Zr | Y(tO) ~ 5(€L(Y))a ZR | Y(tmaX) ~ 5(£R(Y))7 Zn | Y(tn) ~ 5(57,,()/)(15”)). (A2)
The posterior distribution in Equation (A.1) becomes
p(Y(T) | Zr, =0, Zr =0, Zo.n = 0). (A3)

The difference between Equation (A.1) and Equation (A.3) is only notational. The reformulation in
terms of Z will be useful in the next step. The prior distribution is Gaussian (recall Section 2.1),

p(Y(T)) = N'(m(T), K(T, T)) (A4)

for mean and covariance functions m and K that correspond directly to the stochastic differential
equation (SDE) representation in Equation 2 in the main paper [1, Chapter 12]. The use of this
general Gaussian process formulation, as opposed to a sequential notion that exploits the Markov
property, will simplify the notation (and simultaneously slightly generalise the result).

To show that the IEKS provides a Gauss—Newton version of the Laplace approximation, it is instructive
to consider a relaxed version of the Dirac likelihoods; that is, let A > 0 and (re)define (recall the
ODE ¢ = f(y,t), and the boundary conditions Ly(to) = yo, RY(tmax) = Ymax)s

Zp | Y(to) ~ N(LYo(to) — yo), M), (A.52)
ZR | Y (tmax) ~ N(RY0(tmax) — Ymax, M), (A.5b)
Zn | Y (tn) ~ N(Y1(tn) — f(Yo(tn), tn), ). (A.5¢0)

In these formulas, I is always an identity matrix of appropriate size. The limit A — 0 recovers the
Dirac likelihoods used in the previous paragraph and in the paper. In the Gaussian relaxation, the
MAP estimate is the argument that minimises the following objective (the negative log-posterior),

1 1 1
arg gl(le; §V1(Y(T)) + §V2(Y(T)) + §V3(Y(T))7 (A.6)
which uses the abbreviations

Vi(Y(T)) := [|m(T) = Y (T) || %(rm)-15 (A.7a)
1 1

Va(Y (1) i= 5 I1L¥5(t0) = ol* + 31 RYo (tmar) — tmse) (AT
1 N

Va(Y(T)) = 5 D [Va(t) = F(¥o(ta) ta)1* (AT0)

n=0
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V1 captures the prior distribution, V, the boundary conditions, and V5 the (artificial) ODE “measure-
ments”. Only Vs includes non-linearities.

Let £ = (&o,..,¢N) € R+ xd(r+1) (there are N + 1 points in T) be the result of a previous
Gauss—Newton iteration (or the initialisation, respectively). Denote by F, and P; the projection
matrices from Y to Yp, and Y to Yj, respectively. Gauss—Newton optimisers such as the IEKS
iteratively linearise the non-linearities of the objective “inside the norm” at £, and solve the resulting
linear least-squares problem in closed form [2]. In other words, let

be the first-order Taylor series linearisation of f at P&, (each grid-point ¢,, uses a different &,).
Then, the IEKS minimises

1 1
V(Y(T)) := 5 [lm(T) — Y (D)% -2 + Y (T) + lI?, (A9)
which uses the batch notation (abbreviate F,, := P; — V f(Po&n, tn)Po),
L 0 ... 0
0 ... ... R _
Fo 0 0 V£ (&0, to)éo — f (6o, to)
F=1y oo b= Vi, t)é — f(&,t) |- (A.10)
0 .. .. Py VF(Extn)en — F(Entn)

This is a linear least-squares problem and can be solved in closed form with GP regression — or, as in
the present setting, with a Kalman smoother [3]. The mean of this solution becomes the new iterate .
Unless a fixed point has been found, the procedure is repeated.

The Hessian of the objective in Equation (A.9)' and its inverse are
1
V2V(z) = K(T,T)"* + XFTF, (A.11a)
(V¥V(z))™!:= K(T,T) — K(T,T)F" (FK(T,T)F" + \)~'FK(T,T). (A.11b)

The functional form of the inverse is revealed by, for instance, the matrix inversion lemma [5]. The
inverse Hessian identifies as the posterior covariance of Gaussian process regression (respectively the
Kalman smoother) [6, 1].

At the final iteration of the IEKS, the objective is linearised at the MAP estimate (§ = myap).
This fixed point then yields a Gaussian approximation of the posterior, where the mean is the MAP
estimate, and the covariance is the negative inverse Gauss—Newton Hessian of the log-posterior,
evaluated at the MAP estimate. This shows how the IEKS yields a Gauss—Newton Laplace transform
of the relaxed objective. The limit A — 0 translates this to the Dirac objectives used in the paper.

In summary, the IEKS yields a Gauss—Newton Laplace approximation of the posterior, because (i) it
uses a Gauss—Newton approximation of the non-linear objective, which (ii) can then be solved in
closed form with a Kalman smoother, which — since it delivers Gaussian posteriors — is (iii) its own
Laplace approximation. Put differently, each iteration of the IEKS yields a Gaussian approximation
of the posterior, where the covariance is the negative inverse Hessian of the log-posterior, evaluated at
the mean — when the mean converges to the MAP estimate, this makes the IEKS compute a Laplace
approximation.

B Transition densities of the bridge prior are available in closed form
The present section describes the transition densities of the bridge prior. Recall the SDE representation

of the prior process Y (Equation (2) in the main paper). Due to the Markov property, the law of Y’
factorises as

N
p(Y(T)) = p(Y (to)) [ (Y (t) | Y (tn-1)). (B.1)
n=1

'We call the Hessian of the Gauss—Newton objective as the Gauss—Newton Hessian of the full objective [4].



The initial distribution
p(Y(to)) = N(mo,o°Co) (B.2)
is part of the prior model (Section 2.1 in the main paper). The transition densities
p(Y (tns1) | Y (80)) = N(@(tns1, tn)Y (t), 07 Q(tnr1, ) (B.3)
use the definitions [1],

O(t,s) := exp(A(t — 5)) (B.4a)
t—s
Q(t,s) :== / ®(t,7) BB ®(s,7)" dr. (B.4b)
0

Both quantities can be computed with, e.g., matrix fractions [1]. A and B stem from the SDE
representation (Equation (2) in the main paper). The process noise covariance is of the form o2Q(t, s)
because the diffusion of the Wiener process is (by assumption) I' = 2 (and the diffusion of the
Wiener process would enter Equation (B.4b) as BBT ~» BI'BT [1]).

B.1 Initial distribution

The first objective of the present section is the parametrisation of the updated initial distribution
(recall the shorthand for the information sources, first introduced in Equation (7) in the main paper)

p(Y(to) | 4L, 4R)- (B.3)
It arises as follows. The joint distribution is
p(Y (to), (e, (r) = N'(§,0°5), (B.0)

with

™)
[1
w

mo =
£:= Lmo — o , =12, s, (B.7)
Rq)(tmam tO)mO — Ymax E;r = =6

where we abbreviated

11 [1] [1]
]

=, = Gy, (B.8a)
Zy:=CoL", (B.8b)
E3 := Co®(tmax, to) 'R, (B.8c¢)
E4:=LCyL", (B.8d)
Z5 := LCoy® (tmax, to) ' R, (B.8e)
He =R [cb(tmaxat())Coq)(tmamt(])T + Q(tmax,to)] R'. (B.81)

Mean and covariance of Y (¢¢) conditioned on £, and £ now follow from standard conditioning rules
of Gaussian distributions [6]. Since Cj and the process noise of the covariance depend multiplicatively
on o, so does =.

B.2 Transition densities

Let Y(t,) ~ N(m,,c%C,,) and recall /7, and {. The second objective of the present section is the
transition density from Y (¢,,—1) to Y (¢,,) under acknowledgement of the boundary conditions. The
joint distribution of Y (¢,,4+1) and the right-hand side boundary condition, given Y (¢,,), is

P(Y (tn11),0r | Y (tn)) = N(C, 0%A) (B.9)
with
— (I)(tn 7tn)mn _ A AT
(= (R@(tmax,z)mn _ ymax> , and A= (A; Ai) , (B.10)



which uses the abbreviations

Ay = @(tyi1,tn)Ca®(tngr, tn) | + 07 Q(tns1, tn) (B.11a)
A2 = A1®(tmax,tn+1)TRT (Bllb)
Az = R [®(tmax, tng 1) M@ (bmaxs 1) T + 07 Qtmaxs 1) R (B.11c)

Notably, since the covariance of Y (t,,) depends multiplicatively on o2, all entries of A do as well
(this will be useful in Appendix C). Finally, the distribution p(Y (t,,11) | £r, Y (t5)) is Gaussian with
mean and covariance that are available with the usual conditioning formula for multivariate Gaussians
[6]. On a side note: Ag is ill-conditioned for ¢,y ~ t,+1, Which is a problem that can be solved with
appropriate preconditioning as well as square-root implementation [7].

C The quasi-MLE is essentially unaffected by the bridge

The present section proves that the quasi-maximum likelihood estimate (quasi-MLE) for the diffusion
o is available in closed form, even for the bridge prior. A formula is given as well. We say that a
matrix X depends multiplicatively on o2, if it satisfies X = 02X for some X. First, we need to
establish that all the covariances that contribute to the (approximate) prediction error decomposition
depend multiplicatively on o2. This has partly been done in Appendix B. Second, this multiplicative
dependency gives rise to a closed-form solution for the quasi-MLE.

Tronarp et al. [8] establish that for a conventional Gauss—Markov prior, and noise-free ODE measure-
ments, the covariances of the predictive distribution p(Y (¢,,+1 | Y (¢,,)) depend multiplicatively on
o?. Appendix B established the same for the predictive distribution p(Y (t,11) | 6r, Y (t,)) of the
bridge.

The same will hold not only for the predictive distribution, but also for the filtering covariances,
as shown next. The (iterated) extended Kalman filter approximates the non-linear ODE likelihood
[9, 10]

p(ln [ Y (tn)) = 6(Yi(tn) — f(Yo(tn), tn)) (C.1)

with a first order Taylor approximation around some &, € R**+1) (recall from Appendix B that P,
is the projection matrix from Y to Yj),

P(ln | Y (tn)) = 0(Y1(tn) = Vf(Po&n; tn) (Yo(tn) — Pon))- (C.2)

For the non-iterated Kalman filter, &, is the mean of the predictive distribution [10]; for the iterated
extended Kalman smoother, &, is the mean of the previous iteration [3]. Since this is a noise-
free (i.e. Dirac) likelihood, the law of £,, given Y (¢,,) is Gaussian with a covariance that depends
multiplicatively on 2. Therefore, the covariance of Y (¢,,, 1) conditioned on £,, = 0 (approximately,
with an [iterated] extended Kalman filter), depends multiplicatively on o2 as well.

Consider the following take on the prediction error decomposition [11],

N
plr, Lon, LR | ) = p(lo | Lr, L, 0)p(lr | Lo, 0)p(lr | o) [ p(ln | u-1,tr,0)  (C3)

n=1

which mirrors the factorisation of the prior in Equation (8) of the main paper. All of the terms in
Equation (C.3) are (approximated by) Gaussian distributions (which has been shown above),

p(ly | o) = N(zp,0%SL) (C.4a)

p(lr | €r,0) = N(2r,02SR) (C.4b)

p(lo | €r, R, 0) =~ N (20,0%S0) (C.40)
p(ln | bn1,LR,0) = N(2,0%5,) (C.4d)

either because they are Gaussian by construction (the boundary conditions are linear), or because the
(iterated) extended Kalman filter employs a Gaussian approximation. The joint likelihood of ¢1,, ¢,

2t is not the traditional prediction error decomposition in so far as it employs the bridge prior.



and ¢y is maximised by the term that minimises the negative log-probability of all of these random
variables being zero (neglecting some additive constants that do not depend on o),

1
—2logp(Lr,bo.n,lR | 0) =~ — ¥+ log(c®)W; + const (C.5)
g
which employs the abbreviations
N
W= 2] S; 2 + 25 Spten + Z 20 Sz, Wy i=dp +dg +d(N +1). (C.6)
n=0

Setting the derivative of the likelihood in Equation (C.5) with respect to o to zero, yields

2 2 T,
—=Vy+ =V, =0 & o=—
o3 0+O’ ! 7 0,

which gives a formula for the quasi-maximum likelihood estimate of the diffusion. From the first
iteration of the IEKS onwards, this quasi-MLE equals the quasi-MLE from Tronarp et al. [9]; for the
initialisation via the extended Kalman smoother, the bridge prior alters the linearisation over the law
of ¢,,, and thus affects the quasi-MLE.

(C.7)

D Solve higher-order BVPs directly

The present appendix explains how BVPs based on higher-order ODEs can be solved directly without
transforming them into first-order problems. A more comprehensive explanation is provided by
Bosch et al. [12]. Many problems in the test set by Mazzia [13] are second-order. The 32nd problem
in [13] (which features in Section 6 of the main paper) is fourth-order.

As an instructive example, consider the second order ODE

) = f(y(t), y(t), t). (D.1)
If y and ¢ would be stacked into a new state z := (g, y), the ODE could equivalently be written as
2(t) = g(z(t),1), (D.2)

with g(2(t)) = f(y(t), y(t)). Recall from Equation (4) in the main paper that such first-order ODEs
give rise to the information operator

0a(Y)() = Ya(t) — F(Yo(t), D). D.3)

With this approach, higher-order ODEs can be solved. The increased dimensionality of the ODE
problem makes this inefficient (as outlined in Section 8).

ODE information operators can straightforwardly be generalised to second-order ODEs, via
lona(Y)(t) 1= Y2 — f(Y1(t), Yo (1), 1) (D.4)

Higher-order ODEs, like the fourth-order ODE that has been part of the experiments, use the same
concept: provided v > 4, we can define a likelihood for fourth-order ODEs,

Lan(Y)(1) := Yo — f(Y3(2), Ya(2), Y1 (1), Yo(2), ). (D.5)

The only requirement for this to work is that v is sufficiently large. All of these likelihood func-
tions can be used inside an extended Kalman filter. Solving higher-order BVPs directly, without
transforming them into first-order problems, is not uncommon for BVP solvers [14, Section 5.6].

Checklist

1. For all authors...
(a) Do the main claims made in the abstract and introduction accurately reflect the paper’s
contributions and scope? [Yes] Compare the abstract to Section 2 and Table 1.
(b) Did you describe the limitations of your work? [Yes] For instance in Sections 4 and 6.
(c) Did you discuss any potential negative societal impacts of your work? [N/A]



(d) Have you read the ethics review guidelines and ensured that your paper conforms to
them? [Yes]

2. If you are including theoretical results...

(a) Did you state the full set of assumptions of all theoretical results? [Yes]
(b) Did you include complete proofs of all theoretical results? [Yes] Yes (Appendices).

3. If you ran experiments...

(a) Did you include the code, data, and instructions needed to reproduce the main experi-
mental results (either in the supplemental material or as a URL)? Open-source
code will be provided upon aceptance.

(b) Did you specify all the training details (e.g., data splits, hyperparameters, how they
were chosen)? [Yes]

(c) Did you report error bars (e.g., with respect to the random seed after running experi-
ments multiple times)? [N/A]

(d) Did you include the total amount of compute and the type of resources used (e.g., type
of GPUgs, internal cluster, or cloud provider)? [Yes] See page 3.
4. If you are using existing assets (e.g., code, data, models) or curating/releasing new assets...

(a) If your work uses existing assets, did you cite the creators? [Yes]
(b) Did you mention the license of the assets? [N/A| We cited the papers.
(c) Did you include any new assets either in the supplemental material or as a URL? [N/A]

(d) Did you discuss whether and how consent was obtained from people whose data you’re
using/curating? [N/A]
(e) Did you discuss whether the data you are using/curating contains personally identifiable
information or offensive content? [N/A |
5. If you used crowdsourcing or conducted research with human subjects...

(a) Did you include the full text of instructions given to participants and screenshots, if
applicable? [N/A]

(b) Did you describe any potential participant risks, with links to Institutional Review
Board (IRB) approvals, if applicable? [N/A]

(c) Did you include the estimated hourly wage paid to participants and the total amount
spent on participant compensation? [N/A]

References

[1] Simo Sidrkkd and Arno Solin. Applied Stochastic Differential Equations. Cambridge University
Press, 2019.

[2] Jorge Nocedal and Stephen Wright. Numerical Optimization. Springer, 2006.

[3] Bradley M Bell. The iterated Kalman smoother as a Gauss—Newton method. SIAM Journal on
Optimization, 4(3):626-636, 1994.

[4] Alexander Immer. Disentangling the Gauss—Newton method and approximate inference for
neural networks. arXiv:2007.11994, 2020.

[5] Nicholas J Higham. Accuracy and Stability of Numerical Algorithms. SIAM, 2002.

[6] Carl E Rasmussen and Christopher KI Williams. Gaussian Processes for Machine Learning.
MIT Press, 2006.

[7] Nicholas Krimer and Philipp Hennig. Stable implementation of probabilistic ODE solvers.
arXiv:2012.10106, 2020.

[8] Filip Tronarp, Simo Sarkki, and Philipp Hennig. Bayesian ODE solvers: The maximum a
posteriori estimate. Statistics and Computing, 31(23), 2021.



[9] Filip Tronarp, Hans Kersting, Simo Sarkkd, and Philipp Hennig. Probabilistic solutions to
ordinary differential equations as non-linear Bayesian filtering: A new perspective. Statistics
and Computing, 29(6):1297-1315, 2019.

[10] Simo Sarkkd. Bayesian Filtering and Smoothing. Cambridge University Press, 2013.

[11] Fred Schweppe. Evaluation of likelihood functions for Gaussian signals. IEEE transactions on
Information Theory, 11(1):61-70, 1965.

[12] Nathanael Bosch, Filip Tronarp, and Philipp Hennig. Pick-and-mix information operators for
probabilistic ODE solvers. arXiv:2110.10770, 2021.

[13] F Mazzia. Test set for boundary value problem solvers, release 0.5, 2014.

[14] Uri M Ascher, Robert MM Mattheij, and Robert D Russell. Numerical Solution of Boundary
Value Problems for Ordinary Differential Equations. SIAM, 1995.



	IEKS as a Gauss–Newton Laplace approximation
	Transition densities of the bridge prior are available in closed form
	Initial distribution
	Transition densities

	The quasi-MLE is essentially unaffected by the bridge 
	Solve higher-order BVPs directly

