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Abstract

The Path-Dependent Neural Jump Ordinary Differential Equation (PD-NJ-ODE) (Krach
et al., 2022) is a model for predicting continuous-time stochastic processes with irregular
and incomplete observations. In particular, the method learns optimal forecasts given
irregularly sampled time series of incomplete past observations. So far the process itself and
the coordinate-wise observation times were assumed to be independent and observations
were assumed to be noiseless. In this work we discuss two extensions to lift these restrictions
and provide theoretical guarantees as well as empirical examples for them. In particular,
we can lift the assumption of independence by extending the theory to much more realistic
settings of conditional independence without any need to change the algorithm. Moreover,
we introduce a new loss function, which allows us to deal with noisy observations and explain
why the previously used loss function did not lead to a consistent estimator.

1 Introduction

While the online prediction! of regularly observed or sampled time series is a classical machine learning
problem that can be solved with recurrent neural networks (RNNs) as proven e.g. by Schéfer & Zimmermann
(2006), the forecasting of continuous-time processes with irregular observation has long been an unsolved
problem. The Neural Jump ODE (NJ-ODE) (Herrera et al., 2021) was the first framework with theoretical
guarantees to converge to the optimal prediction in this setting. However, it was restricted to Markovian
Itoé-diffusions with irregular but complete (i.e., all coordinates are observed at the same time) observations.
This was heavily generalised with the Path-Dependent NJ-ODE (PD-NJ-ODE) (Krach et al., 2022), where
the convergence guarantees hold for very general (non-Markovian) stochastic processes with irregular and
incomplete observations. Still, the process itself and the observation framework were assumed to be independent
and observations were assumed to be noisefree. In practice both of these assumptions are often unrealistic.

1With online prediction we mean that we use the currently available information to predict until we get new information. As
soon as new information becomes available, it is part of the available information and therefore taken into account for subsequent
predictions.
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E.g., for medical patient data collected at a hospital irregularly over time such as Goldberger et al. (2000),
measurements are never noise-free and the decision whether to make a measurement depends on the status
of the patient. Therefore, the focus of this work is to lift those two restrictions. A detailed outline is given
below.

1.1 Related Work

GRU-ODE-Bayes (Brouwer et al., 2019) and the latent ODE Rubanova et al. (2019) both use a model very
similar to the NJ-ODE model, however, with different training frameworks. While the latent ODE can only
be used for offline forecasting, GRU-ODE-Bayes is applicable to online forecasting as the NJ-ODE. However,
in comparison to NJ-ODE, no theoretical guarantees exist for GRU-ODE-Bayes.

Neural controlled differential equations (NCDE) (Kidger et al., 2020; Morrill et al., 2022) and neural rough
differential equations (Morrill et al., 2021) also use similar model frameworks, but their primary objective
are labelling problems, i.e., the prediction a classification or regression label for the input of an irregularly
sampled time series. For example, based on health parameters of a patient these models try to decide whether
the patient will develop a certain disease in the future.

As explained in Krach et al. (2022), PD-NJ-ODEs can be used for stochastic filtering. Another well known
model class for this problem are particle filters, also called sequential Monte Carlo methods (Maddison et al.,
2017; Le et al., 2017; Corenflos et al., 2021; Lai et al., 2022). Particle filtering methods are applied in the
context of state-space models (SSM), which are characterized by a discrete latent Markov process (X;)7_; and
a discrete observation process (Z;)~_; defined on a fixed time-grid. Particle filters are used to approximate e.g.
the conditional distribution of X given the observations (Zs)1<s<¢, or the joint distribution of (X, Zs)1<s<t,
for any t > 1, using weighted sequential Monte Carlo samples. In our work, we allow for a much more general
setting than the SSM. In particular, we allow for a continuous-time (instead of discrete-time), non-Markovian
stochastic process. Since our setting allows for jumps of the process, this also includes the SSM case of a
discrete-time Markov process. Moreover, in our setting, the underlying process can be observed at random,
irregularly sampled, discrete observation times and the framework allows for incomplete observations, where
some coordinates might not be observed. The primary goal of the PD-NJ-ODE method is to make optimal
forecasts for X; given all observations of X prior to time ¢. As a special case (since the framework can deal
with incomplete observations), this includes the filtering problem, however, in a more general setting, allowing
for example to predict X; while only having (discrete) observations of Z at randomly sampled observation
times until time s < ¢.

For further related work we refer the interested reader to the respective sections in Herrera et al. (2021) and
Krach et al. (2022).

1.2 Outline of the Work

We introduce two extensions of the PD-NJ-ODE (Krach et al., 2022) that can be used separately or jointly.
To highlight the needed adjustments for each of the extensions, we first recall the setup, model and results
from Krach et al. (2022) (Section 2) and then introduce the respective changes in the assumptions and
proofs for noisy observations (Section 3) and dependence between the underlying process and the observation
framework (Section 4) separately. We focus on re-proving the main results (Krach et al., 2022, Theorem 4.1
and Theorem 4.4) in the new settings, by giving the arguments which need to be adjusted while skipping
those which remain unchanged. In Appendix C we give the full proof for the most general result with both
extensions, making the paper self-contained. We remark here that also the results for the conditional variance
and for stochastic filtering (Krach et al., 2022, Section 5 and 6) follow in these extended settings similarly as
the main results. Due to the similarity, we do not elaborate on this but leave the details to the interested
reader. In Section 5 we discuss the practical implications of our main convergence result. Finally, in Section 6
we show empirically that the PD-NJ-ODE performs well in these generalised settings.
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2 Recall: the PD-NJ-ODE

In this section we recall the PD-NJ-ODE framework together with the main result from Krach et al. (2022).
The PD-NJ-ODE is a prediction model that can be used to learn the L?-optimal prediction of a stochastic
process (continuously in time), given its discrete, irregular and incomplete observations in the past. This
means that the PD-NJ-ODE learns to compute the conditional expectation, which is the L2-optimal prediction.
Importantly, only data samples are needed to train the model. In particular, no knowledge about the dynamics
of the underlying process is needed. We first given an intuitive example for the application of this model,
which will be reused throughout the paper, and then discuss its technical details.

2.1 Intuitive Example Application

Suppose we have a dataset of N patients 1 < j < N. Any patient j has dx medical values (X t(j )) (such
) 1<k<dx

as body temperature or blood pressure) at any time ¢ € [0, 7]. However, we only have (noisy) measurements
of some of these coordinates at some irregular times tgj ) (e.g., we measure the body temperature on one day
and the blood pressure on another day and in-between we do not measure anything). Our training dataset
consists of all these (noisy) measurements including their time-stamps. Based on this training dataset we
train a PD-NJ-ODE which then allows us to make online forecasts for new patients based on their noisy
incomplete irregularly observed measurements. For example the Physionet dataset (Goldberger et al., 2000)

is exactly such a dataset, but of course our method can also be applied in many other situations.

2.2 Technical Background and Mathematical Notation

We start by recalling the most relevant parts of the problem setting of the PD-NJ-ODE. For more details,
please refer to Krach et al. (2022).

For dx € N and T' > 0 we consider a filtered probability space (£, F,F := (F;)o<i<r,P) with an adapted
cadlag stochastic process X := (Xt)te[O,T] taking values in R%<. The main goal in this paper is the predict X
optimally for future times, based on discrete observations of it in the past. We denote its running maximum
process by X* (i.e., X; := sup,c(o4 |Xs];) and the random set of its jump times by J. The random observation
framework is defined independently of X on another filtered probability space (Q., F.F:= (ﬁt)()§t§T7 @) by

o« n: () — N>g, an F-measurable random variable, the random number of observations,
e K:=sup{keN|P(n>k)>0}eNU{oo}, the maximal value of n,

o t;:0— [0,7TU {oo} for 0 <4 < K, sorted stopping times, which are the random observation times,
with ¢;(@) := o0 if n(®) < i and t; < t;47 for all 0 <14 < n,

o 7:00,T] x Q= [0,T], (t,0) — 7(t,@) := max{t;(©)|0 < i < n(Q),t;(@) < t}, the last observation
time before a certain time ¢, and

o M = (My)o<k<k, the observation mask, which is a sequence of random variables on (Q, F, I@’) taking
values in {0,1}%% such that Mj, is F;, -measurable. The j-th coordinate of the k-th element of the
sequence M, i.e., My, ;, signals whether X;, ;, denoting the j-th coordinate of the stochastic process
at observation time ¢, is observed. By abuse of notation we also write M;, := Mj.

In the following we consider the filtered product probability space (Q x QLFQF,FQF, P x Ip’) and the
filtration of the currently available information A := (A;)se[o,7] defined by

A = J(Xti’j,ti,]\fﬂti <t,je€ {1 << dX|]Wt“l = 1}),

where o (-) denotes the generated o-algebra. We note that A; = A, for all ¢t € [0,7]. The conditional
expectation process of X, which is its L2?-optimal prediAction gKrach et al., 2022, Proposition 2.5) and therefore
the process we would like to compute, is defined as X = (X;)o<¢<r, with X; := E,, 5[X|A;]. Even though
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this solution to our prediction problem is abstractly well understood, it is not clear how to actually compute
it, especially if one only observes data samples without knowing the distribution of X. The PD-NJ-ODE
is designed to do exactly this. To compute the conditional expectation, it uses the powerful framework of
signatures to convert all information available from the past observations into a tractable feature-vector. This
is needed, since the underlying process is not assumed to be Markovian. Since the signature is defined for
(continuous) paths, the first step is to construct a continuous interpolation of the discrete observations, the
interpolated observation process, in such a way that it carries the same information as the discrete observations.
In particular, for any 0 < t < T' the j-th coordinate of the interpolated observation process X =f € R2Ix+1 at
time 0 < s < T is defined by

ty(s,t)—S$ S—tp(s,t)—1

Xto(oyi To(s,t)—bo(s,t)—1 + Xiyo0d oot —to(en) 1 if ty(s,4)—1 <8 < lp(s,p) and

]-SJSdX’

Xta(‘g4,),j7 if s S tb(s,t)fl and 1 §] § dx,
o<t . ~ S—lp(s,t)—1 .
s = Wa(s,)d—dx + To(s.0) —to(s.t)—1’ if tb(s,t)fl <s< tb(s.t) and
ﬂtu(s,t)7j_dx’ if s < ty(s,t)—1 and dx < j < 2dx,

s, if j=2dy +1,

where u; ; 1= Z,i;o My, ;1;, <¢ is the jump process that counts the coordinate-wise observations and

a(s,t) :== a(s,t, j) := max{0 < a < n|t, < min(s,t), M;, ; =1},
b(s,t) :=b(s,t,j) :=1inf{l <b<n|s <t, <t, M, ; =1},

with fs := oco. Simply put, X=! is a continuous version (without information leakage and with time-
consistency) of the rectilinear interpolation of the observations of X and of @. The paths of X= belong to
BV<([0,T]), the set of continuous R?*-valued paths of bounded variation on [0, 7]. Most importantly, the way
it is defined ensures that no information about the next observation is leaked (through the forward-looking
interpolation) until after the last observation time prior to it and that X='is A;-measurable. Moreover, it
is time-consistent in the sense that for all 7 > ¢ and s < 7(t) we have X! = X=". Clearly, Xi, 51 ti, My,
can be reconstructed from the coordinates of X=! for all t; < t and j € {1 <1 < dx|M;,; = 1}, hence,
Ay = o(X="). Moreover, it is easy to see that X=! = X=7(1) consequently X; is o(X="("))-measurable.
Therefore, the Doob-Dynkin Lemma (Taraldsen, 2018, Lemma 2) implies the existence of measurable functions
F; :0,T] % [0,T] x BV¢([0,T]) — R such that X, ; = Fj(t, 7(t), X="("). In Krach et al. (2022) convergence
of the PD-NJ-ODE model to the conditional expectation X was shown under the following assumptions.

Assumption 2.1. We assume that:

(i) For every 1 < k,l < K, My, is independent of t; and of n, I?’(M';m =1) >0 and My ; =1 for all
1< j <dx (every coordinate can be observed at any observation time and X is completely observed
at 0) and |Mg|; > 0 for every 1 < k < K P-almost surely (at every observation time at least one
coordinate is observed).

(ii) The probability that any two observation times are closer than e > 0 converges to 0 when € does, i.e.,
if 6(@) == ming<jcp(@) [tit1(@) — 1:(D)] then lime,oP(6 <€) = 0.

(iii) Almost surely X is not observed at a jump, i.e., (P xP)(t; € J|i <n) = (PxP)(AX;, #0[i <n) =0
foralll <i< K.

(iv) Fj are continuous and differentiable in their first coordinate t such that their partial derivatives with
respect to t, denoted by f;, are again continuous and there exists a B > 0 and p € N>y such that for
every t € [0,T] the functions f;, F; are polynomially bounded in X*, i.e.,

|F5(r (), 7(£), X=TO) | + | £3(t,7(£), X=7D)| < B(X[ +1)P.
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(v) X* is L?P-integrable, i.e., E[(X})?] < .
(vi) The random number of observations n is integrable, i.e., Ez[n] < co.

Remark 2.2. The assumption that |Mg|y > 0 for every 1 < k < K P-almost surely is not needed in the
proof. It is just added such that the denotation “observation time” is meaningful. When removing it, some of
the observation times might be “pseudo” observation times, where no coordinate is actually observed.

Remark 2.3. It turns out that Assumption 2.1 (ii) is always satisfied in the described setting, hence, we can
also leave it away. Indeed, lim_,oP(6 < €) = 0 holds, if P(§ = 0) = 0, which is satisfied by definition of the
stopping times to be in strictly increasing order.

Moreover, relaxations on the assumption of observing Xy completely were discussed in Krach et al. (2022,
Remark 2.2). Convergence is defined with respect to the following distance.

Definition 2.4. Let ¢y := co(k) := (P(n > k))~'. A distance between cidlag A-adapted processes Z,€ :
[0,7] x (€2 x ) = R" is defined through the pseudo metrics

di(2,8) = co(k) Epp [Linzry Zei— — €n—l2] (1)
for 1 <k < K and two processes are called indistinguishable, if di.(Z,£) =0 for all1 <k < K.

In particular, this distance compares two cadlag processes at their left limits? at the observation times .

The path-dependent generalisation of the Neural Jump ODE model (Herrera et al., 2021) uses the truncated
signature transformation m,, (Krach et al., 2022, Definition 3.4). The signature of a path is an (infinite) tuple
of features, which allows to approximate any continuous function of the path by a linear combination of the
signature terms. Therefore, it is a very powerful framework in learning theory. It is defined as follows.

Definition 2.5. Let J be a closed interval in R and X : J — R? be a continuous path with finite variation.
The signature of X is defined as the collection of iterated integrals

S(X) = (17XL1]7XL2H-'-)7

where, for each m > 1,

X = dX,, ®@---®@dX,, € (RH)®™
u1<~-<un§
ULyeeyUm €

The truncated signature of X of order m € N is defined as
™n(X) = (1,X5,X3,...,X7),

i.e., the first m + 1 terms (levels) of the signature of X. For a path of dimension d, the dimension of the
truncated signature of order m is

m+1, ifd=1,
d"ToL fd > 1.

Moreover, PD-NJ-ODE uses bounded output neural networks f(gm, where 0 are the weights of the standard
neural network and « > 0 is the trainable parameter of the bounded output activation function (Krach et al.,
2022, Definition 3.12)
T, :Rd%Rd,xHaymin(l,ﬂ/),
|2

applied to the output of the standard neural network. By N we denote the set of all bounded output neural
networks based on a set N of standard neural networks. In the following we assume that A is a set of
standard feedforward neural networks with Lipschitz continuous activation functions, with id € A that
satisfies the standard universal approximation theorem with respect to the supremum-norm on compact sets,
see for example Hornik (1991, Theorem 2).

2For a cadlag process Z we have (by right-continuity) that Z; = lim¢ g Ztte, while the left limit Z; = lim¢ o Z;— . exists
but does not need to coincide with Z;. In particular, Z; = Z;_ if and only if the jump of the process at t, AZy = Zy — Zy—, is 0.
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Definition 2.6. The Path-Dependent Neural Jump ODE (PD-NJ-ODE) model is given by
Hy = PO (07 0, 7Tm(0)7 XO) )
dH; = fo, (Hio st 7(0), 7 (X570 = Xo), Xo )

+ (% (Ht,,mm(ffﬁf@ ~ Xo), Xo) — Ht,) duy,
Yi = g, (Hy).

The functions fo,,po, € N are bounded output feedforward neural networks and ga, € N is a feedforward
neural network with trainable parameters 6 = (01,0,03) € ©, where 0; = (0;,;) fori € {1,2} and © is the
set of all possible weights for the PD-NJ-ODE; m € N is the signature truncation level and u is the jump
process counting the observations defined as us := 25:1 Ty <t

In the PD-NJ-ODE model, H; has the role of a latent process and Y; is the model output (similar to the
latent variable and model output of an RNN). The goal of the model output Y; is to approximate the true
conditional expectation X,. H, evolves continuously between any two observations, according to the neural
ODE defined by fp,. At an observation time, when there is a “jump” in the available information, H; jumps
according to pyp,, which can be interpreted as an RNN-cell. The latent process H; is mapped to the output
process Y; through the readout map gs,. The existence and uniqueness of a solution (H,Y") of (2) for a fixed
6 is implied by Cohen & Elliott (2015, Theorem 16.3.11)%. To emphasize the dependence of the PD-NJ-ODE
output Y on ¢ and X, (t;)1<i<x and M we write YQ(XSTH) (since X=7() summarizes X, (ti)1<i<k and
M).

The objective function (cf. equivalent objective function from Remark 4.8 & Appendix D.1.5 of Krach et al.
(2022)) for the training of the PD-NJ-ODE is defined as

n

1

VDR, Z— V(Z):=Ep,p n Z (1M; © (Xy, = Zo)ly + IMi © (Xe, — Z1,2)]0)? | (3)
=1
$:0 SR, 0 0(F) = U(YI(XZTD)), (4)

where ® is the element-wise multiplication (Hadamard product) and D the set of all cadlag R -valued
A-adapted processes on the product probability space 2 x Q. The two terms in (4) compare the distances
between X;, and Z after and before its jump at observation times ¢;. Intuitively speaking, to minimize the
second term, Z;, — has to be the best possible prediction of X;, given the information available before the
new observation becomes available; and to minimize the first term, Z has to jump to the new observation
X, after it became available.

For N € N the number of training paths and for every 1 < j < N, let (X(j),]\/[(j),n(j),tgj), . JS(‘)])) ~
(X,M,n,ty,...,t,) be independent and identically distributed (i.i.d.) random processes and variables with
the same distribution as our initially introduced process X together with its random observation framework.
Then the Monte Carlo approximation of (4) is

N n()

2
N 1 1 ) . 0 G . 0.j
INOES- DD (‘Mﬁ” © (Xfé% - 1;;-?) + ’Mi” © (Xfé% - Ytgi) ‘ ) , (5)
i=1 ! ' 2 ' : 2

j=1
where Y%7 := yo(X<7():(2),

Based on these loss functions, the following convergence guarantees can be derived, where ©,, C © is defined
as the set of possible parameters for the 3 (bounded output) neural networks, such that their widths and

3 fo, and pg, are Lipschitz continuous as neural networks with Lipschitz continuous activation functions, hence, the stochastic
functions ((w,@),t, H) = fo, (Hi—,t, 7(t, @), mm (X=7®) — X¢)(w,®), Xo(w)), and similarly for pg,, are uniformly Lipschitz
according to Cohen & Elliott (2015, Definition 16.3.2). Moreover, it is immediate to see that these functions are coefficients
according to Cohen & Elliott (2015, Definition 16.0.3), since they are continuous, hence predictable, and since we integrate with
respect to finite variation processes. In particular, integrability (Cohen & Elliott, 2015, Definition 12.3.10) is trivially satisfied
(path-wise), because any continuous bounded function is Stieltjes-integrable.
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depths are at most m and such that the truncated signature of level m or smaller is used and such that
the norms of the weights 6; and the bounds 7; are bounded by m (i.e., |6;]2 < m,~; < m). Thus, ©,, is a
compact subset of ©.

Theorem 2.7. Let 0" € O™ := argming .o {®(0)} for every m € N. If Assumption 2.1 is satisfied, then,
for m — oo, the value of the loss function ® converges to the minimal value of ¥ which is uniquely achieved
by X up to indistinguishability, i.e.,

miny M—00 . _ ¥

Furthermore, for every 1 < k < K we have that yom"® converges to X in the metric dj, as m — cc.

Let O € Oy = argmingcq {Dn(0)} for every m, N € N. Then, for every m € N, (P x P)-a.s.

m, m

dy N, g uniformly on ©,,.

Moreover, for every m € N, we have a.s.,

min N—o0 min T min N—oo min
q)( m.N) — q)(am ) and (I)N( m,N) E— q)(em )
In particular, one can define an increasing random sequence (Np)men in N such that for every 1 <k < K

we have a.s. that YN converges to X in the metric d;, as m — 0o.

This result shows that, given we find the minimizer 6‘%’?\, of the loss function, the output VO N of the

PD-NJ-ODE model converges to the optimal prediction, i.e., to the true conditional expectation X, in the
metrics di. This convergence holds for almost every realization of the training data, which is used to derive

the minimizer 9{3{’]‘\%, when evaluated on independent test data. In particular, this result verifies that the

model can approximate X arbitrarily well and that minimizing the loss function is expedient to find such an
approximation of X. In Section 5, we further discuss the practical implication of this convergence result. In
this work, we do not focus on the task of finding the minimizer for the loss function, which is an independent
and well studied problem on its own. Different optimization schemes exists, which yield convergence to global
or local optima. These can be combined with our results as was further discussed in Herrera et al. (2021,
Appendix E.2). In our experiments we use Adam (Kingma & Ba, 2014), an stochastic gradient descent (SGD)
version, which yields good empirical results.

3 PD-NJ-ODE with Noisy Observations

So far the PD-NJ-ODE model was only applicable when having noise-free observations of X. In particular,
we demonstrate that the PD-NJ-ODE with the original loss yields incorrect predictions in the presence of
measurement noise, i.e., i.i.d. noise terms that are added to each observation of X. Using the stochastic
filtering approach described in Krach et al. (2022, Section 6) would be a possibility to include (discrete
or continuous) noise. However, this requires strong additional assumptions (i.e., the knowledge of the
joint distribution of the process and the noise or equivalently training samples split up into the noise-free
observations and the noise terms) which are not satisfied easily. Therefore, we want to adapt our framework,
such that it can be applied to noisy observations, while only imposing weak assumptions that are easily
satisfied. In particular, we introduce a method that can deal with noisy observations, even if we have never
seen any noise-free observation during training. In contrast to classical filtering, there is no need to have a
strong prior knowledge of the underlying dynamics.

In this section, we introduce observation noise (e.g., measurement-noise), i.e., i.i.d. noise terms ¢; that are
added to the process X at each observation time ¢;, leading to the noisy observations O, := X;, +¢;. Even
though we only observe the Oy, the goal still is to predict X, in particular to compute E[X; | O,,..., O )]

Inspecting the PD-NJ-ODE model and its loss function (replacing X by O), we notice two things. First,
that nothing in the model’s architecture prevents it from learning this modified objective, which should still
have the same properties. Second, that the loss function needs to be modified. Indeed, the first term of the
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loss function would train the model to jump to the noisy observation O;,. This would be incorrect, since in
general E[X;. | Oy, ...,0;] # Oy, because the conditional expectation of X filters out the noise as well as
possible. We therefore drop the first term of the loss function.

On the other hand, it is easy to see that the conditional expectations of X and O coincide in between observation
times® if the observation noise ¢; is independent of the observations and has mean 0. Therefore, the second
term of the loss function is minimised if the model learns the conditional expectation E[X;| Oy, ..., O ]
between observation times.

Along these lines, it turns out that it suffices to omit the first term of the loss function to recover the original
results of Theorem 2.7 under noisy observations. In particular, to optimize the loss, the model learns to jump
to the conditional expectation of X at observation times even without the respective loss term. Indeed, since
it evolves continuously after an observation, it would otherwise be different from the optimal prediction right
after the observation time and therefore would not optimize the loss. In the following this is formalised.

3.1 Setting with Noisy Observations
The process X as well as the n, K,t;, 7, M are defined as in Section 2. Additionally, we define

o (ex)o<k<r, the observation noise, which is a sequence of i.i.d. random variables on (£, F,P) taking
values in R,
o Oy, =Xy, + ¢ for 0 <k <mn, the noisy observation sequence.
Since the goal is to predict X given the observations O;,, we redefine the filtration of the currently available

information via

AL = O'(Oth,ti,ALI ti < t, j S {]. < l < dX‘A[Li,,l = 1}),

such that X, = Ep. 5[X¢| A is the conditional expectation of X given the noisy observations. We define

O=' in the same way as X=' and note that similarly as before there exist measurable functions F} such that
Xij = Fj(t,7(t),0="®). We need the following slight modification of Assumption 2.1.
Assumption 3.1. We assume that Assumption 2.1 items (i) to (iii) and (v) hold and additionally that:

(iv) Fj are continuous and differentiable in their first coordinate t such that their partial derivatives with
respect to t, denoted by f;, are again continuous and there exists a B > 0 and p € N such that for
every t € [0,T] the functions f;, F; are polynomially bounded in X*, i.e.,

|Ej(r(t), 7(), O™ ) + | £;(t, 7(£), 05" D) | < B(X; + 1)’ + B _[ei].
1=0

(vi) n is square-integrable, i.e., Eg[|n|?] < oo.
(vii) The i.i.d. random noise variables ¢ are independent of X, n, M, (t;)1<i<k, are centered and square-
integrable, i.e., Es[ex] =0 and Es[|ex]?] < oo.
Remark 3.2. The relazations on the assumption of observing Xo completely discussed in Krach et al. (2022,

Remark 2.2) can equivalently be applied in this setting here.

In this setting, the PD-NJ-ODE uses the noisy observations Oy, and O=7(") as inputs instead of Xy, and
X=7() Moreover, we define the new noise-adapted objective function as described before as

1 n
U:D =R, Z— U(Z):=Ep s gZ'MiQ(Othh—)'g , (6)
=1

d:0 =R, 0 0(0) = V(Y(X)), (7)

and its Monte Carlo approximation Py accordingly.

4Note that, in general we have E[X;, | Oy, ..., 0] # E[O¢, | Oy, ...,0¢,] = Oy, at observation times, in contrast to their
equality between observation times.
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3.2 Convergence Theorem with Noisy Observations

In the setting defined in Section 3.1, Theorem 2.7 holds equivalently as before.

Theorem 3.3. If Assumption 3.1 is satisfied and using the definitions of Section 3.1, the claims of Theorem 2.7
hold equivalently, upon replacing the original loss functions and their Monte Carlo approxzimations by their
noise-adapted versions. In particular, we obtain convergence of our estimator YN to the true conditional
expectation X in dy.

To prove this, we first need to adjust the orthogonal projection result (Krach et al., 2022, Lemma 4.2) for
this setting. At this point we want to highlight the relevance of this result as the backbone of the proof of
Theorem 3.3, which is first used to show that X is a minimizer of ¥, then to show that it is unique and
finally to bound the distance between X and Y%= in dj, through the difference of their loss function values.

Lemma 3.4. For any A-adapted process Z it holds that

1N M, © (0, — 2,22
=1

‘Mt © (O, — X, )) i
=1

2
:]EPX@[ +]E1w[ >o|Me o (R = 2| 1

Proof. First note that by Assumption 3.1 point (iii) we have that X;, = X, almost surely and when defining
Oy,— 1= Xi,— + ¢; we therefore also have that Oy, = O, almost surely. Similarly as in Krach et al. (2022,
Lemma 4.2), we can derive for Oy, _ 1= Ep 5[0, | As, | that

n

E]PXIB % Z |‘]\/fti © (OtL* - Zt7*)|§

i=1
L3, 001 = 0| | +
=1

To conclude the proof, it is enough to note that

Or— = X1 +Ele| Ay, ) = Xy + Ele] = Xi, -, (8)

— Lpxp

2
IF’X]P’ [nZ‘AIt sz _Zt'i—)‘2] .

using that €; has expectation 0 and is independent of A;,_. O

In the following we sketch the proof of Theorem 3.3, by only outlining those parts of it that need to be
changed in comparison with the original proof of Theorem 2.7 in Krach et al. (2022). The main differences are
that the loss function needs to be adjusted whenever used, and when showing integrability, we additionally
have to account for the noise terms €. A full proof is given in Appendix C.

Sketch of Proof of Theorem 5.3. First, it follows directly from Lemma 3.4 that Q/(X) = mingep V(2), i.e.,
that X is a minimizer of the redefined objective function W. Secondly, again by Lemma 3.4, we have for any
process Z € D that

U(Z) = U(R) + Epys

n 2

2
‘MiQ —&ﬂ]7

hence ¥(Z) > ¥(X) follows as before if Z is not mdlstlngulshable from X, meaning that X is the unique
minimizer of W.

Under Assumption 3.1 the approximation of the functions f;, F; by bounded output feedforward neural
networks works similarly as before, with the slight adjustment that their differences are now upper bounded

by
U:=3B <(X; DY |ei|> .

=0
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Defining
em =ce(T+ 1)dx +c(T + 1)dxU (H{X%Zl/s} + 1>1/6) + 1{555})

it follows that there exists ¢}, € ©,, such that Y;e:" - X,

, < ¢ for all t € [0,7]. Convergence of ®(02,) to

\I/(X ) then follows similarly as before, when noting that by Assumption 3.1
n 2
E [(X;+1)*+ (Z €i|> <E [(Xt* + 1)2”] + E[n%E [|60|2] < 00, (9)
i=0

using Cauchy—Schwarz and that the €; are i.i.d. and independent of n for the first step and the integrability
of X*, ey and n? for the upper bound. Moreover, the convergence of dj, (X, Yev*n) — 0 follows as before.

Finally, the remaining claims of the theorem (including the Monte Carlo convergence) also hold similarly as

before upon replacing Xy, by O;, and noting that the integrability of supy h(6,§;) follows from (9). O

3.3 More General Noise Structure & Conditional Moments

Revisiting the proof in Section 3.2, we see that the noise terms need neither be independent nor centered. If
we assume that the conditional bias of the noise,

Bi(O="WY) := Ele;| Ay, -],

is a known function of the observations (using Doob-Dynkin Lemma (Taraldsen, 2018, Lemma 2) for its
existence), then we can modify the objective function by subtracting it. This leads to

VDo R, Z—V(Z):=Ep;p % Z M; @ ((Oy, = B;(O=1=1)) = Z,,) {3] : (10)
=1

Revisiting (8), which is the only part of the proof where we needed the noise terms to be centered, we see that
E [(O- = Bi(O=" 1)) [Ar -] = Xio— +Eles | A -] = Bi = X, (11)

This implies that the statement of Lemma 3.4 holds equivalently under the reduced assumption of a known
conditional bias function, when using the adjusted loss (10). Additionally assuming that E [(Z::o |ei\)2] < 00,
the following result follows as before.

Corollary 3.5. In the setting described in this sub-section (i.e., arbitrary known mean of the noise and no
independence assumption on the noise), which is a generalisation of the setting in Section 3.1, Theorem 2.7
holds equivalently as before when using the objective function (10).

The following remark explains how Corollary 3.5 can be used to predict conditional higher moments (instead
of only the conditional expectation) under certain assumptions.

Remark 3.6. This result makes it possible to compute the conditional moments of X given the noisy
observations, which doesn’t work in the setting of Section 3.1. In particular, we consider observations
Oy, = Xi,— + €, where we assume that

o ¢; is independent of Ay, _,
o ¢ is conditionally independent of X;,_ given Ay, _
e and €; have known finite moments.

Remark that Proposition A.8 implies that the first two assumptions are in particular satisfied if €; is independent
of (A, —, X¢,—). The binomial theorem implies for any ¢ € N

q
Ol _=xt_ 4+ (j) XI5

j=1

5Note that g, j and ¢ — j denote exponents here rather than superscripts.

10
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We interpret the entire sum as the observation noise and accordingly define the conditional bias of the
observation noise of the q-th moment as

q q
p1=E (Y (j) XiId A = (?)]E[ngAti]E[e{],

j=1 j=1
where we use the assumptions on €; together with Proposition A.7 for the second equality.

Then an inductive argument shows that 8} is a known function of the observations, using the assumption
that the moments of €; are known. Indeed, to compute 8} the conditional expectations of smaller moments
E[Xf;_”AtF] need to be computed, which can be done according to the induction hypothesis (note that the
base case follows directly from Corollary 3.5 and the assumptions on €;). Therefore, Corollary 3.5 implies
that we can compute E[X{ | A;,_] (assuming that we reach the limit where the PD-NJ-ODE output equals
the conditional expectation). In case of an exponential moment assumption E[exp(A| X, —|)] < oo for some
A > 0 we can therefore infer the conditional law of Xy, _.

In the remainder of this section, we discuss the cases of linear and non-linear (noisy) observation models.

Remark 3.7 (Linear Observation Model). Let us consider a linear observation process
Otk = Ath + €k,

for some fized matriz A € R¥™Ix | for d € N, where we have observations of O, but are ultimately interested
in predicting X without having access to any observations of X. For this to be suitable for our framework,
we need that Assumption 3.1 is satisfied for Z := AX.5 Then we can apply our method to approxzimate
7y = E[Z; | A:], as discussed before. To be able to infer predictions for X from Z, we need to further assume
that A defines an injective map, hence, a left inverse A~' with A=Y A = id exists. Under this assumption,
E[X;| A =A7! Zt, by linearity. It is important to note that in an incomplete observation setting, it would
in general not be possible to apply our method to directly approzimate X, since (noisy) observations of X
cannot be computed from (noisy) observations of Z, if they are incomplete (i.e., A~1O might not be well
defined). Therefore, the detour via first computing 7 is essential. Moreover, it should be apparent that in the
case the map defined by A is not injective (or at least injective on the support of X ), information about X
will be lost when only observing O. Nevertheless, any process of the form BZ for another matrix B can be
predicted similarly as described above when observing O.

Remark 3.8 (Non-linear Observation Model & Beyond). Let us consider the observation process
Otk = ¢(ka) + €k,

for some measurable function ¢, where we again have observations of O (in particular we assume that ¢(X)
satisfies the assumptions), but are ultimately interested in predicting X. Then, even if a left inverse ¢~ with
¢~1 o ¢ =id exists, the technique from Remark 3.7 does not work, since E[X; | A;] # ¢~ (E[p(X): | A]) in
general. However, under the stronger assumption that we have access to (noisy) samples of the joint process

&= (X, (X)) for training and that this & satisfies Assumption 3.1, we can compute é= (X, d(X)), which
can then also be evaluated for samples where only (noisy) observations of the ¢(X)-coordinates are available
(cf. Krach et al. (2022, Corollary 6.2)). Moreover, we note that the same is true, when replacing ¢(X) by a
general process Z.

3.4 Examples of Processes Satisfying the Assumptions

In principle, all the examples presented in Krach et al. (2022, Section 7) are valid examples for this setting
when adding some type of i.i.d. observation noise satisfying our assumptions, as e.g. Gaussian or uniform
noise. However, it is important to note that the (true) conditional expectation is not the same, since we
now condition on the noisy observations Oy, instead of the original observations X;,. Therefore, we give one
explicit example where we compute the conditional expectation in the noisy observation setting.

6We note that by linearity of the (conditional) expectation we have E[Z; | A¢] = AE[X; | A;], hence, Z satisfies Assumptions 3.1
(iii) to (v), if X does.

11
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3.4.1 Brownian Motion with Gaussian Observation Noise

Let X := W be a standard Brownian motion and let ¢y = 0, ¢; ~ N(0,0?) for i > 1 be the i.i.d. noise terms
for some o > 0. Then Oy, = X;, + ¢; are the observations. Clearly, all integrability assumptions are satisfied
by X and ¢; (cf. Krach et al. (2022, Section 7.5)). To compute the true conditional expectations we first note
that the independent increments property of the Brownian motion imply for ¢ <t < #5411

E[X¢|As] = E[Wy — Wy, | A ] + E[Wy, |Ar, ] = E[Wy, | Ap, ] = E[W, [Or,5 ..., Oy,

and therefore, f(s,7(t),0="(")) = 0. Since W is a Brownian motion and ¢; are independent i.i.d. Gaussian

noise terms, we know that
v:=(0,...,04,, Wtk.)—r ~ N(0,%)

where
Yo1 XYoo

with 211 € Rka and (Ell)i,j = min(ti,tj) + Jzﬂ{i:j}, EIQ = 221 = (tl, [N ,tk,) € RIXk and 222 = fk. Then
the conditional distribution of (W;, | Oy,, ..., 0y, ) is again normal with mean fi := $9; %7 (Oy,,...,0;,) "
and variance X := Yoo — Yo7 21_11212 (Eaton, 2007, Proposition 3.13). In particular we have

5 (211 Z12> € RO (k1)

E[Xt|./4t] = E[Wtk |Ot1, ey Otk,] == ,[l

3.5 A Practical Note on Using the Noise-Adapted Loss Function

We have seen in Section 3.2 and 3.3, considering the limit where network size m and training samples N go
to infinity, that there is no disadvantage of the noise-adapted loss function (10) compared to the original
loss function (3). In particular, the noise-adapted training framework yields the optimal solution with noisy
observations, but also if there is no observation noise. Indeed, setting e, = 0 for all k, we have O;, = X,
and therefore the original result also holds with the noise-adapted loss function. Hence, the question arises,
why one should use the original loss function (3) at all anymore?

To answer this question, we first note that in practice we are not in the limit case, but we only have access to
a finite training set (i.e., we only observe a finite amount of observations 7(9) from finite number of paths N).
Hence, the inductive bias when training the model becomes more important. See Appendix B for more details
on the inductive bias. In particular, using the original loss function (3) in a setting without observation noise
is preferable, since it directly penalizes the model for not jumping to observations and therefore making it
easier for the model to learn this behaviour. Indeed, in the noise-adapted loss function, the penalization for
not jumping to an observation is more indirect, since it will only be punished at the following observation
time until which the output of the model further evolves through the neural ODE. Therefore, the feedback
signal is weaker, i.e., the respective gradients are smaller.

In a setting with observation noise, the practical relevance of the noise-adapted loss function depends on the
size of the variance of the noise, Var,;se, compared to the size of the variance of the data, Varg,,. Clearly,
if the variance ratio \\/;7(;1: is small, the noise does not have a large impact on the observations and therefore
neither on the training of the model when using the original loss function (3). Due to the better inductive
bias during training, it might therefore be beneficial to use (3) instead of the noise-adapted loss (10). On
the other hand, if the variance ratio is large, the impact of the noise on the observations is substantial and
therefore the noise-adapted training framework leads to better results. This behaviour is well visible in the
experiment presented in Section 6.3. The turning point, where training with the noise-adapted loss function
becomes better, is problem specific (e.g., the number of training samples has a big influence) and, if in doubt,
we suggest to train the PD-NJ-ODE model with both loss functions and compare their results.

4 PD-NJ-ODE with Dependence between X and the Observation Framework

Recall that the observation mask process is given by M and the underlying process by X. In this section,
we remove the assumptions that the observation times are independent of X, and that M is independent

12
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of the observation times and of X. In essence, the model is now defined on only one probability space P
and no independence assumptions between the random variables are made. Instead, we need some weaker
conditional independence assumptions to recover the results of Theorem 2.7.

4.1 Intuition on independence assumptions

In many real-world applications, the independence of the process X and the observation framework (i.e.,
(ti)ieq1,...ny and M) is heavily violated. For example, consider the irregular measurements of a patient’s
health parameters. A nurse or doctor will only take (expensive) measurements if information on the patient’s
state, X, hints that the measurement is necessary. In practice, different measurements are taken from
different patients depending on observations of their state. This motivates the crucial importance of lifting
the independence assumption for real-world applications.

However, even in this paper, we cannot completely remove any independence assumption; we still need
conditional independence of the process X and the observation framework, given all past observations (as
we make precise in Assumption 4.1 items (vii) and (ix) and Proposition 4.9). This is a realistic assumption,
which we show by continuing our hospital example. If we assume that every piece of information the hospital
gets from the patient is immediately logged as an observation (perhaps noisy or incomplete) of X, then all
information about X that the hospital has is contained entirely within these observations. Thus measurement
decisions are conditionally independent of X, given the past observations (if there are no further hidden
confounders).

On the other hand, it is easy to violate this assumption. Imagine that the patient tells the nurse and doctor
she feels feverish and they subsequently take her temperature. If they log her temperature, but not her feeling,
the assumption is violated, as the hospital has a piece of information that is not logged as an observation of
X. In such cases where information is not logged as an observation, our model (and most other classical
forecasting methods) would learn a biased forecast of the body temperature. In the extreme case that body
temperature is only measured if patients feel very feverish, measurements will record a high temperature,
which leads our model to always predict a high body temperature (i.e., the expected body temperature
conditioned on feeling feverish and all other past observations) even if the patient does not feel feverish.

There are often ways to mitigate such issues. In our case, for example, by first logging the feverish feeling
and then the actual measurement at a later time stamp. Moreover, a non-feverish feeling has to be logged
whenever no feverish feeling is reported during a regular nurse visit. Nevertheless, this discussion shows that
it is important to be aware that even our weakened, more realistic assumption of conditional independence is
often not fully satisfied in practical situations. Hence, one must be careful when verifying the assumptions
and potentially adapt the experimental setting such that they are satisfied.

4.2 Setting with Dependence

To allow for dependence, we only consider the probability measure P and define X, n, K, t;,7, M, A; similar as
before, but all on the same (filtered) probability space (2, F,F,P) associated with P. For a random variable
Z and a family of sets B we use the natural notation for their smallest jointly generated sigma algebra
o(Z,B):=0a(Z)Vao(B).

Then we need the following assumptions, most of which are borrowed from Assumption 2.1. Only (vii)
and (viii) are new, while (i) is a strict generalisation of Assumption 2.1 (i).

Assumption 4.1. We assume that Assumption 2.1 items (ii) to (vi) hold, with all instances of P and P x P
replaced by P. Additionally, we assume that:

(i) Moj; =1 for alll < j < dx (X is completely observed at 0) and |My|y > 0 for every 1 < k < K
P-almost surely (at every observation time at least one coordinate is observed).

(vii) For every 1 <k <n, Xy, _ is conditionally independent of o(n, M, ) given Ay, _.

13



Published in Transactions on Machine Learning Research (01/2024)

(viii) For all1 < k < K, 1 < j < dx there is some ng; > 0 such that P(My; = 1| o(n, Ay, —)) > Mkj
(i.e., given the currently known information and n, for each coordinate the probability of observing it
at the next observation time is positive).

(iz) For every 1 < k < K the process X is conditionally independent of t), given A;, .

Remark 4.2. The relazations on the assumption of observing Xo completely discussed in Krach et al. (2022,
Remark 2.2) can equivalently be applied here.

We can use the original objective function (4) and its Monte Carlo approximation (5).

4.3 Convergence Theorem with Dependence

In the setting defined in Section 4.2, Theorem 2.7 holds equivalently.

Theorem 4.3. If Assumption 4.1 is satisfied and using the definitions of Section 4.2, the claims of Theorem 2.7
hold equivalently. In particular, we obtain convergence of our estimator Y9 Nm to the true conditional
expectation X in dy.

The main technical challenge when generalising Theorem 2.7 to Assumption 4.1 is to replace the arguments
using independence and e.g. Fubini’s theorem, by arguments using conditional independence. This difficulty
is well visible when comparing the proof of the orthogonal projection Lemma 4.6 below, with the original
proof of Krach et al. (2022, Lemma 4.2). Before, the claim followed relatively immediately from Fubini’s
theorem and the standard orthogonal projection result for conditional expectations of random variables.
In contrast to this, now we have to condition first on the known information and the additional random
variables of the observation framework, then we have to argue by conditional independence that this is the
same as conditioning only on the known information and only after that we can apply the conditional version
Proposition 4.4 of the orthogonal projection result. The relevance of Lemma 4.6 as the backbone of the proof
of Theorem 4.3 was already discussed in Section 3.2. Finally, in Lemma 4.8 we show how Assumption 4.1(viii)
can replace independence between M and X, when deriving that the distance between )A(tk _ and Y;,_ can be
bounded through their distance when multiplied with the observation mask.

First, we prove the extension of the standard L2-orthogonality result that was stated in Herrera et al. (2021,
Proposition B.2).

Proposition 4.4. Let (2, F,P) be a fived probability space, and A, B be sub-o-algebras such that B C A C F.
For some random variable X € L*(Q, F,P) we define X := E[X | A]. Then for every random wvariable
Z € L*(Q, A, P) with P(Z # X) > 0 we have

E[IX - 213 ’B] :EUX—XE

B} +E “Z—X’z

with strict inequality with positive probability.

The proof is based on Durrett (2010, Theorem 5.1.8). We focus on the one-dimensional case, though this can
easily be generalised to multiple dimensions via the 2-norm, as in Herrera et al. (2021).

i

~ |2 12
_]EUX—X‘ ‘B]JrEUZ—X’

Proof. We begin by expanding the left hand side.

A

E[\X—ZF’B} —EU(XX)(ZX)

—21E (X - X)(Z - X) ‘B]

We now analyse the cross term, which expands to E[Z(X — X)|B] —
first term, we note that since Z € L*(Q, A, P), it holds that ZE[X | A] =
(conditioned on B) of both sides, we get

i
E[X (X
E[Z

X) | B]. Focusing on the
]. By taking expectation

X|
E[ZX”B] —E[ZE[X | A | B]=E[E[ZX | A]| B =E[ZX | B]
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via the tower property, as B C A. Hence, E[Z(X — X)|B] = 0. Note that showing this only required that Z
is A-measurable. Since this is also satisfied by X we directly have E[X (X — X)|B] = 0 and therefore the
cross term vanishes and the equality follows. The inequality holds since E[|Z — X |2 | B] is non-negative. We
therefore just need to show that the inequality is strict with positive probability. To this end, assume for the
sake of contradiction that E[|Z — X |3 | B] = 0 P-a.s, which implies (by the tower property) that E[|Z— X|3] = 0.
This is only possible if Z = X P-a.s., which contradicts the assumption that P(Z # X') > 0. O

As a next step we show that under Assumption 4.1(ix) we can recover that X is the optimal predictor.
Proposition 4.5. Under Assumption 4.1(iz) we have
=E [th,* | Atk*] .

Xi- =E[X: | A, _,] .

Proof. The result is a direct consequence of Proposition A.9. O

Next we re-prove Krach et al. (2022, Lemma 4.2) under the relaxed assumptions with the help of Proposi-
tion 4.5.

Lemma 4.6. For any A-adapted process Z € L*(Q), A, P) it holds that

1 n ) 1 n . 9 1 n A ,
E (=Y IM, 0 (X, - Zu-)3| = B |0 (M, 0 (X, - Xio)| [+E |2 ’M X -2
ln ;| 1 © (X, ti—)la i ; 1 © (X, ti—) ) + - ; + O (X, ) ,
Proof.
1 n K 1
y 2 ) 9
g ﬁZ;']\/[u@(Xuf—Zu—)\z = ;E[nﬂ{ign} Mm(xl,,-zmz}

K
1
= ZE [E |:n]l{i<7l} |]\/jti © (Xti* - Zti*)lg
i=1

o(n, ]\/[tl,/lti)”

K 1 dx )

- ;E E]1{@}jz:;J\/ft,,jﬂz (105 = Ze—] ‘a(n,J\Jt,,Am,)]
K :1 dx )

- ;E Eﬂ{ign};mhﬂa 1% = Zo— sl | A

The first step follows by monotone convergence, the last by Lemma 4.7 below. Now we can conclude by first
applying the equality from Proposition 4.4 with A, B = A;, _, which yields that E[X;,_ | A;,_] minimises the
expression, and then using Proposition 4.5 to conclude that )A(tq., equals this minimizer. Finally, we can
reverse the above steps to arrive at the desired form. O

Lemma 4.7. Assume the context of Lemma 4.6. Then for all i,j it holds that

E |:|Xt7',—,j — Zt¢—,j|2 O'(TL,]\filt7,Ati7):| =E [‘Xti_7j - Zti_7j 2 ‘ At17:| .

Proof. We prove this by showing that if we expand the | Xy, ; — Z;,— ;| term, all three resulting terms can
just be conditioned on A;,_. This is a valid argument as X and Z are both assumed to be square-integrable.
Note that squaring a random variable plays no role in the information given by the o-algebra it is being
conditioned on, and so we only need to analyse the terms Z;,_ ;, X;,_ ;, and Xy, _ ;Z; _ ;. See Appendix A
for an overview of conditional independence and how it’s used here.

CASE Z,,_ ;: Z is A-adapted, and so Z;,_ ; is A;,_-measurable. Thus we have
E [Zfi—,j | O'(TY,, ]\/[tHAti_)] = Zfz—,j =E [Zfz—,j | At'i,_]
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as desired.

CASE X;,_ ;: Assumption 4.1 point (vii) implies that X;,_ ; is conditionally independent of o (n, M;,) given
Ay, —. We therefore have by Proposition A.4

E[Xi,— o, My, Ay, )] =E[Xy,— 5 | Ar, -]

CASE X,,_ ;Z;,_ j: We combine the previous two ideas, namely that Z;, _ ; is A;,_-measurable and that
X;,—,; is conditionally independent of o (n, M;,) given A;,_. Thus

E [th—ijti—J | U'(TL,]\/[ti,Amf)] = ZtL_vj]E [Xti—,j | O'(TL,]\/[L,Atif)]
= Z—B[Xe, i [ Al = E[Z, ;X0 5 | Ar-].

Combining these 3 cases proves the claim. O

The following lemma shows how Assumption 4.1(viii) can replace the independence between M and X.

Lemma 4.8. There exists some ca(k) > 0 such that for any A-adapted process Z € L*(, A, P) we have

E [1{,12,6} ‘f(tk, - Zt,c,u < E []1{,12,6} ‘Mtk © (Koo — Ztk,)u .

S
Cg(k)

Proof. Assumption 4.1 point (viii) states that 0 < ng ; < P(My; =1 | o(n, Ay,—)) = E[M,, ;| o(n, Ay, )]
for all k, j. Let co 1= co(k) := mini<j<qy M,j, then co > 0 and

dx
E []l{nZk} )Mtk ® (Xiy— — Ztk—)u => E [ﬂ{nzk}Mtk,j ‘thaj - Ztr7jH

Jj=1
dx
=) E {]1{@1«} ’th—,j - Ztk—,j‘E [Mi, 5 | o(n, Atk—)]]
j=1

> E [1{7121@} ‘Xtr - thu )

where we used that ]l{nzk}DA(tk_J — Zy, — | is o(n, Ay, _)-measurable in the second line and the definition of
¢o in the last line. O

With the help of these lemmas we are now ready to prove Theorem 4.3. In the following we again give a
sketch of the proof, by only outlining those parts of it that need to be changed in comparison with the original
proof of Theorem 2.7 in Krach et al. (2022). We refer the interested reader to the full proof in Appendix C
for all details.

Sketch of Proof of Theorem 4.3. As before it follows that X is a minimizer of U. To show its uniqueness, we
first note that

E [l{wl,zk} ‘Xtr - Ztkf‘z} < CBk E [l{nzk}

ea(k)

is implied as before when using Lemma 4.8 instead of the independence. Then

- ; 2 M\
E [}.Z My, © (X¢,— — Z@,—)‘ ] > <02()) di(X,2)* >0,

. 2 CpCi1C3
=1

My, © (K- = Z,2)| | (12

follows as before, implying the uniqueness of X as minimizer of .

The approximation of the functions f;, F; also works as before. With this we have

. < min < *
min ¥(2) < ¢(0,") < 2(0,)
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= U(X)+E ﬁ; (Gcm‘Mti ® (X, —Xti)‘2+9cfn>]
. (1 & N
— U(X)+E n;(SCm’]M’Cz@(XE_Xfi—)’z +9E [¢2)]
. 1 < N
< U(X)+6E |~ m‘X —X,} 9F [¢2
< U(X)+ n;c i = X | +9E [c7]
N 1 &
< U(X)+6E | =D cm-2TB(X7 +1)P| +9E [c2]
n
1=1

— WU(X) + 127 BE [c,, (X} +1)7] + 9E [2,],

where the triangle inequality was used in the third line, and we use Assumption 4.1 point (iv) (which implies
that | X;| < TB(X* 4 1)? for all t) to construct a crude bound in the second to last line. As in Krach et al.
(2022), dominated convergence can be used to show

. _ O < min < * m—r 00 .
min ¥(Z) = ¥(X) < (0,,") < ®(0,,) —— min ¥(2),
since 2p is again the largest power of X7 in both terms (remember ¢, has an (X7)P term). The convergence
of dk(X , Ye:n) — 0 follows as before, finishing the first part of the theorem. Finally, it is easy to see that the
proof of the convergence of the Monte Carlo approximation is not affected by our more general dependence
assumptions such that also the second part of the theorem follows. O

The assumption that X;,  and n are conditionally independent given 4;,  seems a bit odd, because n is a
quantity that is not known at ¢;, i.e., not A;,-measurable. This assumption is needed, because we weight the
observations in the loss by 1/n, which means that we weight the terms known at time ¢; with a quantity that
is in general only known at final time 7. In line with this, we can drop the assumption if instead we weight
the terms with the time step At; := ¢, —¢;_1, which is A;, _-measurable. However, this needs an additional
integrability assumption as explained in the following proposition.

Proposition 4.9. If we change the weighting in the loss function to

o + | M; © (Xy, — Ztl—)‘2)2 )

U(Z):=E Y At (IM; 0 (X, — Z1,)
=1

then Assumption 4.1 (vii) can be replaced by the weaker assumption (vii’-a) together with the additional
integrability assumption (vii’-b) below.
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(vii’-a) For every 1 < i <n, X;,_ is conditionally independent of o(M;,) given Ay, .

(vii*-b) For every1<i< K, E {ﬁ} = oo

Proof. First, we note that {i < n} = {t; < oo} and At; are A;, _-measurable, hence the proofs of Lemma 4.6
and Lemma 4.8 work equivalently under the weaker assumption (vii’-a). Next we note that (23) has to be
replaced in the analysis by

Bllzl) =& |V 1)) < B [ar |2
where ¢} = | (i) := E[1/At;] < oo holds by the additional assumption (vii’-b). Finally, we note that
i, At; < T, hence integrability of the loss is still satisfied. These are all needed changes in the proof. [

}1/2 (13)

Remark 4.10. The different weightings in the loss function by either 1/n or At; put different importance on
the observations. In the former case, every observation of one sample path is given equal importance, while
in the latter case, observations have more importance if the previous observation is farther away. Although
both loss functions yield the same unique optimizer, the choice of weighting can influence the training of the
model for finite m or N. In particular, the latter choice corresponds to an inductive bias, which makes it
more important for the model to predict well after a long time without observations, while it is less important
to predict well whenever the frequency of observations is high. Of course other weightings, e.g. by 1/E[n], are
possible, too, and reasonable in some situations.

4.4 Examples of Processes Satisfying the Assumptions

Clearly, all the examples from Krach et al. (2022) are trivially valid for our generalised settings of Section 4.2
since points (vii) & (viii) of Assumption 4.1 are implied by independence. Furthermore, we provide a relatively
general class of examples in Section 4.4.1 and extend two of the examples from Krach et al. (2022) to a
setting where independence does not hold in Example 4.11 and Example 4.13.

4.4.1 Class of Examples Incorporating Dependence

A main problem when constructing examples where the observation times ¢; have a dependence on the
process X, is that in general this will also lead to n having a dependence on X (since n, as the amount of
observations, increases when observations become more likely). This, in turn, might lead to a contradiction
of Assumption 4.1 point (vii).

One way to circumvent this is to define n conditionally independent of X, given A,, _ for all ¢ and to allow
for pseudo observation times, i.e., observation times at which no coordinate is observed (cf. Remark 2.2).
Then we can control whether the process X is observed at an observation time t; via the observation mask M.
In this way, the times at which X is actually observed can depend on X through the observation mask Mj,
even though the ¢, do not depend on X. Therefore, the original problem is replaced by having an observation
mask depending on X, which will be discussed in detail below.

When using a time grid on which the process X is sampled, one concrete example of defining n conditionally
independent of X;,_ given A;, _ is to use the grid points as observation times ¢, leading to n being the
number of grid points. In this case, both n and the ¢; are deterministic, hence, they satisfy the conditional
independence assumptions.

We need to ensure that Assumption 4.1 points (vii) and (viii) are satisfied (assuming that a dummy variable
is observed at every observation time), when defining the observation mask. One way to define M; such that
point (vii) is satisfied is to define it as a function of random variables that are 4;, _-measurable and random
variables that are independent of (A, —, Xy, —,n).

In particular, let M; := g; ((U;)jejf, (Vji)jejé), where g; is a measurable function mapping to {0, 1}%x;
Ji, Ji C N are index sets; U ; is a Ay, _-measurable random variable; and ij’ a random variable independent
of (A, —, Xy, —,n) for all j in J} and Ji respectively.
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By Proposition A.5 we need to show that for any measurable function ¢ we have E[p(X,-) | o (n, M;, Ay, )] =
E[p(X,—) | Ar, ] Indeed, M; is (A, -, (V});e Ji)-measurable by construction, therefore we have for such a
¢ that

E[6(Xi,-) | o(n, My A, )] = E [E [6(X0,-) | o0, (V) jeps Aio)| | o(n, M, 44,0
by the tower property. On the other hand,
E[6(X0-) | o, (V})ess Au)] = EI6(X0m) | o (n A )] = E[6(X1,-) | Ar-],

using the independence of Vji together with Corollary A.2 in the first equality and n being conditionally
independent together with Proposition A.5 in the second equality. Together, this implies the claim and
therefore Assumption 4.1 point (vii).

For Assumption 4.1 point (viii), we note that by Durrett (2010, Lemma 6.2.1) we have
P(My, = 1] a(n,As,—)) =E[M,, | o(n, Ay, )]
= [ (0F) e Vsent) | o, A )]
= 91((U})je 1),

for gk((uf)jw) =E [gk (( )JEJk jeJk):| Hence, we need to define the gi and Vk such that gp > ng
(coordinate-wise) for some 7 > 0.

Example 4.11 (Homogeneous Poisson Point Process with Dependent Observations). We use a 1-dimensional
homogeneous Poisson point process X = N (Krach et al., 2022, Section 7.3) and defined observations
depending on its value following the instructions above. To begin with, we define the observation times to
be the grid points of the sampling grid of the process and n accordingly to be the number of grid points. To
permit observation times of the process depending on the process, we define the observation mask as

M = ]]-{ac,>)\t1 1}, .TZNN( ti 1,0'2) Z'f]\/fi)ilil,
’ u; ~ Bernoulli(p) if ]\Ji)il —

for some o > 0 and p € (0,1). Thus the process is more likely to be observed if the previous value was
observed and was large (note E[N{\] = X, for all k). Otherwise the mask value is sampled from a Bernoulli
distribution.

To satisfy Assumption 4.1 point (i), we define My := 1. To see that Assumption 4.1 point (vii) holds, let
Vi ~ Bernoulli(p) and V3 ~ N(0,0?) be independent random variables independent of o (A, —, N;*_). Then

]\/[Z = IL{J\/[i_l:l}I{Nfi71+V2iZAti*1} + Vli]]-{l\ﬂ,_1:0} =: gi(]\;/[ifl, N{\iil,ti,h ‘Gi, VQZ),
and the claim follows as explained above. Moreover, Assumption 4.1 point (viit) is satisfied because

Gi(Mi—1, N ti1) = Liag,_ o= 1}E{ {a+V2'i2)\b}:| ‘ + 1w, =0y E [V]]

oo ( )
(a,b):(Nt);71 ,t,’,fl) ’p>

> min (P [VQz ZAT] ,p) =:1m; >0,

2min<P[V2iz)\ba]

using that \t;_, — Néi1 < AT, since N> >0, t;_1 <T and X > 0, in the last line.

Remark 4.12. We note that the choice X = N> is only explicitly used for the fact that N* is lower bounded
(by 0). Hence, the Poisson point process could be replaced by any other process that is lower bounded and
satisfies Assumption 2.1 points (iv) & (v).

19



Published in Transactions on Machine Learning Research (01/2024)

Example 4.13 (Black—Scholes with Dependent Observations). We use a 1-dimensional Black-Scholes
process (geometric Brownian motion) (Krach et al., 2022, Example 7.3) with constant drift and volatility
w,o starting at xo and again define observations depending on its value. The observation times and n
are defined as in the previous example and we define the actual times when X is observed via the mask
M. We set My = 1. Moreover, we redefine T to be the last time before t at which X was observed, i.e.,

7(t) = max{t; |t; < t,M; = 1}. Let Vi ~ Bernoulli (:7__:(;')), Vi ~ N(0,7?) and Vi ~ Bernoulli (p) be

independent random variables for some n >0 and p € (0,1). Then we define

M= Vi L,y 4vizapensy + (1= Vi) V5,

for all i > 1. In particular, if X was observed at the previous observation time Vi = 1 and the probability of
observing X increases with the size of the last observation of X (compared to the current expected value of X
at the current time). The further the last observation of X is in the past, the more likely Vi = 0 in which
case X is observed with probability p. Upon noting that the t; are deterministic, it follows as in the previous
example that Assumption 4.1 points (vii) and (viii) are satisfied.

5 Practical Implications of the Convergence Result

In this section we discuss which practically relevant conclusions we can draw from convergence in the metrics
dp for 1 < k < K. We mainly focus on the setting in Section 4.2, however, the same is also true in the
combined setting of Section C.1. In Section 5.1, we study the practical meaning of Assumption 4.1(ix). We
give an intuitive counterexample, where this assumption is not satisfied and our model does not converge to
X. Secondly, in Section 5.2, we discuss the implications of convergence in the (pseudo) metrics dj, (which
ensures a good approximation at left-limits of observation times) for general times ¢. In particular, we study
two practically relevant examples for the conditional distribution of the observation times and show that in
these cases, with high probability, our model approximates the conditional expectation well on the entire
support of the observation times.

5.1 Practical meaning of Assumption 4.1(ix)

If Assumption 4.1(ix) is not satisfied, this can lead to situations where X is not the minimizer of ¥ and
therefore our model does not converge to it, as we explain in the following example. Assume that patients in a
hospital get asked by a nurse every morning at 8 am, whether they feel feverish. If the answer is yes, then their
temperature is measured right away and logged at 8 am; if the answer is no, their temperature is measured
and logged at 4 pm. The (non-)feverish feeling is not logged at all. This data satisfies Assumption 4.1 (since
n is deterministic; dxy = 1 and M; = 1) except for item (ix). It is clear that the model will predict higher
temperatures in the morning than in the afternoon for any test sample, even if the patient always has the
same temperature, since the model only saw this behaviour in the training data. If we assume that on average
patients have the same (or even lower) temperature in the morning as in the afternoon, this prediction is not
optimal in practice.

The mathematical reason for this discrepancy is that our model learns to approximate E[X;, — | Ay, ] (see
proof of Lemma 4.6), which does not coincide with X, i.e.,

E[Xy - [ Ay -] #E[X¢ | A

:Equijfizxr

t=tp—

(surprisingly) holds for this example. Indeed, Proposition 4.5 (which would turn this inequality into an
equality) heavily relies on Assumption 4.1(ix). E[X}, — | A¢, —] minimizes the test error (if the joint distribution
of (X, ;) is the same as during training), since it can exploit the knowledge” that it is queried at an observation
time ¢, (i.e., high temperature if ¢; is in the morning and low temperature if ¢; is in the afternoon). However,
in this example we do not obtain the optimal forecast X; = E[X; | A, ,] for any time ¢, which is the best
prediction of X at any time, given the information available at the previous observation time.

7Mathematically, .Atkf = U(Alk—l ,tx) includes the information that a measurement is taken at time .
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Assumption 4.1(ix) ensures (via Proposition 4.5) that our model converges to the practically meaningful
version of the conditional expectation X;, = E[X;| A, 1” {—,_ At observation times. In the following, we
discuss what this implies for the approximation at any ¢ € [0, 7.

5.2 From Approximations at Observation Times to Approximations at any Time

Under Assumption 4.1 we have established that our model output yoim (X<t converges to E[ X, | Ay,
t k—1

at every observation time ¢;. Both, Yt‘g?'ij (X=%~) and E[X; | A;, ,] are functions of the random variables
summarized in A;, , (by definition for our model and by the Doob-Dynkin lemma for the conditional
expectation) and therefore conditionally independent of ¢, given A;, ,. We note in particular that X<te—
carries exactly the information of A;, ., i.e., it has no information about ¢ (despite its notation). Hence,
intuitively speaking, the approximation has to be good for every t in the support of ¢ for the expectation to
converge. In the following we formalize this.

Let Px. be the probability measure conditioned on the event that n > k, i.e.
Pr(-) =P(-{n = k}),

and denote by Ej the expectation operator with respect to this probability measure. Then the following
lemma is a consequence of the definitions of P and ¢ (k).

I min min

Lemma 5.1. We have dp(X,Y%") = Ey, HXW, - Yt(:’i

} and the equivalent result for YO N

2

Proof. 1t is enough to note that E[- 1¢,>3] = P(n > k) Ex[-]. O
Next, we define for each 1 < k < K the (regular) conditionalNdistribution of t; given X =ti— as the almost
surely unique probability kernel (or random measure) p;, (-; X <'*~) satisfying

pe,(B; X=7) =Py (tp € B| Ay,,)  as., Y BeB([0,T)).

Kallenberg (2021, Theorem 8.5) ensures its existence (since [0, 7] is Borel) and implies for any measurable
function ¢ that almost surely

.
Er [¢ (X507, t) | Ab s ] :/ ¢ (X7 08) g, (dt 3 X=00). (14)
0

In particular, this implies the following result.

Proposition 5.2. Under Assumption j.1 we have, with the same notation as in Theorem 2.7, that for every
1<k<K

Gmin

. T
Ao (X, V") = B, / ‘IE (X, | XS] — v (f(ﬁ’*'“‘)‘2 utk(dt;ffi““‘)] S50
0

min

and the equivalent result for Y m N .

Proof. We first apply Lemma 5.1 and then use the tower property to get a nested conditional expectation
(conditioning on Ay, _,) inside the outer expectation, which can be rewritten by (14) as an integral. Finally,
we use Lemma 4.5 and then the Doob-Dynkin lemma (Taraldsen, 2018, Lemma 2) to rewrite E[X; | A, ]
as a function of X =~ which we denote by E[X; | X=*~] (and we replace t by t— for the left-continuous
version of it). O

Proposition 5.2 implies convergence of a conditional L'-norm (or equivalently, an L'-norm integrated against

a random measure) nested inside an L'-norm. Since LP-convergence implies convergence in probability, we
have in particular that for every € > 0

T .
o (/ B (X, =] - v (X“*“f)!gutk(dt;)?%>>e>"H—°°>o. (15)
0
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In the following, we study two examples of the conditional distribution i, that are relevant in practice. We
study them for V%" but note that the hold equivalently for VN . We first remark that in general the
support of ¢ is a A4;, ,-measurable random set (in particular, it often depends at least on t;_1). We denote
this set-valued random variable with

S, == supp (tx [ Ar,_,)

which is defined to be the smallest closed random subset S;, C [0, 7] such that py, (S, ; X</ ~) = 1 Pg-almost
surely. By Doob-Dynkin’s lemma (Taraldsen, 2018, Lemma 2) we can write S;, as a function X =%~ i.e.,
Si, = Sy, (ngtk—).

Example 5.3. Assume that Sy = U, S, (w) is finite and that there exists some a > 0 such that for all
t € Sy we have g, ({t}; X=t—) > alygysy, y Pr-almost surely. This is the case if all observation times are
sampled from a (finite) grid with positively lower bounded probability to take any value of the grid, which

is larger than the previous observation time (as in the synthetic examples in this paper and in Krach et al.
(2022)). Then Proposition 5.2 implies that for every 1 <k < K

Z Ex {]l{t>tk,l} ‘]E [Xt7|X§tk7:| _ Yt@}:’“‘ (ng,kf)‘J m=oo, ()
teSk

and (15) implies that for every e,0 > 0 there exists mg € N such that for m > mg there is a subset ,, C Q
with Pr(Qp,) > 1 —0 and for every w € y,, with n(w) >k and every t € S with t > t;,_1(w)

Gmin

]E (X, | X<t (w)] — v (Xsww)\z <e

In particular, with high probability, our model is close to the optimal prediction at the left limit of every
possible grid point if m is large enough. At the same time it is apparent that we cannot infer anything
fort & Si. In our synthetic examples this is not a problem since we only plot our model and the optimal
prediction (and measure the distance between them) on the grid points.

Remark 5.4 (Convergence in the Evaluation Metric). In the same setting as in Example 5.3, if there exists
one finite grid from which all observation times are sampled, i.e., S C [0,T] finite, such that S, C S for all k
and T € S, then n < |S|. Revisiting the proof of Theorem 2.7 in Appendiz C, we note that (23) can therefore
be replaced by

1
e (123] < s/ |1 1]
and therefore we can show the convergence stated in Theorem 2.7 in the stronger L*-type (pseudo) metric
d%(Zv 5) = Co(k) E []-{'ILZk}'Ztk* - ftk*‘%] ’ (16)

for which Proposition 5.2 holds equivalently.

We assume that for P-a.e. w and for every t € S we have that tj,_1(w) <t < tp(w) implies that t € Sy, (w).
Then the evaluation metric (cf. Section 6) defined on S for Niest t.i.d. test samples is

Niest . 2
evalg, n,,, (X, V0 ) = =" Y E [Xt,‘Xﬁ_’m} oy (g St=0)y
|S| tes Ntest j=1 2

and by a similar argument as in the second part of the proof of Theorem 2.7 (cf. (31), (32)), we have

1 2
EZ ] =:(I).

tesS 2

evalg (X, V0hn) S22, g E[X, |X<7] — v hom (X<07)
) Niest—r00

If we add pseudo observation times at T (by choosing the respective mask to be 0 in case there is no actual
observation at T, cf. Remark 2.2), we have t,, = T.® Then, using that S is finite and with our assumption

8We need to do this because otherwise we have terms where ¢ > t,, which cannot be upper bounded by the distances in di.
However, we note that the objective function is the same except for dividing by n 4 1 instead of n for the samples which do not
have an observation at 7'. Hence, also the trained model is nearly the same.
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for Sy, , we have

< min 2
ZE ll{,z =k}Tar |S‘ Z Xt_ X<t ] Y(’m N (thf) ‘|
tes 9
S ~ gmin 2
|S| Z]E ]]-{” k} Z Z IL{fh 1<t<ty, } I:Xt—|X§tm7:| 1/;_77’ Nm (X<t 7) ‘|
k=1teS, )
lSI ~ pmin N 2
| ZE I]-{h k} Z ]]-{n>;<} Z IL{M <t} [th‘XSt”i] o Y*t_m,Nm, (thh.—) ]
teS, )
S |S| ~ min ~ 2
|S| ZE Z ]l{n>n} Z ]l{t,,l<t} [Xt_}XSth——] _ }/’tlrL.Nm (thﬁ_) 2
teS,
S ~ min - 2
S Z Z E 1{’712K}]—{th;,1<t} E [Xt7|X§tN*] _ K:??,,Nn), (thw—) ‘|
K=1t€S, )
.- ~ min - 2
< Z Z E, ll{t”_l<t} E [Xt7|XSt”_:| _ Ytim,.i\‘ﬂn (th,i—) ] 'm—)_oo> 0,
k=1t€S, )

which converges to 0 according to FExample 5.3. In particular, we have P-almost surely

lim lim evalg NISSL(X,Y% Nm ) = 0,
M—00 Nyesp—>00 o

e., the evaluation metric converges to 0 when the number of evaluation samples, the number of training
samples and the network sizes increase. Moreover, if the number of evaluation samples Niesy < 00 is fived,
the evaluation metric evalg, Ntm(f( , Ygzl-rf\’m) converges to zero in probability as m and Ny, tend to infinity.
Example 5.5. Assume that for 1 < k < K, Pi-almost surely we have that Sy, = (tx—1,T], that pu, (- ;)N(St*‘*)
is absolutely continuous with respect to the Lebesgue measure on [0,T], and that its Radon-Nikodym derivative
w.r.t. the Lebesque measure satisfies

d/}/tk(.;XStk’—)

dit > a]l(LA-—uT](')

for some o > 0. This is for example the case if the observation time t) is uniformly or exponentially (with
an upper bound) distributed on (ti—1,T]. Then Proposition 5.2 implies that

T
Ex [/ ‘E [Xt—’f(gtk*] Yem (Xﬁtkf)‘ dt] m—00 0
2

tr—1

and (15) implies that for every e,d > 0 there exists mg € N such that for m > mq there is a subset Q, C Q
with Pr(Qp) > 1 — 0 and for every w € Q,,, with n(w) >k

/’T
te—1

In particular, with high probability, the L'-distance on (t._1,T] between our model and the optimal prediction
is small if m is large enough. Since our model and the optimal prediction are both continuous in t, we know
that in the limit they have to be point-wise the same, i.e., for every t € (ti—1,T].

9"““

E X | X5 )] - 2 (X5 )| dt <.

To summarize, under Assumption 4.1, at every time s, for every future time ¢t € [s,7T] that was not
deterministically excluded from being the next observation time given the previous observations,” our model

min

Y, ™Nm (X =9) converges in probability to the correct conditional expectation E[X, | A,] as m tends to infinity.

9Mathematically this just means, “for every t € St,,” given that 7(s) = t,_1 for some k.
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5.3 Implications for a Trained PD-NJ-ODE model

Finally, we discuss what we can say about the distance between the true conditional expectation X and
the output of the PD-NJ-ODE model Y7 for parameters #* which are e-optimal. This is an important
practical question which arises, when training the model with some optimization scheme (e.g. a version of
stochastic gradient descent) yields such parameters 6*. We note that the existence of such parameters follows
from Theorem 2.7 or its versions for noisy observations (Theorem 3.3), dependence (Theorem 4.3) or both
extensions (Theorem C.3).

Proposition 5.6. Assume that 0* are e-optimal parameters for the PD-NJ-ODE, i.e.,

*) <
D(0*) < elg(f_) o(0) + ¢,

for some € > 9.10 Then for every 1 < k < K there exists a constant ¢ = ¢(k) > 0 independent of 0* and
such that di (X, YG*) < cy/fe.

Proof. The claim follows from applying (1), (24), (23) and finally Lemma C.4, which was summarized in (29)
in the full proof of the main theorem with both extensions. O

We note that the results from Section 5.2 equivalently hold here. Therefore, we are able to make statements
about the distance between the paths of X and Y.

Remark 5.7. Under the same assumption as in Proposition 5.6 as well as Assumption j.1, we have that for
every 1 <k < K

dk(vag*) = Eg

/OT B [ | X5 ] = Y (X540, <dt;f(9k—>] < c(k)Ve.

Moreover, if additionally the assumptions of Example 5.3 are satisfied, then we have

(k)

«

S B [1sre oy [B X X507 - (x500) ] < W2

teSk

FEquivalently, if additionally the assumptions of Example 5.5 are satisfied, then we have

Eg

[ et -v o)) af < B0

tr—1

6 Experiments

The code with all new experiments and those from Krach et al. (2022) is available at https://github.com/
FlorianKrach/PD-NJODE. Further details about the experiments can be found in Appendix D. In particular,
in Appendix D.1 we give details on the slight deviation of the practical implementation from the theoretical
description.

As in Krach et al. (2022) we use the following evaluation metric to quantify and compare the training success.

N, K
R 1 test 1 o . 2
I(X,77) = X9 - vy
eval(X,Y") Ntest;wrl; 2 =Y |

where the outer sum runs over the test set of size Nyo; and the inner sum runs over the equidistant grid
points on the time interval [0, 7.

In Sections 6.1 and 6.2 we provide two illustrative experiments on easy synthetic datasets for the extensions
discussed in this paper. We note that the extension to a dependence between the observation framework and

10Note that infgee ®(0) = mingzep U(Z) = ¥(X) according to our main theorem.
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the process X is purely theoretical, not changing anything in the implementation of the model, hence, the
experiments on real world datasets of Krach et al. (2022) are representative for this extension as well. In
particular, it is very likely that there actually is such a dependence in the Physionet dataset (Goldberger
et al., 2000), as discussed in the introduction and in Section 4.1. Hence, our paper provides the theoretical
foundation for those empirical results of Krach et al. (2022) and, vice versa, those results show that the
method discussed in our paper is applicable to complex high-dimensional settings.

In Section 6.3 we provide further experiments on the Physionet dataset to compare the noise-adapted training
framework of Section 3 with the original one.

6.1 Noisy Observations — Brownian Motion with Gaussian Observation Noise

We test the PD-NJ-ODE trained with the loss function adapted to noisy observations (6) in the context of
Section 3.4.1. In particular, X is a Brownian motion and we assume to have observation noise of a centered
normal distribution with standard deviation ¢ = 0.5. Moreover, we compare these results to using the original
loss function (3) with the noisy observation. PD-NJ-ODE adapted to noisy observations achieves a minimal
evaluation metric of 1.1-1072 while using the original loss function leads to a nearly 20 times larger evaluation
metric of 1.9 - 1072, Moreover, in Figure 1 we see that the noise-adapted method learns to correctly jump
when new observations become available, while the original method jumps to the noisy observations and
afterwards tries to get close to the true conditional expectation quickly. We note that this is the expected
behaviour.

1.0 1.0

—— true path —— true path
our model our model
-1.04 . true conditional expectation -104 true conditional expectation
® observed e ® observed L
%  true value at obs time * true value at obs time
OTO OTZ 014 016 018 110 OjO 0j2 of4 ofe ofs 110

Figure 1: A test sample of a Brownian motion X with noisy observations O;, = X, + ¢, together with the
true and predicted conditional expectation. The PD-NJ-ODE is trained with the noise-adapted loss (left)
and the original loss (right).

6.2 Dependent Observation Framework — a Black—Scholes Example

Based on Example 4.13 we train a PD-NJ-ODE on a 1-dimensional geometric Brownian motion with drift
1 =2 and volatility ¢ = 0.3 and with observation probability depending on the last observation of X, the
time since the last observation and on independent random variables Vlvz’3 for which we use the parameters
n =3 and p = 0.1. As our theoretical result suggests, our model learns to predict the conditional expectation
well with a minimal evaluation metric of 1.1 - 1073 which is also visible in Figure 2.

6.3 Physionet with Observation Noise

To test the new training framework for noisy observations in a 41-dimensional, complex real world setting,
we use the Physionet dataset (Goldberger et al., 2000). Even though the Physionet dataset, as it is, is
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Figure 2: A test sample of a geometric Brownian motion X with observation probability depending on
previously observed values of X. Plotted together with the true and predicted conditional expectation (scale
on the left) and the observation probability over time (scale on the right).
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0.0 0.2 0.4 0.6 0.8 1.0
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Figure 3: Evaluation MSE of the PD-NJ-ODE trained on the Physionet dataset with the original and the
noise-adapted loss with different size for the standard deviation factor of the synthetically added observation
noise.

likely to have some observation noise, it turns out that this noise is too small to have a big impact on
the training (cf. Figure 3 and Section 3.5). Therefore, we add synthetic noise to all observations that are
used as input for the PD-NJ-ODE (but not to the observation on which the evaluation MSE is computed)
and study its impact on the evaluation MSE depend on the size of its standard deviation. More precisely,
we first compute each coordinate’s standard deviation g4q4,,; Oon the training set and then add i.i.d. noise
samples €; j ~ N(0,C* 05,4,.;), for ¢ > 0, to each observed coordinate X, ;. In Figure 3 we show the minimal
evaluation MSE results when training the PD-NJ-ODE with the original loss (5) and the noise-adapted loss
(see Equations (6) and (7)) on these datasets for increasing standard deviation factor (. Without additional
noise (¢ = 0), the original loss function leads to slightly better results than the noise-adapted loss function
(which is approximately 10% larger), suggesting that in this case the potential intrinsic observation noise
has a smaller impact than the inductive bias of the original loss function (cf. Section 3.5). The larger the
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synthetically added noise gets, the larger is its impact. For the noise-adapted loss function the evaluation
MSE only grows linearly (with a small slope) when ¢ increases. In contrast to this, it grows more than linearly
for the original loss function. For some ¢ € (0.4,0.5) there is the turning point, where the noise-adapted
framework becomes more efficient. Overall, the evaluation MSE grows less than 20% for the noise-adapted loss
(from ¢ =0 to ¢ = 1), while it grows by nearly 300% for the original loss function. Moreover, the evaluation
MSE with ¢ = 1 is more than 3 times larger for the original PD-NJ-ODE than for the noise-adapted one. This
example demonstrates well the importance of the noise-adapted training framework when the observation
noise is large.

7 Conclusion

In this work we broadened the applicability of the PD-NJ-ODE of Krach et al. (2022) by extending the
theoretical foundation to allow for the observation framework (i.e., observation times and masks) to depend on
previous information and additionally proposed a new loss function that provably leads to optimal predictions
even if observations are noisy. In particular, we showed that any centered i.i.d. observation noise satisfying
some integrability conditions can be dealt with by switching to the noise-adapted objective function (6).
Moreover, we showed that the proof of the main result can be retained when lifting the independence
assumption between the process X and the observation framework, by extensively working with conditional
independence. Finally, we provided experiments showing empirically that the PD-NJ-ODE works well in
those extended settings.
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Appendix
A Conditional independence

Let (Q, F,P) be a probability space, G, H C F be two sigma-algebras and let X be a random variable.

The assumption that X is independent of G leads to the natural but incorrect conclusion that E[X | (G, H)] =
E[X | H]. For this to hold, we actually need a stronger assumption as in the following proposition that is due
to Hansen (2015); Yoo (2014).

Proposition A.1. If o(X,H) is independent of G then E[X | o(G,H)] = E[X | H].

Proof. We prove the desired equality in the context of basic measure theory. We first assume that X is
integrable on o(G,H), since otherwise neither of the expectations are valid. Then we recall that conditional
expectation is simply a random variable Z that satisfies the following three properties

1. Z is (G, H)-measurable,
2. Z is integrable,
3. [, XdP = [, ZdP for all A € (G, H).

By the definition of the conditional expectation we know that E[X | o(G, H)] satisfies these properties. To
show the claim, it is therefore enough to prove that also Z = E[X | H] satisfies them. The first two follow
trivially since H C (G, H). For the third, we note that by Dynkin’s 7m-A theorem it is enough to consider
the N-stable generator P ={ANB| A€ G,B € H} of (G, H) and show that

XdIP:/ ZdP VYA€ G ,BeH,
ANB ANB

or equivalently
EX -1ang]=E[E[X | H] Llans] VA€G BeH. (17)

Indeed, P is a m-system (with o(P) = o(G,H)) that is trivially included in the smallest Dynkin system D
including P (this is the system that includes all sets in P, is closed under complements and under countable
unions of disjoint sets). Moreover, if (17) holds for every set in P, it is easy to see (by linearity of the integral
and dominated convergence) that the corresponding property also holds for every set in D, since for a set
A € D we have 1,6 =1 — 14 and for disjoint sets (Ay)r>1 € D we have 1y,.,4, = Y >y 1a,. Dynkin’s
-\ theorem implies that o(P) C D, therefore the third point follows. - -

To show (17), note that o (X, #H) being independent of G implies that H is independent of G. Therefore,

E[X - 1anp) = E[X - 1514]

[
= E[X-15]E[14] (o(X,H) indep. of G)
= EE[X -1 |H]] -E[14] (tower property)
= E[E[X-1p]|H] 14] (H indep. of G)
= E[E[X |H] 1alp] (1p is H-measurable)
= E[E[X | #]-1ans],
completing the proof. O

Corollary A.2. If o(X,H) is independent of G then E[p(X) | o(G,H)] = E[¢(X) | H] for all measurable and
integrable functions ¢.

Proof. This follows directly from Proposition A.1 upon replacing X by ¢(X) and noting that o (¢(X), H)
o(X,H), implying the needed condition.

N
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It should now be apparent that the assumption that X and G are independent is insufficient if we want to
show E[X | (G, H)] = E[X | H] (a counterexample is provided in Hansen (2015)). However, we can actually
make a weaker assumption (though still stronger than the assumption that X and G are independent) to
attain the same result, as shown in the next proposition.

Definition A.3. X and G are conditionally independent given H if for all x € (X), A € G,
E[lo1a | H] =E[1, | H]E[La | H].

Proposition A.4. If X is conditionally independent of G given H then E[X |o (G, H)] = E[X | H].

Proof. Following the previous proof it is clear that we only need to show
E[X - 1ang] =E[E[X | H] - Lans]

for all A € G and B € H. We do this by measure-theoretic induction (as in Durrett (2010, Proof of Theorem
1.6.9)), in particular, we proceed in a four-part case distinction of X. In the first case, assume X is an
indicator function, i.e., X = 1, for some x € F. Then

E[X - 1ang) =E[1,1405]

= E[E[1,1anp | H]] (tower property)
= E[E[1,14 | H]15] (BeH)
= E[E[1, | H]|E[14|H]15] (cond. indep.)
= EE[E[L, |#H] 14| H]1p] (E [, [ #] H-mbl.)
— E[E[E[L | #] Las | ] (B €M)
= E[E[1, | H]-Lans] (tower property)
= EEIX|H] Lans].

Thus in the most basic case we have the required property. In the second case we let X = Zle c;1;, bea
finite weighted sum of indicator random variables, where k € N, ¢; € R and z; € F. The result of the first
case combined with linearity of expectation immediately shows that the property holds for X in this form too.

In the third case, we assume X is some non-negative function. We define a random variable X that is simple

and such that Xy 7 X as kK — oo. For example, we can take X = Zk2 -t ’ Fl{sr <X < %1} + klp<x,
as in Durrett (2010, Proof of Theorem 1.6.9). Then, by monotone convergence and the previous case, the
property also holds when X is an arbitrary non-negative function.

Finally, in the fourth case, we let X be an arbitrary integrable function. Then we can write X = X+ — X~
where f(z) := max{0, f(z)} and f~(x) := min{0, f(x)}. Integrability of X means that X and X~ are
themselves integrable. We can use linearity of expectation and the previous cases to conclude that, in this
general setting, the property still holds. This concludes the proof by measure-theoretic induction. O

Proposition A.5. X is conditionally independent of G given H if and only if E[p(X) | o (G, H)] = E[p(X) | H]
for all measurable and integrable functions ¢.

Proof. The “=" direction is a simple corollary of Proposition A.4 that follows with the same proof upon
replacing X by ¢(X) and noticing that ¢(X) is a o(X)-measurable random variable.

The “<=” direction is also easy to see. Let x € o(X), A € G and define ¢ such that ¢(X) = 1,. Then we have

E[l,14 |H]=E[E[1,14|0o(G,H)]|H] (tower property)

=E[E[L, |o(G,H)]1a | H] (AegGCoa(G,H))

=E[E[L, | H] 14 | H] (RHS of claim with ¢(X) = 1)

=E[l; | H]E[1a | H] (E[1; [ H] H-mbl.)

This completes the proof. O
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Proposition A.6. If X is conditionally independent of G given H, and Y is independent of o(X,G,H) then
for any measurable and integrable function f also f(X,Y) is conditionally independent of G given H.

Proof. By Proposition A.5 we have to show that for any measurable ¢ we have E[¢(f(X,Y))|o(G,H)] =
E[o(f(X,Y)) | H]. First note that it is enough to show this for ¢ being the identity, since both ¢ and f are
arbitrary measurable and integrable functions. Then we have for g(x) := Ey [f(X,Y)], which is a measurable
and integrable function again, that

Ef(X,Y) oG, )] =E[E[f(X,Y)]|o(X,G,H)] | (G, H)] (tower property)

=E[g(X) | o(G,H)] (Durrett (2010, Lemma 6.2.1))

=E[g(X) | H] (Proposition A.5)

=E[f(X,Y) | H], (reversing step 1 & 2)

as wanted, proving the claim. O

Proposition A.7. If X is conditionally independent of Y given H then
E[XY | H] =E[X | H]E[Y | H].

Proof. From Proposition A.4 we know that E[X | o(Y,H)] = E[X | H]. Therefore,

EXY | H]|=E[E[XY |o(Y,H)] | H] (tower property)

_E[E[X | o(Y,H)Y | ] (v € o(V, H))

=EE[X |H]Y | H] (Proposition A.4)

—E[X |HE[Y |H], (E[X | H] H-mbl.)

as wanted. O

Proposition A.8. If X is independent of o(G,H) then X is conditionally independent of G given H.

Proof. Follows directly from Proposition A.5. O

Proposition A.9. Let XY, Z be random variables such that X and Y are conditionally independent given
o(Z). Then, for any measurable function ¢ we have

Elp(X,Y)[o(Z,Y)] =E[6(X,y) | o(Z)] |y=v-
We follow the proof of the somewhat less general result Durrett (2010, Lemma 6.2.1).

Proof. By its definition, it is clear that the r.h.s. is o(Y, Z)-measurable. Hence, by the definition of the
conditional expectation, we only need to show that

E[p(X,Y)lc] = E[E[¢(X,y) | o(Z)] [y=y 1], (18)

for all C € (Y, Z).

Assume first that ¢(z,y) = La(x)1p(y) and let C € o(Y, Z) be of the form C' = {Y € Cy,Z € Cy} for Borel
sets A, B, C1,Cs in the images of X,Y, Z, respectively. Then,

E[p(X,Y)lc] = E[E[14(X)15(Y)1e, (Y)1c,(2) [ a(2)]]

—E[10,(2)E[14(X) | o(2)] E[15(Y) 10, (Y) | o(2)]], (19)

using the tower property in the first and conditional independence in the second equality. Moreover, note that

Elp(X,y) [ o(2)] = E[1a(X)1p(y) | 0(2)] = 1p(Y)E[1a(X) | 0(2)],
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hence,
| o(2)] 1, (Y) 1c,(2) | o (2)]] (20)

using the tower property in the second and measurability in the third equality. (19) and (20) together show
that (18) holds for the simple functions and the special C'. Next, we note that by Dynkin’s 7-A theorem, the
same holds for general C' € o(Y, Z) (cf. proof of Proposition A.1). Then the claim follows for all bounded
functions by the monotone class theorem (Durrett, 2010, Theorem 6.1.3), as outlined in the proof of Durrett
(2010, Lemma 6.2.1). Moreover, it follows for general measurable functions by dominated convergence. [J

B Inductive Bias

In this section we first discuss the inductive bias induced by the old loss function. Afterwards we discuss the
general inductive bias introduced by the PD-NJ-ODE (2). In this paper, we have shown that under certain
assumptions our estimator based on the new loss (10) is consistent, and thus asymptotically unbiased as
the model complexity m and the number of training paths N tend to infinity. However in such an infinite
hypothesis space it is impossible to obtain an unbiased estimator for any finite number of training paths
N € N. For this reason, it is helpful to have an appropriate inductive bias that guides the estimator in the
right direction when there is a limited amount of training data (Mitchell, 1980).

B.1 Inductive Bias of the Loss

While the new loss (10) is asymptotically unbiased, the old loss (3) is in general always biased. Even in the
limit m, N — oo this bias induced by the old loss (3) does not vanish. On average, models obtained from
the old loss will jump too closely to new observation O,, at observation times t; as can be observed in the
right subplot of Figure 1. However, in the case of no noise (i.e., Xy, = O, ), the correct model should always
exactly jump to new observations. Hence, teaching the model explicitly to jump to new observations via
the term |M;, © (Xy, — Z;,)|, in the old loss (3) incorporates helpful prior knowledge which is particularly
helpful for small training datasets. Even if the observations O;, are noisy (with a small noise-scale \/E[ez]),
the term [M}, ® (Oy, — Z,)|, in the old loss (3) can be a beneficial inductive bias, if one only has access to a
very small training dataset. If one has very little information from other observations about the dynamics of
X, then it might be a reasonable best guess to jump close to new observations O,, at observation times ¢j.

For example, if the model }Qzl'l'l‘l'l’l\' (X=ts-1) obtained from the new loss (10) is further away from the true
conditional expectation E[X; | A, ] |t:tk than the noisy observation Oy, , the term |[M} ® (Oy, — Z,)|, in
the old loss (3) would be helpful to push the model closer to the truth. This explains why we can see in
Figure 3 that the old loss (3) outperforms the new loss (10) in the case of very small noise relative to the
overall variability of the data.!'?

Furthermore, different weighting schemes in the loss also influence the inductive bias (see Remark 4.10). The
term | My, © (O, — Zy, )|, in the old loss (3) can be particularly helpful if the loss is weighted via Aty.

1 Occam’s razor suggests, that one should always pick the simplest (or most parsimonious) model that explains the data,
i.e., the inductive bias should be directed towards simplicity/parsimony. Different machine learning (ML) models incorporate
simplicity /parsimony in various different ways, so one should pick the right model according to the alignment of the inductive
bias of the model with one’s prior belief.

121n this experiment, we trained also only for 100 epochs. Additionally to the statistical learning argument given before, there
is probably also an algorithmic effect, that the term [My © (O, — Z¢, )|, in the old loss (3) helps the model to move directly in
the right direction starting from the first epochs. At least during the first epochs the model Yfi (XS”’C*I) is usually very far off
(at observation times t;) compared to the noisy Oy, observations thus the term |My ® (O, — Zt,,)l, in the old loss (3) pushes
the model directly in the right direction at observation times, while the new loss (10) only has an indirect affect on the model at
the observation times tj.
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B.2 Inductive Bias of the PD-NJ-ODE architecture

As shown in our main theorem the PD-NJ-ODE architecture (2) is universal and when it is trained with the
right loss, such as (10), it is asymptotically unbiased. However, for any finite number of training paths N,
there are infinitely many models (i.e., infinitely § € ©) that all perfectly fit the data, i.e., achieve P ~(0) =0,
but correspond to very different predictions Yt’)(f( <%) on unseen test data. Therefore, for N < oo, our
architecture (including the training algorithm) necessarily needs to have an appropriate inductive bias to
make a reasonable choice among all the models with reasonable low training loss @ ~(0).13 (Additionally
we want this bias to vanish in the limit N — oo, which is already given by our theory.) First, we give some
intuition on our understanding of the important inductive bias of PD-NJ-ODE (2) and afterwards we will
give some theoretical arguments that motivate these hypotheses. Most machine learning models have and
inductive bias towards some form of simplicity for the function mapping inputs to predictions. E.g., some
NN-architectures have an inductive bias towards low second derivative of this function w.r.t. the inputs
(Savarese et al., 2019; Ongie et al., 2019; Heiss et al., 2019; 2023; 2022; Parhi & Nowak, 2022) (i.e., the
function can still be universal but among all functions with equal loss the one which is “most linear” is
chosen). The crucial difference of PD-NJ-ODE (2) is that its inductive bias favours simplicity of the functions
fo1spos, G5, instead of simply favouring simplicity of the map (X=5,t) = V(X =%). For many applications
of PD-NJ-ODEs, a linear ODE is intuitively one of the most simple/parsimonious/conservative/plausible
models possible. The following example illustrates the benefit of the inductive bias of PD-NJ-ODEs.

Example B.1. Consider the situation where the true underlying process of X follows a linear SDE (driven
by a Brownian motion, i.e., a linear Ito-diffusion), then the conditional expectation X follows a linear ODE
(except the jumps at observation times ty, cf. Krach et al. (2022, Example B.2)). For simplicity consider the
case of complete noiseless observations Xy, (i.e., M =1 and e =0). Then X can be perfectly expressed by
our PD-NJ-ODE (2) with 8 linear functions fovspos, Gg, instead of simply favouring simplicity of the map
(X=5,1) = YP(X=5). E.g., fo, is the right-hand side of the ODE resulting in X, pg, maps new observations
Xy, simply to X, ,** and g, s also simply the identity. As these 3 functions are linear, their second derivative
is zero. Hence, for example, the inductive bias of L2-reqularized ReLU-NNs [y, , po,, s, strongly favours such
simple linear functions. Therefore, the model can learn these linear dynamics already from a relatively small
amount of training paths and extrapolate well far into the future. On the other hand, in this setting the map
(X=5,1) = X, (X=*) grows exponentially in the input t and thus has huge (second) derivative with respect to
t, which is considered the opposite of simple by most of the commonly used ML-models. Hence, if one trains,
on the same dataset, a feed-forward neural network Fy : (X=5,1) > Fg(f(gs,t) that directly approzimates F,
the model would find many other “simpler”/flatter functions Fy that fit the finite training dataset equally
well. Even for larger N, such a model, favouring a low Sobolev-norm of the map Ey, would always have
troubles to make predictions far ahead into the future t > 7(t): For values of t — 7(t) larger than the largest
ty — ty_1 ever observed in training, such a model has no reason to keep growing exponentially but would
rather extrapolate as flat as possible. In contrast, Yt(’(XST(t)), obtained from our PD-NJ-ODE with linear
functions fo, , po,, gz, would keep the exponential growth in t for arbitrarily large values of t — 7(t) even far
out of sample and even far out of distribution.'® In line with this, it is expected that the PD-NJ-ODE leads to
better results than the model Fg, when evaluated on previously unseen test data. This was confirmed by the
experiment in Krach et al. (2022, Appendiz E).

To summarize: While the PD-NJ-ODE (2) is able to learn arbitrarily complicated dynamics (fulfilling some
mild regularity assumptions), it favours models 6 with “simple” functions fy,, ps,, g, among different models

with equal training loss o ~(0), where the definition of “simplicity” depends on the architectures used for
Jo1 P05 9, E.g., for L2-regularized ReLU-NNs the notion of simplicity relates to the second derivative of

131f the underlying process X is not deterministic or if the observations are noisy, even the exact conditional expectation does
not fit the observations Oy, exactly (i.e., \II(X) > 0) due to stochasticity. Hence, the model has to learn to average out the
noise. Therefore, we do not only need to choose among models that achieve b ~(0) = 0, but even among a wider range of models
achieving ®  (0) < c.

MNote that the the first dx signatures of level 1 of X<tk — X are exactly Xt,, — Xo. Thus, the function py, defined by
P (Ht,,t7 7r,,,,,()~(§7'<t) — Xo), XO) = X4, is linear.

15For our theoretical result, we assumed fo, to be bounded, which would not enable this exponentially growth arbitrarily far
into the future, but at least for a very long time if v is large enough.
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Jo1s Poss 94, (Savarese et al., 2019; Ongie et al., 2019; Heiss et al., 2019; 2023; 2022; Parhi & Nowak, 2022).
This can lead to better generalization performance.

B.2.1 Inductive Bias towards Multi-task Learning

If one trains multiple tasks together (i.e., if one wants to forecast a multi-dimensional process X), many deep
learning applications have shown that an inductive bias towards functions that use similar features among
multiple tasks (rather than using very different features for each of these tasks) can be highly beneficial. This
phenomena is known as multi-task learning (Caruana et al., 1997). One can argue that multi-task learning
(highly related to feature learning, representation learning, transfer learning, metric learning) is one of the
biggest strengths of deep learning models compared to shallow learning models in terms of generalization
(Heiss et al., 2022). The inductive bias of our PD-NJ-ODE (2) towards feature sharing (i.e., multi-task
learning) is twofold:

1. Per definition the hidden state H; in (2) is shared among all tasks/outputs. Le., each coordinate of
the output Y; is a function of the same hidden state H;. Therefore, the hidden state H; becomes
more parsimonious, if it mainly contains features that are helpful for all coordinates of Y;.

2. If the neural network architectures of f,, ps,, gz, contain trainable parameters in multiple hidden
layers, then these functions favour feature sharing within their hidden layers, as shown by Heiss et al.
(2022) in the case of L2-regularization'®. Caruana et al. (1997); Heiss et al. (2022) provide more
intuition on multi-task learning.

B.2.2 Implicit Regularization

Even without any explicit L2-regularization and even for very large theoretical model complexity m (i.e., large
©,, in our setting), it is widely assumed that (stochastic) gradient descent (initialized close to zero) induces
an implicit inductive bias towards simplicity (Neyshabur, 2017). In some settings this implicit regularization
is extremely similar (or even exactly identical) to explicit L2-regularization (Heiss et al., 2019) and in other
settings it can be (slightly) different. In our setting of training PD-NJ-ODEs, implicit regularization of the
gradient descent does most probably not exactly correspond to explicit L2-regularization, but on a high level
the qualitative behaviour might be similar.!”

In theory, m could also be too large in relation to N, since too large m allows for over-fitting. In contrast to
this, N can never be too large. In particular, if one picks an fo}”}\, € O™min, with unnecessarily large L2-norm
over-fitting can be a serious problem. However, in practice, too many neurons are usually not a problem due
to implicit regularization of (stochastic) gradient descent as suggested empirically by Herrera et al. (2021,
Figure 6) and theoretically by Neyshabur (2017); Savarese et al. (2019); Ongie et al. (2019); Heiss et al. (2019;

2023; 2022); Parhi & Nowak (2022).

B.2.3 Mathematical Theory on the Inductive Bias of PD-NJ-ODEs

For implicit regularization it seems difficult to get precise global results for PD-NJ-ODEs. However, for
explicit L2-regularization of @, there is much more hope to get nice theoretical results on the inductive
bias of the PD-NJ-ODEs (2). (Note that the bound m on the L2-norm of 6 in the definition of O,,
corresponds to L2-regularization in a Lagrangian sense.'®) The results by Savarese et al. (2019); Ongie

161n the case of L2-regularization Heiss et al. (2022) shows (for certain architectures) that this multi-task learning effect does
not vanish when the width of the network increases, while it would vanish with increasing width for some specific other training
methods. For most deep learning methods used in practice, there is some multi-task learning effect assumed to be present even
if it is theoretically not always as well understood as for L2-regularized wide ReLLU-NNs.

17Note that a classical gradient flow is always identical to a gradient flow with respect to the L2 norm and thus locally moves
as little w.r.t. the L2-distance as possible. Therefore, it seems plausible that gradient descent does not increase the L2-norm of 0
much more than necessary to achieve a certain training loss.

18The L2-regularization regularization parameter Areg can be seen as a KKT-multiplier of the constraint |02 < m. However,
if m is too large the constraint is not active and G’V?Lm\] is highly undetermined. For L2-regularization with Areg > 0, the

min

parameters 0;;;”1‘\, are usually also not uniquely defined, but the solution %N can be unique.
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et al. (2019); Heiss et al. (2019; 2023; 2022); Parhi & Nowak (2022) strongly support the hypothesis that
argmin, (@N(G) + Areg |0|§> exactly converges to argming , - (@N(Yf’p@) + Areg (Pl(f) + Py(p)+ Ps (g))),

where P; describe some regularization functionals (such as weighted LP norms of the second derivative)
depending on the exact architectures used for f, p, g given in Savarese et al. (2019); Ongie et al. (2019); Heiss
et al. (2019; 2023; 2022); Parhi & Nowak (2022). However, (for rather technical reasons) their proofs do not
directly apply to PD-NJ-ODEs. The formulation of the the main theorem in Heiss et al. (2023) could be
applied more directly to PD-NJ-ODE by considering the map (f, p, §) — @N(Yf””g) as the loss functional.!?
Proofing such results rigorously would be interesting future work.

C Combining the Two Extensions with Full Proof

In this section we prove convergence of the PD-NJ-ODE to the optimal prediction in the most general setting
that allows for non-Markovian processes with irregular incomplete noisy observations, where dependence
between the observation framework and the process is possible.

C.1 Setting

As in Section 4.2 we consider only the probability space (2, F,F,P) on which we define X ,n, K, t;,7, M. As
in Section 3.1, we additionally define the observation noise (ex)o<k<k, the noisy observations Oy, = X;, + €
for 0 < k < n, the filtration of the currently available information via

Ai i= 0 (O, j, ti, My |ti < t, j € {1 <1 <dx|My;, =1}),

O=' and the functions F} such that X; ; = Fj(t, 7(t), 0="®). Then we make the following assumptions.

Assumption C.1. We assume that:
(i) Mo; =1 for alll < j <dx (X is completely observed at 0) and |My|1 > 0 for every 1 < k < K
P-almost surely (at every observation time at least one coordinate is observed).

(ii) The probability that any two observation times are closer than € > 0 converges to 0 when e does, i.e.,
if 0(w) = ming<;<p(w) [tit1(w) — ti(w)| then lime_,oP(6 <€) = 0.

(7ii) Almost surely X is not observed at a jump, i.e., P(t; € T |i <n)=P(AX;, #0|i<n)=0 for all
1< <K.

(iv) Fj are continuous and differentiable in their first coordinate t such that their partial derivatives with
respect to t, denoted by f;, are again continuous and there exists a B > 0 and p € N such that for
every t € [0,T] the functions f;, F; are polynomially bounded in X*, i.e.,

|F5(r(t), 7(£), O™ + | £3(t,7(£), 05" D) < B(X; + )P + B _ e
=0
(v) X* is L?P-integrable, i.e., E[(X})?] < .
(vi) n is square-integrable, i.e., E[n? < oc.

(vii) The i.3.d. €k are independent of X,n, M, (t;)1<i<k, are centered and square-integrable, i.e., Elex] =0
and E|ex]?] < oo.

(viii) For every 1 <i <n, X;,_ is conditionally independent of o(n, M,,) given A;,_.*°

190ne would need to check if this loss functional meets the assumptions of Heiss et al. (2023) for a rigorous proof.
20More precisely, one should formulate this assumption as “For every 1 < i < K, Xt;—1{;<ny is conditionally independent of
o(n, My,;) given Ay,
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(ix) For alll <k < K, 1< j < dx there is some n; > 0 such that P(My; = 1| o(n, A, —)) > M,
(i.e., given the currently known information and n, for each coordinate the probability of observing it
at the next observation time is positive).

(x) We assume that for every 1 < k < K the process X is conditionally independent of ti, given Ay, _,.

Remark C.2. All the relazations and extensions discussed in Sections 2 to 5 hold also in this combined
setting.

As in Section 3.1, the PD-NJ-ODE uses the noisy observations Oy, and O="(") as inputs instead of X, and
X=7(") and is trained with the objective functions (6) respectively (7) and their Monte Carlo approximations.

C.2 Convergence Theorem

Theorem C.3. If Assumption C.1 is satisfied and using the definitions of Appendix C.1, the claims of
Theorem 2.7 hold equivalently, upon replacing the original loss functions and their Monte Carlo approzimations
by their noise-adapted versions®'. In particular, we obtain convergence of our estimator YOmNm to the true
conditional expectation X in dy.?2

We start with the following result which is a combination of Lemma 3.4 and Lemma 4.6.

Lemma C.4. For any A-adapted process Z it holds that

n . 2
%Z ‘Mu © (O, — Xm—)L +E

i=1

E l}, Z |M;, © (O, — Zy,)|5| =E
i=1

n R 2
%Z ’Mtz O (X¢,— — th—)L] :
1=1

Proof. First note that by Assumption C.1 point (iii) we have that X;, = X;,_ almost surely and when defining
Oy, — := X4, + €; we therefore also have that O, = Oy, almost surely. Next notice that Assumption C.1
point (vii) & (viii) together with Proposition A.6 imply that O,,_ is conditionally independent of o (n, M;)
given A, . Hence, for O, :=E[O;,_ | A, ] it follows as in Lemma 4.6 that

n

w2
n

=1

n ,
]El,,leUWn@(Ot%_—Zti_)@ —F |+

i=1

%Z ’]\Jﬁi © (Ot,v— — OAf7_)‘
=1

R 2
M, ® (O, — Zti_)L] .

Then we can conclude the proof as in Lemma 3.4, by noting that with Proposition 4.5 we obtain,
Otif = th, —+ E[EJAL,] = Xti, + E[GZ‘} = thfa

using that ¢; has expectation 0 and is independent of A, _. O
In the following, we use the notation ©}, and O! if we speak of the projections of the sets on the weights 6;
and 0; respectively.

Proof of Theorem C.3 — Part 1. We start by showing that X € D is the unique minimizer of U up to
indistinguishability (as defined in Definition 2.4). Note that for every ¢; we have M;, ® Xti = M;, © Xy,
and that X;, = X;,_ if t; ¢ J, hence with probability 1. It follows directly from Lemma C.4 that Xisa
minimizer of W, since

U(Z)=¥(X)+E

n R 2
1y ‘Mt, o (X - Zt,,_)’ ] . (22)

: 2
=1

21In particular, we replace the original empirical loss Dy (6) = (5) by the noise-adapted empirical loss function,

N n()
5 ooy L L o) ) 0,5
SRS O3> M GRS
j=1 i=1 ‘ ¢

22For a convergence result at times t that are not observation times, see Section 5.2.

2
(21)

2
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Before we can show uniqueness of X , we need some additional results. For those, let Z € D. Let ¢; :=
E [n]l/ % € (0,00), then the Holder inequality, together with the fact that n > 1, yields

si7) =2 Y212 <eis[tizg] (23)

By Lemma 4.8 and by the equivalence of 1- and 2-norm we have for some constant c¢s > 0 and for any
1<k<K
C3

P X - - S om
E []l{nzk} ‘Xt’“ Zu u ~ ca(k)

]E |:]]-{'n,2k} ‘A]fk © (th— - Ztk—)‘2i| . (24)

To see that X is the unique minimiser up to indistinguishability, let Z € D be a process which is not
indistinguishable from X. Hence, there exists some 1 < k < K such that di(X,Z) > 0. We have

n . 2 K
12‘]\/[@@(}(@_2&))2] =K lizﬂ{7L>z}
1 i=1

1=

E

. 2
M, (X, — th)L]

~ 2
>E [}L]l{mk} My, © (%, - Ztk)u

2

> ¢ °E {1{,,>k} ‘Mm (X — Ztk,)u (25)

C2 2 A~ 2
> (2 E[]l ; ‘X __fZ._‘ }
= <Clcg> { Zk} tr tr 9

c 2 A

:< 2 ) dp(X,Z)* >0,

CoC1C3

where we used (23) for the 3rd, (24) for the 4th and (1) for the last line. Together with (22) this implies
U(Z) > ¥(X).

Next we show that (2) can approximate X arbitrarily well. Since the dimension dgy can be chosen freely, let
us fix it to dy := dx. Furthermore, let us fix §§ such that ggg = id, which is possible since we assumed that
id € N. Let € > 0, N. := [2(T + 1)e—*] (implying that lim. o N. = 0o) and P. € BV®([0, T]) be the closure
of the set Ay, of Krach et al. (2022, Remark 3.11), which is compact. For any 1 < j < dx, the function f;
is continuous by Assumption C.1 and can (by abuse of notation) equivalently be written as a (continuous)
function f;(t,7(t), 0" — Og, Op). Therefore, Krach et al. (2022, Proposition 3.8) implies that there exists
an mg = mo(e) € N and a continuous function fj such that

sup fj(taTvX)_fj(t,Tv']rmn(X_XO)vXO) §5/2
(t,7,X)€[0,T]2 X P-
Since the variation of functions in P, is uniformly bounded by a finite constant, the set of their truncated
signatures 7,,,(P:) is a bounded subset in R for some d € N (depending on dx and my), hence its closure,
denoted by I, is compact. Therefore, the universal approximation theorem for neural networks (Hornik et al.,
1989, Theorem 2.4) implies that there exists an m; = m;(¢) € N and neural network weights 07" € O}

mq
such that for every 1 < j < dx the function fJ is approximated up to 5/2 by the j-th coordinate of the
neural network fe* m1 € N (denoted by fg* m1 ;) on the compact set [0, T]? x II.. Hence, combining the two

approximations we get (by triangle 1nequahty)

sup ‘thTX) Fgrom (b7, 70y (X = Xo), XO)‘_
(t‘rX)E[O T2 xPe

Obviously, extending the input of the neural network does not make the approximation worse, by simply
setting the corresponding weights to 0, hence, also H;_ can be used as additional input. Similarly we get that
there exists an my = ma(e) € N and neural network weights 652 € 2, such that for every 1 < j < dx

mo

sup ’F (8,8, X) — fgema (8, T, (X —XO),XO)‘ <e
(£,X)€[0,T)|xPe )
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As before, H;_ can be used as additional input without worsening the approximation.

Next we define the bounded output neural networks based on these neural networks. For this let us define

fé*’ml (t, Ty Tmyg (X - X0)7 XO)

T = max
(t,7,X)€[0,T]2xPe |” 71

and 72 equivalently for ﬁ(;g,mz. Since the neural networks are continuous functions they take a finite
maximum on the compact sets, hence 71,72 are finite. Then we define the bounded output neural networks
formis pgzma € N with 07 = (07, ~;). Clearly, these bounded output neural networks coincide with the
neural networks on the compact sets. Therefore, they satisfy the same e-approximation and since Fj, f; are
bounded by U := B ((X7 4+ 1)? + Y./, |ei]) (Assumption C.1(iv)), it follows that fozm1, pgzma are bounded
by U +¢. In particular, we have for € < B the global bounds |f; — fe;v"”l’jloo < 3U and |F} —p(,;,mz’j|oo < 3U.

Setting m := max(mq, my, ma, V1, Y2, |07 |2, 052 |2), it follows that 0%, := (07, 05™2,0%) € ©,,.

Now we can bound the distance between Ytgf" (O=') and X;. Whenever X% < 1/e, the number of observations
satisfies n < 1/e, the minimal difference between any two consecutive observation times § > ¢ and all noise
terms satisfy |e;|2 < 1/ we know that the corresponding path O=7(") — Oy is an element of A ~. and therefore
the neural network approximations up to ¢ hold. Otherwise, one of those conditions is not satisfied and the
global upper bound can be used. Hence, if t € {t1,...,t,}, we have for F' = (F})i1<j<i, and f = (f;j)i<j<dy

‘lftafn - Xt‘l = ‘p9;’7n2 (Ht—ytvﬂ-'m,(OSt - OO), OO) - F (taty O~§t) 1

S edxlixs<1/eylin<i/eyLis>ea Livo<i<nileila<1/e}
+dx3U (ﬂ{x;,zua} + L>1/e) + Ls<eg + 1{30§i§n:|ei|221/5}) ;

and if t & {t1,...,tn},

Q:n _ %
Y20 Xf(t)‘l + /T o
< E(T + 1)dX]l{X%<l/s}]]-{n<1/s}]]-{5>8}1{VO§i§n:|ei|2<l/s}

+ (T + 1)dx3U (]I{X;,Zl/e} + ]l{nzl/g} + ﬂ{ggg} + ]1{30§i§n:|ei|221/5}) .

t
o0 <
‘Yt mo__ Xt

<
1

fé)*’ml (Hs—a 5, T(t)7 ﬂ-'m(OST(t) - 00)7 OO) - f(sa T(t)v OST(t))‘ ds

1

Moreover, by equivalence of the 1- and 2-norm, there exists a constant ¢ > 0 such that for all ¢ € [0, 7]

v/ - X,

, Sce(l+1)dx +¢(T +1)dx3U (R{X;zl/s} + L1/ + Loy + l{aoggn:mzus}) =t

So far, we have fixed an € > 0 and argued that there exists some m € N such that the neural network
approximation bounds hold with e-error. However, what we actually need to show is that this error converges
to 0 when increasing the truncation level and network size m. Therefore, we define €,, > 0 to be the smallest
number such that the above bounds hold with error &, when using an architecture with signature truncation
level m € N and weights in ©,,. Since increasing m can only make the approximations better (by setting the
new weights to 0, the same approximation error as before is achieved, but potentially there exists a better
choice), we have €,,, > €, for any m; < mg. In particular (g,,)m>0 is a a decreasing sequence, hence, our
derivations before proof that lim,, o €, = 0. In the following we denote by 6%, € ©,,, the best choice for the
weights within the set ©,, to approximate the functions £}, f;.

Since 01" € argmingco {®(#)} (note that at least one minimum exists in the compact set ©,, since @ is
continuous), we get with Lemma C.4 that

: < min < * )
min ¥(2) < ¢(0,") < ¢(0,,) =E

li’M ® (0 Yein)’2
n i ti t 7y

2

=U(X)+E <W(X)+E[Z].

1 ¢ N .
=S o (K - )
i=1

2
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Integrability of | X7 |2, |n| and |e;| together with Assumption C.1(ii) on 0 imply that

Lixs>1/emt + Ln>1/e,) T Moo + Lizo<i<nileila>1/6m} —> 0.

— 00
Therefore, we have for a suitable constant ¢ > 0 (not depending on &,, and m),

m— o0

E[c2,] < ce?,+cE [U2 (1{X;21/5m} + Ln>1/emy T Lis<e,y + 1{30§i§n:|5i|221/5m}>:| —0,

by dominated convergence, since U is L2-integrable. Indeed,

n

(X7 + 1% 0 Y|P
=0

E[U?] < 8B’E =8B% (E [(X{ +1)*?] + E[n’]E [|eo]?]) < oo, (27)

using Cauchy-Schwarz inequality for the first step, that the ¢; are i.i.d. and indepepdent of n for the equality
and the integrability of X*, ¢y and n? for the upper bound. Using this and V(X)) = minzep ¥(Z), we get
from (26)

: < min < * m—o0
IZnEl%\I/(Z) <O < O(0r) —— anel%\I/(Z) (28)

Gnlin

Finally, we show that lim,,, .. dx (X, YU ) =0 forall 1 <k < K. Applying (23), (24) and (1) in reverse

order than it was done in (25) and finally Lemma C.4, yields

1/2
. . 1 . 2 L N1/2
o (Xr) s @aag |1 (S0 =¥ ] _ @0 () w() 0, @9)
Co — 2 C2
which completes the first part of the proof. O

Next we assume the size m of the neural network and of the signature truncation level is fixed and we study
the convergence of the Monte Carlo approximation when the number of training paths N increases. The
convergence analysis is based on Lapeyre & Lelong (2021, Chapter 4.3) and follows Herrera et al. (2021,
Theorem E.13). We define the separable Banach space S := {z = (z;)ieny € (*(R?) | ||z||n < oo} for a
suitable d (see below) with the norm ||z := >, y|=i|2, the function

G(x,y,m) = |m © (q; - y)|2

t(7)7

and & = (&0, -,&,00,0,...), where & := (t}/ ,O({”,M({)), T (O<120))) € R% and 117, Jt[(]> and O (])
(with 0 entries for coordinates which are not observed) are random variables descrlbmg the j- th realization
of the training data (cf. Section 2). Let n?(;) := maxpen{&; i # 0}, tx(&;) := tk , Ok(&) = Oiij) and
M(&) =M ((])) By this definition we have n\9) = nJ(¢;) P-almost-surely. Moreover, we have that &; are

ii.d. random varlables taking values in S. Let us write Y,?(¢) to make the dependence of Y on the input and
the weight 6 explicit. Then we define

n? (&) 5
h(0,&;) = % Z ( (€)Y ¢, (@)J\Ji(fj))
I/ =1

The following lemma is known from Krach et al. (2022).

Lemma C.5. Almost-surely the random function 0 € ©,, — Y is uniformly continuous for every t € [0,T).

Now we are ready to prove the second part of our main theorem.
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Proof of Theorem C.3 — Part 2. First we note that, Y’ is the (integration over the) output of (bounded
output) neural networks and therefore bounded in terms of the input, the weights (which are bounded by m),
T and some constant depending on the architecture and the activation functions of the neural network. In

particular we have that |Y,/(¢;)] < B < B ((X;’(j) +1)P 4+ Z;iffj) |e§j)|) for all t € [0,7] and 6 € ©,, for

some constant B (possibly depending on m), where X ()] egj ) corresponds to the input ¢;. Hence,
0 2 0 2
G (0i(6): Y () (6. Mil&)) = |Mil&) © (0u(&) = Ve - (&)
n (&) 5 2
~ B+B_ .
<(@em o > )] = (55 500)
i=0

where U1 is as defined before corresponding to the input &;. Hence,

n (&) 5 2
1 B+B_ .
E| sup h(0,&)| <E|——— g U(J)> < 00, 30
Le@% ( 5])] T (&) = ( B (30)

by Assumption 2.1 and (27). By Lemma C.5, the function 6 — h(6,£&;) is continuous, hence, we can apply
Krach et al. (2022, Lemma 4.6), yielding that almost-surely for N — oo the function

N
1 N
0+ ;h(e,gj) = O (0) (31)
converges uniformly on ©,, to
0 E[(0, 6)] = 0(0). (32)

Moreover, we deduce from Krach et al. (2022, Lemma 4.6) that d(62%,, ™) — 0 a.s. when N — oco. Then
there exists a sequence (0™%) ey in O such that |02, — 0% |, — 0 as. for N — co. The uniform

m
continuity of the random functions ¢ +— Y,Y on ©,,, implies that for any fixed deterministic and bounded &,
(taking values in the same space as the §;),

Qmin émin

[V, ™% (&) =Y, ™M (&)]2 — 0 as. for all t € [0,7] as N — occ.

By continuity of G this yields |h(0™%, &) — h(é,rgf‘}\,,ﬁoﬂ — 0 as. as N — oco. Let £ now be a random

m,

variable which is independent of and identically distributed as the &; defined on a copy (Q, Fo, Fo,Po) of the
filtered probability space (2, F, F,P). Then the above statements hold for £(wq) for Pp-a.e. fixed wg. Hence,
we have for P-a.e. fixed w, that |h(0™1 (w), &) — h(é%f*}v(w),ﬁoﬂ — 0 Pp-a.s. as N — oo. With (30) we can
apply dominated convergence which yields

lim Eg, [|h( min (W), &) — h(ég;{glv(w),gon] = 0 for P-a.e. w.

Since for every integrable random variable Z we have 0 < |E[Z]| < E[|Z]] and since GA,IE”]‘V € O we can
deduce that for P-a.e. fixed w,

lim OO () = lim Eg, [h(ORK(w).&)] = lim Ee, [hOm%(w).&)| = 005",  (33)

N—o00

Now by triangle inequality, for P-a.e. fixed w, we have for P 5 and @ defined through test samples éj on (g,
i.e., independent of and identically distributed as the training samples {; yielding 0:2“}\] (w),

@5 (O (@) = (O™ < 1D 5 (O () — RO (@))] + [2(O7 (@) — (65 (34)

(31) and (32) imply that the first term on the right hand side converges to 0 when N — oo and (33) implies
that the second term on the right hand side converges to 0 a.s. when N — co. Moreover, the uniform
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convergence in (31) and (32) yields the same result when setting N = N. Furthermore, Krach et al. (2022,
Lemma 4.6) yields the same result for @ (62" )(w), i.e., when @ and ® are defined through the &; on the
probability space corresponding to the training data. This finishes the proof of the convergence with respect
to V.

Finally, we want to show the joint convergence. We define Ny := 0 and for every m € N

Ny (w) := min {N EN|N > Np_1(w), |<I>(9§1,1L“}V(w)) — PO < %} ,

m

which is possible due to (33) for P-a.e. w. Then (28) implies that for P-a.e. w

| PO, () (@) — (X)) <

m,Nom

+ | P(O™) — (X)) =25 0.

1
m

Therefore, we can apply the same arguments as in the first part of the proof (cf. (29)) to show that

~ min . ~A\Y2 e
iy (XY@ @) < DD (@i, (@) — (X)) T T2,

Co manL(w
for every 1 < k < K and for P-a.e. w. O

The following corollary follows as in Krach et al. (2022).
Corollary C.6. In the setting of Theorem C.3, we also have that P-a.s.

domin ) P2 (X)) and Py (00 ) T2 w(X),

m, N, m N m, N,

for a suitable increasing random sequence (Np)men in N.

D Experimental Details

Our experiments are based on the implementation used by Krach et al. (2022), which is available at
https://github.com/FlorianKrach/PD-NJODE. Therefore, we refer the reader to its Appendix for any
details that are not provided here.

D.1 Differences between the Implementation and the Theoretical Description of the PD-NJ-ODE

Since we use the same implementation of the PD-NJ-ODE, all differences between the implementation and
the theoretical description listed in Krach et al. (2022, Appendix D.1.1) also apply here. In particular, we
use standard neural networks for fy, and py, with additional inputs. In contrast to the original objective
function, we do not need to add a regularizing constant for the noise-adapted objective functions (6) and (7),
since no square-root needs to be computed. We do not use the @-coordinates of X = (i.e., we only use the
first dx coordinates and omit the remaining coordinates from dx + 1 to 2dx) in the implementation, since
we anyways use the observation times and masks as additional inputs for py,.

D.2 Details for Noisy Observations

Dataset. We sample paths from a standard 1-dimensional Brownian motion on the interval [0, 1], i.e., with
T =1, and discretisation time grid with step size 0.01. At each time point we observe the process with
probability p = 0.1. Whenever the process is observed, an independent observation noise is sampled from a
centered normal distribution with standard deviation ¢ = 0.5 and added to the observation. The model never
sees the observation of the original process, but only the noisy observation. We sample 20’000 paths of which
80% are used as training set and the remaining 20% as test set.

Architecture. We use the PD-NJ-ODE with the following architecture. The latent dimension is dg = 100,
the readout network is a linear map and the other 2 neural networks have the same structure of 1 hidden layer
with ReLLU activation function and 100 nodes. The signature is used up to truncation level 3, the encoder is
recurrent and the decoder uses a residual connection.
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Training. We use the Adam optimizer with the standard choices § = (0.9,0.999), weight decay of 0.0005
and learning rate 0.001. Moreover, a dropout rate of 0.1 is used for every layer and training is performed
with a mini-batch size of 200 for 200 epochs. The model is trained once with the noise-adapted objective
function (6) and once with the original one (3).

D.3 Details for Dependent Observation Framework

Dataset. We use the Euler scheme to sample paths from a 1-dimensional Black—Scholes model (geometric
Brownian motion) with drift p = 2, volatility ¢ = 0.3, and starting value Xy = 1. At each time point
we observe the process with the probability P(M; = 1| A;,—) = E[M;|A,_], where M; is described in
Example 4.13, using n = 3 and p = 0.1. We use the same discretisation grid and dataset sizes as in
Section D.2.

Architecture. We use the PD-NJ-ODE with the following architecture. The latent dimension is dg = 50
and all 3 neural networks have the same structure of 2 hidden layers with tanh activation function and 50
nodes. The signature is used up to truncation level 3, the encoder is recurrent and the decoder does not use
a residual connection.

Training. Same as in Section D.2 but only trained with original loss function (3).

D.4 Details for Physionet with Observation Noise

Dataset. Details on the standard Physionet dataset are given in Herrera et al. (2021, Appendix F.5.3). In
particular, we use a train-test split of 80% to 20% (i.e., N = 6400 training paths, and Niesr = 1600 test
paths). On the train set, the entire path amounting to 48 hours is used as input to the model, while on the test
set only the first 24 hours are used as input and the second 24 hours are used to compute the evaluate MSE.
In particular, the model predicts starting from 24 hours until 48 hours and at every time point where there is
an observation, the squared error is computed between the observation and the prediction. Importantly, the

s . 0N /< ; s
observation is not used as an input to the model afterwards. Le., we evaluate Y, ™" (X =24bours) “while in

theory we could get even better results by evaluating Y:’"'N (f( <ti=).23 For the datasets with synthetically
added noise, the variance of the noise is chosen relative to the variance of the data. Since the dx = 41
different coordinates of the Physionet dataset describe very different health parameters on different scales,
we first compute each coordinate’s standard deviation ogq.¢q,; on the training set. Then we add i.i.d. noise
samples ¢; ; ~ N(0, ¢? Jgam,j) for ¢ > 0, to each observed coordinate X, ; of input samples for the model,
i.e., to each observation of the training set as well as to each observation on the first 24 hours of the test
set (but not to any of the observations on the second 24 hours of the test set, which are exclusively used for
evaluating the model). This is done for ¢ € {0,0.2,0.4,0.6,0.8,1}, where the same seed is used for each of
them, to make the results more comparable.

Architecture. We use the PD-NJ-ODE with the following architecture. The latent dimension is dyg = 50
and all 3 neural networks have the same structure of 1 hidden layer with tanh activation function and 50
nodes. The signature is used up to truncation level 2, the encoder is recurrent and the decoder uses a residual
connection.

Training. For each dataset the model is trained with mini-batch size 50 for 100 epochs, once with the
noise-adapted objective function (6) and once with the original one (3). Otherwise the same as in Section D.2.

23In practice both predictions Y, ™" (X =24hours) and Y, "™ (X=ti~) can be useful depending on the situation. One has to
use Y, N (5(524 hoursy if one is at the situation that one has observed the patient for exactly 24 hours and wants to forecast
the next 24 hours. On the other hand, at any time s one should use all the currently available information to make the optimal

min min min

- omin V-
prediction Y, ™" (X=%) = Y, ™" (X=7(=)). While our model is flexible enough to make predictions Y, ™" (X<°) for every

min

combination ¢ > s, we only evaluate Y, ™ ( since some competing methods compared to in Herrera et al. (2021)
are limited to this restricted setting of one fixed value of s = 24 hours. However, especially if one is interested in now-casting, the

min

performance of Yti’”'N (X=%i~) would be the more relevant metric (in which we expect our model to outperform its competitors

X§24 honrs)
b

even more clearly).
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We always report the minimal evaluation MSE among all trained epochs, as was done in prior works. Due to
the shorter training compared to the 175 epochs in Krach et al. (2022), the evaluation MSE of the original
PD-NJ-ODE on the dataset without synthetic noise is slightly larger (2 - 1073 compared to 1.93 - 1073). We
could imagine that for our new loss, one should actually use even more epochs rather than less epochs, since
the additional term that was only present in the old loss pushed the jump-network py, faster into the right
direction directly from the start of the training, while the new loss trains the jump-network only indirectly
and thus probably slower.

E Pseudocode

In addition to our code repository (https://github.com/FlorianKrach/PD-NJODE), we provide pseudocode
for the key parts of our method. We remark that multiple python packages are available for computing the
signature of a process numerically, as for example ESig, iisignature and signatory. Therefore, we do not
provide pseudocode for its computation. For our implementation, we use the great iisignature package
implemented by Reizenstein & Graham (2018). We note that our definition of X =, with its time-consistency,
allows for efficient online updates of the signature (i.e., we do not have to recompute the signature for the
whole path at every new observation time ty).

In Algorithm 1 we present the forward pass of the PD-NJ-ODE, which can be used for training as well as for
evaluating the model. Algorithms 2 and 3 present the standard loss function and the loss function for noisy
observations, respectively. The training for the model follows the standard neural network training approach
via stochastic gradient descent (SGD) and is presented in Algorithm 4. We assume that a library is used
for the neural network implementation which allows for automatic differentiation, as for example PyTorch
(Paszke et al., 2019), which we used in our implementation. For simplicity, we present the simplest type of
SGD, with a fixed step size and no momentum or weight decay. In our implementation we actually use the
more sophisticated method Adam (Kingma & Ba, 2014).

Notation

F; The Doob-Dynkin Lemma (Taraldsen, 2018, Lemma 2) implies the existence of measurable functions
F; (0,77 x [0, T] x BV¢([0,T]) — R such that X; ; = F; (t,7(t), X=7("), since X, ; := E[X, j|A;] =
E[X; ;| X="(®)] (see Section 2). The goal of our model Y is to learn this function F' = (F})1<j<dy

gmin

e, limpy, oo Y ™0™ (XST(t>) =F (t,r(t),XfT(t)) = X,, while we are usually not able to write
down F explicitly. In settings with noise (e.g., in Section 3 and in the appendix) we replace X=7(®)
by O=7(). 4, 8,9, 16, 34, 36, 38, 39

K The “maximal” value of n, i.e., the essential supremum K :=sup {k € N|P(n > k) > 0} € NU {c0} of n
(see Section 2). In Sections 2 and 3, K is defined with respect to P, but in Section 4 (and all sections
thereafter including the appendix), K is defined with respect to P. 3-8, 13-15, 18, 20-24, 3638, 40,
42, 44, 46, 49

M The observation mask M = (My)o<k<x, which is a sequence of random variables on (0, 7, P) taking
values in {0,1}? such that M, is F;,-measurable. The j-th coordinate of the k-th element of the
sequence M, i.e., My, ;, signals whether X, ;, denoting the j-th coordinate of the stochastic process
at observation time ¢, is observed. By abuse of notation we also write M;, := M}, (see Section 2).
In Sections 2 and 3, M is defined on (Q, F, If"), but in Section 4 (and all sections thereafter including
the appendix), M is defined on (2, F,P). 3-6, 8-10, 12-20, 33, 3641, 43, 45-47, 49

O The noisy observations Oy, := X;, + ¢; for 0 < k < n, where ¢ is the noise with known mean (see
Section 3.1). For the majority of the paper we assume that the noise has zero mean (whenever we
use (the MC-approximation of) the loss (6) and (7)), except Section 3.3 where we assume any known
mean 3;(0=7") := E[e¢;|A;, ] and thus use (the MC-approximation of) the loss (10). We define
Oy, — := X4,_ + ¢; and therefore also have that O;, = O;,_ almost surely. In Section 3, ¢ are i.i.d.
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Algorithm 1 Forward pass of the PD-NJ-ODE. A small step size At is fixed and we denote ¢, := T.
ODESolve(f, z, (a, b)) numerically solves the 1st-order ODE defined by f, taking inputs z, for ¢ € (a,b).
Input: Data points with timestamps and masks {(X;,t;, M;)}ico..n
Output: Prediction process Y
set Ho_ =0
for i =0 ton do
construct X =% from data

S; = 7Tm()~(§ti - Xo) > compute truncated signature
H;, = po,(Ht,—,t;,Si, Xo) > Update hidden state given next observation x;
Y, = §§3 (Ht) > compute output
S <t;
while s + At < t,41 do
Hyn: = ODESolve(fy,, (Hs, s, ti, Si, Xo), (s, s + At)) > get next hidden state
Yirar = 95, (Hsyat) > compute output
s+ s+ At
end while
Ht7,+1— = ODESOIVG(fg17 (HS_, S, ti7 Si, XQ), (S, f7',+1))

Yvii,+1* = gé?, (H(5+At)—)
end for

Algorithm 2 Computation of the standard loss for PD-NJ-ODE. A small € > 0 is used for numerical stability.

Input: N samples of data points with timestamps and masks {(Xi(j)7 tgj), ]\f[i(j))}i:()mn(j) and the respective
prediction process V() of PD-NJ-ODE for 1 < j < N
Output: Loss L

)

L= % Zjvzl n(%) Dim1 (‘A/]i(j) © (Xi(j) - Yt(,j)) + 6’2 + ‘]wz‘(j) © (Xz'(j) - Yt(jf)) + 6‘2)2

Algorithm 3 Computation of the noisy observation loss for PD-NJ-ODE.
Input: N samples of noisy data points with timestamps, masks and conditional means of the noise
{(OEJ),tl(-]), ]\/[i(j),ng))}izomn(,-) and the respective prediction process Y) of PD-NJ-ODE for 1 < j < N

Output: Loss L
N n |G ; i Y |2
L= % Zj:l ﬁ 2 ]\'/[7:(]) © ((OEJ) - 57:(])> - Y;(jf)) ‘2

Algorithm 4 Training of PD-NJ-ODE.
Input: step size a; number of epochs F; N samples of noisy data points with timestamps, masks and
conditional means of the noise {(OEJ), t,gj), A’L/[i(J)7ﬂi(J))}i/:O“_”(j) for1l<j<N
Output: trained network parameters 6 = (61, 05, ég)
randomly initialize 0
for e =0to F do
split the dataset into random batches B
for b in B do
for each sample j in b do
compute prediction Y ¢) with Algorithm 1
end for
compute loss L over all samples in the batch b with Algorithm 2 or 3
update NN parameters 6 < 0 — aVyL
end for
end for
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random variables on (€, 7, P), but in Section 4 (and all sections thereafter including the appendix),
ex are i.i.d. random variables on (2, F,IP). 712, 25, 33, 34, 3641, 45-48

T The largest time T € R+ we consider (see Section 2). 3-5, 8-10, 17-19, 21-24, 36, 38-42, 44-49

X* The running maximum process of X, i.e., X;(w) 1= sup,¢jo  [Xs(w)|; V¢ € [0,7] Vw € Q with X* :
(€, F,F,P) = R>o7! (see Section 2). 3-5, 8-10, 17, 36, 39-41

X The stochastic process X := (Xt)te[O,T] we want to study (which is an adapted cadlag stochastic process

X: (Q,F,FP)— Rix [O’T]). In our notation Xt(]k) refers to the k-th coordinate of the j-th path at
time t for 1 <k <dx,1<j<Nandt e [0,T] (see Section 2). E.g., for a medical data-set, the index
j could correspond to a patient and the first coordinate could correspond to the body-temperature
and the second coordinate could correspond to the blood-pressure, then Xt(? (w) = 36.9 would mean
that the 7" patient had a body temperature of 36.9°C at time (or age) t. 2-27, 33-37, 43-49

Y The output Y? (X ST(')) of our PD-NJ-ODE (2) which should approximate X for properly trained parameters
0 (see Definition 2.6). We use the short notation Y%7 := Y(X=7():0)), 6-10, 14, 17, 21-24, 33-35,
37, 39-45

O The conditional expectation of O, which is its L?-optimal prediction (Krach et al., 2022, Proposition 2.5)
given the currently available information, is defined as Oy, := Ep, 5[0, _|As, ] = X, (see the
proof of Lemma 3.4). Only directly at observation times, Ot% and )A(t,i, deviate from each other; i.e., in
general X, = E[X;, 1 | Ai] # Op ko = B[Oy, 1| Ar,] = Oy, i if My =1 (see Section 3). In Section 3,
the expectation is taken with respect to P x P, but in Section 4 (and all sections thereafter including
the appendix), the expectation is taken with respect to P. 9, 37

X = ()A(t)ogtST The conditional expectation process of X, which is its L2-optimal prediction (Krach et al.,
2022, Proposition 2.5) given the currently available information, is defined as X = (Xt)ogth, with
X; := Ep, 5[ X:|As] (see Section 2). In Sections 2 and 3, the expectation is taken with respect to

P x P, but in Section 4 (and all sections thereafter including the appendix), the expectation is taken
with respect to P. 3, 4, 6-11, 14-17, 20-24, 34, 36-40, 42, 44, 46

®y The objective function y : © — R, 0 — dy(0) := U(Y?(X)) on the parameter-space © for a finite
number of N € N training paths (i.e., the Monte Carlo approximation of ®). In Sections 2, 4
and 6.2, ® is defined in Equation (5) (this old objective function only leads to the correct results
for noiseless observations, but in Section 3 and in the appendix, d is defined analogously via (6)
and (7) (this new objective function is different from the old one and even leads to the right result
for noisy observations). In Sections 6.1 and 6.3 we compare both losses against each other. Note
that in Section 3.3 we use another modification of the loss (10) for the case of noise with known
non-zero mean. Note that these 3 variants of ®y are the loss functions on which we actually train
our parameters in practice with finitely many training data. 6-8, 34, 36, 37, 41, 42, 47, 48

(Q, F,F,P) The filtered probability space (2, F,F := (F;)o<t<7,P) on which X is defined (see Section 2). In
Section 4 (and all sections thereafter including the appendix) all stochastic objects X, n, K, t;, 7, M, A;
are defined on this probability space. However, in Sections 2 and 3 only X is defined on this space,

while the observation framework n, K,t;,7, M is defined on a different filtered probability space
(Q, F,F,P). 3-10, 13-16, 19, 21-23, 36, 37, 40-44, 46-49

(Q,]:IF‘,I?’) The filtered probability space (Q,f'JF‘ = (ﬁt)OStSTaED) on which n, K,t;,7, M are defined
describing the observation framework, but X is not defined on this space (see Section 2). In Section 4
(and all sections thereafter including the appendix) this space is not needed since all stochastic
objects X,n, K, t;,7, M, A; are defined on (2, F,F,P). However, in Sections 2 and 3 this space is
used for n, K,t;, 7, M related to the events of observations. 3-10, 13, 44, 46-49

A := (At)iepo,r7 The filtration of the currently available information A := (A)sejo,7) defined by

Ap =0 (Xy, 5, b, My, |6 <t j € {1 < T < dx| My, = 1)),
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in all sections, where we have noiseless observations X;, and analogously defined as

At =0 (Otl,j;tiaj\/ft,;

t; < t, ] S {1 < l < dX|]\f[ti,l = ].})7

in all other sections, where we have noisy observations O,,. In both cases this corresponds to the
information obtained from seeing the observations until time ¢t where o(-) denotes the generated
o-algebra (see Sections 2 and 3.1) We use the notion of stopped o-algebras

Ay, = O'(Xt,,ﬂ,jatiaﬂft,‘ |Z <k, je€ {1 <I< dX|AJti,l = 1}),
and pre-stopped o-algebras
Atkf = O'(Xt“j,ti,]\ft”fk |’L <k, j € {1 << dX|]\/[ti,l = 1})

from Karandikar & Rao (2018, Definitions 2.37 and 8.1). In the sections with noise, we replace X by
O . 3-6, 8-23, 33, 36, 37, 43, 44, 46, 47, 49

D The set of all cadlag R%x-valued A-adapted processes (see Section 2). In Sections 2 and 3, the stochastic
processes in D live on (2 x Q, F @ F,F @ F,P x P), but in Section 4 (and all sections thereafter
including the appendix), they live on (2, F,F,P). 6-10, 16, 17, 37-40, 47

J The random set of the jump times J : (2, F,P) = P(([0,7])) of X (see Section 2). 3, 4, 36, 37

N The set N of bounded output neural networks consists of all feed-forward neural networks that have
bounded outputs. In particular we assume that the final activation function applied to the output of

the neural network is the bounded output activation function I', = (-) min (1, ﬁ) (see Section 2).

Throughout the paper we assume that the functions fy,, pg, € N in the PD-NJ-ODE (2) are bounded
output feedforward neural networks. Note that this assumption is not really important in practice
but facilitates our theoretical proof. 5, 6, 39, 48, 49

N(u,0?) The normal distribution N(u, 02) (also known as Gaussian distribution) with mean p and standard
deviation o. 12, 19, 20, 26, 43

P The powerset P(S) of a set S is the set of all subsets of S. 47

® The objective function ® : © — R, 0+ ®(0) := U(Y?(X)) on the parameter-space © in expectation (i.e.,
“for an infinite amount of training paths”). In Sections 2, 4 and 6.2, the old objective function given
in (3) and (4) that only works for noiseless observations is used, but in Section 3 and in the appendix,
the new objective function given in (6) and (7) that also works for noisy observations is used. In
Sections 6.1 and 6.3 we compare both losses against each other. Note that in Section 3.3 we use
another modification of the loss (10) for the case of noise with known non-zero mean. ®(f) is the
expected value of ~(0), where dy is the loss we actually train on based on N training paths. 6-8,
10, 16, 17, 24, 39-42, 46, 48

¥ The objective function ¥ : D — R (cf. equivalent objective function from Remark 4.7 & Appendix A.1.4
of Krach et al. (2022)) on the path-space D in expectation (i.e., “for an infinite amount of training
paths”). In Sections 2, 4 and 6.2, the old objective function (3) that only works for noiseless
observations is used, but in Section 3 and in the appendix, the new objective function (6) that also
works for noisy observations is used. In Sections 6.1 and 6.3 we compare both losses against each
other. Note that in Section 3.3 we use another modification of the loss (10) for the case of noise with
known non-zero mean. 6-10, 16, 17, 20, 24, 34, 36-40, 42, 46, 47

©,, The compact subset ©,, C © consists of all 0 = (01,02,03) = ((61,71), (f2,72),03) € O that correspond
to (bounded output) neural networks with widths and depths that are at most m and such that the
truncated signature of level m or smaller is used and such that the norms of the weights ; and the
bounds ~; are bounded by m. Le., ©,, := {0 = ((01,7), (f2,72),03) € O ||0i|2 < m,7 < m} C
0,, C O, where ©,, C O is defined as the set of possible parameters for the 3 (bounded output) neural
networks, such that their widths and depths are at most m and such that the truncated signature
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of level m or smaller is used (see Section 2). We use the notation2* @fn = {Qi | (91, 02, 93) IS Gm}
and (:)ﬁn = {51 | ((91, "), (52,72), ég) = @m} for the projections of the sets on the weights 6; and 6;
respectively. 6, 7, 10, 35, 3741, 48

© The set of all possible trainable parameters 6§ = (6y,6,,03) € © for our our PD-NJ-ODE (2) (see
Definition 2.6). 6-8, 24, 34, 35, 46-49

~ The parameters v are contained in 6§ = ((él, 71), (02,72), 93) and bound the outputs of bounded output
neural networks. Le., for every bounded output neural network fy, , pp, € N it holds that | fy, (z)], <1
and |pg, (z)|, < 72, because of the bounded output activation function I',, : R — R%, z +— I, (z) =

x - min (1, b ) (see Section 2). Le., fo, (z) = f(5, 1,y (2) =T, ('fél (z)) and pg, (z) = P(G3,72)(T) =
L., (g, (x)). 5-7, 34, 39, 47-49

7 The last observation time 7(t) before a certain time ¢, i.e., 7 : [0,7] x Q@ — [0,T], (t,&) T(t,@) =
max{t;(@)|0 < i < n(®),t;(@) <t} (see Section 2). In Sections 2 and 3, 7 is defined on (O ,f,]f]’ ,
but in Section 4 (and all sections thereafter including the appendix), 7 is defined on (2, F,P), i.e.,
71 [0,T] x Q = [0,T]. 3, 4, 6-8, 10, 12, 13, 20, 23, 34, 36-39, 43, 44, 46, 48

gmin ¢ OMin The set of all minimizers 5" € OM™ := argmingco {P(#)} of the objective function @
(corresponding to infinitely many training data) under the constraints of ©,, for any given m € N
(see Theorem 2.7). 7,9, 14, 16, 17, 21-23, 37, 39-43

O € O The set of all minimizers O € O := argmingcq | {®n(0)} of the objective function ®
(correspondlng to N training paths) under the constraints of O,, for any given m, N € N (see
Theorem 2.7). 7, 21-23, 33, 35, 41, 42, 44

6 The trainable parameters § = (6,62, 03) € © contain all trainable parameters. Le., 6 contains 6; = (6;,;)
for i € {1,2} which parameterise the bounded output feedforward neural networks fo,,po, € N and
03 parameterize the feedforward neural network 9a, € N. Thus, 6 = (01,0, 03) € © parameterize all
3 parameterized functions fy,, pe,, g5, in our PD-NJ-ODE (2) (see Definition 2.6). 6-8, 10, 16, 17,
24, 33-37, 39-42, 44-49

7Tm The truncated signature m,,(X) of order m € N of a continuous path with finite variation X is defined in
Definition 2.5. In simple words, m,,(X) is a finite dimensional feature-vector representing a continuous
path X. For every finite truncation level m, m,,(X) does not capture all the information about the
infinite dimensional object X, but in our proof we use that there always exists a m € N such that
Tm(X) describes X sufficiently well. 5, 6, 34, 38-40, 45

O=! The interpolated observation process O<? continuously interpolates the noisy observations Oy, that where
observed before time ¢ (see Section 3.1). To be precise the first dx coordinates of O=* interpolate
the noisy observations O;,, while the next dx coordinates of O=' captures explicit information on
when which coordinate was observed and the last coordinate is just the time. At time s € [0,77,
the interpolated observation process O=t(w) € R2x+1 is defined analogously to X =*(w) € R2¢x+1
from Section 2, by replacing X by O. In Section 3, O=! is an adapted stochastic process on
(Q2 x Q,F® F,F®TF,P x P), but in Section 4 (and all sections thereafter including the appendix),
O=! is an adapted stochastic process on (Q, F,F,P). 8, 10, 12, 3640, 44

X<t The interpolated observation process X <! continuously interpolates?> the observations of X that where
observed before time t. To be precise the first dy coordinates of X<t interpolate the observations of
X, while the next dx coordinates of X<t captures explicit information on when which coordinate was
observed and the last coordinate is just the time. At time s € [0,77], the j-th coordinate X SS; (w) of

X5t (w) € R¥x+1 g defined in Section 2. In Sections 2 and 3, X=* is an adapted stochastic process

24The definition is less ambiguous, if we write more precisely: 07, :=

3(07,05,04) € Om : 0; =0, }.

251nterpolation also includes extrapolation within this paper. X<t interpolates the observations before time ¢ without leaking
any information from observations after time ¢. Furthermore, its time-consistency allows for efficient online updates of its
signature instead of recomputing its signature for the whole path at every new observation time t.

48



Published in Transactions on Machine Learning Research (01/2024)

on (2 x O, F @ F,FRF,P xP), but in Section 4 (and all sections thereafter including the appendix),
X<t is an adapted stochastic process on (2, F,F,P). 4, 6, 8, 21-24, 33, 34, 37, 42-46

N The set N of feedforward neural networks consists of all (classical) feed-forward neural networks. We
assume that A is a set of standard feedforward neural networks with id € A that satisfies the
standard universal approximation theorem with respect to the supremum-norm on compact sets, see
for example Hornik (1991, Theorem 2) Throughout the paper we assume that the functions gs, € N
in the PD-NJ-ODE (2) is a feedforward neural networks. 5, 6, 38, 48, 49

™

The trainable parameters § = (61,6, f5) contain all trainable weights and biases of 6 = (81, 62,603) € © but
not the bounds 71 and ~2. Le., the classical feedforward neural network gz € N is fully parametrized
by 65, while the bounded output feedforward neural networks fo,,pe, € N are paremetrized by
0; = (éi, ;) for ¢ € {1,2} which also includes 7; and v additionally to 6, and 0, (see Definition 2.6).
5-7, 34, 35, 37-39, 45, 47-49

<2

The jump process @y ; := ZkK:o M;, ;14 <4 counts the coordinate-wise observations (see Section 2). 4, 42

dx The dimension dy € N of X (i.e., X;(w) € R4X) (see Section 2). 3, 4, 6, 8, 10, 11, 13-16, 18, 20, 34,
36-39, 4244, 46-48

di A pseudo metric between two cadlag A-adapted processes defined in Definition 2.4 in Section 2 to measure
the distance between processes. 5, 7, 9, 10, 14, 16, 17, 20, 21, 24, 37, 38, 40, 42

n The random number of observations n : (Q, F, I@’) — N> up to time T (see Section 2). Every observation
time ¢; € [0, 7] counts as 1 observation for this count (also for incomplete observations). In Sections 2
and 3, n is defined on (Q, F, ]f”), but in Section 4 (and all sections thereafter including the appendix),
n is defined on (€2, F,P). In our medical example, n) denotes the number of observation times for
the j-th patient. 3-6, 8-10, 12-23, 36-40, 44-46, 48, 49

t; The random observation times ¢; : (Q, ]:",IF‘,I@) — [0, T] U {oo} for 0 < i < K are sorted stopping times,
with ¢;(@) := oo if n(®) < i (see Section 2). In our practical implementation we replace “co” by “T”
(see Algorithm 1), since we are not interested in times after 7" anyway. In Sections 2 and 3, ¢; are
defined on (Q, F.F, I@’), but in Section 4 (and all sections thereafter including the appendix), t; are
defined on (2, F,F,P). 3-26, 33, 34, 36—41, 43-49

u The jump process u; := Zszl 1, <+ counts the observations without considering which coordinates where
observed (see Section 2). 6
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